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1. Introduction and Scope

Recent industrial criteria, focused on obtaining increasingly efficient structures, require the
production of multimaterial components. However, the manufacturing requirements of these
components are not met by conventional welding techniques. Alternative solid-state technologies,
such as friction or impact-based processes, must be considered. Impact welding processes have the
advantage of presenting a very short cycle time, which minimises the interaction of the materials
under high temperature. This fact strongly contributes to reducing the formation of brittle intermetallic
compounds (IMCs), i.e., one of the main concerns of welding dissimilar materials. Moreover, as the
influence of the welding process is confined to a very narrow band around the materials interface,
similar and dissimilar welds with high-strength bonding and a minimal heat-affected zone can
be produced.

The impact welding family encompasses different welding processes, such as explosion welding,
magnetic pulse welding, vaporising foil actuator welding, and laser impact welding. Although these
processes share the main operating principle, consisting of a high-velocity collision between a flyer and
a target, they differ in the way the flyer is accelerated. These processes also present very different length
scales, providing the impact welding family with a broad applicability range. The technical interest of
impact welding is driving the ongoing development of many scientific studies, which are essential to
optimise the current manufacturing processes by developing new welding strategies and solutions.
The present special issue presents a sample of the cutting-edge research that is being conducted on the
multidisciplinary field of impact welding.

2. Contributions

Eleven research papers and one review paper have been published in the present special issue.
Different research approaches, i.e., experimental, numerical, and coupled experimental/numerical,
are presented in the published papers. These studies, which were developed by some of the most
relevant research groups working in impact welding, encompass a large spectrum of welding processes,
such as explosion welding, magnetic pulse welding, vaporising foil actuator welding, and laser impact
welding. Detailed analyses on the impact welding macro and microscopic phenomena, metallurgy,
mechanical behaviour, numerical modelling and simulation, process developments, and industrial
applications are presented in this group of works.

Six research papers on explosion welding have been published. Émurlaeva et al. [1] conducted a
Smooth Particle Hydrodynamics (SPH) simulation work to further analyse the suitability of the classical
approaches defining the boundaries of the weldability window. The numerical simulation results,
which were applied to 6061-T6 aluminium alloy, were found to reproduce the basic phenomena typical

Metals 2020, 10, 1668; doi:10.3390/met10121668 www.mdpi.com/journal/metals1
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of high-velocity impact welding, such as the jet and wave formation and the material deformation
near the interface. The left, right, and lower boundaries of the weldability window found by
numerical simulation were in good agreement with those resulting from Wittman’s and Deribas’s
approaches. However, significant differences were found for the upper limit. In turn, a coupled
experimental/numerical work focused on studying the microstructure and the mechanical properties
of titanium/aluminium explosion welds before and after being submitted to heat treatment was
developed by Mahmood et al. [2]. According to the authors, aluminium–titanium IMCs were formed
at the weld interface, but these phases did not affect the weld strength. The authors also reported
that the weld strength decreases after heat treatment due to changes in the structure of the weld
interface. The SPH-based numerical simulation analysis conducted in this research was found to
meet the experimental results. For example, the predicted temperatures for the weld interface
were higher than the melting temperature of the alloys, which agreed well with the formation of
aluminium–titanium IMCs.

Paul et al. [3] studied the microstructural and mechanical properties of tantalum/copper/stainless
steel explosion-welded composites. An exhaustive experimental work, in which several characterisation
techniques were used, such as scanning electron microscopy, energy dispersive spectroscopy,
transmission electron microscopy, electron backscatter diffraction, microhardness testing, and bending
testing, was conducted to characterise the tantalum/copper and the copper/stainless steel interfaces.
The conditions experienced at the weld interface, such as severe plastic deformation, localised melting,
and materials interaction, were deeply discussed based on the microstructural features and the
mechanical properties of this region. An experimental work was also conducted by Carvalho et al. [4],
which was focused on two different material combinations. Specifically, these authors analysed
the coupled effect of two strategies for optimising the production of aluminium/carbon steel and
aluminium/stainless steel explosion-welded clads, i.e., the use of a low-density interlayer and the use
of a low-density and low-detonation velocity explosive mixture. The low values of collision point
and impact velocities achieved for the welding tests provided the production of joints with sound
microstructure and good mechanical behaviour, making the differences in weldability of both material
combinations less significant. The low-detonation velocity, low-density, and ability to detonate in small
thicknesses of the explosive mixture make it very suitable to be used for welding very thin flyers and
dissimilar material couples that easily form IMCs.

Inao et al. [5] joined a very thin aluminium plate to two different magnesium alloys
(AZ31, Mg96Zn2Y2) by explosion welding, using a gelatine layer as a pressure-transmitting medium.
The lower energetic conditions associated with the use of a very thin flyer and the gelatine medium
promoted better bonding quality than in conventional explosion welding. The welds achieved under
these conditions presented a uniform, smooth surface and an interface without intermetallic-rich
layers. In turn, Nishi et al. [6] conducted a work highly focused on the development of new
heat-exchanger solutions. Specifically, the authors addressed the manufacturing procedure of two
types of copper/stainless steel composite UniPore structures. Two specific arrangements of thin copper
and stainless steel pipes were successfully compacted/welded by explosion. They were found to
present excellent interfacial bonding between the component walls.

Using a different welding process from the previous works, i.e., vaporising foil actuator welding,
Su et al. [7] produced aluminium/stainless steel joints with an aluminium interlayer. The authors tested
different input energy values and reported that higher energy values promoted welds with higher
tensile and shear strengths because of the larger weld areas obtained under these conditions. Regarding
the interface morphology, it was found to be different for both interfaces. While the flyer/interlayer
interface (aluminium/aluminium) was wavy, the interface between the interlayer and the baseplate
(aluminium/stainless steel) was composed of continuously or intermittently distributed IMCs.

The work developed by Wang and Wang [8] was focused on characterising the flyer velocity in
laser impact welding, which was measured with Photon Doppler Velocimetry (PDV) under different
experimental conditions. The influence of the laser energy and the flyer thickness on laser energy
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efficiency was analysed. Other aspects, such as the standoff working window, the rebound behaviour
of the flyer, and the effect of the flyer size and confinement layer on the flyer velocity, were also
addressed in this research.

A study focused on magnetic pulse welding was conducted by Emadinia et al. [9]. These authors
studied the influence of the surface preparation on the interface properties of aluminium/copper
tubular joints. They reported that the weld quality was influenced by the surface preparation of the
copper target. From the microstructural and mechanical study of welds produced with different surface
preparations, it was observed that the highest weld strength values were registered for a threaded
copper target, being achieved without the interfacial waviness or IMCs.

Bellmann et al. [10] studied the formation of a cloud of particles during impact welding,
its characteristics, and its influence on weld formation. A detailed experimental plan was implemented
by the authors, who carried out impact welding tests on different setups. These tests were monitored
using a high-speed camera, accompanied by long-term exposures, recordings of the emission spectrum,
and an evaluation of the interaction of the cloud of particles with witness pins made of different
materials. The interfacial phenomena were discussed based on the pressure conditions, the welding
parameters, the base material properties, and the surface state of the welded materials. The authors
provided an estimation of the temperature reached in the joining gap. In the sequence of this work,
the influence of the process parameters on the main phenomena and mechanisms of bond formation
in impact welding was addressed by Niessen et al. [11]. An in-depth experimental research was
presented, in which different welding setups were studied. The processes were monitored by several
techniques, such as high-speed imaging, PDV, and light emission measurements. The welds were
experimentally characterised by ultrasonic inspection, metallographic and microstructural analyses,
and mechanical testing. This study made it possible to better understand the influence of different
process parameters on the weldability window, and consequently, on the weld characteristics and
properties, and to predict different bonding mechanisms.

As reported above, a review work on high-velocity impact welding was also published in the
present special issue. This study, which was developed by Wang and Wang [12], presents a global
overview of different impact welding processes, such as explosion welding/gas gun welding, magnetic
pulse welding, laser impact welding, and vaporising foil actuator welding, and explains the formation
of the jet phenomenon during these processes. The macro and micro characteristics of the bonding
interface of the impact welds were also addressed at the second stage of this research. Finally,
the authors studied the welding parameters, specifically, their selection and their effect on wave
formation and weld mechanical properties.

3. Conclusions and Outlook

An encompassing view of the advances that are being made in impact welding was presented
in this special issue. This was a consequence of the quality and diversity of the published papers,
in which highly supported experimental, numerical simulation, and review researches on a broad
spectrum of impact welding processes were presented. However, the research in impact welding is far
from being saturated, and strong research is still necessary so that the industrial applicability of this
family of processes can grow in the future.

As the Editors of the present special issue, we consider that it was a very successful project,
which made us especially happy. However, it would be impossible for this special issue to succeed
without the valuable contributions of all the authors. They were the main actors of this project and
we are profoundly grateful to all of them. We also want to thank all the reviewers, whose work was
crucial for ensuring the quality, scientific relevance, and actuality of the published works. Finally,
we acknowledge all support provided by the Metals editorial team, especially by Kinsee Guo, during the
development of this special issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: High-velocity impact welding is a kind of solid-state welding process that is one of the
solutions for the joining of dissimilar materials that avoids intermetallics. Five main methods have
been developed to date. These are gas gun welding (GGW), explosive welding (EXW), magnetic
pulse welding (MPW), vaporizing foil actuator welding (VFAW), and laser impact welding (LIW).
They all share a similar welding mechanism, but they also have different energy sources and different
applications. This review mainly focuses on research related to the experimental setups of various
welding methods, jet phenomenon, welding interface characteristics, and welding parameters. The
introduction states the importance of high-velocity impact welding in the joining of dissimilar
materials. The review of experimental setups provides the current situation and limitations of various
welding processes. Jet phenomenon, welding interface characteristics, and welding parameters are
all related to the welding mechanism. The conclusion and future work are summarized.

Keywords: impact welding; impact velocity; impact angle; welding interface

1. Introduction

Welding technique has wide applications in the areas of aerospace, automobiles, shipbuilding,
pressure vessels, and bridges. It is one of the important manufacturing methods in industries.
Based on the state of materials during the welding process, welding techniques are categorized
as solid-state welding and fusion welding [1]. In fusion welding, metallurgical bonding occurs during
the solidification of materials. In solid-state welding, metallurgical bonding occurs below the melting
point of materials. Therefore, defects such as solidification cracking, distortion, and porosity [2],
which appear in fusion welding as a result of the liquid phase, can be avoided in solid-state welding.
Solid-state welding has a long history that predates the invention of arc welding. Ancients used
hammers to weld gold earlier than 1000 B.C., which today is called forge welding. Since the early 20th
century, the development of solid-state welding has been limited due to arc welding being easier than
forge welding and having a higher efficiency.

The advantages of joining dissimilar and other specific materials, such as Al 7075 alloy, titanium,
and zinc-coated sheet steels [3], brought solid-state welding back onto the stage. For example, the
joining of steel and copper provides good electric conductivity and mechanical properties; the joining
of steel and aluminum reduces the weight of automobile [4]. Dissimilar materials usually have different
thermal conductivity, thermal expansion coefficients, and melting points, which may result in defects
in fusion welding [5–7]. Furthermore, some specific alloys are sensitive to heat. Both Al 7075 alloy and
titanium are important materials in aerospace and aircraft. However, Al 7075 alloy is susceptible to
hot cracking [8,9], and titanium is chemically active at high temperature [10–12]. Zinc-coated steel is
an important structural material in automobiles. However, during the fusion-welding process, zinc
vaporizes, and porosity forms when zinc vapor is trapped.

Metals 2019, 9, 144; doi:10.3390/met9020144 www.mdpi.com/journal/metals5
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Various solid-state welding methods have been developed recently, for example, friction
stir welding, explosive welding (EXW), friction welding, magnetic pulse welding (MPW), cold
welding, ultrasonic welding, roll welding, pressure gas welding, resistance welding, vaporizing
foil actuator welding (VFAW), gas gun welding (GGW), and laser impact welding (LIW). Among those
solid-state welding methods—GGW, EXW, MPW, VFAW, and LIW—are five kinds of high-velocity
impact-welding methods. They shared the same welding mechanism, but have different welding
energy sources indicated by their names: high-speed gas [13], explosive [14,15], capacitor bank energy
(MPW and VFAW) [16], and laser [17], respectively.

High-velocity impact welding is characterized by a low welding temperature and fast welding
speed. The process is conducted at room temperature. Furthermore, there is no external heat input
during the welding process. Figure 1 is a schematic transient state in the welding process. After
the transient force is applied on the external surface of the flyer, the flyer moves toward the target
at the velocity of several hundred meters per second [18]. When the flyer collides on the target, a
jet is generated at the collision point, which contains contaminants, oxide layers, and a thin layer of
metals. As a result, the “clean” metals (no contaminants, oxide layers) are exposed to each other. With
the transient force, they are brought within atomic distance, where the atomic bond is formed. This
process is usually takes several to dozens of microseconds based on different welding processes. For
example, in LIW, it usually takes less than one microsecond. In other high-velocity impact-welding
processes, it takes longer than that.

Figure 1. A transient state of bonding interface in high-velocity impact welding, reproduced from [19],
with permission from Roral Society, 1934.

In this review, five high-velocity impact-welding methods and the corresponding welding
mechanisms are reviewed in Section 2. In Section 3, the macro-characteristics and micro-characteristics
of the bonding interface associated with weld quality are summarized. In Section 4, the welding
parameters that may affect the welding quality are discussed, such as for example, the material
properties, impact velocity, impact angle, and surface preparation. At the end, conclusions and
future work are addressed based on the discussion of welding mechanisms, bonding interfaces, and
welding parameters.

2. Welding Methods and Jet Phenomenon

2.1. Overview of High-Velocity Impact-Welding Methods

Nowadays, five high-velocity impact-welding methods have been developed, which are GGW,
EXW, MPW, VFAW, and LIW. GGW was limited to the lab research on welding parameters and welding
mechanisms. EXW experienced decent studies, and has been widely applied in manufacturing all over
the world. MPW has limited application in automobiles, and is under development all over the world.
VFAW studies have been mainly conducted by researchers from Ohio State University, and are in the
transition state from lab research to industrial application. LIW was proposed recently, and is under
lab research.
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2.1.1. Explosive Welding and Gas Gun Welding

EXW is the first high-velocity impact-welding method. It was observed when a projectile was
fired by explosives and collided on another metal surface [20]. However, there was no record of EXW
until the First World War. Its rapid development and wide application in industries was in the middle
of the 20th century. The first United States (U.S.) patent filed by Philipchuk et al. in 1962 [21]. As its
name suggests, explosives detonation is implemented to provide the impact force for the flyer. It was
reported that more than 200 material combinations have been successfully welded by EXW [22], for
example, Fe/Ti [23–25], Zr/Fe [26], Al/Ti [27], Ti/Ni [28], and Al/Fe [29,30]. For plate welding, two
generally used experimental setups are the inclined mode and parallel mode, as shown in Figure 2.
Buffer was used to avoid severe damage to the flyer by explosives. The inclined setup came from the
idea of hollow charge (which is introduced later); it was used earlier than parallel setup. α was the
initial angle in the inclined mode. Since it was not capable of handling large sheet metal, the parallel
setup was developed later, and was mainly used to weld large plates with a pre-determined standoff
distance. In the parallel setup, the impact angle varies with different standoffs. EXW was also used
for the cladding of tubes [15]. From a two-dimensional observation, the experimental setup for tube
cladding or ring to tube welding involves the parallel mode for plate welding curved into a circle. In
EXW, it is difficult to measure the impact velocity directly, if it is at all possible. Usually, the explosive
detonation velocity is measured [31].

Figure 2. Schematic experimental setups of explosive welding (EXW): (a) inclined; (b) parallel.

Since EXW is not easy to conduct within the laboratory, GGW is usually used to study the welding
parameters and welding mechanism for EXW. In GGW, the flyer is accelerated by high speed and
high-pressure gas to collide on the target. Botros and Groves provided an impact force for the flyer
with high-pressure gas from burning gunpowder in a 76-mm powder cannon gun [32]. Later on,
compressed helium was used since it is clean and easy to control. In GGW, the initial angle is preset
either on the flyer or target. The impact velocity can be measured with a high-speed camera [32] and
electrical circuit [33]. The resolution of the high-speed camera was not enough to record the welding
process accurately, because the welding process is usually done within several microseconds. In the
electrical circuit method, there was a corresponding voltage change in this electrical circuit when wires
were cut successively by the flyer. The time between the voltage change was then recorded to calculate
the impact velocity [34]. The effect of the wires’ transient block on impact velocity and impact angle
has not yet been investigated.

EXW has been applied in industries all over the world. The Dynamic Materials Corporation is a
world-leading explosive metalworking business. EXW has been successfully applied in the energy
area. Its main application includes heat exchangers, as well as upstream and downstream products, in
the oil and gas industries.

2.1.2. Magnetic Pulse Welding

MPW was used in Russia in the 1960s for the first time to weld an end closure for nuclear fuel rod
holders [35,36]. The application of MPW is mainly tubular, for example, joining between tubes or tubes
and cylinders. Currently, the most common application of MPW in industry is driveshaft production
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in the company of Pulsar and Dana [37]. MPW didn’t experience a rapid development and wide
application as EXW until recently due to the slow development of equipment [37]. Metal combinations
of Cu/Cu [38], Cu/brass [39], Cu/Al [40], Cu/Fe [41], Al/Al [18], Al/brass [39], Al/Mg [42–44],
Al/Fe [36,45–48], Al/ bulk metallic glass [49], and plastic/Al [50] etc. have been investigated. The
general weld configurations of MPW are the lap joint and butt joint. MPW doesn’t require a skilled
operator. In addition, the welding parameters of MPW are controlled separately to permit fully
exploring the effect of welding parameters over a wide range.

In MPW, the flyer is driven by electromagnetic force to collide on the target. The MPW system
includes a capacitor bank, coil actuator, the flyer, and the target. The capacitor bank is the energy
source of MPW. It is an open electrical circuit of inductance, resistance, and capacitance. The closed
circuit was formed by the connection between the capacitor bank and coil actuator, which is made of
electrical conductive materials. With the high-speed switch on, the capacitors begin to charge. The
primary current passes through the actuator; thus, a changing magnetic field is around the actuator that
interacts with any metals within it. Consequently, a secondary current with the opposite direction of
the primary current is induced in the flyer. Simultaneously, the flyer is expelled by the electromagnetic
force to collide on the target. A typical primary current and the flyer velocity, as measured by a
Rogowski coil and photon Doppler velocimetry, are shown in Figure 3. The rise time is an important
factor to relate impact velocity. The shorter the rise time, the higher the impact velocity will be.

Figure 3. Typical primary current and flyer velocity in magnetic pulse welding (MPW).

Figure 4 shows schematic experimental setups for MPW with different coil actuators. A solenoid
coil actuator is used for tube-to-tube welding (Figure 4a). Figure 4b shows the experimental setup
with a uniform pressure actuator (UPA) for plate-to-plate welding. The UPA was initially designed for
magnetic pulse forming at Ohio State University [51]. The wires between the flyer and the target form
an impact angle during the welding process. The three types of bar actuators are I-shaped, U-shaped,
and E-shaped (Figure 4c–e); they were developed by Kore et al. in India [52,53], Zhang et al. in the
U.S. [54] and Aizawa et al. in Japan [45], separately. The thinner bar is used to push the flyer for
U-shaped and E-shaped actuators. If an I-shaped bar and the thinner bars have the same dimension,
an E-shaped actuator brings more inductance into the circuit. The rise time becomes longer. Currently,
MPW is limited to lap joints. Experimental setups for other types of welding should be developed in
the future.
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Figure 4. Schematic experimental setups for magnetic pulse welding (MPW) with various actuators:
(a) solenoid coil actuator for tube-to-tube welding; (b) uniform pressure actuator for plate-to-plate
welding; (c–e) I-shaped actuator, U-shaped actuator, and E-shaped actuator for plate-to-plate welding.

2.1.3. Laser Impact Welding

The first U.S. LIW patent was filed in 2009 by Daehn and Lippold from Ohio State University [55].
The welding system consists of a laser system, confinement layer, ablative layer, flyer, and target [17].
A laser beam ablates the ablative layer into plasma. With the confinement layer, the expansion of
the plasma pushes the flyer to collide on the target. Materials such as copper, aluminum, steel, and
titanium were welded with the LIW method [18,56,57]. The current experimental setup is similar
to that for EXW, as shown in Figure 2. The possible industry application setup was proposed by
Wang et al. [17]. In their study, the effect of the confinement layer, ablative layer, and the connection
between the flyer and confinement layer were investigated for industrial application. The current weld
configuration is limited to spot welding. In the study of Liu et al., they proposed the flyer movement
with a Gaussian laser beam for laser spot welding. The central part of the spot was not welded, while
welding occurred around the circumferential direction. The same phenomenon was also observed by
Wang et al. [58], who also simulated the welding process with the smooth particle hydrodynamics
(SPH) method [59] and reproduced the spalling and rebound phenomena by the simulation. For LIW,
the spalling and rebound phenomena should be further studied in order to propose ways for the
procedures to avoid those two behaviors. The welding area within the laser spot should be further
increased. One of the possible future applications of LIW is the welding between Al and Ti in the
heart pacemaker.

2.1.4. Vaporizing Foil Actuator Welding

VFAW utilizes the expanding plasma from the vaporization of thin foils to push the flyer to move
toward the target. The development of VFAW before 2013 was summarized in [60]. In recent studies,
the energy for the vaporization of thin foils is from the capacitor bank. The foil was designed in a
dog-bone shape in order to concentrate the transient current from the capacitor bank to vaporize the
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foil. Vivek pointed out that the aluminum foil provided better mechanical impulse than copper foil
through its rapid vaporization. Materials such as steel, aluminum, titanium, copper, magnesium, bulk
metallic glass, etc., have been successfully welded with VFAW [61–65]. The original experimental
setups in VFAW were similar to those used in EXW. The issue with those experimental setups was
that the central part of the impacted region was not welded due to the rebound behavior of the flyer.
The welds are very narrow. With this experimental setup, the impact angle was formed due to the
standoff between the flyer and the target. Upon collision, the edge of the flyer was kept static, while
the central part of the flyer moved toward the target. The impact angle was formed when the flyer
collided on the target. However, unlike in EXW, in which the flyer gradually contacted with the target
from one end to the other, in VFAW, the collision between the flyer and the target were at the same
time. Thus, non-continuous metallurgical bonding resulted on the collision interface. By studying the
effect of the impact angle on metallurgical bonding, the target was designed with grooves, which have
different angles. The angle range for wave formation along the collision interface was proposed as
8–24◦ for 3003 Al and 4130 steel [64], and 16–24◦ for 3003 Al and pure Ti [61]. The recorded maximum
impact velocity for VFAW was 900 m/s [66]. As for the numerical simulation, the finite element
method with Eulerian formalism is a suitable way to predict the morphology of the collision interface
in high-velocity impact welding [67]. The main possible application of the VFAW process is in the
automobile industries. Researchers at Ohio State University are investigating its application in the
car frame.

2.2. Jet Phenomenon

Jet is the essential reason for welding to occur in the high-velocity impact-welding process. In
high-velocity impact welding, a jet is generated by the high-velocity oblique impact of the flyer and
target, and then rapidly flies away. Without the impact angle, the jet would be trapped between
the collision interfaces. Therefore, the impact angle is one of the significant parameters in order for
metallurgical bonding to occur. It is commonly believed that the jet consists of thin metal layers, oxide
layers, and other contaminants from the colliding surfaces of the flyer and the target [1]. After the
jet flies away, clean virgin metal surfaces are generated. The surfaces are then brought together to a
distance within the atomic scale by a transient high-impact pressure. As a result, the atomic bond is
produced between the contact area of the flyer and the target. The jet phenomenon has been studied by
several researchers [68,69]. In EXW, some welding parameters are applied to predict the jet generation.
There is continuous jet formation in EXW due to the collision between the flyer and the target moving
from one end to the other end continuously with the detonation of explosives. In other high-velocity
impact-welding processes, the continuous generation of the jet along the collision interface is an issue
to be resolved by the optimization of an experimental setup design.

The phenomenon in which explosives with a cavity in contact with a steel plate can make a deeper
hole in the steel ahead of it than explosives without a cavity has been known for more than 200 years.
This phenomenon is called hollow charge. Regarding the study of hollow charge, the phenomenon
that explosives with a cavity lined with thin metal layers have enormous penetration ability was
discovered around 1948. Birkhoff et al. studied the powerful penetrating and cutting phenomenon of
hollow conical liners and hollow wedge-shaped liners (cross-section shown in Figure 5), respectively.
As shown in Figure 5b, a high pressure from the detonation of explosives was applied on the outer wall
of the wedge, causing it to collapse inward. Figure 5c shows the geometry of the collapse process of
the metal liner: α is the initial angle that was set before the experiment; β (β �= 0) is the dynamic angle
(impact angle) that was formed during the experiment; V0 is the velocity of the metal liner (impact
velocity); V1 (Vw) is the welding velocity in explosive welding; Vd is the detonation velocity of the
explosives. The metal liner became two parts at the collision: slug and jet. The jet was from the inside
of the metal liners, and the slug was from the outside of the metal liners. Birkhoff et al. [68] proved
that the jet was the one with strong penetration ability. This is the first time that the jet phenomenon
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was studied in detail. It proved that the oblique collision between materials resulted in jet formation
on the collision interfaces.

Figure 5. Hollow charge with wedge-shaped metal liner: (a) prior to the detonation, and (b) during
the detonation; and (c) the geometry of the collapse process of the metal liner.

The geometry of the collapse process of the wedge-shaped metal line was adopted in EXW to build
the math relationship between the welding parameters later on. The mathematic model to predict the
velocity and the mass of the jet was built when V2 is subsonic [19,70]. Cowan and Holtzman studied
the limiting conditions for jet formation when V2 is supersonic, and pointed out that a minimum
impact angle should be satisfied for jet formation when V2 is supersonic [69]. V2 is the main entrance
jet velocity under the assumption that the metal collision is the fluid-like flow.

However, the limitation of their model should be discussed. The pre-condition for their model is
the fluid-like flow metal behavior. In their study, the metal was treated as fluid, but they didn’t
quantitatively clarify what the requirement was for that pre-condition. They assumed that the
shear strength of the metals was negligible compared with the impact pressure from the explosives.
Furthermore, in the study of Birkhoff et al. [68], a jet was always generated regardless of the other
conditions. Actually, the pressure at the collision point should be high enough for the deformation
of materials into a jet [22]. In other words, their model couldn’t predict whether a jet will happen
or not. Although the mechanism of jet generation has not been fully understood, the existence of
a jet and the role of a jet in high-velocity impact welding have been generally accepted. As stated
earlier, the penetration phenomenon of explosives with a cavity with a metal liner on the armor plate
or concrete walls is direct evidence for the existence of a jet. The existence of a jet was also proved
using radiographs according to Birkhoff et al. [68]. The existence of a jet was also verified by gas
gun welding in which mass of the flyer and target can be measured accurately. Mass comparison
before and after the welding has shown that the loss of mass should equal the mass of the jet. In the
recent studies regarding the welding mechanism, the research has focused on the effect of the welding
interface characteristics, weldability window, and welding parameters on the weld quality. However,
jet formation should be studied further due to the continuous metallurgical bonding along the collision
interface relying on the continuous generation of the jet, especially for MPW, VFAW, and LIW.
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3. Bonding Interface Characteristics

In welding engineering, a welded zone with high strength, good toughness, and enough
hardness is desirable. However, in reality, the welded zone is usually weakest welded part, since the
microstructure at the welding zone keeps evolving during the welding process. Some defects may
appear at the welded zone during the welding process. Therefore, it is necessary to study the bonding
interface characteristics in high-velocity impact welding.

3.1. Macrocharacteristics

In high-velocity impact welding, regarding the geometric shape of the bonding interface, straight
interface and wave interface (with or without vortices) have been observed [4,71,72], as shown in
Figure 6. The wave interface was thought to be not only one of the typical characteristics, but also
the sign of metallurgical bonding in EXW for a long time: since the invention of EXW. Recently,
Behcet Gulenc [73] also believed that metallurgical bonding should be with a wave interface based
on experimental results in which welded samples were characterized by a wave interface, while
welded samples with a straight interface were not. However, the observation of a straight interface
in some of the explosive-welded materials [71,72,74] demonstrated that a wave interface was not
necessary in order for metallurgical bonding to occur. Furthermore, it has been established that the
morphology of the bonding interface changed in the order of a straight interface, wave interface
without vortices, and wave interface with vortices with the increase of impact pressure/impact
velocity [4,14,74–77] in high-velocity impact welding. In addition, the wavelength and amplitude of
the wave interface increased with the increase of the impact pressure/impact velocity once the wave
interface formed [73,78,79]. The wavelength and amplitude of the wave interface were also related to
the impact angle [62]. They also reported that the wavelength and amplitude of the wave interface was
affected the flyer thickness. The bonding interface characteristics were also related to the base material
properties [31]. In high-velocity impact welding, a collision interface characterized by a wave with
vortices is usually accompanied by a melting phenomenon [80]. Previous studies have concluded that
a wave is not essential in order for metallurgical bonding to occur in high-velocity impact welding.

(a) (b) 

Figure 6. Bonding interface in high-velocity impact welding: (a) straight interface, reproduced
from [81], with permission from Elsevier, 2016; (b) wave interface with vortices, reproduced from [18],
with permission from Elsevier, 2011.

Wave interface and straight interface were also studied in relation to aspects of the mechanical
properties, such as hardness and tensile strength. In one study that compared a straight interface and
wave interface (Al/mild steel bonding interface), a higher hardness was detected near the bonding
interface for both types of interfaces. By tensile test, it was demonstrated that a straight interface was
stronger than a wave interface [71]. For welded samples with straight interfaces, fracture occurred
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at the Al side, and for welded samples with wave interfaces, fracture occurred at the welded zone.
However, for welded samples with wave interfaces, the fracture mode was brittle. The brittle fracture
of the welded sample with a wave interface indicated in a tensile test that there might be continuously
distributed brittle phases along the bonding interface, which caused the fracture at the welded zone.
Furthermore, some other researchers believed that a wave interface was better than a straight interface
because of interlocking or mechanical locking [82,83]. In order to figure out which one is better,
experiments should be done very carefully to find out the transition from a straight interface to a wave
interface. The maximum strength should be within the transition range in which there is no continuous
melting along the collision interface and interlocking played a role to increase the weld strength.

3.2. Microstructure at Bonding Interface

In high-velocity impact welding, two other types of interfaces were observed based on the
composition variation across the bonding interface: a sharp interface [4,18,74,84] and a transition layer
interface [34,36,40,43,49,75,85–87]. These both appeared periodically along the same wave interface
with vortices. The transition layer interface was present at vortices where there was melting, and the
sharp interface was present at other places along the bonding interface. It is generally accepted that a
sharp interface is the result of a solid-state bond. However, it is not clear whether the transition layer
interface is a solid-state bond or fusion bond. At the transition layer interface, defects (microvoids)
and a crystal structure change (amorphous material) were also observed in some of the welded
samples. Therefore, some researchers stated that a transition layer interface was the result of melting
and solidification. However, others have argued that welding occurs by a solid-state bond at the
transition layer interface where only compositional change happened, such as in cold-pressure welding.
Previous studies have indicated that the transition layer interface could be the result of a solid-state
bond and a fusion bond, or a mixture of both along the same collision interface, which relies on the
welding parameters.

3.2.1. Grain Refinement

Grain refinement was reported along both types of metallurgical bonding interface [74,75,88,89].
In the study of the Al/Al metallurgical bonding interface, both fine and elongated grains were observed
by Zhang et al. with the electron backscattered diffraction method (EBSD) [83]. They believed that
grain refinement was the result of plastic deformation. They argued if it resulted from melting and
solidification, grains with epitaxial orientation should be observed. However, Grignon et al. observed
microvoids at the bonding interface of Al/Al beside grain refinement. They stated that grain refinement
was the result of melting and solidification [90]. Therefore, both mechanisms for grain refinement are
possible in high-velocity impact welding. In this specific experiment, the grain refinement mechanism
should be based on the conversion of the kinetic energy of the flyer to heat. However, different
mechanisms resulted in different mechanical properties. Severe plastic resulted in grain refinement
that brought a high-stress concentration along the welding interface, whereas melting resulted in grain
refinement that relieved the stress concentration.

3.2.2. Intermetallics, Microvoids, and Amorphous Materials

The characteristics of the Ti/steel metallurgical bonding interface were studied by Inal et al.,
Nishida et al., and Kahraman et al. [76,82,87]. Higher hardness was detected at the bonding interface
by Inal et al. and Kahraman et al. [76,82]. Regarding the tensile test, welded samples failed out of
the welded zone in the study of Inal et al. and Kahraman et al., while in the study of Nishida et al.,
failure occurred within the welded zone [87]. In the studies of Inal et al. and Kahramen et al., neither
melting voids nor intermetallics were found along the bonding interface. However, the existence of an
amorphous material was proved by a TEM diffraction pattern in the study of Nishida et al. The authors
stated that the amorphous materials were the result of melting and rapid solidification. Therefore,
those study indicated that melting in the bonding interface lowered the mechanical properties.
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Ben-Artzy et al. and Kore et al. studied the bonding interface of Al/Mg [42,43]. Ben-Artzy et al.
believed that bonding between aluminum and magnesium was the result of melting and solidification,
while Kore et al. thought the bonding between aluminum and magnesium was pure solid state. Both
observed a transition layer. In the study of Ben-Artzy et al., extensive microvoids were observed at
the bonding interface within the transition layer. Microvoids were also observed by Marya M. and
Marya S. in their study of the interfacial microstructures of magnetic pulse-welded Cu and Al [40].
Kore et al. did not observe defects such as intermetallics and microvoids by SEM and XRD. The above
observations indicated that the metallurgical bonding as a result of melting and solidification can be
avoided by a lower impact pressure input in high-velocity impact welding.

Liu et al. and Watanabe et al. investigated explosively welded Al/metallic glass and magnetic
pulse welded Al/metallic glass. respectively [49,84]. In the study of Liu et al., hardness increased
at both the Al and metallic glass sides close to the bonding interface, and a TEM bright field image
showed a sharp transition at the bonding interface. The TEM diffraction pattern verified that the
metallic glass kept its amorphous structure. However, the authors believed that melting happened
and the cooling rate was high enough to allow the metallic glass to retain the amorphous structure
based on the simulation result. In the study of Watanabe et al., hardness increased only at the Al side,
and close to the bonding interface, the hardness of the metallic glass decreased, which was thought
to be caused by the crystallization of metallic glass. An SEM backscattered electron image showed
a transition layer at the bonding interface. However, TEM did not detect any crystal structure at
the metallic glass side. From the above studies, it is hard to tell whether melting and solidification
happened during the welding process. Two phenomena in their study could not be explained. Liu et
al. thought that melting and solidification happened, but the hardness of the metallic glass increased at
the bonding interface. In the study of Watanabe et al., a lower hardness of metallic glass was observed
at the bonding interface, but no crystal structure was found at the metallic glass side.

In their investigation of magnetic pulse welded similar and dissimilar materials, Stern and
Aizenshtein [86] believed that the flyer and target were bonded by melting and solidification. For
combinations of dissimilar materials, compositions that were similar to some intermetallics were
detected by EDS at the transition layer interface, such as in the study of Marya M. and Marya S. [40].
However, the determination of intermetallics needs further investigation, such as what Lee et al. did
in their study of magnetic pulse welded low-carbon steel to aluminum [36]. In their study, varied
composition was also detected by EDS at the bonding interface. However, the new composition, which
is different from the flyer and the target, is not consistent with any composition of intermetallics in the
Al–Fe phase diagram. So, they did further research using TEM. From the TEM image and diffraction
patterns, fine aluminum grains, as well as fine Al–Fe intermetallics grains, were observed within the
transition layer. The authors atttributed the higher hardness at the bonding interface to fine grains
and possible intermetallics. Continuous intermetallics should be avoided by adjusting the welding
parameters [91,92].

3.3. Summary

The straight interface and wave interface (with or without vortices) are two types of bonding
interfaces in high-velocity impact welding based on the geometric shape of the bonding interface.
Grain refinement and higher hardness were observed for both of them. There are two different
explanations regarding the mechanism of grain refinement. One is melting and solidification, and the
other is severe plastic deformation at the bonding interface. Both of them are possible mechanisms for
grain refinement. The mechanism could depend on the welding parameters. However, melting along
the bonding interface lowers the mechanical properties.

At the transition layer interface, compositional change, microvoids, and amorphous materials
were observed, although they may not appear at the same time. The mechanism of compositional
change with microvoids and amorphous materials at the bonding interface was the result of melting
and solidification. The mechanism of compositional change at the bonding interface without defects
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may be due to solid-state diffusion. The existence of a sharp interface demonstrates that a bonding
interface without defects could be produced in high-velocity impact welding. The formation of
intermetallics caused compositional change, but this should be confirmed through detecting its
crystal structure.

4. Welding Parameters

4.1. Welding Parameters Selection

A welded zone with acceptable weld quality should be as strong as the weaker part of the two
welded parts, as determined by a mechanical test such as the tensile test, bending test, or hardness test.
Additionally, damage to parent materials, such as spalling, should be avoided. To obtain acceptable
weld quality, proper welding parameters should be selected.

It is generally accepted that a jet is essential in order for welding to occur in high-velocity impact
welding. It has been shown from the “jet phenomenon” section that jet formation was related to
the impact angle, impact velocity, and impact pressure. A large impact pressure, such as spalling,
caused damage to the flyer and target [83]. The impact pressure at the collision point should have
a maximum magnitude. The excessive kinetic energy of the flyer results in melting and continuous
intermetallics at the bonding interface; thus, there is an upper limit for kinetic energy. The following
parameters can be used to describe high-velocity impact welding: kinetic energy (Ek), impact pressure
(P), impact velocity (Vp), and impact angle (β). Certainly, the properties of materials also affect the weld
quality [93], density (ρ), and thickness of the flyer plate (t)). For convenience, the kinetic energy, impact
pressure, impact velocity, impact angle, and materials properties are regarded as basic parameters,
and others—such as for example the standoff distance (L), explosive properties [15,81] (explosive
ratio, thickness, and detonation velocity (Vd)), and initial angle (α) in explosive welding, capacitor
bank energy in magnetic pulse welding, and laser properties in laser impact welding—are process
parameters. Basic parameters are determined by the process parameters. In this literature review, the
discussion of welding parameters was confined to the basic parameters and standoff distance.

A map called the weldability window was proposed by Wittman et al. [1] in EXW, as shown in
Figure 7. Vw is the welding velocity (see Figure 5c). The dynamic angle (impact angle) of obliquity
is the angle between the flyer and the target at the collision point. On this map, the upper limit and
lower limit of the welding velocity were included. On the right side of the map where the supersonic
region is located, the critical angle for jet formation was defined. The transition velocity from a straight
interface to a wave interface was also included. The experimental results demonstrated that there was
a transition zone for the transition from a straight interface to a wave interface within the welding
range [1]. Regarding this map, the following issues should be pointed out. Firstly, this map varies
depending on materials’ properties [94]. Secondly, welding velocity is not appropriate to be used
in this map, except for EXW, as it is not one of the basic parameters that directly determines the
weld quality. Thirdly, it is not appropriate for the transition velocity to be regarded as a constant.
However, the weldability window guided people in the right direction in the research of welding
parameters in high-velocity impact welding. Once it is built, it provides the manual for the application
of high-velocity impact welding in industry.
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Figure 7. Weldability window. Velocity of welding (Vw) is represented by V1 in Figure 5c. The dynamic
angle of obliquity is the impact angle. When the combination of parameters is within the welding
range, welding will take place.

4.2. Effect of Welding Parameters on Weld Quality

The welding parameters that have been investigated in different papers vary; for example,
they have included the impact angle, detonation velocity, impact velocity, standoff distance, and
discharge energy.

4.2.1. Effect of Welding Parameters on Wave Formation

In EXW, wave formation was believed to be a sign of strong metallurgical bonding between the
flyer and the target. Therefore, early work on EXW focused on establishing critical parameters for
wave formation. Deribas et al. studied the effect of detonation velocity, standoff distance, and initial
angle on wave formation [95]. They pointed out that with a high detonation velocity, there was a
critical angle below which there was no wave. With a low detonation velocity, there was no critical
angle, but the wave dimension (amplitude and wavelength) would increase with the initial angle
and standoff distance. Furthermore, for each fixed initial angle, there was a critical impact velocity
for wave formation, and the impact velocity increased with the initial angle. However, they couldn’t
establish the direct relationship between the wave dimension and the initial angle, impact velocity,
and standoff distance, since in each serial experiment, there were more than two parameters varying
at the same time. Their conclusion was consistent with the jet formation regimes in which there was
a critical initial angle that was required for supersonic flow, whereas there was no requirement for
subsonic flow [19].

Acarer et al. [14] studied the effect of explosive loading and standoff distance on the wave
dimension. The experimental results showed that the wave dimension increased with standoff distance
and explosive loading. Durgutlu et al. [96] also found a similar effect of standoff on wave dimension;
they also observed that the bonding interface was straight with a lower standoff distance, while with a
higher standoff, the bonding interface had a wavy feature. However, they didn’t build the quantitative
relationship between the welding parameters and the wave dimension.

4.2.2. Effect of Welding Parameters on Mechanical Properties

The weld quality is usually evaluated with a tensile test and a peeling test; the weld quality is
compared by measuring the fracture strength and observing the fracture location. When the fracture
location is at the weld interface, the weld quality is ordered by the fracture strength. In some other
cases, the fracture location is on the base metals, which indicated that the weld quality is better than the
base metal strength. Several researchers investigated the effect of the parameters on the weld quality.

Kore et al. studied the welding parameters in MPW. Al with a thickness of one mm was welded
with a discharge energy of 3.6 kJ. The bonding strength increased with increasing discharge energy.
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They also found that there was an optimum standoff distance in magnetic pulse welding, which was
also concluded by Hokari et al. [39]. This observation was not applicable to EXW. In MPW, the highest
impact velocity occurs at the peak primary current. Therefore, before the impact velocity gets to its
highest value, the flyer travels a specific distance, which is determined by the impact velocity and the
rise time of the primary current. So, a specific standoff distance is needed for a specific MPW process.

In a study of the bonding interface of explosively welded steel to steel, microhardness increased
at the bonding interface, but decreased far from the bonding interface [14]. However, Gulenc [73]
observed that microhardness increased both at the bonding interface and far from the bonding interface.
Microhardness should increase both at the bonding interface and the outer surface of the welded
samples, which is caused by work hardening. The outer surface of the flyer is work-hardened by the
explosives, and the outer surface of the target is work-hardened by the interaction with anvil. The
decrease of hardness far from the bonding interface may be caused by softening.

Chizari and Barrett studied impact velocity with an aluminum flyer that was two-mm thick [33].
They found that there was no bonding when the impact velocity was lower than 250 m/s, and that a
wave interface began to appear when the impact velocity was 340 m/s. Besides the impact velocity,
they also studied the effect of two flyers on the weld quality. In their experiment, two pieces of parallel
flyers with a separate distance were used. Their experimental results showed that the weld quality
between the first flyer and the target was better than that between the two flyers. They attributed the
poor bond between the two flyers to the increased roughness of the back surface of the first flyer during
the colliding process. However, it should be noted that during the colliding process, the roughness of
the target also increased. So, roughness was not causing the poor bond between the two flyers.

To summarize the research about welding parameters, welding parameters vary in different
research papers, and some of them are dependent on specific techniques, and even specific experimental
setups. For example, the flyer will be applied with a different impact force despite using the same
capacitor bank energy and different actuators. Therefore, the basic parameters should be studied
extensively. In former studies, the impact angle and impact velocity were chosen as the factors that can
determine the weld quality. However, the jet formation is much more reliant on the impact pressure
and impact angle. Kinetic energy is also very critical in determining the weld quality in order to avoid
melting and solidification. Therefore, welding parameters need to be carefully investigated in order to
figure out which ones could be selected to build the weldability window.

In explosive welding, the fatigue life of welded joints was also studied. Karolczuk et al.
investigated the fatigue phenomena of explosively welded Fe/Ti [24]. They studied two types of
bonding interface: flat interface and wavy interface. They concluded that a flat interface has a higher
fatigue life than a wavy interface. Through the study of Szachogluchowicz et al. [27], it was found that
the lower fatigue life of the wavy interface may be due to the stress concentration. In their study, heat
treatment improved the fatigue life by stress relaxation and the elimination of microvoids. Prażmowski
et al. [26] studied the fatigue life of explosively welded Zr/Fe, and concluded that the remelted layer
in the bonding zone increased the fatigue life. This phenomena was also due to the stress relaxation.
The corrosion behavior of explosively welded Al/Fe was studied by Kaya [29] with neutral salt spray
(NSS) tests. Their results showed that the corrosion occurred on the steel side, while no corrosion
behavior was observed on the Al side. Therefore, a cladded Al layer played a significant role in the
protection of steel.

5. Conclusion and Future Work

High-velocity impact welding is suitable to join dissimilar materials and other specific materials,
and has potential applications in industries. The conclusions are listed below.

1. In high-velocity impact welding, the weld configuration was limited by the experimental setup.
The current general welding configurations are lap joint (cladding), spot weld, and tubular
weld. More welding configurations should be developed for wider applications of high-velocity
impact welding.
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2. EXW and MPW have been applied in industries for lap weld/cladding. The current application
is limited by weld configurations. The application of VFAW and LIW is under investigation.

3. In EXW, jet formation theory was built based on the assumption of a fluid-like flow when
the materials are under high-impact pressure. However, the minimum impact pressure that
is required for the fluid-like flow at the collision point was not determined. For the further
optimization of this theory, this point should be stated.

4. Two types of bonding interface were observed in high-velocity impact welding based on the
geometric shape of the bonding interface: a straight interface or a wave interface (with or without
vortices). Generally, a straight interface has lower mechanical properties than a wave interface
without vortices due to the interlocking or greater metallurgical bonding area between the flyer
and the target. A wave interface with vortices is accompanied by a melting phenomenon, which
resulted in the low mechanical properties. Therefore, for each material combination, there should
be a transition range from a straight interface to a wave interface with vortices, which might
be the strongest metallurgical bonding. The welding parameters should be optimized for each
material combination for this transition range.

5. Regarding the compositional change across the collision interface, there are sharp interfaces
and transition layer interfaces. The sharp interface is the result of solid-state welding, while the
transition layer interface may be the result of solid-state bonding or melting. The melting also
resulted in intermetallics, microvoids, and amorphous materials.

6. For the application of LIW in manufacturing, welding parameters need to be studied extensively
in order to build the relationship between the welding parameters and weld quality systematically
and avoid the spallation of the target and rebound behavior of the flyer.

7. Furthermore, the current weldability window should be re-evaluated for varied welding processes
and material combinations. Whether bonding happens or not is not only related to impact angle
and impact velocity, but also to the hardness, thickness, and density of the flyer.
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Abstract: A welding window is one of the key concepts used to select optimal regimes for high-velocity
impact welding. In a number of recent studies, the method of smoothed particle hydrodynamics (SPH)
was used to find the welding window. In this paper, an attempt is made to compare the results of SPH
simulation and classical approaches to find the boundaries of a welding window. The experimental
data on the welding of 6061-T6 alloy obtained by Wittman were used to verify the simulation results.
Numerical simulation of high-velocity impact accompanied by deformation and heating was carried
out by the SPH method in Ansys Autodyn software. To analyze the cooling process, the heat equation
was solved using the finite difference method. Numerical simulation reproduced most of the explosion
welding phenomena, in particular, the formation of waves, vortices, and jets. The left, right, and
lower boundaries found using numerical simulations were in good agreement with those found using
Wittman’s and Deribas’s approaches. At the same time, significant differences were found in the
position of the upper limit. The results of this study improve understanding of the mechanism of
joint formation during high-velocity impact welding.

Keywords: high-velocity impact welding; smoothed particle hydrodynamics simulation; welding
window

1. Introduction

High-velocity impact welding is one of the best methods for joining dissimilar materials. This
group of welding processes include explosive welding, magnetic pulse welding, laser impact welding,
etc. Among multiple parameters of these processes, the collision point velocity (Vc) and the collision
angle (α) are of the highest importance to select the regime of welding. Thus, the choice of the welding
regime, as a rule, is associated with establishing the optimal combination of these two values. For
most materials, the range of Vc and α is quite wide, so in the diagrams plotted in the coordinates
(Vc–α), a large range of regimes providing reasonable welding quality can be distinguished. This area
is called the welding window (or weldability window). An example of weldability window is shown
in Figure 1.

Among the pioneering studies in which successful attempts were made to determine the boundaries
of the weldability window, it is worth highlighting the studies of Wittman [1] and Deribas [2]. Their
approaches are still widely used in practice to select welding regimes. The approaches to determining
the lower and right boundaries used by both authors almost coincide. However, the position of the
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upper limit calculated according to the formulas stated in their studies differs (as a rule, the Deribas
calculation predicts a wider range of acceptable welding regimes). Despite the fact that in many cases
the classical approaches to constructing a weldability window work quite well, their application is
difficult when working with dissimilar materials. In addition, adequately describing the boundaries of
the weldability window, the expressions used do not give an idea of the mechanics of the deformation
process near the interlayer boundary and practically do not discuss the formation of melt zones in
explosively welded joints.

To address these issues, in recent studies [3–6] the weldability window was found using smoothed
particle hydrodynamics (SPH) simulation. SPH technique was used extensively in recent years to
analyze various aspects of high-velocity impact welding. Unlike other methods, for example, Euler
or Lagrangian, SPH reproduces well the basic phenomena associated with high-velocity impact
welding-the formation of jets, waves and vortex zones, and it is well suited for analyzing the pressures
in the impact zone [4,7–14].

This study compares approaches to constructing a weldability window proposed by Deribas and
Wittman with an approach based on SPH simulation. Aluminum alloy 6061-T6 was used as a material
for analysis. A large amount of experimental data on explosive welding of this alloy presented by
Wittman [1] was used to verify the simulation results. In this study, an attempt was made to determine
the regimes of formation and disappearance of a jet, the area of wave formation and vortex zones
using numerical simulation and “classical” approaches proposed by Deribas and Wittman. To assess
the upper limit of the weldability window, the influence of melt zones and their cooling rates on the
formation of joints was analyzed. In addition, the paper discusses the features of the plastic flow of
material near the interface, which are compared with experimental data obtained in the works of
Chugunov et al. [15].

The majority of recent studies devoted to numerical simulation of high-velocity impact welding
consider only few collision regimes providing only a limited understanding of the bonding
phenomena [16–18]. Besides, most of the currently existing SPH studies on high-velocity impact
welding simply state the fact of good agreement between the simulation results and experimentally
observed interface. The relationship between the flow of individual particles and the jetting and
wave formation is usually not discussed. Thus, the understanding of some important phenomena
is still limited. In the current study, we simulated a large number of welding regimes, varying the
collision angle and collision velocity. Thus, a more complete understanding of the bonding phenomena
was achieved.

 

Figure 1. A scheme of the weldability window.
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From the practical point of view, this study is interesting for engineers, who are responsible
for selection of regimes of high-velocity impact welding as it provides better understanding of the
weldability window concept. The application of SPH simulation will allow to predict the shape of the
interface and minimize the amount of liquid phase which may appear when the collision velocity is
too high. Understanding of the thermal situation near the interface allows predicting the phases which
may appear due to the high cooling rates.

2. Description of Numerical Simulation

2.1. Simulation of Impact

Plates of 6061-T6 aluminum alloy with dimensions of 63.5 × 6 mm2 were used for numerical
simulation. This material was chosen due to the previous study of Wittman [1], who published
a significant amount of experimental data on explosive welding of this alloy and described the
morphology of the interlayer boundaries and the properties of the joints. Thus, the data obtained by
Wittman were used for comparison with data obtained by simulation.

The computational domain is shown in Figure 2. At the initial moment of time, the flyer plate had
a velocity Vp and it was positioned at an angle α with respect to the base plate. The collision point
velocity (Vc) was determined in accordance with the Equation [1]:

Vp = 2Vc sin
α
2

(1)

In this study, a series of simulations were carried out in which the angle varied from 5◦ to 40◦
with a step of 5◦, and the collision point velocity varied from 500 m/s to 9300 m/s with a step of 800 m/s.
After the approximate position of the lower limit was found, a series of additional simulations were
carried out in order to specify the minimum welding parameters with greater accuracy.

The collision process was simulated in the Ansys Autodyn 19 software using the SPH method.
This method is well suited for simulating phenomena associated with large strains and rapidly moving
borders. In a number of previous studies, this method was successfully used to simulate high-velocity
impact welding of similar [4,19–21] as well as dissimilar materials [17,22–24] showing a very good
agreement between the simulation results and experiments.

 

Figure 2. Scheme of the computational domain at the initial time.

High-velocity impact can lead to the formation of shock waves in the material. At a shock
wave-front, discontinuity in materials properties is observed. For numerical analysis of discontinuity,
it is required to set the properties before and after the shock front. For this reason, the modified
Mie-Grüneisen equation of state based on the Hugoniot shock adiabat was used [25]:

p = pH + Γρ(e− eH), (2)
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where p is the pressure, pH is the Hugoniot pressure, Γ is the Grüneisen gamma, e is the internal energy,
eH is the Hugoniot internal energy. For solid materials, the equation of the Hugoniot shock adiabat can
be written in the following form:

Us = C1 + S1UP, (3)

where Us is the shock velocity, UP is the particle velocity, C1, S1 are empirically determined coefficients
depending on the material.

The coefficients used in this study are shown in Table 1.

Table 1. Parameters of the modified Mie-Grüneisen equation of state for aluminum alloy 6061-T6.

Parameter Value Units

Reference density 2.7 g/cm3

Grüneisen parameter 1.97 -
Parameter C1 5.35 m/ms
Parameter S1 1.34 -

Reference Temperature 293 K
Specific Heat 8.85·10−4 kJ/(g·K)

The dependence of the material’s strength on the deformation conditions was taken into account
by using the Johnson-Cook empirical model, which is widely used in the simulation of various
phenomena associated with a high-velocity deformation [26,27]. This model allows considering the
influence of strain hardening, thermal softening, and a strain rate on the yield stress of the material
and it is described by the following Equation:

σ = (A + Bεn)
(
1 + C ln

.
ε
∗)(1− T∗m

)
, (4)

where σ is the current yield strain, ε is the effective plastic strain,
.
ε* is the dimensionless plastic strain

rate, T∗ = T−Tr
Tm−Tr

, T is the current temperature, Tm is the melting temperature, Tr is the reference
temperature. A, B, C, n and m are the material constants determined from an empirical fit of flow stress
data, A, B and n are the yield stress, the hardening constant and the hardening exponent associated
with quasi-static test respectively, C is the strain rate constant, m is the thermal softening exponent.
The constants used in the Johnson-Cook model for Al 6061-T6 are shown in Table 2.

Table 2. Johnson-Cook model parameters [28,29].

Parameter Value Units

Shear Modulus 26 GPa
Yield Stress 0.324 GPa

Hardening Constant 0.114 GPa
Hardening Exponent 0.42 -
Strain Rate Constant 0.002 -

Thermal Softening Exponent 1.34 -
Melting Temperature 925 K
Ref. Strain Rate (/s) 1 -

2.2. Description of Cooling Model

The estimation of time which material spent in the molten state is of fundamental importance to
assess the upper limit of welding. It is believed that, if this time is less than the duration of compressive
stresses, a joint will form. Otherwise, the incoming tensile wave breaks the joint that did not have
enough time to solidify. It should be noted that the system of equations used by Autodyn software
does not consider the heat transfer. Therefore, it is believed that the deformation process is completely
adiabatic. For this reason, the calculation of the cooling process was carried out separately using
self-developed code in Python programming language. The temperatures obtained by simulation in
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Autodyn were exported as a text file and were used as initial conditions for solving the heat equation,
which in the 2D case can be written as follows:

∂U
∂t

= A

(
∂2U
∂x2 +

∂2U
∂y2

)
, (5)

where U = (x, y, t) is the function that describes the temperature at a point with x and y coordinates
at the moment of time t, A is the thermal diffusivity.

The equation was solved by the finite difference method in a “Forward-Time Central-Space”
explicit scheme. In this case, it was believed that the outer boundaries of the plates were isolated from
the environment, and cooling occurred due to heat transfer from the interface to the inner volumes of
the plates, which practically did not heat up during a collision.

3. Results and Discussion

Figure 3a shows the results of an experimental study of 6061-T6 alloy explosive welding performed
by Wittman. Based on these studies, he developed approaches to calculate the limiting conditions that
provided a satisfactory quality of the joint and built a weldability window also plotted in Figure 3a.
For the upper limit of the weldability window shown in Figure 3a, two lines are plotted: one of
them is based on the predictions of Wittman’s model, and the other is based on the estimations of
Deribas [30]. Figure 3b represents the simulation results showing the regions of modes characterized
by the absence of a jet, the presence of a jet, and the simultaneous presence of a jet and waves at the
interface. In addition, the limits of welding calculated based on approaches of Deribas and Wittman
are also plotted in this Figure for comparison purpose. In the following sections of the paper, each of
these limits is discussed in detail.

 

Figure 3. Experimental studies of welding regimes of 6061-T6 alloy carried out by Wittman [1] (a) and
the results of SPH numerical simulations performed in this study (b). The limits of the weldability
window calculated using the approaches developed by Deribas and Whitman are plotted on both
diagrams for comparison purpose: A is the lower limit, B is the right limit, C is the limit of transition to
the wave formation regimes, D is the upper limit according to Wittman, D′ is the upper limit according
to Efremov and Zakharenko [31].
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3.1. The Lower Limit of the Weldability Window

The lower limit of the weldability window represents the locus of points that define the “softest”
welding regimes, below which the collision does not lead to the formation of a strong bond. Following
the reasoning typical for various solid-state welding methods, the impact should ensure the achievement
of a certain critical degree of plastic strain and cooperative flow of the impacted plates, providing
activation of the welded surfaces.

One of the conditions necessary for the joint formation in the process of high-velocity collision
is considered to be the jet formation in front of the contact point [1,2,30]. This jet consists of the
material of the surface layers of the impacted plates, which is ejected from the welding zone in the
form of a peculiar cloud [4] providing contact to surfaces free from contamination. Deribas called this
phenomenon self-cleaning [2]. In their studies, Deribas and Wittman believed that the critical regimes
of jet formation determine the lower limit of the weldability window in the subsonic range. At the
same time, both researchers developed an entirely empirical criterion which suggests that the pressure
in the collision zone should be several times higher than the Hugoniot elastic limit (5 times according
to Wittman [1]). In the same time, the study [1] does not give clear explanations for the choice of the
empirical coefficient. It can be assumed that this coefficient was chosen to fit the calculated position
of the lower boundary as closely as possible to the experimental data. In the absence of data on the
Hugoniot elastic limit, the critical impact velocity that ensures jet formation according to Wittman can
also be found using the following empirical expression:

Vp =

√
σts

ρ f
, (6)

where σts is the tensile strength and ρ f is the material density.
This expression was used to plot the line A in Figure 3a.
It can be noted that jet formation was observed for most collision regimes analyzed by numerical

simulation (Figure 3b). The lower limit predicted by the calculation has a similar trend to the line A,
however, it is located more to the upper right part of the diagram, which may be due to the insufficient
spatial resolution to simulate weak jets at relatively soft collision regimes.

To understand the reasons leading to the formation of a jet, it is interesting to analyze the
differences in conditions near the contact point for some regimes between Vc = 1300 m/s and Vc =

9300 m/s at a constant collision angle α = 15◦ (Figure 4a–e). The collision point velocity equal to Vc

= 1300 m/s corresponds to the regime at which the jet is not formed yet (Figure 4a), while collision
point velocity of Vc = 1700 m/s provides the first signs of the weak jet formation (Figure 4b). At higher
collision point velocities (Figure 4c–e), the jet becomes more noticeable until it finally disappears when
crossing the so-called supersonic limit of the weldability window (Figure 4f), which occurs for the
reasons described in the next section. One can observe the specific nature of the pressure distribution
near the collision point in the modes corresponding to the jet formation. The pressure distribution lines
are convex in the direction of collision point movement and at the same time, high pressures outpace it
to some extent. This shape of the pressure distribution zone causes the surface layer material to rise
above the surface forming an elevation when approaching the collision point. Thus, the collision angle
of the plates in the immediate vicinity of the collision point increases compared to the initial collision
angle α. Further, the material of the surface layers “flies” onto the area of extremely high pressures and
is thrown forward in the form of a peculiar jet. It should be noted that the term “jet” as applied to
explosive welding should be used cautiously. Experiments carried out in a number of studies indicate
that due to the heating, the material moving in front of the collision point represents a cloud (probably
a plasma cloud) rather than a liquid metal [2,4,32].
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Figure 4. Pressure distribution near the collision point at different collision point velocities and constant
collision angle (α = 15◦). The color bar represents the pressure in GPa. Notice, that the upper limit for
colorbar in (a) is different from that for (b–f).

From the current simulation, it follows that Wittman′s assumption that the pressure near the
collision point should substantially exceed the strength of the material for the jet to form seems
plausible. Taking into account the deformation conditions typical for the high-velocity impact welding
(strain, strain rate and temperature), and inserting them in Equation (4) it can be found that the yield
strength of 6061-T6 alloy can reach 0.45 GPa. In the current simulation, a weak jet was formed when
the pressure near the collision point was approximately 2 GPa or more (that was about 5 times higher
than the yield strength estimated by Equation (4)) (Figure 4b), and a stable jet could be formed when
the pressure at the collision point exceeded 4 GPa (Figure 4c). Weaker pressures did not lead to the
formation of a significant elevation and the material of the surface layer “entered” the collision point at
an acuter angle. Moreover, according to the simulation, the strain near the interface exceeded ε = 1.5
for the regimes corresponding to the jet formation (for the regimes near the lower limit) and could be
significantly larger for the regimes located near the right limit of the weldability window.
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3.2. Supersonic Limit

At extremely high collision velocities, a jet does not form, and the surface self-cleaning phenomenon
is not observed. In addition, tensile waves quickly come into the deformed area, which does not
give sufficient time for solidification and leads to the destruction of the joint. In many studies (for
instance, [33–35]), little attention is paid to the right limit of welding when constructing a weldability
window. It is common to simplify its position by taking the maximum allowed collision velocity
equal to the bulk sound velocity of welded materials. Although from a practical point of view this
simplification is probably acceptable, since welding at such high velocities is quite rare, nevertheless,
these simplifications do not correspond to real experiments. The concept of the critical angle for jet
formation at supersonic velocities was considered in detail in the studies of Walsh et al. [11] and Cowan
et al. [19], and an example of its practical application was considered in detail in [36]. According to
this concept, at high collision point velocity, a jet is formed only if the collision angle exceeds a certain
threshold value. In pursuance of the instructions given in [36–39], the following set of equations
was obtained:

tanα =
((sin β− 5.35/Vc)/1.34)

√
1− sin2 β

(1− sin β(sin β− 5.35/Vc)/1.34)
, (7)

p = ρ(Vc sin β)(Vc sin β− 5.35)/1.34, (8)

US = 5.35 + 1.34UP, (9)

US = Vc sin β, (10)

where β is the angle between the shock front and the vector of material flow into the collision point.
By varying β in the range from 0 to 90◦, it is possible to develop a set of plots of β versus p for each

Vc value. The obtained curves with a specific maximum provide the value of the critical angle of jet
formation α for a given collision point velocity Vc (line B in Figure 3a).

One can note that there is a very good agreement between the position of the right limit, which
was determined in accordance with [37,38] and in accordance with the results of SPH simulation
(Figure 3b). With an increase of collision point velocity, the pressure front was getting more and more
straightened (Figure 4f). Thus, the specific elevation of the surface layers in front of the contact point
described in the previous section was barely observed and the plates collided at an acute angle without
jet formation.

3.3. Wave Formation Limit

The wave formation at the interface is one of the features typical for high-velocity impact welding.
However, it should be noted that a number of studies [40–43] showed that the mechanical properties of
joints with a flat interface were as high as those with wavy ones. For this reason, the process of wave
formation is primarily of fundamental interest. However, it is likely that a complete understanding of
the explosive welding process is impossible without understanding the wave formation process.

One of the first sufficiently reliable criteria for the wave formation was proposed by Cowan et
al. [8], who came to the conclusion that the transition from waveless to wavy mode of welding depends
only on the collision point velocity. They found that for each combination of materials there is such a
critical collision point velocity (VT), above which the wave formation occurs, and they proposed the
following Equation:

VT =
√

2RT
(
H f + Hb

)
/
(
ρ f + ρb

)
, (11)

where ρ f and ρb are the densities of flyer and base plates, respectively, H f and Hb are the diamond
pyramid hardness of flyer and base plates, respectively. RT is an empirically determined parameter,
introduced by analogy with the Reynolds number. The critical value of RT leading to the wave formation
varies in the range from 8.1 to 13.1 for different materials, which was established experimentally in [44].
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This expression was used to construct line C in Figure 3a. In this case, following the data presented
in [44], the value RT = 8 was used to plot the line C.

It can be seen in Figure 3 that the critical value of the collision point velocity calculated using
Equation (11), which describes the transition to wave formation, is in a good agreement with the results
of Wittman′s experimental studies. However, it should be noted that several studies showed that
the transition to wave formation depends both on the collision point velocity and on the collision
angle (for example, Szecket [45], or Lysak and Kuzmin [46]). This assumption is also supported by
the results of the current numerical simulation (Figure 3b). One can note that at large collision angles,
wave formation began at lower velocities than at small angles. Thus, the shape of the wave transition
limit resembles line A more than line C, i.e., the transition to wave formation occurred at a certain
critical flyer plate velocity, and not at some constant collision point velocity.

It is interesting to note that for regimes with very high Vc located slightly to the left of the jet
formation limit, the wave formation terminated again. Thus, it can be assumed that there are two
boundaries of wave formation-left and right. In principle, the termination of the wave formation
process at high collision point velocities is described in a number of experimental works (e.g., [47,48]),
however, the reasons of this phenomenon require additional study.

One can note a good agreement between the nature of material flow predicted by simulation and
observed in experimental studies. For example, Figure 5a shows the deformation of the experimental
grid after explosive welding of aluminum alloy plates. This image was obtained in the experiments of
Chugunov et al. [15] using laminated inserts made of the material similar to the material of welded
plates. The laminated nature of the inserts was used to track the peculiarities of plastic deformation
near the interface. In Figure 5b an attempt to reproduce this experiment using SPH simulation is shown.
To do this, the particles forming a square mesh were marked before the simulation was started. During
the simulation, the positions of these particles were tracked, and the deformation of the mesh was
observed. As it is seen from Figure 5, the flow pattern of the material observed in the simulation was in
good agreement with that observed in the experiments. As an example, the flow patterns for different
collision regimes are shown in Figure 6. It can be noted that the plastic strain substantially increased
closer to the interface. Moreover, with an increase in the collision point velocity, the plastic strain
also increased significantly. The proposed approach allows one to visualize the features of material
deformation during explosion welding. In particular, it can be noted that the deformation of mesh cells
in the flyer and base plates is different, which is probably due to the asymmetry of the collision scheme.

 
(a) (b) 

Figure 5. The grid deformation near interface observed in the experiments of Chugunov et al. [15],
(reproduced from [15], with permission from V.E. Riecansky Technical Translations) (a) and in the
simulation (b).
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Figure 6. The calculated grid deformation at various collision regimes: (a) Vc = 1300 m/s, (b) Vc =

2100 m/s, (c) Vc = 2900 m/s, (d) Vc = 3700 m/s. The collision angle is 25◦ in all cases.

3.4. Upper Limit

The upper limit of the weldability window attracted much less attention of researchers than the
lower one and the issues of transition from waveless to wavy modes of welding. This is probably due
to the fact that the welding regimes near the lower limit are more preferable for industrial applications.
However, the position of the upper limit is important from both industrial and fundamental points
of view. It should be noted that welding using the regimes near the upper limit of the weldability
window may lead to the formation of an excessive amount of molten zones leading to embrittlement
of the welded joint and decrease in its strength.

So far, there are two main studies devoted to the analysis of the upper limit of the weldability
window known from the literature—the study of Wittman [1] and the study of Efremov and
Zakharenko [31]. The later became known due to the monographs of Deribas [2] and Zakharenko [49].
A common feature of both approaches is the comparison of the compressive stresses’ duration in the
deformed area with the time required to cool the material.

In his study, Wittman came to the following expression, limiting the highest allowable flyer plate
velocity Vmax:

Vmax = (TmCB)
1/2(AcCB)

1/4/NVc
(
ρh f

)1/4
, (12)

where Tm is the material melting temperature, CB is the bulk sound velocity, c is the specific heat, h f is
the flyer plate thickness, N is empirically determined material-dependent coefficient. In the case of
Al6061-T6 aluminum, alloy N is equal to 0.11. It should be also noted that all Wittman’s calculations
were performed in the CGS units, so when calculating in SI units the value of the coefficient N will
be different.

In the work of Efremov and Zakharenko, the following equation was proposed, limiting the
highest collision angle as a function of the collision point velocity and the thermophysical material
properties:

sin
α
2
= 11.8 ∗V−5/4

c

√√√√√ Tm
χ
A

ρ hb
h f +hb

√
h f

4
√
ξ, (13)
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where χ is the thermal conductivity, hb is the thickness of the base plate, ξ = x∗/h f , x∗ is the distance
from the collision point to the point behind it where the tensile stresses are achieved. To simplify
the calculations, it is common to consider that 4√ξ = 1. The empirical coefficient equal to 11.8, which
characterizes the amount of heat released and the irregularity of the melt location along the interface,
was selected in [50] so that the calculated upper limit provides the best fit to the data obtained in
practical studies. In the paper [51], it is proposed to use the coefficient 14.7 instead.

From Figure 3 it can be noted that Equation (12) gives a lower critical impact velocity, and,
accordingly, a narrower weldability window, as compared to Equation (13).

To calculate the position of the upper limit using numerical simulation, it is reasonable to follow the
same sequence of reasoning—firstly, it is necessary to calculate the duration of compressive stresses, and
then compare the calculated time with that required to cool the weld below the melting temperature.

Typical pressure history in a point located near the interface is shown in Figure 7. It is possible to
determine the time available for the material to cool, by measuring the time from the moment when
the peak pressure is reached until the moment when the tensile wave arrived.

Figure 7. Change in pressure over time at a point near the interface (Vc = 2100 m/s, α = 20◦).

The duration of compressive stresses on the collision regimes is shown in Figure 8. To determine
the average value and the confidence interval, five measurements were carried out at various points
along the interface. It can be noted that in the presented range of collision angles, the collision point
velocity had the greatest impact on this parameter.

Figure 8. Relation between duration of compressive stresses in the deformed zone and the collision
regimes.

33



Metals 2019, 9, 1323

Figure 9 shows a typical calculation of the cooling process in the vicinity of the contact point
for Vc = 2100 m/s and α = 20◦. The information about the temperature distribution obtained using
SPH simulation in Ansys Autodyn was used as initial conditions for the heat equation. It should be
noted that the time required for complete solidification of the material in the region of the interface
exceeded the lifetime of compressive stresses in the weld. As already noted, the micro-volumes of
the liquid phase were distributed unevenly along the weld, forming vortex zones on the sides of the
waves. This process is explained by redistribution of the liquid phase behind the collision point in the
process of wave growth, as it was previously shown in [4]. The current simulation shows, that these
micro-volumes can remain in a partially molten state at the time of the arrival of the tensile wave. Due
to this reason, they can’t provide strong bonding and withstand tensile stresses. Thus, the bonding
of the material near the upper limit entirely depends on the areas of interface free of liquid phase,
where the direct contact of solid materials is possible, or on the areas where the liquid phase volume is
extremely small. These areas allow the joint to withstand the passage of the tensile wave, while the
final solidification of the melt clumps (i.e., vortex zones) probably occurs later.

Figure 9. Temperature distribution near the interface after completion of plastic deformation.

According to Figure 10, the volume of molten metal at the interface raises almost linearly with the
collision point velocity increase, and also, as a rule, slightly increases with an increase in the collision
angle. Considering that the position of the upper welding limit described by Wittman is the most
accurate (since it was received from the experiment), it is interesting to estimate the amount of the
liquid phase near the interface defined by line D in Figure 3a. It can be noted that for all collision
regimes close to line D, the liquid phase volume fraction was at the level of about 1% of the total plate
volume. According to Efremov and Zakharenko (line D ’in Figure 3a), for the regimes located near the
upper limit the estimated volume fraction of the liquid phase was at the level of 4–6%. It should be
noted that determining the upper limit of the welding window, Wittman believed that the joint above
this limit would have insufficient mechanical properties, while in Deribas′s work it was supposed that
the welding of the plates outside the upper limit would not occur in principle, since a tensile wave will
lead to the destruction of the non-solidified weld joint. Thus, for the formation of a high-quality joint,
the volume fraction of the liquid phase probably should not significantly exceed 1%. Nevertheless, this
criterion requires more thorough experimental verification for materials of other compositions and
other thicknesses.
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Figure 10. Relation between the volume of the melted material and the collision point velocity for
different collision angles.

From the simulation, it follows that the volume fraction of molten metal is always slightly higher
for a base plate, and the difference becomes more noticeable for high welding velocities (Figure 11).

Figure 11. The volume fraction of molten metal in flyer and base plates as a function of welding
conditions (the collision angle for all regimes was 25◦).

35



Metals 2019, 9, 1323

4. Conclusions

Based on the results of numerical simulation and their comparison with experimental data of
Wittman, we can draw the following conclusions:

1. SPH simulation reproduces all the basic phenomena typical for the high-velocity impact welding
process: the jet (or cloud) formation in front of the collision point, the wave formation, as well as
the material deformation mechanism near the interface. Flow patterns near the interface are in
good agreement with the results of experimental studies obtained by other authors. The proposed
approach allows one to build the weldability windows.

2. The simulated lower welding limit slightly differs from the results of Wittman′s theoretical and
experimental studies. While Wittman observed bonding (which implies the existence of a jet)
even at very low collision angles (around 5 degrees), the simulation predicts jetting when the
collision angle exceeds 7.5 or even 10 degrees. This may be due to inaccuracies in the material
models used in the current simulation, as well as due to the insufficient resolution for observing
weak jets.

3. The wave formation starts when the collision point velocity exceeds 1700 m/s. However, in
comparison with most of the previous studies, the wave transition velocity turned out to be
dependent on the collision angle. At low collision angles (e.g., 10 degrees), the transition to the
wavy interface occurred around 4000 m/s.

4. The numerical simulation predicts the existence of the right limit of wave formation, which is
consistent with several experimental studies. The transition to straight interface coincides with
the supersonic limit of welding.

5. The position of the upper limit of the weldability window is difficult to determine using the
model considered in the current study. The lifetime of compressive stresses is shorter than the
time required for complete solidification of the molten areas. Thus, the joint formation near the
upper limit is most likely occurs due to the presence of areas where direct contact in the solid
phase is formed. Further refinement of the position of the upper limit requires the simultaneous
solution of heat and deformation problems and is of interest for further studies. However, from a
practical point of view, the welding regimes used in the industry should be closer to the lower
limit of the weldability window. Thus, this approach can be used in practice.
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Nomenclature

Vc collision point velocity (m/s)
α collision angle (◦)
Vp flyer plate velocity (m/s)
p pressure (GPa)
pH Hugoniot pressure
Γ Grüneisen gamma
e internal energy
eH Hugoniot internal energy
US shock velocity
UP particle velocity
σ current yield strain
ε effective plastic strain
C1, S1 empirically determined coefficients depending on the material
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.
ε* dimensionless plastic strain rate
T current temperature (K)
Tm melting temperature (K)
Tr reference temperature (K)
A yield stress (GPa)
B hardening constant (GPa)
C strain rate constant
n hardening exponent associated with quasi-static test
m thermal softening exponent
U function describing the temperature at a point
x, y coordinates (mm)
t moment of time (μs)
A thermal diffusivity (mm2/s)
σts tensile strength (Pa)
ρ material density (kg/m3)
β angle between the shock front and the vector of material flow into the collision point (◦)
CB bulk sound velocity (m/s)
c specific heat (erg/(g×◦C))
hf flyer plate thickness (m)
hb base plate thickness (m)
N empirically determined material-dependent coefficient
χ thermal conductivity (W/(m×K))
x∗ distance from the collision point to the point behind it where the tensile stresses appear (m)
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Abstract: The aim of this paper is to study the microstructure and mechanical properties of the
Ti6Al4V/Al-1060 plate by explosive welding before and after heat treatment. The welded interface
is smooth and straight without any jet trapping. The disturbances near the interface, circular and
random pores of Al-1060, and beta phase grains of Ti6Al4V have been observed by Scanning electron
microscopy (SEM). Heat treatment reduces pores significantly and generates a titanium-island-like
morphology. Energy dispersive spectroscopy (EDS) analysis results show that the maximum portion
of the interfacial zone existed in the aluminium side, which is composed of three intermetallic
phases: TiAl, TiAl2 and TiAl3. Heat treatment resulted in the enlargement of the interfacial zone
and conversion of intermentallic phases. Tensile test, shear test, bending test and hardness test were
performed to examine the mechanical properties including welding joint qualities. The results of
mechanical tests show that the tensile strength and welding joint strength of the interfacial region
are larger than one of its constituent material (Al-1060), the microhardness near the interface is
maximum. Besides, tensile strength, shear strength and microhardness of heat treated samples are
smaller than unheat treated. Smooth particle hydrodynamic (SPH) method is used to simulate the
transient behaviour of both materials at the interface. Transient pressure, plastic deformation and
temperature on the flyer and base side during the welding process were obtained and analyzed.
Furthermore, the numerical simulation identified that almost straight bonding structure is formed on
the interface, which is in agreement with experimental observation.

Keywords: explosive welding; Ti6Al4V/Al-1060; microstructure; mechanical properties; smooth
particle hydrodynamic (SPH)

1. Introduction

Welding is a useful technique for joining two similar or different materials. Nowadays, various
welding techniques i.e., gas welding, arc welding, laser welding, friction welding, explosive welding
etc. have been widely used in many industries. The explosive welding is a solid state welding process
in which a flyer plate is accelerated by an explosive and welded with other material in a short interval of
time. During the welding process, a high velocity jet removes the impurities on the material surfaces [1].
Explosive welding was used in many mechanical related industries, especially in power plants and
aerospace industry. Moreover, it was successfully applied to produce biocompatible materials in
the medical related fields [2,3]. This method is advantageous to weld different kinds of metals and
alloys that cannot easily be welded by some other means of welding. Materials having excellent
mechanical properties (i.e., corrosive resistance, high strength to density ratio, good conductance and
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heat resistance, etc.) can be welded with materials having low mechanical properties. This type of
welding makes the materials more reliable and cost effective.

Both aluminium and titanium are widely used in the transportation and aerospace industries.
Al-1060 belongs to commercially pure aluminium. It is highly malleable and corrosion resistant.
However, it is very reactive with air at high temperature and has low mechanical strength. Titanium
and its alloys have the highest strength to mass ratio in all naturally existing materials. So their
combination can be used as an excellent industrial application. Explosive welding is one of the best
choice for bonding these two metal alloys because the two materials have a big difference in their
melting points, and mechanical strengths [4]. Furthermore, this combination has been received special
attention due to the formation of titanium aluminides at the interface. Titanium aluminides have low
density, good oxidation ignition resistance and excellent mechanical properties at high temperatures.
Due to these features titanium aluminides get special attention and researchers practised different
techniques to develop titanium aluminides. Previously, Perusko et al. [5] investigated the intermetallic
formation during Al/Ti welding by using Ar+ ion implementation. Adeli et al. [6] used induction
preheating process to synthesis the Ti/Al powder and prepared TiAl phase. Arakawa et al. [7] formed
titanium aluminide foam with the help of self-propagating high-temperature synthesis (SHS). They
created a foam which contains 60% to 70% porosity due to TiAl3. Titanium aluminides percentage
is increased by using diffusion and combustion [8]. DC magnetron sputtering method was opted
by Ramos et al. [9] to prepare γ-TiAl. Furthermore, they controlled activation energy by silver foil.
Romankov et al. [10] prepared TiAl3 intermetallic by using thermal deposition technique.

Kahraman et al. [11] studied the complex microstructure of explosively welded Ti6Al4V and
aluminium alloy using different charge to mass ratios. They found that hardness and corrosion were
increased at the interface with the increase of the charge to mass ratios. E et al. [12] evaluated the tensile
properties of the explosively welded Ti/Al sample with a load applied along parallel and perpendicular
directions to the interface. Xia et al. [13] observed the micro grains and recrystallisation of titanium
alloy in the interface. Fronczek et al. [14] and Bazarnik et al. [15] studied mechanical properties and
microstructure of the explosively welded titanium alloy with aluminium alloy.

Additionally, the Ti/Al interface study is essential to check the quality of welded joints. According
to Ege et al. [16], at the Ti/Al interface, the aluminium percentage content reinforces the Ti/Al joints,
providing stability and increasing the strength up to 825 MPa. Inal et al. [17] found that the straight
interface is more suitable than the wavy interface because it accompanied by excessive heat generation
and could produce weak and brittle intermetallics. Ege et al. [18] presented that the heat treatment
of the Ti/Al welded sample did not affect the stability, therefore could be used for high temperature
environment. Multilayered combination for explosive welding of titanium and aluminium is one
of the best options to fabricate titanium aluminides. Lazurenko et al. [19] welded forty layers and
Mali et al. [20] joined 23 of Ti-Al by using explosive welding technique. They produced TiAl3
stable intermetallics by using sintering at 640 ◦C temperature and 3MPa pressure. Furthermore,
Bataev et al. [21] studied the thickness of TiAl3 from top to bottom plates and compared the results
with post heat treated samples. Likewise, Foaden et al. [22] analysed the TiAl3 formation process after
annealing of the explosively welded composite plate. Fan at al. [23] prepared multilayered TiAl foils
by using vacuum hot pressing and studied the foil thickness effect. Similarly, Fan et al. [24] welded
5 Ti-Al plates by using an explosive welding technique to analyse the microstructure and mechanical
properties of composite plates.

Simulation is an excellent tool to predict the explosive welding conditions, i.e., impact velocity,
pressure, plastic strain, etc. Many authors applied various approaches to simulate explosive welding
phenomenon. Recently, Mousavi et al. [25] used ANSYS AUTODYN to simulate the straight, wavy,
jetting morphology and humps formation during the welding process. Nassiri et al. [26] replicated the
jetting phenomena with the help of SPH method, and exercised Arbitrary Lagrangian-Eulerian (ALE)
method to obtain other welding parameters, i.e., interface shape, temperature, the velocity of material,
shear stress. Wang et al. [27] imitated the shear stress and effective plastic strain of materials by using
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the SPH approach. Wang et al. [28] reproduced the whole explosive welding phenomena with the help
of material point method (MPM) in C++ program.

In this paper, microstructure and mechanical properties of the welded composite plate (Ti6Al4V and
Al-1060) were investigated. The SPH approach with the help of LS-DYNA was used to understand the
welding conditions i.e., interface morphology, transient pressure, temperature and plastic deformation.

2. Experimental Procedure

2.1. Materials and Explosive Welding Setup

Ti6Al4V was used as a flyer plate and Al-1060 as a base plate because titanium had lower thermal
diffusivity than aluminium [29]. Both plates with the size of 200 mm × 150 mm × 3 mm were welded
in air. The schematic experimental setup is shown in Figure 1. Both plates were arranged in parallel
configuration with a standoff distance of 5 mm. Ammonium nitrate and fuel oil (ANFO) with 30 mm
thickness (packing density is 670 Kg/m3 and detonation velocity is 2600 m/s) was used to accelerate the
flyer plate. The sand was employed as an anvil. The welded samples were heat treated at 525 ◦C for
4 h and then cooled in open air. Inal et al. [17] reported that the bond strength remains constant at this
heating temperature and time duration.

Figure 1. Schematic diagram of explosive welding.

2.2. Microstructure Test

For microstructure analysis, samples were cut from the middle of the welded plate approximately
100 mm away from the detonating point. The samples were mounted in an epoxy such that the welding
interface was parallel to the detonation direction. The samples were cleaned with sandpapers (Grit 320,
1000, 1500, 2000), and then polished with ceramic powder. Finally, the samples were soaked in the
Kroll reagent (distilled water 92 mL, nitric acid 6 mL, hydrofluoric acid 2 mL) for 20 s to examine the
apparent microstructure.

The microstructure and elements distribution at the interface was observed by using scanning
electron microscope (SEM, Hitachi S-4800, Tokyo, Japan) at an acceleration voltage of 15 kV. SEM
elemental scan images were further edited to combine both elements (Ti-Al) using CoralDraw
(Coral Corporation, Ottawa, ON, Canada).

2.3. Mechanical Test

The Vickers hardness tests were conducted along the perpendicular direction of the interface.
The hardness tests were carried out on a microhardness machine using a 0.98 N load for 15 s.

For mechanical tests, stratified samples were obtained from the welded plate before and after heat
treatment. Tensile test and shear test samples (as seen in Figure 2a,b) were performed on material testing
machine (MTS) with a loading rate of 5 mm/min and 1.8 mm/min respectively to measure the tensile
properties of the welded portion. For three point bending test, the sample with a thickness of 5 mm
and a length of 100 mm was conducted along the perpendicular direction of the flyer-base interface.
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Figure 2. Schematic diagram for (a) tensile test (b) shear tensile test.

3. Simulation of Explosive Welding

ANFO has non-ideal detonation behavior [30]. It is difficult to simulate it with Jones-Wilkins-Lee
(JWL) equation because it has a long reaction zone, so energy and momentum at Von-Neuman Spike
cannot be neglected [31]. Therefore empirical formula was used to calculate the plate velocity and
impact angle.

3.1. Calculation of Plate Velocity

Deribas et al. [32] and Manikandan et al. [33] developed a distance dependent empirical relation
to calculate the impact angle between flyer and base plate. The impact angle is defined as,

β(rad) =

⎛⎜⎜⎜⎜⎝
√

k + 1
k− 1

− 1

⎞⎟⎟⎟⎟⎠π2 R(
R + A + Bte

S

) (1)

where A = 2.71, B = 0.184, te is the thickness of explosive, S is the standoff distance between the flyer
and base plate. Polytropic exponent k can be measured with the by Gurney velocity [32].

k =

√
D2

V2
g
+ 1 (2)

where Vg represents the Gurney velocity, which can be calculated by using the following formula [34–36].

√
2E(m/s) = 600 + 0.52

D√
γ+ 1

(3)

where γ is a ratio of specific heat constant. For ANFO, the value of γ is 2.881 [37]. Plate velocity can be
calculated by Crossland relation [38].

Vp = 2Dsin
(
β

2

)
(4)

Using the above equations for the current experimental conditions, plate velocity Vp with 5 mm
standoff distance is 707 m/s and the impact angle β is 15.04◦.

3.2. Equation of State and Constitutive Model

Mei Gruneisen equation of state is mostly used for shock wave propagation [27]. This equation
gives us a relation between pressure and volume under shock conditions at a given temperature.
Johnson-Cook material model was used for the simulation of explosive welding, because it can
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successfully predict the high deformation and Von-Misses yield stress of the material. Johnson-Cook
equation can be written as

σ = (A + Bεn)
(
1 + C ln

.
εp

)
(1− T∗m) (5)

where ε is plastic strain, C is strain rate constant,
.
εp is plastic strain rate, n is hardening exponent,

A is yield strength of the material, m is softening exponent, B is strain hardening coefficient and T*
is homologous temperature and equal to T∗ = (T − Troom)

(Tmelt − Troom)
. The parameters of material models for

Ti6Al4V and Al-1060 are listed in Table 1.

Table 1. Parameters of material model and equation of state.

Material
A

(MPa)
B

(MPa)
N C M

Density
(Kg/m3)

Co
(m/s)

G S

Ti-6Al-4V [39] 1098 1092 0.93 0.014 1.1 4430 5130 1.23 1.028
Al-1060 [40] 66.56 108.8 0.23 0.029 1 2707 5386 1.97 1.339

3.3. Smooth Particle Hydrodynamics (SPH)

Numerical gridless lagrangian hydrodynamics simulation was carried out with the SPH method
in ANSYS/LS-DYNA (Ansys 14.5, LSTC, Livermore, CA, USA). In SPH method, Kernel approximation
of field variable at given points is applied to simplify the conservation equations. Discrete particle helps
to find out field information while neighboring particles are used to solve the integrals. If neighboring
particles are expressed by subscript j, then field variable for non zero Kernel approximation can be
described as follow:

f (r) �
∑ mp

ρp
fjW(|r− rj|, h|X|, h) (6)

where mp, ρp are particle mass and density respectively, f (r) is a field variable, r represents the
location of particle, h shows the length at which particle is effected by the neighboring particles. For
the current simulation of the explosive welding, it is simplified with the collision of the flyer and
base plate at a certain velocity and angle. These two parameters are calculated by Equation (1) and
Equation (4), respectively. The schematic model for SPH simulation is shown in Figure 3, with a
particle size of 0.5 μm.

Figure 3. Model for SPH simulation.

4. Results and Discussion

4.1. Microstructure of Welding Interface before Heat Treatment

The SEM results of the welded sample before heat treatment are displayed in Figure 4. It shows
that welding interface is smooth and flat without delamination. This type of smooth Ti/Al interface joint
pattern was previously observed by Bazarnik et al. [15] for Ti6Al4V/Al2519 welding and Ege et al. [16]
for Ti6Al4V/Al6061 multilayer welding.
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Figure 4. SEM image of explosively weldedTi6Al4V/Al1060 interface before heat treatment at
magnifications of (a) 500×, (b) 1000×, (c) 2000×, (d) 5000×.

Seeing from Figure 4a–d, both metals have some disturbances in microstructures near the interface,
especially aluminium side shows the maximum disturbances. High pressure and deformation during
explosive welding process may generate recrystallization of microstructure. These phenomena near the
interface formed under high pressure were previously observed by Zhang et al. [41] and Gloc et al. [42].
Furthermore, Figure 4d shows that Al-1060 contains some circular and random pores. These pores are
formed during severe deformation and high temperature gradient, causing rupture of local surfaces.
Raoelison et al. [43] analyzed the formation of pores during the welding process and stated that these
pores might be the origin of the crack propagation. The same pores were observed by Su et al. [44]
during the welding process of Fe-Al. As shown in Figure 4d, Ti6Al4V microstructure near the interface
is also altered, especially beta phase grains that are elongated toward the detonation direction. During
the explosive welding process, due to high strain and pressure, the temperature of the interfacial zone
is abruptly raised. This temperature increment is high enough to change the phase of the plate [25].
Therefore, Ti6Al4V is most likely to be converted to the beta phase during the collision. However, the
cooling rate is very high in this process, the titanium phase change process only takes a short interval
and quickly turns back to the alpha phase [38]. According to Tomashchuk et al. [45] the titanium beta
phase is more likely to react with aluminium than alpha phase to form titanium aluminide. The intense
plastic deformation and elongation were also observed by Murr et al. [46] and Kacar et al. [47].

The interface between titanium and aluminiumhas a very complicated structure, so EDS technique
is used to understand the microstructure. Figure 5a shows an elemental scan near the interface region,
indicating that the Ti6Al4V/Al-1060 interface is smooth and flat. Figure 5b reveals that aluminium
element counts in the base plate start decreasing about 0.86 μm away from the interface. This decrease
in aluminium counts continues in flyer plate and gets normal counts after 0.24 μm thickness from the
interface. So the total width of the interfacial zone is 1.1 μm with maximum portion existing in the
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base side (aluminium). Slope difference shows that aluminium counts near interface decline faster in
the base plate as compared to the flyer plate side.

  
(a) (b) 

(c) (d) 

Figure 5. (a) Elemental scan of aluminium and titanium elements along with welding interface,
(b) graphical representation of linear element analysis at the interface, (c) EDS point spectrum at the
interface, (d) Ti-Al atomic distribution near interface at selected points.

Parasithi et al. [48] reported that materials with higher thermal conductivity keep a maximum
percentage in interfacial area. Since aluminium has almost more than 25 times higher thermal
conductivity as compared to titanium, that is why maximum microstructural changes are observed
in the base plate. Manikandan et al. [33] gave another demonstration about the interfacial zone.
According to their study, at the interface, the atomic concentration of base material is relatively higher
than the flyer material.

Due to the extreme conditions in explosive welding process, chemical equilibrium was not
achieved. Consequently, this may exhibit various kinds of intermetallics at different metastable
equilibrium states [49]. Ti-Al has three main titanium aluminides TiAl, TiAl3, and Ti3Al. TiAl2 is
another equilibrium phase of titanium aluminide. However, this phase is formed under the overlap
condition with the TiAl phase [14]. Figure 5c shows that the atomic percentage of aluminium in the
interface is 60% and titanium is about 40%. It indicates that this region is formed by overlapping of
two different phases of Ti-Al, i.e., TiAl + TiAl2. Fronczek et al. [14] observed this phase with the help of
X-ray synchrotron reflection method. Similarly, in Figure 5d, EDS point scan exhibits that point 2 has a
chance of overlapped phase TiAl + TiAl2 and point 5 may contains TiAl3 phase. While the remaining
points show no external interference to other elements.
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4.2. Microstructure of Welding Interface after Heat Treatment

Figure 6a–d with different selected area magnifications show that the interfacial zone becomes
wider after 4 h heat treatment. Pores are significantly decreased and grains are rearranged. High
deformation can produce pores and cracks during explosive welding. Consequently, when the stress
of the composite plate is relieved by heat treatment process, then these cracks can generate the
island/peninsula-like morphology. Furthermore, the formation of this island/peninsula pattern is
influenced by the detonation force and metal vortex flow. Previously, many researchers observed this
type of morphology [16,48,49]. Figure 6d shows this titanium-island-like shape (marked by red line) in
the aluminium rich area. These types of islands may affect the mechanical performance of the welded
plate [50,51].

  

  

Figure 6. SEM images of explosively welded Ti6Al4V/Al1060 interfaces after heat treatment at different
magnifications of selected regions (a) 500×, (b) 1000×, (c) 2000×, (d) 5000×.

The elemental scan of Ti-Al interface (Figure 7a) shows that at the interface, an island (as indicated
by arrow) is formed with titanium as the dominant element while the surrounding area consists of
titanium aluminides. Their detailed atomic percentage can be determined by using the EDS line and
point scans (Figure 7b–d). As shown in Figure 7b, two positions are selected for line scan EDS. One
line passes through islands and the neighboring area of interface (Figure 7c), while the second line
passes through interface and surroundings (Figure 7d).

Figure 7b describes the point elemental scan near interface and island morphology. The point
scans 3 and 5 show that the area near the interface contains titanium aluminides. Based on EDS
atomic percentage analysis, there is a possibility of the existence of most stable titanium aluminide
(TiAl3). It can further be verified from line scan in Figure 7c, which shows that region 2 has higher
titanium counts as compared to the base plate side. It indicates that the post heat treatment process
influences the aluminides equilibrium state. Points 1, 2 and 4 scans show that there is no reasonable
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external involvement of any element in each side. Particularly point 4 is situated in the mid of island
morphology. This point shows that the island is formed from the flyer plate.

EDS line scan (Figure 7c) shows that the interfacial zone is expended up to approximately 11.55 μm,
which is almost 10 times larger than unheated sample (Figure 5b). In this interfacial area, the titanium
island surrounded by Ti-Al intermetallics is observed, which has a width of 5 μm. Titanium aluminides
of different equilibrium phases have been observed in the area between island and interface, which
is expanded up to 4.6 μm. Heat treatment reduces the number of element counts in the unit area,
increases the titanium penetration in aluminium and stretched the interfacial zone. Furthermore, the
equilibrium phases of titanium aluminide are formed. Especially, TiAl3 is dominated as compared to
all other phases. This kind of variations were also observed by Gloc et al. [42] and Fronczek et al. [14].

Figure 7d shows that interfacial zone becomes more extensive than the sample before heat
treatment. Although titanium is penetrated into aluminium up to 3 μm, the high level of Ti-Al mixing
is in the range of 1.7 μm with a maximum area existed in the aluminium side. Comparison of the
Figure 7c–d indicates that the interfacial area has a difference of about 9.8 μm. It shows that the post
heat treatment process makes the interface irregular shape. Additionally, it is noticed that titanium
aluminides have existed in the area between the titanium island and the flyer plate. This area did
not directly expose during the collision of the plates. It implies that titanium aluminides was created
during the heat treatment process.

  

(a) (b) 

  

(c) (d) 

Figure 7. Pictures and EDS after heat treatment (a) Ti-Al mapping near interface, (b) Ti-Al atomic
distribution near interface at selected points, (c) linear distribution of Ti-Al near interface (at position 1
in Figure 7b), (d) Linear distribution of Ti-Al near interface (at position 2 in Figure 7b).

4.3. Mechanical Tests

Tensile tests were conducted to study the mechanical response of the welded material. Two samples
were prepared from normal and heat treated welded plates, as shown in Figure 8.
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Figure 8. Tensile test samples (a) before the test; (b) after the test.

For successful bonding, the tensile strength of the welded sample should be higher than the
weaker material used for welding [50]. Ege et al. [16] proposed that the yield strength of welded
material depends on aluminium volumetric percentage and interfacial density. Figure 9 shows the
stress-strain curves of the tested samples before and after heat treatment. After heat treatment, the
tensile strength of the welded sample was decreased, while the elongation and plasticity were increased.
Furthermore, Figure 9 shows that a small jerk occurred at the end of elastic limit of the unheated
sample. This jerk state indicates that failure begins from the weak material (Al-1060) before the tensile
strength is reached. The experimental results of the tensile tests were compared with the mechanical
properties of the Al 1060 [51] and Ti6Al4V [52] based on their percentage thickness in the welded plate
(Table 2). This approximation helps us to estimate the tensile properties of the welded sample [16,53].
Detailed results are shown in Table 2.

It is indicated that both samples have better results than the calculated values. Furthermore,
experimental results exhibit that the tensile strength and yield stress of heat treated samples are reduced
as compared to the unheated sample, but elongation is improved from 20% to 23%.

Figure 9. Engineering stress-strain profile before and after heat treatment.

Table 2. Tensile test results of the welded samples together with specific materials.

Samples UTS (MPa) Yield Stress (MPa) Elongation (%)

Ti-6Al-4V [52] 947 872 13
Al-1060 [51] 97 110 28

Calculated value 509 446 20.7
Before heat treatment 560 ± 4 486 ± 8 20 ± 1
After heat treatment 525 ± 1 462.5 ± 8 23 ± 2

Three points bending test results show that no fractures or cracks were observed in any samples
for both before and after heat treatment, as seen in Figure 10a,b.
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Figure 10. Three points bending test (a) side view of 90◦and 180◦ bent sample; (b) bending interface.

In addition to the bending test and tensile test, the flat shear test was conducted to verify the
welding joint strength for both samples before and after heat treatment. Figure 11a indicates that the
tensile strength of aluminium decreases after the heat treatment. Figure 11b shows that the deformation
starts in the aluminium and the joint displays no disturbance. This result reveals that the joint is
stronger than the Al-1060 tensile strength ~40MPa.

 

 

 

(a) (b) 

Figure 11. (a) Shear force versus displacement (b) fracture morphology after shear test.

Figure 12 shows that near the interface, the microhardness is maximum. Its value is about ~412,
higher than the flyer and base standard values (flyer plate ~350, base plate ~30), which is due to high
value of heat produced during explosive welding caused annealing at the contact point [47]. Heat
treatment relaxed the interface and widened the interfacial zone, which affected the hardness value and
caused it to decrease to ~390 at the interface. As moving away from the interface, hardness becomes
approaching to the typical values of flyer and base plate

Figure 12. Microhardness (Hv) profiles before and after heat treatment.
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4.4. Simulation Results

Figure 13a shows that smooth interface obtained by numerical simulation, which is in good
agreement with the experimental results (see in Figure 4). Since Ti6Al4V is a very hard material and
Al-1060 is soft, the flyer can easily penetrate into the base material. Furthermore, Figure 13a explains
that some partial wavy shapes patterns appear, but due to high impact velocity and density difference,
these waves are suppressed and became almost flat. Figure 13b exhibits that jet is formed during this
process and the maximum portion of the jet consisted of base plate (Al-1060).

Figure 13. Simulation results for (a) Ti6Al4V/Al-1060 interface and (b) jet formation.

Figure 14a,b show that near the contact point, the pressure distribution is behind the jet. It means
that the collision velocity is subsonic, which is an essential requirement for the bonding of materials.
According to Blazynski et al. [4], the bonding contact pressure should be higher than material yield
strength. Pressure contour plots (Figure 14a,b) illustrate that the transient pressure profile at all contact
points during the collision is more than 10 GPa. Figure 14c supports that, at time 0.256 μs, the peak
flyer transient pressure rises to 13.1 GPa, which is considerably higher than the yield strength of the
flyer and base plate.

Additionally, it was observed (Figure 14c) that in the base plate, the pressure and impulse were
slightly lower than that of the flyer. According to Holtzman et al. [54] investigation, if the base plate
had a greater contribution to the jetting, there would be more transient pressure in the flyer side.
Similarly, Mousavi et al. [37] simulated the same pressure difference between the flyer and base plates.

Furthermore, Figure 14c shows that there is a slight hump in the pressure-time curves before
reaching the peak value. This hump indicates that the deformity had begun before the arrival of
the shock wave. Cowen et al. [55] reported that deformation and jet formation were necessary for
material bonding.

Figure 14. Numerica Simulation results for (a,b) pressure contour and (c) pressure-time graph at
the interface.
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The high impact creates shearing at the interface that causes to rise in heating and produce a bond
between different metals. Kinetic energy during impact is converted into plastic work that causes the
rise of temperature. Plastic deformation is not possible to witness experimentally, so simulation is an
excellent way to explain the process.

Simulation results show that along with interface (Figure 15a–d), the maximum plastic strain
is increased up to 7, while averagely its value is more than 5 throughout the interface. This strain
value is enough to verify that at this impact velocity, the welding should be possible (the minimum
plastic deformation required for welding should be more than 0.25 (Ti-MS) [37]). Figure 15a,b
show that high plastic deformation expands up to 2 μm near the interface, which is similar to the
experimentally measured interfacial area. It indicates that maximum deformation of the region
generates the interfacial zone.

Figure 15c explains that this deformation is purely localized. As we move away from the interface,
this deformation abruptly decreases to the minimum level. Furthermore, after 10 μm the flyer shows
no plastic deformation, while the base plate has accommodated this deformation up to 30 μm.

Figure 15d illustrates that at the same impact point, the flyer and base plates have different values
of plastic strain. The base plate has a plastic strain value almost double than that of the flyer plate. It is
just because of the differences in their density and mechanical properties.

Figure 15. (a,b) Distribution of plastic deformation contour along with the interface, (c) graphical
representation of plastic strain along the vertical distance of interface, and (d) plastic strain plot with
respect to time at the interface.

During explosive welding, high pressure and plastic strain raise the temperature locally and
abruptly because this phenomenon occurs in a very short interval of time and the cooling rate during
this process is very high about 105–107 K/s [38].

In contour plots of temperature (Figure 16a–c), it is indicated that the temperature increment is
enough to melt for both metals. However, both the temperature increments of flyer and base plates
are not the same. At the flyer plate side, the average maximum temperature is 3000 K, while the base
has an average of 1200 K. It is also observed that along with the interface, the peak temperatures
have no fixed value. Figure 16d shows that the flyer has attained its melting point temperature in a
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very short time during the impact and then cools down immediately. While at the base plate side,
the melting temperature sustains longer as compared to flyer. Obtained the melting point implies that
the interfaces of both materials are more likely to form intermetallics. Furthermore, the interfacial zone
behaves like the fluid flow and gets elongated toward detonation direction. Additionally, this process
causes the refinement of grains near the interface.

Figure 16. Plot of the temperature distribution at (a) the interface, (b) flyer side, (c) base side and (d)
temperature profile of flyer and base plates at the interface.

5. Conclusions

Ti6Al4V was successfully welded with Al-1060 by explosive welding. The welded interface
between Ti and Al was smooth and straight without any jet trapping. The maximum portion of
the interfacial zone existed in the base side (Al-1060) where different phases of titanium aluminide
were observed. Mechanical results, i.e., tensile test, bending test, shear test and Vickers hardness test,
showed that welding quality was not highly affected by these titanium aluminides.

Heat treatment process stretched the interfacial zone with some titanium island/peninsula like
shape. Due to this, strength of welded material was decreased as compared to the normal welded
sample, but ductility was improved.

Numerical simulation depicted that impact pressure at all contact points had larger values than
the yield strength of both welded materials, which is one of the basic requirements to meet the welding
conditions. Furthermore, simulation results showed that in the interfacial zone, plastic deformation
had values more than 5 and both materials obtained their melting points during impact. Melting of
both materials provide a reason to form titanium aluminides. Since pressure, plastic deformation
and temperature distribution for both materials (flyer and base) had different values, therefore, both
materials had different interfacial thickness.
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Abstract: A systematic study of explosively welded tantalum and 304 L stainless steel clad with M1E
copper interlayer was carried out to characterize the microstructure and mechanical properties of
interfacial layers. Microstructures were examined using transmission and scanning (SEM) electron
microscopy, whereas mechanical properties were evaluated using microhardness measurements
and a bending test. The macroscale analyses showed that both interfaces between joined sheets
were deformed to a wave-shape with solidified melt zones located preferentially at the crest of the
wave and in the wave vortexes. The microscopic analyses showed that the solidified melt zones
are composed of nano-/micro-crystalline phases of different chemical composition, incorporating
elements from the joined sheets. SEM/electron backscattered diffraction (EBSD) measurements
revealed the microstructure of layers of parent sheets that undergo severe plastic deformation causing
refinement of the initial grains. It has been established that severely deformed areas can undergo
recovery and recrystallization already during clad processing. This leads to the formation of new
stress-free grains. The microhardness of welded sheets increases significantly as the joining interface
is approaching excluding the volumes directly adhering to large melted zones, where a noticeable
drop of microhardness, due to recrystallization, is observed. On lateral bending the integrity of the
all clad components is conserved.

Keywords: explosive welding; tantalum/copper/stainless steel clads; severe plastic deformation;
SEM/EBSD; microhardness

1. Introduction

New strategies in the development of metallic materials for advanced structural applications
involve the synthesis of bulk compounds that contain metallurgical bond. The bi- or multi-layered
composites with built-in specific functionalities are an example of such materials. They offer an
optimum balance between manufacturing and service costs, and the durability to perform under
various conditions of usage. For materials used in the chemical industry, the proper combination
of strength and high anticorrosive resistance, usually at high temperatures are especially important.
The tantalum (Ta) and stainless steel composite is one of the industrially relevant bi-layered metallic
material used in this field [1–4]; tantalum provides excellent corrosion resistance, while the stainless
steel substrate is typically used as a load-bearing component. In most of the corrosion situations,
it is capable to protect all installations exposed to highly oxidizing or caustic environments, where
glass-lined equipment is subject to mechanical damage or thermal shock failures. Since the high cost
of tantalum has traditionally been a major impediment in wide-scale industrial applications, such as
large pressure vessels, therefore, it is advisable to use them rather as a coating on carbon, stainless or
‘duplex’-type steels. Ta cladding is often used as an alternative to Ta coatings for fabricating coating
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parts out of solid Ta. Compound materials of this type (e.g., large vessels/tanks) are both structurally
and cost-effective.

The Ta/stainless steel composites in the form of sheets/plates are difficult (or impossible) to produce
via conventional methods of joining due to metallurgical incompatibility between joined components
(high difference in the melting points of these metals, Ta at 3290 K and Fe at 1811 K). Therefore, explosive
welding (EXW) is, at present, the only efficient way of surface joining of Ta and stainless steel sheets
(Figure 1). However, further processing of bi-layered Ta/stainless or carbon steel composites is strongly
restricted. This results from serious difficulties of a butt joint formation during ‘conventional’ welding
due to limited heat transfer from the heat-affected zone. Moreover, if one attempts to use fusion
welding to joint Ta to steel, the molten pool tends toward the eutectic composition (they are formed
even well below the melting point of Ta) and then form brittle intermetallics upon solidification [1].
To solve problems associated with conventional welding of the Ta/stainless steel clads an intermediate
layer, made of soft material and high thermal conductivity, such as copper (Cu), is used. Besides rapid
heat dissipation, Cu has one more advantage, i.e., it does not react metallurgically with Ta.

Figure 1. (a) Schematic representation of explosive welding in two steps: (a) stage I—formation of a
Cu/stainless steel (SS) clad, (b) stage II—formation of Ta/Cu/SS clad, and (c) cutting of Cu/SS base plate
before the second stage of joining.

In earlier works on different metal compositions, a lot of attention was put into an explanation of
the correlation between the clad strength and the interface waviness and the quantity of solidified melt
zones, e.g., [5,6]. However, it becomes increasingly apparent that not the details of the interface waviness
but the complex microstructure of interfacial layers determines the mechanical and some physical
properties of the clad [7–13]. In the light of such evidence, various microstructural transformations
can be distinguished. On the one hand, the shear stresses, which occur due to oblique collision
of the sheets are responsible for strain hardening and turbulent flow of the interfacial layers. This
leads to the formation of wavy interfaces between the joined sheets. Since the interfacial layers are
subjected to severe plastic deformation [14–18] they can easily undergo recovery and recrystallization.
On the other hand, the processes of fast heating followed by fast cooling during clad preparation result
in the formation of solidified melt zones of different structures, phase composition and mechanical
properties [7–11,19,20].
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Explosive welding of Ta and other metals have received much attention so far, referring to,
e.g., Ta/Cu/steel [5,21], Cu/steel [22–24] and Cu/Ta [25–27]. The Cu–Ta system is characterized by
nearly zero mutual solubility of the components in the solid-state [28,29] and high structural and
mechanical stability at elevated temperatures. Greenberg et al. [30], Maliutina et al. [31] as well as
Bataev et al. [11] have shown that explosively welded Ta and Cu sheets exhibit a heterophase mixture
in the reaction region with the size of the dispersed Ta and Cu particles similar to those of colloids.
As also documented by Bataev et al. [11] and Parchuri et al. [32], the TaxCu1-x based intermetallics or
decagonal quasicrystals were found to coexist along with pure Ta and Cu particles in the solidified melt
zones at the Ta/Cu interface. The formation of metastable phases can also be expected due to rapid
cooling during the solidification of melted volumes. In earlier works, the metastable phases in Ta–Cu
system were investigated by Cullis et al. [33] who observed the metastable substitutional solid solution
in the form of thin films. Furthermore, amorphous phases were observed by Natasi et al. [34] and
Gong et al. [35], whereas the nano-crystalline phases by Purja Pun et al. [36] and Rajagopalan et al. [37].
On the other hand, a Cu/stainless steel interface contains solidified melt zones that are exclusively
composed of intermetallic phases of different chemical compositions and various morphology of grains,
e.g., [16,19]. Moreover, independently on metals composition, radical temperature changes [10,11]
can lead to remarkable microstructural transformation in near-the-interface layers of the bonded
sheets. In earlier works, a lot of attention was paid to the role of solidified melt zones with respect
to strength properties, whilst significantly less effort has been directed towards characterizing their
internal microstructure. To the best of the authors’ knowledge, there is an absence of detailed studies of
the Ta/Cu/stainless steel metals combination that specifically discussed the strain hardening, recovery,
and recrystallization of interfacial layers.

Therefore, this work is intended to show interconnected phenomena that must be considered
in the interfacial layers of joined sheets in the Ta/Cu (M1E)/(304L stainless steel) composite at the
Ta/Cu (M1E) and Cu/304 L stainless steel interfaces. The microstructures and chemical composition
changes are analyzed using scanning (SEM) and transmission (TEM) electron microscopes equipped
with energy dispersive spectrometry (EDS) detectors. Since the interfacial layers are subjected to
severe plastic deformation, which can undergo partial recrystallization, the high-resolution electron
backscattered diffraction (EBSD) facility was used as a suitable tool to study the microstructural changes
occurring in the parent sheets (areas of not mixed original sheets excluding melted zones). In order
to support microstructural findings, the mechanical properties were evaluated using microhardness
measurements, whereas the integrity of the joints via lateral bending test.

2. Experiment

EXW of Ta/Cu/stainless steel (SS) sheets was performed in two steps by High Energy Technologies
Works ‘Explomet’ (Opole, Poland). In the first step (Figure 1a) the explosive welding of M1E Cu
(flyer) to 304 L SS—base sheets with a size of 2400 mm × 2400 mm—was performed. The chemical
composition of the joined sheets are presented in Table 1. After straitening the new plate was cut from
the corner region of the Cu/SS plate (but still within the area of properly bonded sheets), as presented
in Figure 1b. The dimension of this new, bimetallic sheet was 440 mm (length) × 205 mm (width).
Then, in the second stage (Figure 1c), the Ta (flyer) sheet was clad onto the Cu/SS (base) plate. It is
clear that the detonation direction during first (DD1) and the second (DD2) EXW steps are not parallel;
the DD2 is inclined at ~35◦ with respect to DD1. The initial thicknesses of the sheets were: 1.8 mm
(Ta), 3.0 mm (Cu) and 12 mm (SS). The contact surfaces of the joined sheets/plates were grounded,
cleaned of solid particles and degreased. A detonator was located in the middle of the shorter edge of
the flyer plate. The explosive was ammonium nitrate with fuel oil and a charge density of amount
0.75 g/cm3. To manufacture high-quality clads, the detonation velocities during both steps of the EXW
experiments were ranged between 2500–2600 m·s−1. The welding conditions were tailored through the
parallel geometry route with a 3 mm stand-off distance between the sheets (on each step).
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Specimens for microstructural analyses were cut-off from the central part of the final clad in
the as-welded state. The observation plane was perpendicular to the transverse direction (TD).
This means that sample edges were parallel to the detonation (DD2) and to the normal (ND) directions.
The samples were mechanically ground up to 4000 SiC paper and polished in two steps with the use of
the VibroMet-2 (Buehler, Lake Bluff, IL, USA) device and Al2O3 for 10 h and colloidal silica for 2 h.
To study the microstructure evolution a high-resolution SEM (FEI Quanta 3D, Tokyo, Japan) equipped
with EDS detector and high-speed Hikari EBSD camera by EDAX, were used. During SEM/EBSD
measurements, the microscope control, pattern acquisition, and indexing were done using the Genesis
TSL OIM Analysis 8 software (EDAX, Weiterstadt, Germany). The mappings were carried out in
the beam-scanning mode. The applied step size ranged between 40 nm and 200 nm and with an
accelerating voltage ranging between 15 and 30 kV. Supplementary analyses on the nanoscale were
performed using TEM, FEI Technai Super Twin G2 FEG (Tokyo, Japan) operating at 200 kV, equipped
with an energy dispersive X-ray microanalysis system.

Vickers microhardness measurements were performed on the ND/DD2 section to estimate the
microhardness of intermetallic phases and the distribution in strain hardened layers across the interface.
The tests were carried out on a finely-polished longitudinal section. The obtained microhardness values
were the average of three indentation measurements. The average microhardness of the base materials
in fully recrystallized states, i.e., before cladding, were 250 HV, 162 HV, and 110 HV for 304 L stainless
steel, Ta and M1E-Cu, respectively. A three-point lateral bending test was employed to evaluate the
resistance to delamination of the joints. The test was performed according to EN 13445-2:2014 (E) on
samples cut along the DD2 from the final clad. The specimens for bending testing with a size of 10 mm
(width) × 13 mm (high) × 150 mm (length) were extracted from the central part of the clad in the plane
parallel to the detonation direction.

3. Results

3.1. Macro-/Meso-Scale Interfaces Overview

Macroscale characterization of the interfacial layers includes light optical microscopy and low
magnification SEM observations. The initial state of the sheets was characterized by a uniform, fully
recrystallized microstructure. Both sections perpendicular to the rolling plane revealed structures of
equiaxed grains with a diameter of ~80 μm, ~60 μm and ~100 μm for Ta, 304L (SS) and Cu, respectively
(Figure 2). It confirmed the high quality of the Ta/Cu and Cu/SS interfaces, without voids and
visible sheets delamination. The analysis made at the mesoscopic scale with low magnification SEM
imaging shows wavy interfaces, however, with quite different wave parameters (Figure 3). Moreover,
the character of waviness is different for both interfaces since the detonation direction during the first
(DD1) and the second (DD2) EXW steps are not parallel. In the case of Ta/Cu interface the amplitude
and the period of the wave, as observed in the ND/DD2 section (Figure 1a), are close to ~100 μm and
~300 μm, respectively. In the case of Cu/SS sheets, a non-regular interface in this section is found to
exist. On the contrary, the Cu/SS interface in the ND/DD1 section shows a regular waviness with the
wave amplitude and the wave period close to 450 μm and 950 μm, respectively (Figure 1c).

The wave formation coincides with the formation of solidified melt zones that are preferentially
located at the wave crest and within the wave vortexes. The cracks within the solidified melt zones,
commonly observed in other metal combinations, e.g., [4,7,9] were only occasionally detected in
solidified melt zones formed at both interfaces of the Ta/Cu/SS clad. However, if observed, they were
always limited to the zone of solidified melt and they propagated perpendicularly to the interface
between solidified melt and pure metal. None of these cracks have shown any tendency to propagate
across the base materials.
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Figure 2. The initial microstructure of (a) tantalum, (b) copper and (c) stainless steel sheets taken in the
normal/rolling direction (ND/RD) plane. Scanning electron microscopy/electron backscatter diffraction
(SEM/EBSD) images of local orientation measurements with a step size of 200 nm.

 
Figure 3. (a) Thickness of initial sheets, and the wavy interfaces, (b) regular wavy interface between
Ta and Cu and (c) non-regular interface between Cu and SS observed in a final clad along ND/DD2

section. (d) The regular wavy interface between Cu and SS observed along the ND/DD1 section.

3.2. Microstructure of Severely Deformed Layers of Parent Sheets Near the Interface—SEM/EBSD Analysis

Figures 4 and 5 present the inverse pole figures (IPF) orientation maps combined with the image
quality (IQ) factor. The IQ component emphasizes grain and interphase boundaries. The analysis is
supported by direct SEM/EBSD/EDS chemical composition determination. The SEM/EBSD maps of
the vortex region show a severely deformed microstructure of parent sheets composed of elongated
cells/(sub)grains with a tangled network of dislocations (Figure 4a). The points inside the zone
of solidified melt are mostly indexed as ‘pure’ metals with some quantity of not or mis-indexed
pixels. Further chemical analysis reveals that the solidified melt zones contain both elements in the
vortex region.
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Figure 4. (a) Orientation map showing a typical vortex region close to the Cu/Ta interface, and
corresponding (b) chemical composition map showing the distribution of Ta. Misorientation line scans
across (c) flattened grains in Ta, and (d) clusters of twins in Cu. SEM/EBSD measurements with a step
size of 100 nm along the ND/DD2 section.

Figure 5. (a) Orientation map showing typical vortex near the SS/Cu interface along ND/DD2 section.
(b) Misorientation line scan across the cluster of twins. SEM/EBSD measurements with step size of
100 nm.
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3.2.1. Ta/Cu Interface

The severely deformed layers of tantalum are relatively narrow and limited to the thickness of a few
tens of microns. In contrast, in the copper sheet a significantly larger strain hardened layer is observed
(a few hundreds of microns). For instance, Figure 4a shows the microstructure of the interfacial
layer around and inside a wave vortex. The formation of vortexes leads to a characteristic interlock
microstructure between tantalum and copper, as is clearly presented in Ta chemical composition map
(Figure 4b). Interfacial layers of both parent sheets are composed of flattened grains with a thickness
of 1–2 μm. Grain to grain misorientation plot shows that to a large extent the flattened grains are
separated by high angle boundaries (Figure 4c). The orientations of neighboring, flattened grains
are nearly symmetrical. Such a grain shape and misorientation relationship between grains refer to
plane strain conditions and deformation banding mechanism dominating in medium-to-high stacking
fault energy fcc or bcc metals [38]. However, in some places these flattened grains undergo intense
recrystallization; this leads to the formation of layers composed of very small (<1 μm) equiaxed grains.
Another characteristic feature of the as-deformed structure of copper (but not present in Ta sheet)
is massive deformation twinning. This mechanism is supposed to accommodate the strains that
emerged in the vortex formation. Figure 4d shows the misorientation angle distribution along the
pathway marked by an arrow in Figure 4a. The misorientation angle between neighboring platelets
is 60◦ with the misorientation axis corresponding to the <111> direction. This clearly indicates that
the micro-twins formation is similar to the periodic twins that have been observed in pure copper
deformed at extremely high strain rates, as observed earlier by Crossland and Williams [39] and by
Lee et al. [17] in EXW copper to copper sheets. The line scan across the deformation twins can be
contrasted with the misorientation vs. distance line scan presented in Figure 4c, where the opposite
tendency of crystal lattice rotation in the neighboring layers (flattened grains) is observed. However,
the misorientation angles between the layers always display values lower than 60◦.

In the present work the most regions inside the solidified melt zones near the Ta/Cu interface,
were indexed as ‘pure’ Ta or Cu, with some quantity of not or mis-indexed pixels [11,30,31].

3.2.2. SS/Cu Interface

Figure 5a shows an SEM/EBSD image with a vortex region along the SS/Cu interface. In ND/DD2

section, unlike the typical wavy shape, the SS/Cu interface resembles a column capital. There are a
molten and re-solidified regions near the vortices, marked by very low Kikuchi contrast (dark grey or
black pixels). Poor indexing of those areas can be directly related to the formation of non-equilibrium
ultra-fine grained (or even amorphous) phases based on Cu and elements present in stainless steel.
Orientation maps show that interfacial layers of both parent sheets are severely deformed with a
significantly refined microstructure. The interfacial layers of the SS sheet are composed of grains with
the size ranged between 0.5 μm and 2 μm. The width of this layer is 50 μm–100 μm. However, at larger
distances from the interface, much coarser and only slightly deformed grains can be observed. In the
Cu sheet, the as-deformed grains are not exclusively observed near this interface. In areas situated near
the wave crests and adhering to solidified melt zones, a more uniform structure of equiaxed grains
(free of dislocations) with an average grain size of about 1–3 μm is observed. This strongly indicates
intense recrystallization. In some places, this structure evolves into columnar grains indicating the
occurrence of oriented grain growth along the preferred heat flow direction. The large columnar grains
grow perpendicular to the melted zone/copper interface. The length of the larger axis of columnar
grains is between 5 μm and 15 μm. However, in some of the Cu grains situated inside the vortex
(pillars) region, the occurrence of dislocation slip is accompanied by intense deformation twinning.
This is confirmed by a misorientation line scan in Figure 5b indicating compact clusters of deformation
twins, similar to those observed in Cu near the Ta/Cu interface. The equilibrium phases corresponding
with the Cu and Fe(Cr, Ni) binary diagrams were identified only accidentally near the Cu/SS interface.
This observation confirms the early hypothesis [4,16] that the melted zones are mostly composed of a
mixture of pure parent metals.
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3.3. Dislocation Structure of Parent Sheets—TEM Analysis

The dislocation structures of interfacial layers of parent sheets were analyzed in areas of the
wave valley, where large zones of solidified melt are not observed at the optical microscope or low
magnification SEM scale. Generally, the structures were composed of fine equiaxed or elongated
cells/(sub)grains with an increased density of dislocations inside them. Such microstructures are typical
for strain hardened materials with a tangled network of dislocations, high vacancy concentration and
possibly large numbers of microtwins (in the Cu and SS).

The most characteristic feature observed in the Ta sheet in layers near the Ta/Cu interface is
the structure composed of relatively wide microbands (Figure 6a), whereas in the Cu sheet (at the
same interface) the formation of extremely fine but equiaxed (sub)grains (Figure 6b) is observed.
In layers near the Cu/SS interface the structure of Cu sheet is significantly less deformed as compared
to the layers of Cu sheet situated near the Cu/Ta interface. Despite a huge shear strain, the structure
of initial grains with recrystallization twins is still apparent (Figure 7a). The microstructure of SS
plate in layers adjacent to the Cu sheet is composed of fine (sub)grains with a diameter of a few
hundreds of nanometers (mostly <500 nm). A large number of dislocations accommodated in the
cells/(sub)grains of both metals is a strong indication that the deformation processes are prevailing
over the thermally activated softening ones, i.e., recovery and recrystallization, as suggested earlier for
Al/Cu [9], Zr/(carbon steel) [10] and Al/Ti [14] clads.

Figure 6. Transmission (TEM) bright-field images showing the structure composed of (a) elongated
cells in Ta and (b) fine grains in Cu.

The wave valleys do not contain any macroscopically visible solidified melt zones (Figure 7a–c).
However, a very thin layer of solidified melt, of few tens of nanometers is identified at large
magnifications, as presented for Cu/SS interface in Figure 7d. This confirms the early thesis that the
presence of a very thin reaction layer is one of the most important factors that guarantee a good bond
between welded sheets and improves delamination resistance, as suggested in [4,8,10].
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Figure 7. (a) TEM bright field and (b) TEM/High Angle Annular Dark Field (HAADF) images showing
microstructure of copper and stainless steel near the Cu/SS interface. (c) Chemical composition line scan
across the Cu/SS and (d) interfacial region observed at high magnification documenting the presence of
a very thin layer of solidified melt.

3.4. Phase Constitution inside Solidified Melt Regions

The most spectacular microstructural changes are observed in the solidified melt zones. The melt
zones may exhibit a different form—starting from large, nearly equiaxed ones, going through thin,
and ending up with extremely thin layers. They are situated inside the wave vortexes (as inclusions
inside the Ta or Cu sheet) and at the crest or on the bottom part of the wave (extremely thin layers).
Large solidified melt zones situated inside the wave vortexes can be (i) entirely surrounded by Ta
or Cu, without any contact with Cu or SS, respectively, or they can be (ii) still partly adjacent to the
neighboring sheet (Cu or SS).

Some examples of solidified melt zones of the second type are presented in Figure 8a,b. These
SEM images taken with a backscattered electron detector (SEM/BSE) show sharp interfaces between the
zone of solidified melt and parent materials. This implies significant changes in chemical composition
across the boundaries. Additionally, the areas of pure metals (mostly of a higher melting point) are
detected inside the solidified melt.
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Figure 8. Microstructure of solidified melt zones formed between (a) Ta and Cu, and (b) Cu and SS,
(c,d) details of internal microstructure. (e,f) Chemical composition line scan showing the distribution
of main elements in the solidified melt region.

3.4.1. Chemical Composition of Solidified Melt Zones Formed between Tantalum and Copper

The internal microstructure of solidified melt zone shows small areas of alternating BSE contrast.
For instance, Figure 8a depicts an enlarged part of the vortex between Ta and Cu sheets. In some cases,
the pure metals reveal rotational character due to the vigorous stirring and mixing of the material in
the liquid and/or semi-liquid states. A more detailed analysis shows that the internal structure of the
solidified melt region can be defined as a mixture of fine Cu and Ta particles of different sizes. Figure 8c
shows an SEM/BSE micrograph with a typical structure of the solidified melt. In most observed cases
the size of spherical particles of Ta is ranged between 10 nm and 500 nm and they are homogeneously
distributed in the Cu matrix. Nevertheless, there were experimentally discovered micro volumes in
which the matrix material is Ta and Cu is in the form of compact spherical aggregates. However, as
shown by Bataev et al. [14] and Parchuri et al. [32] they may coexist with TaxCu1−x based intermetallics
and decagonal quasicrystals at the Ta/Cu interface.

Despite the fact that the chemical composition inside the zone of solidified melt varies practically
from 0% to 100% of a given element, a strong preference of chemical composition close to Cu0.25Ta0.75

and Cu0.75Ta0.25 is observed. This can be clearly seen in Figure 8e in the chemical composition line
scan along the blue dashed arrow marked in Figure 8a.
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3.4.2. Chemical Composition of Solidified Melt Zones Formed near the Stainless Steel and Copper
Interface

In comparison to Ta/Cu interface, the grains inside the solidified melt zone near the Cu/SS interface
show different morphology and chemical composition (Figure 8b,d,f). Most of the grains crystallize
in the form of small dendrites. However, the grains that nucleate just near the Cu sheet form a
characteristic sublayer composed of small columnar grains with longer axis perpendicular to boundary
between solidified melt and copper. This indicates a more effective heat transfer across the interface
towards Cu as compared to the other side of the melted zone, where only ultra-fine, but nearly equiaxed
grains are formed (see insets in Figure 8d). Nevertheless, large volumes of the melted zone are occupied
by ultra-fine-grained phases. Various chemical compositions are identified inside the zone. To a larger
extent the phases are enriched in copper (ranging between 60% and 90%) (Figure 8f).

The solidified melt zone can also be enclosed inside the parent metal. Such an example is shown
in Figure 9 where a solidified melt is surrounded by the Cu matrix. The corresponding chemical
composition maps show the distribution of Cu and the main elements of stainless steel (Fe, Cr and
Ni). The content of elements is quite similar to that observed inside the open zones and is close to
Cu(0.60–0.90)Fe (0.20–0.72)Cr(0.05–0.19)Ni(0.02–0.08). The maps also revealed large fragments of steel enclosed
inside the solidified melt zone.

Figure 9. SEM/backscattered electron detector (BSE) image showing solidified melt zone enclosed
inside the deformed Cu and corresponding chemical composition maps documenting the distribution
of Cu and main elements in stainless steel.

3.5. Microhardness across the Interface

In order to correlate the mechanical properties with the corresponding changes in microstructure
the microhardness measurements were performed. The microhardness profiles along ND (in the
ND/DD2 section) in areas near the wave crests are presented in Figure 10a,b. They show the distribution
of the strain hardening across the interface. The average microhardness values of the base materials in
the fully recrystallized states, i.e., before cladding, are marked as blue horizontal dashed lines. For both
interfaces, the microhardness of parent sheets strongly increases in layers near the interface, whereas
at the center of the sheets does not differ significantly from those of the initial state (Figure 10a,b).
It is apparent that the most radical increase of strain hardening is observed in the interfacial layers
of SS sheet near the SS/Cu interfaces (Figure 10a,b). However, the microhardness values inside the
solidified melt zones strongly scatter. For both interfaces, the microhardness of solidified melt zones
reached values between 240 and 370 HV (Figure 10c) and between 210 and 260 HV (Figure 10d) for
SS/Cu and Cu/Ta interfaces, respectively. These values significantly differ from those obtained for
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SS/Ta metals composition, where the microhardness of solidified melt regions ranged between 720 HV
and 1080 HV [14]. This is twice or even three times more than those observed in strongly refined
(and strain-hardened) layers of SS sheets. However, in that case, a strong scattering of values was
also observed.

 
Figure 10. Vickers microhardness across the interfacial layers in (a) SS/Cu and (b) Cu/Ta clads,
(c,d) corresponding optical micrographs showing values of microhardness of solidified melt zones.
Red triangles (a,b) indicate the values of microhardness measured in the interfacial layers close to a
large melted zone. Microhardness of copper in a fully recrystallized state is 110 HV.

As a next step, the lateral bending test was performed to evaluate the influence of the interfacial
microstructures on the integrity of the joints. The tested specimens were deformed up to 90◦ bending
angle (Figure 11). No tearing, fracture, or separation of the sheets was observed. The cracks, which
were originally localized within the solidified melt region start to expand into the stainless steel
substrate upon loading, whereas there was no propagation of the pre-existing cracks into the copper,
stainless steel or tantalum sheets. This shows that Ta/Cu/SS welding is fully applicable in service even
in a bent form.

Figure 11. Optical micrographs showing macro-structure of the sample after (lateral) bending test. No
delamination of the clad components and macro-cracks propagation is observed.
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4. Discussion

This study describes several important aspects of our understanding of EXW and the evolution of
microstructure in the process of joining. These changes are twofold. The first ones are due to strain
hardening, recovery, and recrystallization of interfacial layers of the parent sheets. The latter ones are
due to the phase transformations in the solidified melt zones due to fast heating followed by extremely
fast cooling.

4.1. Microstructural Changes in the Parent Sheets

The strain hardening processes in the parent sheets prevail over the thermally activated softening
ones in areas far from the large melted zones. As a consequence, the presence of strain-hardened
structures can be regarded as a factor that increases the strength of the clad. However, in layers
adhering to large melted zones the softening due to recrystallization is noticeable, as observed earlier
for other metal compositions, e.g., [4,7,14,40]. The recrystallization starts to occur just during clad
formation as a result of heat transfer between the large melted zones and severely deformed layers of
parent sheets/plates. In areas near the interface, this process leads to the transformation of (sub) grains
with randomly distributed dislocations into equiaxed fully recrystallized grains free of dislocations.
Since the highest temperature is reached at the interface, it is often observed that these areas undergo
intense recrystallization or even abnormal grain growth. This, in many cases leads to the situation
where the average size of grains situated at the interface is larger than that of more distant from the
interface, as also presented by Chu et al. [18] for Ti to carbon steel clad. As a consequence of the
recovery and recrystallization processes, a pronounced drop of microhardness in layers of parent
sheets directly adhering to the large melted zone can be detected.

4.2. Microstructural Changes due to Formation of the Solidified Melt Regions

The history of dramatic temperature changes during the impact process can be used to elucidate
the microstructure evolution of the solidified melt region. During the cooling period (as the collision
point is moved forward), the cooling rates calculated by various authors always exceed the 105–107 ks−1

range, e.g., [10–12,18]. These rates make the thermodynamic conditions very similar to that observed
during spin melting, where the formation of extremely fine-grained or even amorphous phases
is expected.

Although a low microhardness has been observed in the solidified melt zone (as compared to
strain hardened layers of 304 L SS sheet), upon bending the strain is mostly accumulated by the fully
recrystallized microstructure of Cu that surround the solidified melt region. It is clear that this behavior
is quite different from those observed for other metal compositions, e.g., based on steels and reactive
metals, where the formation of brittle solidified melt zones of high hardness is dominant, e.g., [4,7,10].

For the particular case of Ta/Cu metal composition, a possible mechanism of intermediate
heterophase region formation was proposed by Maliutina et al. [31]. In this mechanism there is not
necessary to exceed the melting point of Ta since the globular particles of Ta are plunged into solidified
Cu. However, it is very difficult to state without any doubt, whether this mechanism is the only one
or just dominant. The weak point of the mechanism proposed in [31] is that the matrix is not pure
copper but is mostly a solid solution of Ta in the Cu (see Figure 8). However, aside from the limited
information on the phase constitution in the Cu-Ta immiscible systems, the formation of metastable
phases can be expected due to rapid cooling during solidification of melted volumes, as described for
other processes in [33–37,41,42]. Due to the extremely high dynamic of the EXW process, there is no
time for the diffusion in the solid state, hence the melting of Ta can be expected. However, to solve this
problem further analyses with the use of TEM are needed.
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4.3. Microstructure vs. Strength Properties

An important question then arises here is—how the processes occurring inside the deformed
layers and melted regions can influence the strength of the clad? Although, the strain hardened
layers of parent sheets exhibit high hardness, the recrystallized structure near the interface and cracks
propagation inside the solidified melt zone can countervail the overall strengthening effect.

The presence of ultra-fine-grained phases inside the solidified melt zones improves the clad
strength, but on the other hand, it may lead to an increase in the resistance of a material to plastic
deformation. The cracks appear inside the solidified melt zones owing to the shrinkage during the
solidification of molten materials which significantly decreases the clad strength. However, in Cu–Ta
and Cu–SS solidified melt regions the cracks are observed only accidentally. During the bending test
some newly generated small interfacial discontinuities appear and grow together with pre-existing
ones only inside the Cu–Fe(Ni, Cr) solidified melt regions. However, the crack propagation towards
parent materials was not observed. The strain hardening of the interfacial layers of parent sheets can
be attributed to the increase of lattice defects, such as dislocations, vacancies, (sub)grain boundaries,
and in more global scale intense deformation twinning. However, the recovery and recrystallization
processes, initiated just during EXW can decrease the density of structural defects due to heat transfer
from large melted zones towards severely deformed layers [43]. This, in turn, leads to a decrease
of strength.

This study also contributes to the issue that cannot be completely solved by optical microscopy
and low magnification of SEM analyses. We are referring here to the mechanisms responsible for bond
formation. Generally, there are two interpretations strongly disputed in the literature. On the one hand,
high-resolution TEM studies of similar [8] and dissimilar [4,10,12] metals show the formation of an
extremely thin layer of solidified melt of a few tens of nanometers in thickness, between neighboring
sheets. The formation of a very thin layer of solidified melt, as observed in Figure 8, was predicted
by Carpenter [44] who suggested that the weld interface is in reality a thin melted layer. The open
question is—if this is a requirement for all bonding conditions, or if it is a result of excessive explosive
loading? However, in numerical modeling of EXW of Cu to Cu, Lee et al. [17] argue that an essential
mechanism of bonding is the jetting and extremely high pressure which are responsible for squeezing
two sides free of impurities to atomic contact. Despite this mechanism was used many times in the
past by various authors, this study tends more to metallurgical bonding. This melting and mixing can
give a continuous reaction layer between the matching pair.

This study also points to open questions and opportunities. The presence of a very thin (<300 nm)
reaction layer along with the entire interface, free of cracks, can play a decisive role in enhanced
resistance to delamination and may be responsible for proper bonding between the sheets. Although
the appearance of a thin reaction layer is typical for most of the clads, it is difficult to state without any
doubt if the presence of a thin intermetallic layer is the necessary condition for proper bonding or if it
only supports (as suggested by some of the authors) the essential mechanism based on the jetting and
squeezing two sides to atomic contact.

5. Summary

The present work describes the microstructure of the Ta/Cu and Cu/SS interfacial layers of
explosively welded Ta/Cu/SS clad. It is shown that the hardening and softening processes are strongly
related to the microstructure and clad strength evolution. The processes that increase the yield
strength of the material are severe plastic deformation, the formation of thin layers of ultra-fine grains,
and solidified melt zones, while dynamic recovery, recrystallization, and crack formation inside the
solidified melt cause softening.

SEM/EBSD analyses revealed a complex microstructure of parent sheets, which consists of
characteristic features such as interlock microstructures, elongated grains, or twins. Strain hardening
processes predominate softening ones in the interfacial regions far from large solidified melt zone.
It has been established that a high-rate shearing of interfacial layers leads to a strain-hardening due to
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intense slip and deformation twinning in copper sheets at both interfaces. In layers surrounding the
melted zones, the as-deformed grains are replaced by new recrystallized (equiaxed or columnar) ones
due to the heat transfer from the melt to the severely deformed metals. The microhardness of welded
sheets increases significantly as the joining interface is approaching excluding the volumes directly
adhering to large melted zones, where a noticeable drop of microhardness due to recrystallization
is observed.

However, precise analysis of dynamic recrystallization and recovery is exceptionally complicated
as both phenomena strongly depend on both temperature and strain distributions near the interface as
well as the melting point of the joined metals. Another observation is a quite different morphology
of the solidified melt zones at the Ta/Cu and Cu/SS interfaces. The melted zones close to the Ta/Cu
interface consist mainly of a mixture of pure Cu and Ta particles of different sizes, whereas the melted
zones near the Cu/SS interface are composed of nano-grained compounds based on elements of both
neighboring joined sheets. The microhardness of solidified melt regions formed near both interfaces is
significantly lower than that measured inside the strain hardened layers of stainless steel. Therefore,
the integrity of all clad components is fully conserved on lateral bending.
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Abstract: The production of aluminum-carbon steel and aluminum-stainless steel clads is challenging,
and explosive welding is one of the most suitable processes to achieve them. The present work
aims to investigate the coupled effect of two strategies for optimizing the production of these
clads by explosive welding: the use of a low-density interlayer and the use of a low-density and
low-detonation velocity explosive mixture. A broad range of techniques was used to characterize the
microstructural and the mechanical properties of the welds, specifically, optical microscopy, scanning
electron microscopy, energy dispersive spectroscopy, electron backscatter diffraction, microhardness
and tensile-shear testing with digital image correlation analysis. Although aluminum-carbon steel
and aluminum-stainless steel have different weldabilities, clads with sound microstructure and good
mechanical behavior were achieved for both combinations. These results were associated with the low
values of collision point and impact velocities provided by the tested explosive mixture, which made
the weldability difference between these combinations less significant. The successful testing of this
explosive mixture indicates that it is suitable to be used for welding very thin flyers and/or dissimilar
materials that easily form intermetallic phases.

Keywords: explosive welding; interlayer; aluminum; carbon steel; stainless steel

1. Introduction

The successful production of hybrid welded structures is one of the main targets of the 21st
century’s industry. The development of solutions combining different materials is a great industrial
challenge, which brings many technical, economic, and environmental advantages by enabling the
achievement of highly efficient structures. However, manufacturing hybrid structures can be complex,
especially when combining materials with significantly different physical properties. With the increase
in the industrial relevance of hybrid components with unique characteristics, the complexity of
welding increases and the use of conventional fusion welding technologies may not be possible.
Some of the materials composing the hybrid structures tend to form very brittle intermetallic phases
at high temperature, which easily results in cracking, and consequently, in a severe loss in the
mechanical properties of the welded components. Thus, the solid-state welding technologies, such as
the friction-based or the impact-based techniques, have a very high potential to join dissimilar materials.

The impact-based processes have the advantage of restricting the welding zone to a very narrow
band at the interface of the materials and minimizing their interaction under high temperature and
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strain. As the impact is almost instantaneous, there is no time for heat dissipation towards the adjacent
regions of the weld zone, avoiding the formation of an extensive heat affected zone and the consequent
loss in mechanical properties often reported to occur in this region. In other words, the thermal cycle
is short and narrow and hence causes minor microstructural changes, all very close to the welding
interface. Among the impact-based technologies, the explosive welding has a prominent position since
this process makes it possible to clad extensive areas, which is especially relevant for the naval, railway
and automotive sectors. For these industries, aluminum and steel are widely used materials, and their
welding has an especial interest by enabling the combination of the lightweight of the aluminum alloys
with the low cost and the high mechanical strength of the carbon steel or with the corrosion resistance
of the stainless steel.

Some research has been conducted in explosive welding of aluminum to carbon steel (Al-CS) and
aluminum to stainless steel (Al-SS). Many authors have investigated the thermomechanical conditions
experienced at the weld interface and their influence on the structure and on the mechanical properties
of the welds [1–4]. The literature shows that these material combinations present notable differences in
weldability, specifically, the range of welding parameters enabling the production of welds with good
mechanical properties is wider for Al-CS welding [5]. The weldability range of the Al-SS couple is
strongly conditioned by a considerable difference in the thermal conductivity of both materials [6].
However, despite the differences in Al-CS and Al-SS weldability, better welding conditions are usually
achieved when the detonation and impact velocities used for joining both couples are not high [5].
High values of this parameter often lead to welds with poor mechanical properties or even to welding
failure, i.e., the separation of the welded plates after the impact [7]. In dissimilar welding, this type of
failure is usually associated with the formation of a thick and continuous molten layer with intermetallic
composition at the interface of the welded plates [8,9].

Considering that high detonation and impact velocities may preclude or hinder the Al-CS and
Al-SS welding, the optimization of the welding conditions for both combinations requires the testing
of welding strategies focused on decreasing the values of these parameters. The most common
strategies are the use of low-detonation velocity explosive mixtures, low explosive ratios and the use of
interlayers. Among these, welding with interlayer has been the most tested. This strategy is reported
to be effective for reducing the energy lost in the collision, and therefore, for preventing an extensive
formation of brittle intermetallic phases. Regarding the Al-CS joining, the most reported material to be
used as interlayer is commercially pure aluminum [5,10–13]. On the other hand, different materials
have been tested as an interlayer in Al-SS welding, specifically, stainless steel [14,15], commercially
pure aluminum [5], carbon steel [16], niobium [16], titanium [17], copper [17] and tantalum [17].
When materials from different families of both welded materials are tested as interlayers, the authors
intend to explore the physical, chemical, and mechanical properties of these materials for achieving
better welding conditions.

However, the use of interlayers adds a new material to the welded structure, increasing its weight
and cost, especially when dense (for example, copper or carbon steel) and expensive materials (for
example, niobium, tantalum, or titanium) are used with this purpose. It is already possible to weld
plates with a thickness in the order of 1 mm by explosion welding. However, with the increase in
design and engineering requirements, it becomes necessary to establish new strategies for welding
even thinner plates. That said, it is essential to investigate not only the use of interlayers but also the
development of energetic mixtures capable of providing low-detonation velocity together with lower
explosive ratios. Thus, the present work is aimed to test two strategies for optimizing the production of
Al-CS and Al-SS clads by explosive welding: the use of a low-density interlayer, and the development
of a low-density and low-detonation velocity explosive mixture. This research analyzes the coupled
effect of these two strategies on the microstructural and mechanical properties of the joints. The studied
explosive mixture resulted from an intensive optimization work of the density of a previously tested
explosive by controlling the volume of the sensitizer. An in-depth experimental characterization was
conducted in the welds, using a broad range of techniques, such as optical microscopy, scanning
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electron microscopy (SEM), energy dispersive spectroscopy (EDS), electron backscatter diffraction
(EBSD), microhardness and tensile-shear testing with digital image correlation (DIC).

2. Materials and Methods

Aluminum to carbon steel and aluminum to stainless steel welded clads were produced by
explosive welding in parallel full overlap joint configuration, following the set-up presented in Figure 1.
All welded plates had a length of 250 mm and a width of 70 mm. The flyer was a 3 mm-thick sheet
of AA6082-T6 (112 HV0.2) for both weld series, whereas a 3 mm-thick sheet of EN10130 (DC06)
carbon steel (100 HV0.2) or AISI 304 stainless steel (188 HV0.2) was used as the baseplate. All the
welds were produced with a 1 mm-thick interlayer of AA1050 (38 HV0.2). The explosive mixture
developed to produce the welds was a low-detonation velocity emulsion-based explosive. This mixture,
which is based on standard emulsion explosives [18,19], resulted from an optimization work, that was
developed in the Laboratory of Energetic and Detonics (LEDAP), focused on decreasing the density of
an explosive mixture through the control of the volume of the sensitizer. The weld series are identified
according to the alloys of the flyer and the base plate: the Al/CS and the Al/SS series concern to
aluminum to carbon steel and aluminum to stainless steel welds, respectively. All the other conditions
were kept constant, i.e. the interlayer alloy, the flyer/interlayer and the interlayer/baseplate stand-off
distances (STD) and the explosive thickness and ratio. Table 1 summarizes the welding conditions.

Figure 1. Schematic drawing of the welding set-up.

Table 1. Welding conditions.

Welding Conditions
Weld Series

Al/CS Al/SS

Flyer plate alloy AA6082 AA6082
Interlayer alloy AA1050 AA1050
Baseplate alloy EN10130 AISI 304

Flyer-interlayer STD 4.5 mm 4.5 mm
Interlayer-baseplate STD 1.5 mm 1.5 mm

Explosive Mixture EE EE
Explosive Mixture Density 485 kg.m−3 485 kg.m−3

Explosive Ratio 0.9 0.9

During welding, the detonation velocity (Vd), which has the same value as the collision point
velocity (Vc) in the tested welding configuration, was measured according to Mendes et al. [20].
After the visual inspection of the welds, the samples were removed longitudinally to the welding
direction and prepared for metallographic analysis according to ASTM E3-11. An optical microscope,
Leica DM4000M LED (Wetzlar, Germany), was used to observe the samples, which were etched
with Weck’s etchant, 2% Nital and 10% oxalic acid for revealing the microstructure of the AA6082,
EN10130 and AISI 304, respectively. The microstructural characterization of the welds was also
conducted by SEM, using a Zeiss Merlin VP Compact microscope (Oberkochen, Germany), which was
equipped with EDS. The semi-quantitative chemical composition of the welds was performed using
this equipment. An accurate analysis of the grain structure of the weld interface was conducted by
EBSD, using a FEI Quanta 400FEG SEM (Hillsboro, OR, USA) equipped with a TSL-EDAX EBSD unit.
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The software TSL OIM Analysis 5.2 (EDAX Inc., Mahwah, NJ, USA) was used to analyze these results.
The mechanical characterization of the welds was conducted by microhardness and tensile-shear testing.
Microhardness profiles (HV0.2) were performed in longitudinal weld samples along the thickness
direction, with a distance between indentations of 250 μm for the flyer and baseplate and 200 μm
for the interlayer. Localized microhardness measurements (HV0.025) were performed at the weld
interface. The microhardness tests were performed using an HMV-G Shimadzu tester (Kyoto, Japan).
The tensile-shear tests were performed in quasi-static loading conditions (1 mm/min), using a 100 kN
universal testing machine, Shimadzu AGS-X (Kyoto, Japan). Three specimens (removed longitudinally
to the welding direction), whose design was similar to that reported by Carvalho et al. [5,16], were tested
for each weld series. Figure 2 shows the geometry of the specimens, which have the original thickness
of the plates. The local strain fields of the tested specimens were acquired by DIC using a GOM Aramis
5M system (Braunschweig, Germany). The procedures to prepare the specimens and to process/analyze
the strain data are detailed in Leitão et al. [21]. After the tests, the fracture surface of the specimens
was analyzed by SEM and the fracture mode fractions were computed by image processing.

Figure 2. Details of the tensile-shear specimen.

3. Results and Discussion

3.1. Welding Results and Velocities

Table 2 shows the values measured for the detonation (Vd) and the collision point (Vc) velocities
(the same values for parallel welding arrangement) and the values calculated for the impact velocity
(Vp). Since the welds were produced with interlayer, two values of impact velocity were calculated: VpF
and VpFI. VpF corresponds to the velocity of the flyer plate at the instant of the first impact (the impact
on the interlayer), which was computed using Gurney’s equation for a one-dimensional problem
in parallel configuration (Equation (1)) [22,23]. It must be noted that this equation, despite being
widely accepted, presents some limitations. It ignores the acceleration of the flyer plate, and therefore,
it represents only the terminal velocity [22,24]. That said, the proximity of the real value to the one
calculated with Gurney’s equation depends on the chosen STD.

VpF =
√

2E
(

3R2

R2 + 5R + 4

) 1
2

(1)

R is the explosive ratio (dimensionless),
√

2E is the Gurney explosive’s characteristic velocity (m·s−1).
An empirical correlation developed by Cooper [25] for ideal explosives,

√
2E = V/2.97, was used to

estimate this parameter. The limitations of this approach were reported by Carvalho et al. [26].
VpFI corresponds to the velocity of the set composed of the flyer plate and the interlayer at

the instant of the second impact (the impact on the baseplate). This parameter was computed
using an approximate method considering the perfectly inelastic collision theory and the momentum
conservation (Equation (2)).

VpFI =
mF·VpF

mF + mI
(2)

mF is the mass of the flyer plate (kg), mI is the mass of the interlayer (kg).
Table 2 shows that consistent welds were produced with low values of impact velocity (about

270 m·s−1). In a previous study, Carvalho et al. [5] tested two explosive mixtures to produce the same
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type of joints: an emulsion explosive-based mixture (Vd ≈ 2800 m·s−1) and an ANFO-based mixture
(Vd ≈ 2000 m·s−1). Compared to that work, the present mixture made it possible to weld with much
lower values of impact velocity, which resulted from its lower detonation velocity (comparing to the
emulsion explosive-based mixture) and lower density (comparing to the ANFO-based mixture). In fact,
although the differences in detonation velocity between the present mixture and the ANFO-based
mixture are not significant, a much lower explosive ratio was possible to be used with the present
mixture (0.9 vs. 2.5), decreasing the impact velocity.

Table 2. Values of detonation/collision point and impact velocities and welding results.

Weld Series Vd, Vc (m·s−1) VpF (m·s−1) VpFI (m·s−1) Welding Results

Al/CS 2055 349 262 consistent
Al/SS 2055 357 268 consistent

3.2. Interface Morphology and Microstructure

Figure 3 presents the micrographs of the longitudinal interface of the welds. Figure 3a,b show
that the AA6082/AA1050 interface (flyer/interlayer interface) was similar for both weld series and was
composed of well-defined typical waves. On the other hand, significant differences in morphology
were observed for the dissimilar interfaces (interlayer/baseplate interface). While small curled waves
were formed at the interface of the Al/CS welds (Figure 3c), a flat interface was formed for the Al/SS
welds (Figure 3d). In addition to this, there is also a morphological difference related to the formation
of intermediate material. For the Al/CS welds, the intermediate material was mainly formed inside the
curled waves, being totally encompassed by the ductile carbon steel (Figure 3c). On the other hand,
a layer of intermediate material was intermittently formed at the interface of the Al/SS welds (Figure 3d).
This layer is not discernible in some zones of the weld interface, in which a direct contact between the
interlayer and the baseplate material exists.

 
Figure 3. Micrographs of the weld interface: (a) Al/CS weld series—AA6082/AA1050 interface; (b) Al/SS
weld series—AA6082/AA1050 interface; (c) Al/CS weld series—AA1050/CS interface; and (d) Al/SS
weld series—AA1050/SS interface.
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Comparing to the welds produced by Carvalho et al. [5], it is observed that the wave morphology
of the present welds is much more similar to the morphology reported for welds produced with the
emulsion explosive-based mixture than for welds produced with the ANFO-based mixture. This makes
it possible to infer that the wave morphology is deeply affected by the nature of the explosive mixture
and the explosive ratio, as claimed by Mendes et al. [20] and Plaksin et al. [27] for the SS-CS welding
system. On the other hand, although the ANFO-based and the present mixtures have quite similar
detonation velocities, the weld interfacial waves presented significant differences in amplitude and
wavelength (higher in welds produced with ANFO).

Figure 4 presents the Vickers microhardness profiles of both weld series. It shows an increase in
hardness compared to the base materials hardness. This is typical from the explosive welding process
and is a consequence of the strong plastic deformation promoted by the impact. Both weld series
presented a general increase in hardness throughout the thickness and a slightly more pronounced
increase near the interface. The AISI 304 stainless steel presented the highest increase since work
hardening is an effective hardening mechanism for this type of steel.

Figure 4. Microhardness (HV0.2) profiles.

Figure 5 shows the SEM micrographs of the dissimilar interface of the welds. From Figure 5a it can
be observed that many cracks propagate along the intermediate material formed inside the curled waves
of the Al/CS welds. The micrograph also shows that the propagation of the cracks is blocked by the wave
structure, pointing to significant differences in ductility between the wave (CS) and the intermediate
material. The results of the EDS analyses conducted in the regions indicated in Figure 5b (zones 1,
2 and 3) show that the intermediate material has a mixed chemical composition, being composed of Al
and Fe (Table 3). The chemical composition of the intermediate region is fairly homogeneous and richer
in Al. So, the formation of brittle Al-rich FexAly intermetallic phases is expected to have occurred
inside the curled waves. In good agreement with this, Carvalho et al. [7] reported the formation of
Fe4Al13 and Fe2Al5 at the interface of CS-Al explosive welds. These two intermetallic phases are the
most reported in explosive welds between aluminum and steels. However, the heating and cooling
conditions experienced at the interface of the explosive welds are far from equilibrium, and therefore,
non-equilibrium phases may exist at the interface of the welds.

Figure 5c shows that fewer cracks propagate along the intermediate material of the Al/SS welds.
The morphology of the intermediate material is also quite different for both weld series. From Figure 5d
it can be observed that a much less homogenous intermediate region was formed at the interface of the
Al/SS welds. Two zones are identified in this region, i.e., a lighter grey zone, which encompasses a
larger area, and a darker grey zone. According to the results of the EDS analyses (Table 3), which were
conducted in the regions indicated in Figure 5d, the lighter grey zone has a mixed Al-Fe chemical
composition (zones 4 and 5). However, this region is richer in Al than the homogeneous intermediate
material of the Al/CS welds. Besides Al and Fe, Ni and Cr, which are present in the stainless
steel, were also detected. Regarding the darker grey zone, it is almost exclusively composed of Al.
These results point to the formation of a heterogeneous intermediate region composed of both Al and
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Al-Fe intermetallic phases. Considering the chemical composition of the stainless steel, a large range of
intermetallic phases may be formed at the interface of the Al/SS welds, which makes it very difficult to
indicate which phases were effectively formed.

 
Figure 5. SEM micrographs of the dissimilar interface of the welds: (a,b) Al/CS weld series; (c,d) Al/SS
weld series.

Table 3. Chemical composition (% at.) of the intermediate material.

Weld Series Analysis Zone Al Fe Cr Ni Average Microhardness (HV0.025)

Al/CS
1 67.0 33.0 ——– ——–

7022 67.7 32.3 ——– ——–
3 70.2 29.8 ——– ——–

Al/SS
4 82.6 13.1 3.1 1.2

4145 87.8 9.5 2.7 ——–
6 97.7 2.3 ——– ——–

Table 3 also presents the microhardness average values measured at the intermediate regions
shown in Figure 5. The microhardness values are very high compared to those of the base materials.
The mixed composition, high hardness, and presence of cracks (brittleness) agree well with the
formation of intermetallic phases in the intermediate regions.

Regardless of the weld series, the intermediate regions formed at the weld interface have an
Al-rich intermetallic composition, which agrees well with the significant differences in the melting
temperature of the Al and the two Fe alloys. In fact, since the Al has a much lower melting temperature,
there is a more substantial amount of this element in the interfacial molten volumes from which the
intermetallic phases are generated. Moreover, although fewer cracks are observed in the intermediate
regions of the Al/SS welds, they propagate throughout the intermetallic layer, i.e., from the SS until the
Al. On the other hand, the cracks in the intermediate regions of the Al/CS welds are enclosed by the
curled waves, which agrees with the results reported by Carvalho et al. [5]. The ductile waves act as a
protection when brittle intermetallic phases are present.
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Figure 6 presents the results of the EBSD analysis conducted at the dissimilar interface of the
welds. For the Al/CS welds, Figure 6a shows that the AA1050 and the CS have an elongated grain
structure, which agrees well with the plastic deformation experienced. However, the deformation
experienced by the CS composing the wave structure is especially evident. Largely deformed grains
with an impressive length to width ratio are observed in this zone. In turn, a much finer and equiaxed
grain structure is observed inside the wave, pointing to the recrystallization of new grains. This region
corresponds to the center of an interfacial vortex, where the most extreme strain and temperature
values are usually achieved [28]. For the Al/SS welds, an elongated grain structure is also observed
on the AA1050 side of the interface, as shown in Figure 6b. Regarding the SS side, this figure shows
that fine equiaxed grains were formed in the nearest regions of the interface. The coupled effect of
temperature and plastic deformation also promoted the recrystallization of the SS grains. Although the
interaction of the welded materials is almost instantaneous in explosive welding, they experience a
very strong plastic deformation and a high-temperature peak at the weld interface. The strong plastic
deformation agrees with the increase in hardness next to the interface between the baseplate and the
interlayer presented in Figure 4. The very high temperature and plastic deformation, as well as the
occurrence of localized melting, boosted the interaction of the elements in this region, giving rise to the
formation of intermetallic phases.

 
Figure 6. EBSD micrographs registered at the dissimilar interface of the welds: (a) Al/CS welds;
(b) Al/SS welds.

3.3. Mechanical Properties

Table 4 displays the results of the tensile-shear tests. The table shows the maximum load value,
the fracture region, and the fracture mode. For the maximum load, two values are presented for each
weld series, which correspond to the lowest and the highest values obtained among all the tested
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specimens. Regarding the Al/CS series, it can be observed that the specimens had a very regular
behavior, presenting all of them a 100% ductile fracture at the interlayer zone, with the maximum
load value ranging between 4.8 kN and 5.1 kN. Figure 7a shows the Von Mises equivalent strain
distribution map at the maximum load, which indicates that the strain was completely localized in the
interlayer plate. In good agreement with this, Figure 8a and Table 5 indicate that the fracture surface of
the specimens consisted of shear dimples and was exclusively composed of Al, which matches the
chemical composition of the AA1050 interlayer. These results indicate that the strength of the similar
and dissimilar weld interfaces was higher than that of the interlayer material. The mechanical behavior
of the welds was conditioned by the strength of the AA1050 and not by poor interfacial bonding.

The maximum load value of the Al/SS specimens ranged between 4.5 kN and 5.0 kN (Table 4),
which was approximately the same load range observed for the Al/CS weld series. Regarding the failure
region, the specimens failed in the interlayer zone, which agrees well with the Von Mises equivalent
strain distribution map at the maximum load shown in Figure 7b. However, some differences were
observed in the fracture mode of these specimens. The specimens with a higher maximum load
presented a 100% ductile fracture through the interlayer material. Figure 8b and Table 5 show that
the fracture surface of these specimens consists of shear dimples and is exclusively composed of
Al. On the other hand, the specimens with a lower maximum load presented a more heterogeneous
fracture surface, because they fractured both through the interlayer and at the interlayer/SS interface.
While the fracture through the interlayer was ductile, with the formation of Al shear dimples (Figure 8c
and Table 5), the fracture at the interlayer/SS interface was brittle. Figure 8d and Table 5 indicate
that the brittle fracture surface consists of cleavage patterns and is composed of both Al and Fe.
The mixed chemical composition of the fracture surface agrees well with the chemical composition of
the intermediate regions formed at the dissimilar interface of these welds, which indicates that the
brittle intermetallic phases partially promoted the fracture. However, despite the presence of a brittle
fracture, the maximum load was not very different. This is because the percentage of brittle fracture
(17%) was much lower when compared to the percentage of ductile fracture (83%).

Table 4. Maximum load in tensile-shear testing, fracture region and fracture mode.

Weld Series Maximum Load (kN) Fracture Region Fracture Mode

Al/CS Lowest 4.8 Interlayer Ductile (100%)
Highest 5.1 Interlayer Ductile (100%)

Al/SS Lowest 4.5 Interlayer1 Ductile (83%) and Brittle (17%)
Highest 5.0 Interlayer Ductile (100%)

1 The fracture occurred through the interlayer and through the interlayer/SS interface.

 

Figure 7. Von Mises equivalent strain distribution map: (a) Al/CS weld—ductile fracture; (b) Al/SS
weld—ductile fracture.
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Figure 8. SEM micrographs of the fracture surface of the welds: (a) Al/CS welds; (b) Al/SS welds—highest
maximum load; (c,d) Al/SS welds—lowest maximum load.

Table 5. Chemical composition (% at.) of the fracture surface of the welds.

Analysis Zone Al Fe Cr Ni Si

I 100 ——– ——– ——– ——–
II 99.8 ——– ——– ——– 0.2
III 100 ——– ——– ——– ——–
IV 78.2 12.9 3.6 3.2 2.1

The differences between Al/CS and Al/SS welds in the tensile-shear tests occur mainly because of
two reasons: the intermetallic formation and the interfacial microstructure. These differences lie mainly
in the appearance of a brittle fracture percentage. The intermetallic formation of the Al/SS is more
complex because of the presence of more alloying elements (Cr and Ni) that can form intermetallic
phases with Al, Fe and complex phases combining more than these two elements. The interfacial
microstructure also represents a critical factor on mechanical performance. The curled wavy interface
of the Al/CS improved the mechanical performance, once the brittle intermetallic phases formed
during the process were surrounded by ductile material (the waves). In other words, it avoids the
intermetallic phases from being propitious regions to an uninterrupted propagation of a brittle fracture.
Carvalho et al. [5] detailed this beneficial effect of the curled wave compared to flat interfaces.

The interfacial microstructure has a major role in explosive welding. The presence of waves
(typical or curled wave) often leads to a better mechanical performance of the joint. Some recent
works make it possible to better understand and predict the weld interface. While Carvalho et al. [26]
study the prediction of a wavy interface in general, Carvalho et al. [16] study the prediction of curled
waves specifically. These studies support the fact that the interfacial microstructure of the Al/CS welds
significantly contributed to the best mechanical performance.

In a previous work [5], the Al-CS and Al-SS pairs were welded with a slightly lower collision
point velocity and higher explosive ratio than the present work. The collision point velocity was not
significantly different, but the higher explosive ratio led to higher impact velocity values. This means
that the impact pressure was also more intense, which led to more substantial plastic deformation
and strain hardening. It is important to note that two aspects should be balanced for the selection
of the most suitable impact velocity in dissimilar welding of materials with easy formation of brittle
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intermetallic phases, specifically, the volume of intermetallic phases formed and the plastic deformation
experienced by the materials at the interface. Until a threshold in impact velocity, higher values provide
welds with better mechanical behavior by increasing the interfacial plastic deformation. After reaching
this threshold, the increase in impact velocity only leads to the increase in the volume of brittle phases
at the interface, and consequently, to the weakening of the welds. However, this threshold strongly
depends on the microstructure of the weld interface, since, when curled waves are formed, the interface
presents a higher ability to accommodate the volume of brittle phases generated during welding.

When higher collision point velocities were used on the same previous work [5], the results were
rather irregular, considering that some welds failed during specimens preparation due to the poor
bonding strength. The present work is between the two situations, offering an alternative of parameters
that can be used especially in cases of flyers with lower thickness and density, in which mixtures of low
velocity and high ratio, as used in previous works [5], may not be suitable. It is a significant advance
for the welding of very thin plates of low-density materials, such as the aluminum alloys.

3.4. Energetic Mixture Analysis

In explosive welding, the challenge of the process is not only to define suitable welding parameters.
After defining the best parameters, it is necessary to find energetic materials that can provide the
parameters needed, such as detonation and impact velocities. One of the usual problems is that there
are not too many energetic materials with adequate parameters, especially when low detonation
velocities are preferred. In order to detonate, many of the low-detonation velocity explosive mixtures
need a higher thickness of material than the high-detonation velocity mixtures. This fact leads to
an issue, i.e., despite a lower detonation velocity, once the thickness of explosive mixture is high,
the explosive ratio will be higher, and consequently, the impact velocity will increase too. In other
words, choosing a low-detonation velocity explosive does not mean that the energy of the collision
will be significantly lower due to the increase in the explosive ratio [5,6,9,20].

One of the topics of the present work is the study of a novel explosive mixture that has a low
detonation velocity, low density and that does not need a high thickness to detonate, i.e. it can be
used with a low explosive ratio. Figure 9 shows a sample of results from different works relating
the detonation velocity with the explosive ratio used. The figure illustrates the abovementioned fact
that, except for the mixture used in the present research, the explosive mixtures of lower detonation
velocities tend to be used with higher explosive ratios. Since low-detonation velocity explosives
usually need higher thickness, most explosive mixtures depart from the graph’s origin. This proves the
importance of developing mixtures that provide low detonation velocities and can detonate with thin
layers. As referred above, the mixture developed in LEDAP and used in the present research has low
detonation velocity, low density and does not need a high thickness to detonate. This is an important
issue, especially for the welding of low-thickness and low-density flyers.

Deepening the analysis beyond the low detonation velocity and ratio, the density of the energetic
material deserves attention due to its influence on the ratio. The achievement of low ratio explosive
welds is facilitated by the use of low-density explosive mixtures. That said, an important novelty of the
present research is the achievement of sound welds and proper detonation using a very low-density
energetic mixture. Figure 10 compares 58 works from the literature relating the density (ρexp) and the
detonation velocity (Vd) of explosive mixtures used for planar explosive welding. A point with multiple
references indicates that all the references listed for that point have the same values of density and
detonation velocity and are therefore located in the same position on the graph. For works in which the
detonation velocity of a specific mixture was informed as a range (instead of a single measured value);
in order to represent any possibility of detonation velocity within the range, two points concerning its
maximum and minimum values were plotted. The figure shows that the mixture developed in the
present work belongs to a small group of mixtures located closer to the origin of the graph. It should
be noted that the detonation velocity of an explosive mixture may vary according to other properties
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beyond the density, such as the thickness of the mixture [15]. However, the data on the properties of
the tested explosive mixtures are very limited in the literature.

Figure 9. Graph relating the detonation velocity and the explosive ratio of tested explosive mixtures.

Figure 10. Graph relating the detonation velocity and the density of tested explosive mixtures.
Data from [4,15,16,26,29–82].

In order to examine the detonation velocity and the density together, they were multiplied by one
another. In this way, the two parameters were ordered on a single axis and are shown in Figure 11.
The mixture tested in the present work presents one of the lowest values of Vd.ρexp among all the
58 works analyzed. Figures 9–11 show that the mixture is outside the groups of mixtures most tested
in explosive welding literature. One of the limitations of the explosive welding process is precisely
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the difficulty of welding very thin plates (mainly the flyer plate). It happens due to the complexity of
detonating thin layers of energetic mixtures that can provide the parameters needed, and because of the
damage that the detonation causes on thin plates. This new mixture of energetic material enables the
possibility of a mixture with low-density capable of providing low-detonation velocity, low explosive
ratio and low-impact velocity. This is particularly important because it facilitates the welding of thinner
materials. Beyond this fact, the tested mixture also has the advantage of reducing the energy conditions
at the weld interface, which is significant for material combinations that tend to form intermetallic
phases. On the one hand, if these combinations do not form favorable interface morphologies, such as
curled waves, the large intermetallic volumes are very detrimental to the mechanical properties of the
welds. On the other hand, even when favorable interfaces are formed, it is already established that large
volumes of intermetallic phases may affect the physical phenomena at the weld interface, specifically,
the solidification time of the interfacial molten material, conditioning the bonding conditions [7].

Figure 11. Graph relating on a single axis the detonation velocity and the density of the explosive mixture.

4. Conclusions

The present work has investigated the coupled effect of two strategies for optimizing the production
of aluminum-carbon steel and aluminum-stainless steel clads by explosive welding: the use of a
low-density interlayer, and the development of a low-density and low-detonation velocity explosive
mixture. The following conclusions can be drawn:

• The coupled use of an interlayer and a low-density and low-detonation velocity explosive mixture
is an effective strategy for producing aluminum-to-carbon steel and aluminum-to-stainless steel
clads with sound microstructure and good mechanical behavior;

• The difference in weldability of aluminum-carbon steel and aluminum-stainless steel couples are
less significant when welding under low energetic conditions;

• The tested low-density explosive mixture detonated with low detonation velocity, using a low
explosive ratio, which resulted in welding with low values of both collision point velocity and
impact velocity;

• Given to its properties of low-detonation velocity, low-density and the ability to detonate in small
explosive thickness, the tested mixture is suitable to be used for welding very thin flyers and for
welding dissimilar materials that tend to form intermetallic phases.
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Abstract: Mg alloys are extensively used in various automotive, aerospace, and industrial applications.
Their limited corrosion resistance can be enhanced by welding a thin Al plate onto the alloy surface.
In this study, we perform the explosive welding of a thin Al plate, accelerated by the detonation
of an explosive through a gelatin layer as a pressure-transmitting medium, onto two Mg alloy
samples: Mg96Zn2Y2 alloy containing a long-period stacking ordered phase in an α-Mg matrix and
commercial AZ31. The bonding interface is characterized using optical microscopy, scanning electron
microscopy, X-ray diffraction, and electron probe microanalysis. Under moderate experimental
conditions, the thin Al plates are successfully welded onto the Mg alloys, showing typical wavy
interfaces without intermediate layers. Due to the decreased energetic condition corresponding to
the use of a thin flyer plate and gelatin medium, the resulting bonding quality is better than that
obtained using a regular explosive welding technique. Further, based on the well-known window for
explosive welding, we estimate that the experimental conditions for successful bonding are close to
the lower welding limit for a thin Al plate with the two Mg alloys considered. These findings may
contribute to improving the quality of materials welded with explosive welding.

Keywords: explosive welding; gelatin; thin aluminum plate; magnesium alloys; LPSO phase

1. Introduction

Mg is the lightest among metals that have industrial uses and, thus, Mg-based alloys are extensively
used in automotive, aerospace, and other applications [1]. However, Mg alloys are known to be
flammable, and their mechanical properties, particularly ductility, are inferior to those of Al and its
alloys. Therefore, researchers recently developed a heat-resistant Mg alloy with increased mechanical
strength at elevated temperatures. The alloy structure can be described as Mg-M-RE (M = Co, Ni, Cu,
Zn, or Al; RE = Y, Gd, Tb, Dy, Ho, Er, or Tm), wherein the α-Mg phase exhibits a long-period stacking
order (LPSO) [2–8]. However, as with conventional Mg alloys, inadequate corrosion resistance limits
its further application. Therefore, Mg alloys covered with a thin Al layer can yield improved corrosion
resistance, and such composites may afford improved balance between strength and ductility [9].

Thus far, researchers have developed various techniques for producing Al/Mg alloy composite
plates, such as laser welding [10], diffusion welding [11], friction stir welding [12], and ultrasonic
welding [13–15]. However, because the quality of the weld joint is affected by the bonding temperature
and holding time, Al/Mg tends to form intermetallic compounds at the bonding interface with heating.
The formation of these intermetallic compounds can degrade the mechanical properties of the alloy [16].
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In this regard, to the best of our knowledge, there is no report on the bonding of Al and Mg96Zn2Y2

alloy with ultrasonic welding.
The technique of explosive welding (EXW) can be used to solve such problems due to heating.

EXW is a solid-state bonding technique that can be used to obtain metallurgical welds of two or more
dissimilar metals via the acceleration of a flyer plate by the detonation of an explosive [17]. EXW is
useful in solving the problem of intermetallic formation because of its short processing time; the time
available is insufficient for the diffusion through welds obtained under moderate conditions near the
lower limit of the weldability window [18,19]. In addition, we note that it is preferable to reduce the
energy deposited at the interface because of the high reactivity of Mg; such energy reduction can
suppress the formation of intermetallic compounds. The technique of underwater EXW has been
developed for this purpose, and the method is effective for accelerating thin metal plates [20–23].
The formation of intermetallic compounds (or mixing zones) is associated with a kinetic energy loss
ΔKE [24]. Since flyer plates used in the underwater method (including gelatin) are targeted for
thicknesses (especially below 1 mm), the value of ΔKE is inevitably small. In other words, in the case of
EXW through a medium, the kinetic energy loss at the collision point is smaller than that in the normal
method, leading to a decrease in intermetallic compounds (or mixing zones). However, because the
use of water complicates the assembly setup, we are currently developing a modified method that uses
a gelatin layer instead of water as the pressure-transmitting medium [25–27]. With this approach, it is
possible to simplify the assembly. Further, it must be noted that the weld responses under shockwaves
in water and gelatin are quite similar, implying that the experimental conditions can be easily designed
based on stock data of the parameters utilized for underwater EXW.

The wave shape formed at the interface is similar to those formed during EXW in air and is
clearly different from that formed during underwater EXW [28]. Low collision point velocities in
the horizontal direction (EXW through gelatin medium) result in a wavy or flat interface without
an intermediate layer (IL). Conversely, high collision point velocities in the horizontal direction and
low collision angles (underwater EXW) result in the formation of continuous or discontinuous ILs
due to the rapid solidification in EXW [29]. As the formation of a continuous IL containing a brittle
intermetallic compound at the bonding interface may lead to a decrease in bonding quality, the method
employing a gelatin medium can be expected to suppress the formation of ILs.

In this study, a thin Al plate was bonded to extruded Mg96Zn2Y2 alloy with the use of gelatin
as a pressure-transmitting medium [25,26]. Further, the bonding of an Al plate with AZ31, which
is a commercially available Mg alloy, was performed for comparison. The microstructures of the
recovered samples were characterized using optical microscopy (OM), scanning electron microscopy
(SEM), and microfocus X-ray diffraction (XRD) analysis, and electron probe microanalysis (EPMA).
Furthermore, the experimental parameters, calculated based on numerical simulations, were estimated
based on the welding window and found to lie close to the lower limit of welding.

2. Materials and Methods

The experimental conditions and a schematic of the experimental assembly are presented in Table 1
and Figure 1, respectively, and the chemical composition of Mg96Zn2Y2 is listed in Table 2. In this
study, we employed a parallel layer arrangement with 20 wt.% gelatin as the pressure-transmitting
medium for the EXW process.

The explosive used for welding was ANFO-A (explosion velocity: 2–2.5 km/s, density: 530 kg/m3,
explosive characteristics were the same as described in [30]), which is mainly composed of ammonium
nitrate and fuel oil. The explosive was detonated with the use of SEP (detonation velocity: 7 km/s,
density: 1300 kg/m3, 3 g) as a booster, which was ignited by a No. 6 electric detonator (ED). The
flyer plate was composed of industrially pure Al (>99%) pasted under a cover plate (0.2-mm-thick
304 stainless steel), which was used for surface protection and for decreasing momentum. The parent
plate was composed of AZ31 or Mg96Zn2Y2 (5-mm thickness). The stand-off distance (SOD) between
the flyer and parent plate was set at 0.5 mm. Other Mg alloy blocks (AZ31) were placed around the

96



Metals 2020, 10, 106

parent plate to act as momentum traps to reduce the cracks induced by the reflected tensile waves [22].
To stabilize the detonation velocity of the ANFO-A explosive, the welding plates were set to have a
sufficient horizontal distance of >80 mm.

We estimated the experimental conditions via numerical analysis using AUTODYN-2D (Century
Dynamics, a subsidiary of ANSYS, Inc., TK, USA) [20,23,31] to study the influence of certain parameters
based on the welding window proposed by Wittman and Deribas [17,32].

Table 1. Experimental conditions for the explosive welding of metal and Mg alloy plates.

No. Parent Plate (l ×w × t, mm3)
Flyer Plate

(t, mm)
Cover Plate

(t, mm)
Explosive Thickness

(T, mm)
Weld

1 AZ31 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 18 Yes
2 AZ31 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 23 Yes
3 AZ31 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 29 Yes
4 Mg96Zn2Y2 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 18 No
5 Mg96Zn2Y2 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.3) 18 No
6 Mg96Zn2Y2 50 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 23 Yes
7 Mg96Zn2Y2 95 × 50 × 5 Al (0.2) JIS-SUS304 (0.2) 23 Yes

Table 2. Chemical composition of Mg alloy (wt.%).

Material Mg Zn Y Al

AZ31 bal. 0.7–0.13 - 2.5–3.5
Mg96Zn2Y2 bal. 4.9 6.36 0.25

Figure 1. Schematic of (a) the explosive welding of Al/Mg alloy plates and (b) the process of
explosive welding.

97



Metals 2020, 10, 106

3. Results and Discussion

3.1. Microstructure of the Weld Interface

The recovered Al/Mg96Zn2Y2 composite plate for experiment No. 6 (top view) is shown in Figure 2.
We note that the Al thin plate is successfully welded onto Mg alloy by EXW through gelatin, and the
upper surface appears fairly uniform and “smooth” after the EXW process. The resulting clear surface
of the recovered sample has already been reported for EXW using underwater shockwaves, and a
similar positive effect with the use of gelatin is confirmed by our experiments.

Figure 2. Welded Al/Mg96Zn2Y2 plate (No. 6) sample.

From Table 1, we note that two experiments (No. 4 and No. 5) were unsuccessful because of the
lack of energy for welding. The welding was successful in all other cases. The welding of Mg96Zn2Y2

is more difficult than that of AZ31 because of the lower strength of the former; the relevant details are
discussed later in the context of the welding window.

As shown in Figure 2, a portion near the end of the Mg plate appears to have undergone shear
fracture. Even with the use of momentum trap blocks, it is difficult to eliminate such shear cracks in the
case of Mg96Zn2Y2 alloy, which is not ductile [33]. No such shear cracks are observed in the case of AZ31.

Figure 3 shows the microstructure of the Al/Mg alloy interface obtained with an optical microscope.
The bonded interface exhibits a typical wavy structure, which is considered as evidence for successful
welding based on the mechanism of explosive welding. Further, the wavelength and amplitude increase
with increasing explosive thickness (Table 3). These results are similar to those obtained with regular EXW
in air [34]. In addition, the wavelength and amplitude of the “waves” of explosively-welded Al/Mg96Zn2Y2

and Al/AZ31 obtained under the same explosive thickness (No. 2 and No. 6) are nearly identical (Table 3).
Upon comparison with a previous result obtained for regular EXW in air by Ghaderi et al. [34] for Al/AZ31,
we note that the wavelength of the wavy structure in our case is greater than 1 mm.
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Figure 3. Optical micrograph of the welded interface for Al/Mg alloys at x = 25 mm: (a) No. 1, (b) No. 2,
(c) No. 3, and (d) No. 6.

Table 3. Effect of explosive thickness on the formation of the wavy interface.

No. Thickness of Explosive (T) Combination Wavelength (Average) Amplitude (Average)

No. 1 T = 18 mm Al/AZ31 102 μm 20 μm
No. 2 T = 23 mm Al/AZ31 167 μm 27 μm
No. 3 T = 29 mm Al/AZ31 216 μm 51 μm
No. 6 T = 23 mm Al/Mg96Zn2Y2 161 μm 35 μm

The use of Al thin plates and the gelatin medium in the present study causes a decrease in the
energy dissipated upon collision. Therefore, the waves formed are smaller than those formed during
regular EXW.

Additionally, it has been reported that an IL, which is associated with vortices, is formed during
the EXW of Al/AZ31 in air and underwater [34,35]. During EXW in air, an IL is formed in a vortex
confined locally at the crest of a wave, and during underwater EXW, a continuous IL tends to form
along the interface. Intermetallic compounds confined in inconspicuous vortices do not affect bond
strength [34,36]. In our study, IL formation was not observed clearly in any of the trials.

3.2. Quality of Bonding Across Interface

Figures 4 and 5 show the results of microfocus X-ray diffraction analyses of Al/AZ31 and
Al/Mg96Zn2Y2, respectively. The XRD measurements were performed using a collimator with a
diameter of 50 μm. The figures show the XRD measurements (a) on the Al side 50 μm away from the
interface, (b) at the center of the bonding interface, and (c) on the Mg-alloy side. As can be inferred
from the figures, our attempts to measure the diffraction at the interface, including the interface region,
yielded only the peak value of the metal considered for the measurement, and no peaks corresponding
to the formation of intermetallic compounds were observed. This result suggests that no (or little)
intermetallic compound was formed at the interface.
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Figure 4. Al/AZ31 (No. 2) characterized by microfocus XRD analysis: (a) Al side, (b) interface, and (c)
AZ31 side.

Figure 5. Al/Mg96Zn2Y2 (No. 6) characterized by microfocus XRD analysis: (a) Al side, (b) interface,
and (c) Mg96Zn2Y2 side.

The weld interface was also characterized via SEM and EPMA. The SEM images and elemental
mapping of the Al/Mg alloys are shown in Figure 6 (Al/AZ31) and Figure 7 (Al/Mg96Zn2Y2). The SEM
images illustrate that the composite plates show no significant diffusion or IL formation. The mapping
images confirm a small melting zone, but this melting zone does not affect the bonding strength because
the melting occurs only at the wave peak [34,36]. In addition, there exists a ripple-like zone close to the
top of the “waves” (indicated by arrows), with a height of 10 μm or less, that appears deformed and
stretched at the Mg alloy region. In a previous study [34] on the regular EXW of Al/AZ31, the presence
of Al2Mg was detected in a ripple of size 200–300 μm via microfocus XRD analysis.

In this regard, Higashi et al. [15] reported the formation of a “band region,” which is considered
to arise from recrystallization, as evidence of a temperature increase; however, our results did not yield
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such fine grains. This indicates that the processing time was fairly short, which corroborates with the
lack of evidence of heating at the bonding interface.

   
(a) (b) (c) 

Figure 6. Scanning electron microscope (SEM) image of the welded interface and elemental mapping of
Al/AZ31 (No. 2) across the interface, which was acquired using electron probe microanalysis (EPMA):
(a) SEM image, (b) Al mapping, and (c) Mg mapping.

Figure 7. Scanning electron microscope (SEM) image of the welded interface and elemental mapping
of Al/Mg96Zn2Y2 (No. 6) across the interface, which was acquired using electron probe microanalysis
(EPMA): (a) SEM image, (b) magnified view of the SEM image, (c) Al mapping, and (d) Mg mapping.

We further measured the Vickers hardness of certain samples (Figure 8). Figure 8a,b shows the
measurements under a load of 10 gf (98 mN), whereas Figure 8c shows measurements around the
consolidated melt observed by mapping analysis under a load of 5 gf (49 mN). Figure 9 shows the
hardness profile across the bonding interface. The Vickers hardness close to the bonded interface
exhibits high values due to work hardening, and a gradual decrease in the hardness is observed with
increasing distance from the interface; however, the hardness is still greater than the Vickers hardness
of the as-received metals. In this regard, for the regular EXW of Al/AZ31, Ghaderi et al. [34] reported a
high hardness ranging from 170 HV to 280 HV due to the existence of a large IL. In addition, similar
hardness values were obtained at the Al and Mg alloy areas.
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Figure 8. Hardness distribution across the welded Al/Mg alloy interface: (a) Al/AZ31, (b) Al/Mg96Zn2Y2,
and (c) Al/Mg96Zn2Y2 interface around the consolidated melt.

Figure 9. Microhardness distribution near the solidified melt area. The as-received hardness of Mg
alloy is referenced from existing literature [8,37], and the as-received hardness value of Al is the average
measured value.

Next, to prepare a large test piece, we performed another EXW using gelatin to obtain
Al/Mg96Zn2Y2 (No. 7). The recovered sample had a crack-free length of 80 mm (Figure 10). As in the
case of experiment No. 6, the sheared crack at the end side could not be eliminated. The thickness
of the bonded Al was only 0.2 mm, and it was difficult to measure the bonding strength directly.
Because there is no general testing method for measuring the quality of welding for such composites,
we performed a three-point bending test to qualitatively determine the bonding strength, which is
identical to the method employed by Habib et al. [19]. Figure 11 shows a schematic of the method
and the results of the three-point bending test for the Al/Mg96Zn2Y2 composite. We note that after the
bending test, the composite is fractured into two pieces without showing ductile behavior; however,
there is no evidence of separation at the interface (as can be inferred from Figure 11b), which implies
that the bonding strength is suitably high for practical applications.
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Figure 10. Al/Mg96Zn2Y2 composite long plate (No. 7).

 
(a) (b) 

Figure 11. (a) Schematic of the three-point bending test and (b) photograph of Al/Mg96Zn2Y2 composite
long plate after the bending test.

3.3. Welding Conditions

The experimental parameters of interest for EXW are the horizontal collision point velocity, Vc,
dynamic bending angle at collision, β, and flyer plate velocity, Vp [38,39]. Here, we discuss the welding
conditions based on these parameters [17,32]. For the parallel assembly shown in Figure 1a, Vc is equal
to the detonation velocity [39], and the following relationship holds true [38,39]:

Vp = 2Vc × sin(β/2) (1)

Normally, the welding window is plotted based on the relationship between Vc and β. In addition,
Vp is an important parameter that is directly related to the kinetic energy due to collision. We first
determine the flyer plate velocity Vp For regular EXW, the equations reported by Gurney [40] and
Chadwick et al. [41] as well as other equations are utilized to estimate the flyer plate velocity Vp;
however, in our case, we cannot assume that the flyer mass is equal to the mass of the gelatin + cover
and flyer plate, and it is more appropriate to consider the gelatin as the pressure-transmitting medium.
In such a case, it is necessary to use numerical simulations, similar to case with the use of water,
as reported previously [20,22,23]. Therefore, we calculated the flyer plate velocity with gelatin as the
medium by using the AUTODYN-2D code.

The analytical model was developed with the shell solver for the cover and flyer plates, and
the Euler solver was applied for the ANFO-A explosive and 20 wt.% gelatin. The Euler-Lagrange
interaction was applied to the boundary between gelatin and the cover plate. The upper side of
the interaction line interacts with the Euler boundary, whereas the lower side is calculated only for
Lagrangian conditions. In other words, the shock waves propagated in gelatin act only on the surface
of the cover plate. Points for the measurement of values such as velocity were set at the center position
of the flyer plate. Table 4 lists the parameters [26] applied to the Mie-Gruneisen-type shock Hugoniot
equation of state (EOS) for gelatin.
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Table 4. Parameters of the Mie–Gruneisen form of the shock Hugoniot equation of state [26].

Pressure Medium
Reference Density

(ρ0/kg·m−3)
Gruneisen

Coefficient (Γ)
Sound Velocity

(c0/m·s−1)
Material

Constant (s)

20 wt.% gelatin 1060 0.00 1570 1.77

Here, we note that the ANFO-A explosive can be treated as a high-pressure gas (ideal gas), on
AUTODYN-2D code, and consequently, the EOS can be expressed as follows [42]:

P0 = (γ− 1) × ρ0 × e0 (2)

Here, P represents the pressure, γ the specific heat ratio, e the internal energy, and ρ the density.
The subscript 0 refers to the initial condition. The initial conditions P0, ρ0, and γ are calculated
using Hino’s Equation (3) [43] and express as follows: The detonation velocity Vd of the explosive
was calculated using an approximation of the experimental value given by the data reported by
Hokamoto et al. [30], and the velocity change with the thickness of the explosive was considered.

P0 = 416×U2 × ρ f

103

⎛⎜⎜⎜⎜⎜⎜⎝1− 0.543× ρ f

103 +
0.193× ρ2

f

106

⎞⎟⎟⎟⎟⎟⎟⎠ (3)

P0 = ρ f ×U × u (4)

ρ f U = ρ0 × (U − u) (5)

U = c + u (6)

n =
c2(P0
ρ0

) (7)

Here, ρ f represents the packing density of the explosive (kg/m3), U the propagation velocity of
the shock wave (equal to detonation velocity, m/s), u the particle velocity (m/s), c the sound velocity
(m/s) of the detonation gas, and n represents the polytropic index (equal to γ). Further, the packing
density is ρ f = 530 kg/m3.

Figure 12 shows the results of our numerical analysis of the velocity change in the flyer plate Vp
as a function of vertical distance y at the center position of the sample along the welding direction
(x = 25 mm). The figure indicates that the flyer plate is immediately accelerated within a very small
SOD, and the velocity is > 350 m/s at y = 0.5 mm. This velocity Vp is sufficient to achieve EXW [29].
We next discuss the relevant conditions based on the welding window [17,32].

Figure 12. Flyer plate velocity as a function of vertical distance.
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Figure 13 shows the welding window for Al/Mg alloys, including the plots for the present
experiments. In the present research, we do not focus on the upper limit, because the welding
conditions lie closer to the lower limit, as can be observed from the figure. The lower limit can be
expressed by the following formula [17,32]:

sin
(
β

2

)
= k1

√
Hv

ρV2
c

(8)

 Vc

No.5 

No.3 

Nos.2,6,7 Nos.1,4 

Mg96Zn2Y2 Lower limit  Al/AZ31 (Welded) 

 Al/Mg96Zn2Y2 (Welded)  

 Al/Mg96Zn2Y2 (No 

 AZ31 Lower limit 

Figure 13. Welding window for Al/Mg alloys calculated using the AUTODYN-2D code.

Here, Hv (MPa) denotes the Vickers hardness of the hard component and k1 a constant.
The hardness values of each parent plate were obtained from the literature (AZ31: Hv = 70,
ρ = 1780 kg/m3 [37]) and (Mg96Zn2Y2: Hv = 101, ρ =1890 kg/m3 [8]), and k1 was set to 0.6 [19].
The contour lines corresponding to the kinetic energy lost due to collision are plotted in Figure 13,
and we note that the lines are parallel to the lower-limit lines indicated as thick lines for welding. The
kinetic energy lost due to collision, ΔKE, can be expressed by the following equation:

ΔKE =
(Mc + M f )Vp

2

2
(9)

Here, ΔKE denotes the kinetic energy lost in the collision (kJ/m2), and Mc and M f denote the
masses of the cover and flyer plates per unit area (kg/m2), respectively. The calculated values of the
kinetic energy loss (ΔKE) for T = 18, 23, and 29 mm are summarized in Table 5.

Table 5. Effect of explosive thickness on kinetic energy loss.

Thickness of Explosive (T) Kinetic Energy Lost (ΔKE) kJ/m2

T = 18 mm (Cover plate thickness 0.2 mm) 168
T = 18 mm (Cover plate thickness 0.3 mm) 200

T = 23 mm 199
T = 29 mm 224

Based on the welding window shown in Figure 13, we observe that our experimental results
correspond to the window. For example, the conditions for trials No. 4 and No. 5 (Al/Mg96Zn2Y2)
lie below the lower limit, suggesting that no welding occurred. In this case, Mg96Zn2Y2 alloy is not
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sufficiently deformed to induce fluidization, which may cause jetting and the formation of the wavy
interface. The welding of Al/AZ31 is considerably easier owing to the lower hardness and strength of
the Mg alloy. Furthermore, the results in this study corresponding to the weldability window and the
observed interface morphology are similar to those reported by Hoseini [36] et al., which were also
calculated using the Wittman and Deribas [17,32] lower-limit equations, confirming the validity of the
present calculations.

4. Conclusions

In this study, we proposed and demonstrated a modified method of explosive welding using a
gelatin layer as the pressure-transmitting medium to weld a thin Al plate onto AZ31 and Mg96Zn2Y2

Mg alloys. The resulting microstructure was characterized via OM, SEM, XRD, and EPMA analysis,
and we confirmed that there was no significant reaction (formation of an intermediate layer) at the
interface. The bonding strength at the interface was also found to be satisfactory as per the results of
three-point bending tests. The experimental results were investigated based on the welding window
obtained from numerical simulations, and the conditions corresponding to our experiments were
found to lie close to the lower limit of welding; further, the welding conditions suitably corresponded
with the experimental results. In summary, we believe that our findings can significantly contribute to
advancements in explosive welding based on the use of gelatin as the pressure-transmitting medium.
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Abstract: Development of a small and highly efficient heat exchanger is an important issue for
energy saving. In this study, the fabrication method of unidirectional (UniPore) composite cellular
structure with long and uniform unidirectional cells was investigated to be applied as a heat
exchanger. The composite UniPore structure was achieved by the unique fabrication method based
on the explosive compaction of a particular arrangement of thin copper and stainless steel pipes.
Slightly smaller thin stainless steel pipes filled with paraffin are inserted into small thin copper pipes,
which are then arranged inside bigger and thicker outer copper pipes. Such an arrangement of pipes is
placed centrally into a cylindrical explosion container and surrounded with explosive. Upon explosive
detonation, the pipes are compacted and welded together, which results in a UniPore structure with a
stainless steel covered inner surface of unidirectional pores to improve the corrosion resistance and
high temperature resistance performance. Two different composite UniPore structures arrangements
were studied. The microstructure of the new composite UniPore structure was investigated to confirm
good bonding between the components (pipes).

Keywords: cellular metal; composite structure; unidirectional cellular metal; explosive welding;
explosive compaction; high-velocity impact welding; high-energy-rate forming

1. Introduction

Cellular metals with countless small pores have various applicable characteristics such as low
density, efficient damping, high grade of deformation, high-energy absorption capability, durability in
dynamic loadings, and high thermal and acoustic isolation [1,2]. They can be used in a wide range
of applications, since various (multi) functions can be obtained by a proper combination of the pore
shape/size/distribution and base metal. Recently, cellular metals have been quite successfully applied as
small and efficient heat exchangers [3–6] to improve energy saving from the viewpoint of environmental
challenges and requirements.

Sato Y. et al. demonstrated that a heat exchanger could be downsized to one-tenth of its usual
size by applying the unidirectional (UniPore) copper structure as the inner pipe of a double-pipe heat
exchanger [7]. Hokamoto et al. proposed the fabrication method of the UniPore copper structure
with an outer copper pipe completely filled with smaller inner copper pipes [8–11]. This proposed
fabrication method is based on the explosive compaction of cylindrical copper pipes assembly [12–16].
It is possible to fabricate specimens with a constant cross-section in the order of several meters by
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using an explosive compaction technique. There is a lotus-type metal that is known to be similar to the
UniPore material and is fabricated by unidirectional solidification in a pressurized gas atmosphere,
as described by Nakajima [17,18]. However, the shape of its pores is mostly non-uniform and the
length of the final products is expected to be limited [17].

Several studies have been conducted on the fabrication method and mechanical properties of
the single metal UniPore structure. For instance, Vesenjak et al. [9] conducted extensive research on
the microstructural and mechanical analyses of UniPore copper and confirmed that the fabricated
UniPore specimens had good compressive properties with high-energy absorption capability under
quasi-static compression. On the other hand, there have been studies regarding the composite cellular
structure [19–21], since it is possible to combine the benefits of each material. Sun et al. [19] proposed a
metal–foam-composite hybrid tubular sandwich structures, which combine low-cost metallic materials
and high-strength composites with low-density cellular materials. In the other case, Gunji Co. Ltd.
(Osaka, Japan) [20] fabricated a grooved double-tube heat exchanger with corrosion resistance and
high temperature resistance by using stainless steel for one inner pipe. This grooved double tube heat
exchanger was fabricated by the drawing process.

In this study, we conducted experiments to fabricate two types of copper & stainless steel composite
UniPore structures as heat exchangers to combine the benefit of copper with high thermal conductivity
and stainless steel with improved corrosion and high temperature resistance. These structures had a
stainless steel cover layer for all of the inner surfaces of the copper pipes. Microstructure analysis of
the fabricated samples demonstrated good interface bonding between the pipe walls.

2. Experimental Investigation

2.1. Sample Preparation

Two types of metal composite samples were produced in this study. Sample A, shown in Figure 1a,
consists of an arrangement of inner pipes completely filling the inside of the outer pipe while Sample
B, shown in Figure 1b, comprises a concentric arrangement of pipes and rods positioned between the
outer and central pipes. Figure 1 shows the composite UniPore structures: the inner pipes in Figure 1a
consist of a copper pipe and a steel pipe from the outside, and there is a steel inner pipe and copper
inner solid bar in Figure 1b.

 
(a) (b) 

Figure 1. Schematic illustration of samples. (a) Sample A; (b) Sample B.

The original UniPore copper structures [8] consist of the outer copper pipe being completely
filled with a number of inner copper pipes [9–11]. Sample A represents the upgraded UniPore copper
structure, where slightly smaller and corrosion resistant stainless steel pipes were inserted into the
inner copper pipes. The inner pipes in both cases were filled with paraffin to prevent their collapse
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during explosive compaction. The dimensions and number of used pipes to fabricate Sample A are
given in Table 1, while the arrangement of pipes before the explosive compaction is shown in Figure 2.

Table 1. Dimensions and composition of Sample A.

Component Material Outer Diameter (mm) Inner Diameter (mm) Number Length (mm)

Outer pipe Cu (JIS-C1220) 30 27 1 210
Inner pipe Cu (JIS-C1220) 4.0 3.4 35 260
Inner pipe Stainless Steel 304 3.3 2.3 35 260

 

Figure 2. The pipe assembly of Sample A before explosive compaction (outer copper pipe, inner copper
and steel pipes with paraffin).

Sample B consists of a concentric structure of the outer and center copper pipe. Solid copper bars
and stainless steel pipes with paraffin were placed in the space between the outer and the central pipe.
Table 2 provides the dimension and composition of Sample B, while Figure 3 shows its assembly before
explosive compaction.

Table 2. Dimensions and composition of Sample B.

Component Material Outer Diameter (mm) Inner Diameter (mm) Number Length (mm)

Outer pipe Cu (JIS-C1220) 30 27 1 210
Center pipe Cu (JIS-C1220) 20 17 1 200

Inner solid bar Cu (JIS-C1220) 3.0 - 12 200
Inner pipe Stainless Steel 304 3.0 2.4 12 200

For reference, the mechanical characteristics of copper, stainless steel, and paraffin are shown
in Table 3.

Table 3. Value of mechanical characteristics.

Material Density (kg/m3)
Ultimate Tensile Strength (MPa,

Lower Limit) (Source: JIS)
Elongation at Break

(Lower Limit) (Source: JIS)

JIS-C1220 8940 315 -
Stainless Steel 304 8000 520 35

Paraffin 918 - -
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Figure 3. The pipe assembly of Sample B before explosive compaction (concentric outer and center
copper pipe, inner solid copper bars, and steel pipes with paraffin).

2.2. Fabrication Method

The UniPore structure is produced by the cylindrical explosion welding method. Figure 4 shows
the schematic setup of the fabrication method based on the principle of the radial explosion welding
method [8]. A vinyl chloride pipe (PVC tube with outer diameter 89 mm, inner diameter 83 mm
and length 270 mm, Figure 4) was used as the explosion container. The sample was aligned with the
central axis of the PVC tube by acrylic support plates (PMMA). The space between the PVC tube and
the UniPore specimen was filled with the primary explosive (ANFO-A: initial density 764 kg⁄m3 and
initial internal energy 1.254 MJ/kg, ratio of the specific heat 1.98), as shown in Figure 4. The electric
detonator was used for the ignition of the high-performance explosive (SEP: density 1310 kg/m3,
Chapman-Jouguet detonation velocity 6.7 km/s, Chapman-Jouguet detonation pressure 15.9 GPa,
source [22]), acting as a booster (to prevent any unexploded primary explosive), which was mounted
at the center top of the PVC tube. A cylindrical plaster was placed on the top of the sample to absorb
and reduce the impact from the top.

Figure 4. Schematic illustration of the experimental explosive compaction method (cross-section).

The pipes filled with paraffin were welded together by high radial pressure acting toward the
central axis of the assembly upon explosive detonation (Figure 5), resulting in the UniPore cellular
structure [8]. The length and porosity of the proposed cellular metals can be easily controlled by
changing the diameter, thickness and number of the outer and inner pipes.
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Figure 5. Schematic illustration of the top view of the fabrication process.

3. Results and Discussion—Sample A

The recovered Sample A is shown in Figure 6. No cracks or wrinkles or any other damage were
observed after the fabrication process. Figure 7a shows the transversal cross-section of the sample of
Sample A after cutting off both ends of the recovered structure, and the outer and inner diameter after
forming are shown in Figure 7b. The remained paraffin in the sample was easily removed by melting
just by heating the sample up to 373 K. All cells were empty and completely separated between each
other, thus a fluid could flow through them without physical interaction. However, a few unevenly
shaped cells could be noticed, since some inner pipes in the outer layer deformed more during the
fabrication process. This can be attributed to the slightly irregular arrangement of the inner pipes in
this region before explosive compaction [7], as can be seen in Figure 2. However, the shape of the cells
can be improved with respect to uniformity by setting up a regular arrangement of the inner pipes.

 

Figure 6. The recovered Sample A (longitudinal direction).

 
(a) 

 
(b) 

Figure 7. The transversal cross-section of Sample A: (a) final state form and enlarged view and (b) the
approximate diameter of pipes after the experiment.

The magnified transversal cross-section of the sample at the welded pipes junction is shown in
Figure 8. Here, the cross-section of the sample was observed by polishing in the etching process with
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ammonia solution and a small amount of hydrogen peroxide. It was confirmed that the copper pipes
were tightly joined together with only a few points, where welding between the copper pipe and
stainless-steel pipe was not achieved. This can be attributed to the insufficient velocity to achieve
explosive welding since the copper pipe could sustain only a limited acceleration due to insufficient
gap between the pipes. Wavy interfaces commonly encountered in impact welding were not observed
in Figure 8, and the cause was also related to the low collision velocity between the pipes. Since
it is difficult to obtain the collision by experiment, the information during compression such as the
collision velocity, the impact pressure, etc. shall be analyzed by computational simulation in future.
The Vickers hardness test was used to determine the bonding strength at the pipe junctions, Figure 9.
The original hardness of the phosphorous deoxidized copper and stainless steel before explosive
compaction was approximately HV 120 and HV 280, respectively. A significant decrease in hardness
was observed in the melted area at the triple collision point located at the center of the joint boundary,
while the hardness of the pipes generally increased elsewhere due to the work-hardening process. In
addition, the interfacial bonding between the pipes was analyzed by scanning electron microscopy
(SEM; JEOL Ltd., Tokyo, Japan, JSM-6390LV). From the result of the SEM measurements shown in
Figure 10, strong bonding was achieved since the bonding interface could not be observed.

 

(a) 

 

(b) 

Figure 8. The magnified transversal cross-section of Sample A: (a) the copper pipes were tightly joined
together and (b) welding between the copper pipe and stainless-steel pipe was not achieved.

 

Figure 9. The results of the Vickers hardness test in the vicinity of the triple collision point (transversal
cross-section of Sample A).
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Figure 10. The results of scanning electron microscopy (SEM) in the vicinity of the triple collision point
(transversal cross-section of Sample A).

4. Results and Discussion—Sample B

The longitudinal and transversal views of Sample B are shown in Figures 11 and 12, respectively.
It can be seen that during the fabrication process, the outer pipe did not crack. All inner pipes with
an initially circular cross-section were formed into a rectangular shape by explosive compaction [8].
It was confirmed that the inner pipes were well-bonded and that the transversal cross-section remained
generally uniform through the length of the specimen.

 
Figure 11. The recovered Sample B (longitudinal direction).

 

Figure 12. The transversal cross-section of Sample B.

Figure 13 shows the transversal cross-section of one cell of Sample B observed with an optical
microscope. The inner pipes and inner solid bars were well joined together without any gaps.
The connectivity of the interfaces confirmed good bonding conditions during the fabrication process.
In Figure 13a, the melted parts generated during the compaction process were observed and confirmed
by optical microscopy.
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(a) 

 

(b) 

Figure 13. The transversal cross-section of Sample B. (a) Inner pipe and (b) inner solid bar.

The Vickers hardness test was performed on the transversal cross-section of Sample B to check
and confirm the bonding strength. In Figure 14, the melted area at the triple collision point between the
outer pipe, inner pipe, and inner solid bar is shown. The hardness of the stainless steel was remarkably
increased due to work hardening by plastic deformation of the materials. However, the hardness of the
outer copper pipe and inner copper bar decreased in the melted area. The reason for this is presumed
to be the thermal effect during the compaction process. Strong bonding was achieved between the
outer copper pipes and copper bar, which can be deduced from the high hardness in the welding
area, Figure 15.

Figure 14. The results of the Vickers hardness test around the melted area in the triple collision point
(Enlarged view of Figure 13a).

 

Figure 15. The results of the Vickers hardness test at the welding point between the outer copper pipe
and copper bar.
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5. Conclusions

The fabrication method of a novel composite metal UniPore structure with longitudinal pores was
investigated in this study. For the first time, the surfaces of the longitudinal copper cellular structure
were covered by a second metal, a thin layer of corrosion resistant stainless steel. Two assembly
arrangements of the copper UniPore structure with stainless steel pipes layered at the inner surface
of the inner copper pipes were successfully fabricated. Microstructure analysis of the fabricated
samples demonstrated good interface bonding between the component walls as well as providing
efficient and mechanical properties in the case of structural applications. The authors believe that
the proposed composite UniPore structures have corrosion resistance, high temperature resistance,
and high efficiency when used as heat exchangers or heat sinks, which will be proven in further study.
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Abstract: Direct aluminium–stainless steel joints are difficult to create by the vaporized foil actuator
welding (VFAW) method because brittle intermetallic compounds (IMCs) tend to form along the
interface. The use of an interlayer as a transition layer between the two materials with vast difference
in hardness and ductility was proposed as a solution to reduce the formation of the IMCs. In this work,
VFAW was used to successfully weld sheet aluminium alloy 5A06 to stainless steel 321 with a 3003
aluminium alloy interlayer. Input energy levels of 6 kJ, 8 kJ, 10 kJ, and 12 kJ were used and as a trend,
higher energy inputs resulted in higher impact velocities, larger weld area, and better mechanical
properties. In lap-shear and peel testing, all samples failed at the interface of the interlayer and target.
At 10 kJ energy input, flyer velocities up to 935 m/s, lap-shear peak load of 44 kN, and peel load of
2.15 kN were achieved. Microstructure characterization and element distribution were performed,
and the results show a wavy pattern created between the flyer and interlayer which have similar
properties, and the interface between the interlayer and target was dominated by element diffusion
and IMCs identified mainly as FeAl3 and FeAl. The results demonstrate VFAW is a suitable joining
method for dissimilar metals such as aluminium alloy and stainless steel, which has a broad and
significant application prospect in aerospace and chemical industry.

Keywords: dissimilar materials; interlayer; vaporizing foil actuators welding

1. Introduction

Aluminium–stainless steel sheet joints are of great interest for purposes of lightweighting and
corrosion protection in industry applications [1]. Aluminium can be joined with stainless steel via
adhesive bonding or mechanical fastening [2]. However, in order to weld aluminium to stainless steel,
special techniques are required. Dissimilar metals fusion welding processes have many difficulties as
a result of metallurgical incompatibility [3], the formation of brittle phases, the segregation of high-
and low-melting phases due to chemical mismatch, and possibly large residual stresses from the
physical mismatch. Fusion-based welding techniques such as resistance spot welding [4] (RSW) and
arc and laser welding-brazing [5–8] are most common in aluminium–stainless steel welding. The joints
welded through the fusion-based welding process produce brittle intermetallic compound (IMC),
which easily leads to fracture due to different physical and chemical properties between dissimilar
metals. Solid state welding is a suitable welding method for joining dissimilar metals and can overcome
some of the disadvantages associated with the fusion-based welding process [9]. Several solid state
welding methods, including explosion welding [10–15] (EXW), ultrasonic welding [16], magnetic
pulse welding [17,18] (MPW), and friction stir welding [1,19,20] (FSW), have been used to weld the
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dissimilar materials such as aluminium alloy and stainless steel. EXW and MPW are variants of impact
or collision welding, which has been established as a fast and reliable technology [15]. MPW is applied
for the weld length of centimeters, while EXW is more suitable for meters. Corigliano et al. [10,11]
investigated the static and fatigue bending tests of explosive welded joints of ASTM A516 low carbon
steel and A5086 aluminium alloy with pure aluminium as an interlayer. Han et al. [21] use AA1050
plate as interlayer in EXW of AA5083 aluminium alloy plate and SS41 steel plate. The thin interlayer
enhanced the bond strength and suppressed the formation of the brittle interfacial zone and the
thickness of the generated interfacial zone increased as the thickness of the interlayer increased from
0.5 mm to 2 mm. Manikandan et al. [22] employed different thickness of interlayer to analyze the
energetic conditions of the titanium/304 stainless steel joints welded by explosive welding process.
The results show that a thin interlayer leads to successful welding as the use of interlayer splits the
kinetic energy deposition between the two interfaces and thereby reduces the possibility of melting or
formation of IMCs.

Vaporizing foil actuator welding (VFAW) is a novel solid state welding technology making use of
the impulse created by vaporization of the metallic foil or wire by the passage of a high current [23].
The high-amplitude impulse accelerates the flyer workpiece toward the target workpiece. The high
velocity oblique impact spits out the surface contaminants in the form of a jet and the high pressure
metal-to-metal contact leads to formation of metallic bonds [24]. The technology proves to be robust
to join several dissimilar metals such as Al–Mg, Al–Cu, Al–Fe, Al–Ti, etc. [25–28]. However, further
development and understanding of the process is needed in order to accomplish industrial adoption.
There are also certain pairs which cannot be joined directly with this process. In such cases, an interlayer
can prove to be useful.

In this study, 3003 aluminium alloy was chosen as the interlayer in the 5A06 aluminium alloy
and 321 stainless steel VFAW welding process. This research further studied the effects of the
interlayer on the microstructure and mechanical properties of the welds. Welded joints were evaluated
based on mechanical strength and microstructure. The characteristics of mechanical interlocking and
metallurgical bonding areas were studied by advanced microscopy.

2. Experimental Procedure

2.1. Materials and Methods

This work follows the VFAW method described by Vivek et al. [23]. The flyer sheet was placed
directly against an aluminium foil which was insulated by a 0.12 mm thick polyimide (trade name
Kapton) tape and the ends of steel terminals were connected to a capacitor bank. The characteristics of
the capacitor bank are shown in Table 1.

Table 1. Capacitor bank characteristics.

Capacitance Inductance Resistance Maximum Charging Energy Short Circuit Current Rise Time

426 μF 100 nH 10 mΩ 16 kJ at 8.66 kV 12 μs

As the capacitor bank was discharged, the foil vaporized in 10~15 μs under the current of
100~300 kA. The flyer sheet accelerated to a high velocity (300~1200 m/s) by the forces of the vaporized
foil. 0.076 mm thick aluminium foils were used for energy input lower than 10 kJ, and 0.125 mm thick
foils were used for 12 kJ energy input. The active area of the foils was 12.7 mm wide and 50.8 mm
long. A schematic of the apparatus as well as the actual implementation, the sketch of the aluminium
foil, and the schematic of VFAW process are shown in Figure 1. Annealed aluminium alloy type 5A06
(1.8 × 70 × 140, in mm) and 3003 (1.02 × 70 × 70, in mm) sheets were chosen as the flyer and interlayer
material. 321 stainless steel sheets were cut to 4 mm × 70 mm × 140 mm. The standoff distances
between the flyer and interlayer and the interlayer and target were 3 mm and 1.5 mm, respectively,
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in all experiments. The impacting surfaces of all materials were cleaned prior to welding with acetone
after being ground by emery paper.

 

Figure 1. (a) actual implementation of the vaporizing foil actuator welding (VFAW) apparatus;
(b) impact velocity test apparatus; (c) sketch of the aluminium foil; (d) schematic of the VFAW process.

2.2. Velocity Measurement

Input energies of 6 kJ, 8 kJ, 10 kJ, and 12 kJ were used in this study. Current and voltage of the
foil vaporized in VFAW process were measured using a 50 kA:1 V Rogowski coil and 1000:1 high
voltage probe, respectively. The velocity of flyer and interlayer impact to the target was recorded using
photonic Doppler velocimetry (PDV) [29]. A hole was drilled in the center of the backing steel fixture
and the interlayer using transparent acrylic as the replacement of the target sheet to allow the laser
focusing probe to look at the interlayer directly. The velocity at any distance within this range can then
be estimated by integration of the resulting velocity–time curve.

2.3. Strength Testing

Lap-shear and peel tests were used to analyze the joint strength. A schematic of the strength
testing is shown in Figure 2. Three samples from each input energy were tested. For peel testing,
the flyer sheets were bent to 90◦ with respect to the interlayer and target, and the target sheets were
fixed to a steel die by a bolt. Testing was carried out using an MTS810 mechanical testing frame at a
constant extension rate of 0.1 mm/s.

(a) (b) 

Figure 2. Mechanical testing schematic. (a) Peel test; (b) Lap-shear test.
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Interfacial morphologies and element content and distribution in the interface of interlayer and
target were observed by scanning electron microscopy (SEM) using a Zeiss Ultra55 equipped with a
silicon drift detector for energy-dispersive X-ray spectroscopy (EDS). Optical microscopy was used to
analyze the interfacial morphologies of the flyer and interlayer.

3. Results and Discussion

3.1. Velocity, Current, and Voltage Traces

The temporal evolutions of current, voltage, and velocity of the flyer sheet with 8 kJ energy input
in VFAW process are shown in Figure 3.

 
Figure 3. Voltage, current, and velocity traces with 8 kJ energy input.

The flyer sheet has a low acceleration (from 25 to 33 μs) under the electromagnetic interaction force
generated by the current carrying foil [30]. The voltage has a sharp spike rise and a sudden decrease of
current, while the flyer sheet accelerated to 393 m/s instant at about 33.5 μs. This moment also called
burst time in the VFAW process. This voltage spike rise is a typical phenomenon in foil vaporized
process due to the resistance increase when the foil is vaporized and converted into high pressure
plasma. The flyer and interlayer sheet impacted at the target sheet at a velocity of 788 m/s. The velocity
trace of flyer sheet with other three energies input are shown in Figure 4. The impact velocities were
635 m/s, 788 m/, 935 m/s, and 1025 m/s for input energies of 6 kJ, 8 kJ, 10 kJ, and 12 kJ, respectively.

 
Figure 4. Flyer sheet velocity traces at 6 kJ, 8 kJ, 10 kJ, and 12 kJ input energies.
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3.2. Mechanical Testing

Mechanical testing results from lap-shear and peel tests are summarized in Table 2. The peak load of
lap-shear and peel tests increased with energy input increased from 6 kJ to 10 kJ. The average lap-shear
loads were 29.9 kN, and 35 kN, 44 kN, and 42.6 kN for the 6 kJ, 8 kJ, 10 kJ, and 12 kJ input energies,
respectively. The average peak peel loads were 1.62 kN, 1.65 kN, 2.15 kN, and 2.03 kN, respectively.

Table 2. Lap-shear and peel test results.

Energy Input Lap-Shear Average Test 1 Test 2 Test 3 Peel Average Test 1 Test 2 Test 3

(kJ) (kN) (kN) (kN) (kN) (kN) (kN) (kN) (kN)

6 29.9 28.8 31.9 28.9 1.62 1.59 1.61 1.66
8 35 34.2 36.2 34.7 1.65 1.69 1.65 1.62
10 44 43.5 45.4 43.1 2.15 2.12 2.18 2.16
12 42.6 42.9 42.2 42.6 2.03 2.01 2.04 2.03

The load–displacement curves of the lap-shear samples are shown in Figure 5. The lap-shear test
fractured surface are shown in Figure 6. The failure zones of all specimens for lap-shear and peel test
are located at the interface between the interlayer and target plate. As shown in the cross-sectional
morphology of the specimen for tensile test, the good weld area between the flyer plate and interlayer
is smaller than that between the interlayer and target plate. The diameter of the failure zone increases
from 16 mm to 28.8 mm with the input energy from 6 kJ to 10 kJ, thereby increasing the peak tensile force
sustained by the joint. The results show that the welded area of the flyer and interlayer was smaller
than that of interlayer and target, and the bonding strength of interlayer and target near the center is
smaller than that of outside. The samples welded at higher energies had larger welding interface of
interlayer and flyer, and these correlated with higher bonding strength. However, the increase of the
input energy slightly reduced the strength of the joining between the interlayer and target with the
failure load decreasing from 44 kN to 42.6 kN.

  

(a) (b) 

Figure 5. Lap-shear and peel test results at 6 kJ, 8 kJ, 10 kJ, and 12 kJ energies input. (a) Load–
displacement curves of lap-shear test; (b) Lap-shear and peel average load.

  
6 kJ 8 kJ 

Figure 6. Cont.
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10 kJ 12 kJ 

Figure 6. Lap-shear tested samples failed area at 6 kJ, 8 kJ, 10 kJ, and 12 kJ input energies.

3.3. Interfacial Morphologies

The interface between 3003 and 5A06 is dominated by a wave-like bond, whereas AA3003 and
SS321 are bonded with IMC possibly caused by element diffusion and mixing. The wavy-bonding
regions with the input energy of 6, 8, 10, and 12 kJ are shown in the red frame of Figure 7.
A symmetrically distributed wavy-bonding region is formed at the Al–Al interface area at
approximately 5 mm from the central area. The metals of the interlayer and the flyer plate are embedded
with each other, the crest height gradually increases from the center to the sides, and the distance
between the wavy bonding region and the center decreases with increasing energy. When the input
energy increases, the tendency of the crest tilting towards the center increases.

 

6 kJ 

 

8 kJ 

 

10 kJ 

 

12 kJ 

Figure 7. Interface morphologies of flyer and interlayer at 6 kJ, 8 kJ, 10 kJ, and 12 kJ input energies.
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The distance between the crest height, λ, and the distance, L, between two waves are given in
Figure 8. The crest height and inter-wave interval increase with the input energy increase. The crest
heights are 96, 116, 120, and 124 μm, whereas the inter-wave intervals are 332, 358, 471, and 493 μm.

 

Figure 8. Interface morphologies of wave bonding area with 6 kJ energy input.

Figure 9 shows the distribution pattern at the interface between aluminium alloy 3003 and
stainless steel 321 when the input energy is 8 kJ. The graph shows that the bonding region at the
interface between aluminium alloy 3003 and stainless steel 321 consists of the mechanical-clinch area,
IMC bonding area, and an unwelded area. The unwelded area is located at the center of the joint,
the mechanical-clinch zone by element diffusion is outside the IMC bonding zone, and the IMC
bonding zone is flat near the aluminium alloy and irregularly undulated near the stainless steel.

 
(a) 

 
(b) 

 
(c) 

Figure 9. Interface morphologies of 3003 aluminium and 321 stainless steel at 8 kJ energy input.
(a) unwelded area. (b) IMC bonding area. (c) Mechanical-clinch area.
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The morphologies of the IMC bonding area at energies input 6, 10, and 12 kJ are shown in Figure 10.
The length and thickness of the IMC bonding zone at the interface increases and decreases with the input
energy, respectively. When the input energy is 6 kJ, the largest thickness of IMC at 50 μm is achieved,
whereas its length is approximately 300 μm. When the input energy increases to 10 kJ, the thickness of
the interface is reduced to 30 μm, and the IMC is discontinuously distributed with approximately 2 mm
in length. The thickness of IMC reduced to 26 μm with energy input increased to 12 kJ.

 

6 kJ 

 

10 kJ 

 

12 kJ 

Figure 10. Interface morphologies with 6 kJ, 10 kJ, and 12 kJ input energies.

The interface morphologies of the center area with 12 kJ energy input is shown in Figure 11.
At high impact velocities and low impact angles, overheated regions were formed at the center of the
interface between the interlayer and target at the input energy level of 12 kJ causing damage on the
interlayer, and therefore the bonding strength was impaired, with the tensile load decreased to 42.6 kN.
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Figure 11. Interface morphologies of center area with 12 kJ energy input.

As shown from the failure areas of the specimens after the lap-shear and peel tests, the weld area
at the interface between aluminium alloy 3003 and stainless steel 321 is significantly larger than that
between aluminium alloy 3003 and aluminium alloy 5A06. The failure zone of each joint is located at
the central area of the interface between aluminium alloy 3003 and stainless steel 321. In the VFAW
process, which is driven by the energy of aluminium foil vaporization, the flyer plate initially collides
with the interlayer. The flyer plate and interlayer then impact the target plate together, thus producing
a high collision angle between the flyer plate and external side of the interlayer. This collision prevents
the formation of a reliable weld. The collision angle between the interlayer and central area of the
target plate increases externally, thus rendering the bonding strength of the region smaller than that of
the external side.

The element line scanning results at the interface between aluminium alloy 3003 and stainless
steel 321 are given in Figure 12. The welded areas at the interface between aluminium alloy 3003 and
stainless steel 321 and at the central area close to the joint are mainly characterized by IMC. Within a
certain distance from the center of the joint, the collision angle between the interlayer and target plate
increases. At the interface, a 3 μm thick bonding region is formed. The intensity is significantly larger
than that in the central area. The EDS scan results of Points 1–7 are shown in Table 3. The IMCs along
the interface between aluminium alloy 3003 and stainless steel 321 are FeAl and FeAl3.

  

(a) (b) 

Figure 12. Element distributions of the 3003–321 interface at different areas. (a) EDS line scan of line 1;
(b) EDS line scan of line 2.

Table 3. Point EDS compositional result at the interface of the interlayer and target sheet (at. %).

EDS EDS EDS EDS EDS EDS EDS

Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Spot7

Al 42.3 0.77 42.49 62.99 67.16 66.79 67.17
Fe 42.56 69.79 42.47 21.61 22.84 22.54 22.25
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4. Conclusions

5A06 aluminium alloy and 321 stainless steel were welded by VFAW using an AA3003 interlayer
and joints with good structure and properties were obtained. With input energies of 6 kJ, 8 kJ, and 10 kJ,
the shear and tensile strengths are increased due to increased welded area. The joints with the
best mechanical properties were obtained at the input energy of 10 kJ, which had a failure load
of 44 kN in lap shear mode and 2.15 kN in peel mode of loading. Microstructure characterization
revealed a wavy pattern between the flyer and interlayer which have similar properties. The interface
between the interlayer and target showed the presence of IMCs, identified as Al3Fe and FeAl,
which were continuously or intermittently distributed along the interface depending on the input
energy. The results show that the use of an interlayer is a viable solution for impact welding of
materials which are otherwise difficult to weld.
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Abstract: The flyer velocity is one of the critical parameters for welding to occur in laser impact
welding (LIW) and plays a significant role on the welding mechanism study of LIW. It determines
the collision pressure between the flyer and the target, and the standoff working distance. In this
study, the flyer velocity was measured with Photon Doppler Velocimetry under various experimental
conditions. The laser energy efficiency was compared with measured flyer velocity for various
laser energy and flyer thickness. In order to reveal the standoff working window, the peak flyer
velocity and flyer velocity characteristic before and after the peak velocity and the flyer velocity was
measured over long distance. In addition, the rebound behavior of the flyer was captured to confirm
the non-metallurgical bonding in the center of the weld nugget in LIW. Furthermore, the flyer size
and confinement layer effect on the flyer velocity were investigated.

Keywords: flyer velocity; energy efficiency; peak velocity; flyer rebound; flyer size; confinement layer

1. Introduction

Laser impact welding (LIW) is a relatively novel welding technique. It is one of the solutions for
dissimilar materials welding due to its solid state welding nature. Different from explosive welding
and magnetic pulse welding, LIW focuses on solving problems in areas like electronics and medical
devices. The first U.S. patent of LIW was filed in 2009 by Daehn and Lippold from The Ohio State
University [1]. Wang et al. proposed the possible industrial application setup in 2015 for the first
time [2]. In recent years, LIW has been studied in joining materials, like aluminum [3–5], titanium [3],
steel [6], and copper [4,7]. The feasibility and ability of LIW in welding dissimilar materials has
been demonstrated.

In the LIW process, a laser goes through the transparent confinement layer and ablates the ablative
layer into high temperature and high pressure plasma. The expanding plasma pushes the flyer to
move at a high velocity until it collides on the target, where the metallurgical bonding occurs at the
collision interface with a proper impact angle. The flyer velocity is one of the critical parameters in
LIW [8]. The Hugoniot theory states that the impact velocity (final flyer velocity) determines the
impact pressure between the flyer and the target [9–12]. For LIW, metallurgical bonding occurs when
the nascent surfaces are brought within atomic distance. Thus, the collision pressure is required to
be sufficient to remove the surface contaminants, oxides, asperities. At the same time, the nascent
surface should be pushed within atomic distance by the impact pressure. However, too much pressure
will result in melting at the interface [13] and spallation on materials [14]. There are difficulties
in measuring the pressure from the experiments directly for impact welding due to the fact that
the measurement is destructive. Polyvinylidene Flouride (PVDF) gage was applied in the pressure
measurement in impact welding, which is a film type polymer sensor. The measurement is sensitive to
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the size and location of the gage [15]. The flyer velocity is usually measured directly [16,17], which is a
non-destructive method.

In LIW, the current general welding configuration for LIW is spot welding [1]. The central part of
the weld nugget does not get bonded between the flyer and the target. The bonding occurs along the
edges of the weld nugget [7].The flyer velocity/movement for LIW should be studied to solve this
common issue in LIW. Besides that, the experimental setup can be optimized for better laser energy
efficiency, which is calculated with the flyer velocity, as shown in Equation (1) (t is the thickness of the
flyer, D is the diameter of the laser spot size, v is the flyer velocity, E is the laser energy, ρ is the density
of the flyer).

η =
0.5(π(D/2)2tρ)v2

E
(1)

In the study of the laser-driven flyer, the flyer velocity was investigated by Brown et al. [10].
They studied the variation of flyer velocity with a different confinement layer, ablative layer and
adhesive. Their study was within a time of 200 ns. In the study of Zhao et al. [18], the effect of laser
energy on the flyer velocity was studied, which was also investigated by Shaw-Stewart et al. [19].
The flyer velocity as a function of time was displayed in the study by Paisley et al. [11]. The measured
flyer velocity was lower than 500 m/s and the energy efficiency was not calculated for laser energy up
to 52 J. In the study of LIW, Wang et al. showed the flyer velocity as a function of time with various
laser energy and flyer thickness [2,3]. The laser energy efficiency has not been studied with various
laser energy and flyer thickness.

This study investigated the characteristics of the flyer velocity under various conditions with
Photon Doppler Velocimetry (PDV), which is much more practical and easier for surface velocity
measurement than any other competing techniques [20]. The laser energy efficiency was investigated
for various laser energy and flyer thickness by measuring the flyer velocity under those conditions.
The study of flyer velocity over long travel distance would propose the proper standoff distance and
reveal the plasma working distance. The investigation of flyer rebound behavior should reveal the
flyer behavior before, at and after collision with the target. Other than that, the parameters effect on
the flyer velocity would provide instructions for the optimization of the current experimental setup.

2. Experimental Setup

The schematic experimental setup is shown in Figure 1. The laser beam passes through the
confinement layer and connection layer (double-sticky tape in this study), and vaporizes the ablative
layer into hot plasma. The expanding of the plasma separates the confinement layer and flyer. Due to
the conservation of momentum, the flyer moves much faster than the more massive confinement layer
in the laser incident direction, which is also the flyer thickness direction. PDV measures the flyer
velocity during its flying process. The polycarbonate (1 mm thick) between the PDV probe and flyer
prevents the direct contact between the flyer and the PDV probe to protect the probe from damage.
The pre-set spacer provides the acceleration distance (travel distance) for the flyer velocity to get to a
certain value. The distance between the flyer and the polycarbonate (1 mm thick) is called standoff
distance/preset distance. The ablative layer was painted on the flyer surface.

In this study, the laser system was a commercially available Nd:YAG laser (Continuum, San Jose,
FL, USA), which was a Continuum PowerliteTM Precision II Scientific System with a maximum laser
energy of 3.1 J and a pulse width of 8 ns. More information about the laser system is provided in [2].
The flyer material was Al1100. Other experimental parameters are listed in Table 1. In this study,
the confinement layers included 0.5 mm polycarbonate, 1 mm polycarbonate, 3 mm glass and 5 mm
glass. The ablative layer was a commercial black spray paint (RUST-OLEUMTM, Enamel). 1 mm
thick polycarbonate was used as the target. Laser beam energies of 3.1 J, 1.9 J and 0.8 J were used.
The diameter of the laser beam spot was adjusted by changing the distance between the experimental
setup and focus lens, as shown in Figure 2. The power and energy density are shown in Table 2 for
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laser energies of 3.1 J, 1.9 J and 0.8 J, respectively. Parameters used in this study were defined as follows:
E: Laser energy; D: Diameter of laser spot; t: Flyer thickness; v: Flyer velocity; L: Travel distance.

Table 1. Experimental parameters.

Confinement Layer
0.5 mm Polycarbonate; 1 mm Polycarbonate;

3 mm Glass; 5 mm Glass

Ablative Layer Commercial black spray paint (RUST-OLEUMTM, Enamel)

Laser Beam Energy (J) 3.1, 1.9 and 0.8

Flyer Material Al1100

Figure 1. Schematic experimental setup of the flyer velocity measurement for laser impact
welding (LIW).

Figure 2. Laser spot size variation by changing the distance between the focus lens and the sample.

Table 2. Laser beam power density and energy density at various laser spot sizes.

Spot Size

Large Energy Energy Density (× 105 J/m2) Power Density (× 1013 W/m2)

3.1 1.9 0.8 3.1 1.9 0.8

2 mm 9.87 6.05 2.55 12.34 7.56 3.19
4 mm 2.47 1.51 0.64 3.09 1.89 0.80
6 mm 1.10 0.67 0.28 1.38 0.84 0.35

3. Photon Doppler Velocimetry

Photon Doppler Velocimetry (PDV) is an advanced technique, which is used to measure the flyer
velocity [20]. In this study, the PDV system used an erbium fiber laser with a wavelength of 1550 nm.
It was designed such that the original laser beam was divided into two equal beams. One beam
was directly sent back to the detector while the other beam was delivered to point to the surface
of a moving target. This beam was reflected by the moving target surface and was also sent to the
detector. By mixing the original and reflected beams, a beat frequency was generated by the detector.
The signal with beat frequency was displayed with an oscilloscope (digitizer). The velocity of the
moving target v was equal to the beat frequency fb times a half of the laser wavelength λ, as shown in
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Equation (2). Detailed information about the PDV system used in this study was discussed in [21].
In this study, during the experiment, the PDV system was triggered by the Q-switch of the laser system
to start recording.

v =
λ fb
2

(2)

4. Results and Discussion

4.1. Laser Energy Efficiency at Various Laser Energy and Flyer Thickness

The flyer velocity for various laser energy and flyer thickness was measured. Some of the results
have been reported in [2,3]. In LIW, the flyer velocity reached above 1000 m/s within 0.2 μs (E = 3.1 J,
t = 25 μm, D = 2 mm). The laser energy efficiency is one of the main factors for the industrial application
of LIW. In this study, the laser energy efficiency was calculated for various laser energies (3.1 J, 1.9 J
and 0.8 J) and flyer thicknesses (25 μm, 75 μm, 100 μm, 125 μm, and 150 μm) at a flyer travel distance
of 100 μm and 2 mm laser spot size. Table 3 lists the flyer velocities used for the laser energy efficiency
calculation at the flyer travel distance of 100 μm and 2 mm laser spot size. The flyer velocity increased
with laser energy and decreased with flyer thickness. The laser energy efficiency was calculated with
Equation (1), as shown in Figure 3. The laser energy efficiency decreased with laser energy for all
thickness flyers. This indicated that there was more laser energy wasted by increasing the laser energy
when the laser energy density was above 2.55 × 105 J/m2. The previous study also revealed that
the flyer velocity increased dramatically when the laser energy density was below 2.55 × 105 J/m2.
Above 2.55 × 105 J/m2, the flyer velocity formed a plateau [3]. Therefore, the absorption limit of the
current ablative layer should be close to 2.55 × 105 J/m2. This resulted in the laser energy efficiency
decreasing by increasing the laser energy. Laser energy efficiency was not affected by flyer thickness.

Table 3. Flyer velocities (m/s) with various laser energy and flyer thickness (D = 2 mm, L = 100 μm).

Flyer Velocity (m/s) 25 μm 75 μm 100 μm 125 μm 150 μm

3.1 J 1036 613 416 397 404

1.9 J 895 596 414 365 383

0.8 J 837 548 368 351 381

Figure 3. Energy efficiency with various laser energy and flyer thickness (D = 2 mm, L = 100 μm).

4.2. Flyer Velocity Over a Long Travel Distance

The preset standoff distance provided the acceleration distance for the flyers. This study would
reveal the proper standoff distance for LIW. In this experiment, the preset standoff distance was
32.5 mm. The experiment was carried out with 114 μm thick flyer at a laser energy of 3.1 J and laser
spot size of 5.5 mm. Figure 4 shows the flyer velocity and travel distance as a function of time for the
first 12 μs travel time. The flyer velocity had a dramatic increase at the beginning of the flying time
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and then gradually increased to the peak velocity at a travel distance of 4 mm. Therefore, a standoff
distance up to 4 mm should work under these experimental conditions. After the peak velocity, due
to aerodynamic resistance, the flyer velocity started to reduce. Before the flyer reached the peak
velocity, the pressure from plasma was higher than aerodynamic resistance. Based on the theory
of aerodynamics, the aerodynamic resistance increases with the objective speed [22]. During the
acceleration process, the aerodynamic resistance kept increasing while the pressure from the plasma
kept decreasing due to its expansion. When the pressure from the plasma was lower than aerodynamic
resistance, the flyer velocity started to decrease. Thus, the aerodynamic resistance started to decrease.
From the beginning to a travel distance of 257 μm, over 80% of the peak velocity was reached. Therefore,
the standoff working window was wide. During long distance flying (over 4 mm), the shape of the
flyer gradually changed from a disc to an irregular shape due to its interaction with air. With the peak
velocity, the energy efficiency was 27%.

Figure 4. Flyer velocity and travel distance as a function of time (E = 3.1 J, D = 5.5 mm, t = 114 μm).

4.3. Flyer Rebound Behavior

In LIW, the current weld configuration is spot weld. The size of the nugget is the laser spot size.
The cross section of the nugget shows that the metallurgical bonding occurs along the edge of the
nugget. There is no metallurgical bonding in the center of the nugget. At the non-welded region
within the nugget, the flyer and the target is separated from each other. On the separated flyer and
target, both metallurgical bonding trace (Gaussian laser) [7] and non-metallurgical bonding (top-hat
laser) [5] were observed. The metallurgical bonding trace on the separated flyer and target indicated
that the metallurgical bonding was teared after its formation. The non-metallurgical bonding was
due to the fact that the welding parameters were not suitable for metallurgical bonding to occur.
Wang et al. studied the flyer flying behavior through a high speed camera [2]. The high speed camera
video showed that the center part of the flyer travelled at the highest speed. Therefore, the center part
of the flyer contacted the target first. Both the high speed camera result and metallurgical bonding
confirmed the contact between the central part of the flyer and target. The rebound of the flyer must
have occurred after contact, which resulted in the separation of the flyer and target. This study was
carried out in order to reveal the flyer behavior before, at and after collision with the target. In this
experiment, the flyer thickness was 250 μm with a laser energy of 3.1 J and laser spot size of 2 mm.

Figure 5a is the output of Photon Doppler Velocimetry, from which Figure 5b was derived
through Fourier-transformation. Figure 5b shows a sudden change in the beat frequency around 1.3 s.
This change should be caused by the sudden movement of the flyer, which directly affected the beat
frequency. At this point, the flyer travel distance reached the standoff distance, which was 350 μm.
Therefore, the continuum movement of the flyer should be after collision with the target and in the
opposite direction. For the following movement, the velocity started to decrease due to the drag force
from the movement of other part of the flyer in the opposite direction until it stopped. By calculation,
Figure 5c,d showed the flyer velocity and travel distance before and after collision with the target.
The rebound velocity reached 80% of the flyer impact velocity. The rebound travel distance was about
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150 μm, which was the separation distance between the flyer and the target. This observation is valuable
for future accurate measurement of flyer rebound behavior and its elimination. The rebound behavior
was due to the shock wave generated within the flyer and target after their collision. Actions should
be taken to absorb or reduce the reflected shock wave from the collision interface. Increasing the
metallurgical bonding strength between the flyer and target may be a good way to prevent the tearing.
In explosive welding, the rebound phenomenon has not been reported widely while good metallurgical
bonding has been reported along the collision interface [13,23,24]. There are also shock waves on the
collision interface in explosive welding. The metallurgical bonding was not teared by the reflected
shock waves, which indicated that the welding strength was high enough to prevent the tearing.

Figure 5. (a) Data from the detector of Photon Doppler Velocimetry, (b) beat frequency of the flyer,
(c) flyer velocity, (d) flyer travel distance, (E = 3.1 J, D = 2 mm, t = 250 μm).

4.4. Parameter Effect on the Flyer Velocity

4.4.1. Flyer Size Effect

The flyer thickness effect on the flyer velocity has been studied by Wang et al. [3]. Their results
showed that the flyer thickness had a significant effect on the flyer velocity. It decreased with flyer
thickness increase. The width and length effect on the flyer velocity was investigated in this study.
If the flyer size was larger than the laser spot size, when the laser incident part of the flyer started to
move, the connection between the rest part of the flyer and the confinement layer applied a drag force
to the flying part. This drag force was resistance to the flyer movement. In another way, the hot plasma
should also be confined by the connection between the rest part of the flyer and the confinement layer.
If the flyer had the same size with the laser spot, at the time the flyer started to move, the plasma
escaped from the circumferential direction immediately. Thus, the pressure from the plasma should
decrease. This study was conducted to study the flyer size effect on the flyer velocity due to the dual
effect of the flyer size: Drag effect and confinement effect.

The experiment was conducted under the following conditions: 3.1 J laser energy, 4 mm laser
spot size, 75 μm thick flyer, 5 mm thick glass (confinement layer). The dimension of the flyers
were 12 mm × 12 mm, 7 mm × 7 mm and 4 mm × 4 mm. Due to fact that the laser spot size was
4 mm, for 4 mm × 4 mm flyer, there was no drag effect and confinement effect. After laser shot,
the whole piece of flyer moved at the same time instantaneously. For flyers with a dimension of
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12 mm × 12 mm and 7 mm × 7 mm, the dual effect from the flyer size started to play their roles.
Figure 6 shows the measured flyer velocity for flyers. Experiments were repeated four times for
each experimental condition. The results showed good repeatability in terms of acceleration and
final velocity. The average final velocity and travel distance were displayed in Figure 7. The average
velocities were 686 ± 35 m/s, 664 ± 16 m/s and 666 ± 20 m/s for 12 mm × 12 mm, 7 mm × 7 mm and
4 mm × 4 mm, respectively. The travel distances were 472 ± 32 μm, 458 ± 13 μm and 462 ± 14 μm for
12 mm × 12 mm, 7 mm × 7 mm and 4 mm × 4 mm, respectively. Therefore, there was no dramatic
change of the flyer velocity when the flyer dimension increased from 4 mm × 4 mm to 12 mm × 12 mm.
With the flyer size increase, both drag effect and confinement effect would increase. The 3% increase
of the flyer velocity from 4 mm × 4 mm to 12 mm × 12 mm may indicated that the confinement
effect started to dominate. Before the domination, there must be a flyer size with which the dual
effect cancelled each other. However, if the flyer size was infinitely large, the movement of the central
part of the flyer would result in plastic deformation (instead of peeling the rest of the flyer from the
confinement layer) on the flyer in the region next to the moving part. This deformation would reduce
the flyer velocity by consuming some flyer dynamic energy.

 
Figure 6. Flyer Velocity for flyers with dimensions of (a) 12 mm × 12 mm, (b) 7 mm × 7 mm,
(c) 4 mm × 4 mm (E = 3.1 J, D = 4 mm, t = 75 μm, L = 525 μm).
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Figure 7. Average flyer velocity and travel distance for flyers with dimensions of 12 mm × 12 mm,
7 mm × 7 mm and 4 mm × 4 mm (E = 3.1 J, D = 4 mm, t = 75 μm, L = 525 μm).

4.4.2. Confinement Layer Effect

Confinement layer effect on laser energy efficiency was studied by Wang et al. [2] in means of
measuring the dimple height, which was the result of flyer deformation after laser shot. They studied
1mm thick glass, 0.5 mm thick polycarbonate and 0.07 mm thick tape. Their results showed that glass
was the one that provided the highest energy efficiency. In this study, the confinement layer effect on
flyer velocity was investigated. The studied confinement layers in this work included 0.5 mm thick
polycarbonate (0.5mmP), 1 mm thick polycarbonate (1mmP), 1 mm thick glass (1mmG) and 5 mm
thick glass (5mmG). The experiments were carried out with a 25 μm thick flyer at a laser energy of 3.1 J
and laser spot size of 4 mm with a preset standoff distance of 325 μm. The flyer velocity as a function
of time was shown in Figure 8a. The average flyer velocity was shown in Figure 8b. The flyer travel
distance as a function of time was shown in Figure 8c. The flyer velocity increased with time until
the preset standoff distance was reached. One of the two experiments (under the same experimental
conditions) with polycarbonate as the confinement layer travelled a much longer time/distance than
the other experiment. The average flyer velocities were 727 m/s, 710 m/s, 759 m/s and 759 m/s for
confinement layers of 0.5mmP, 1mmP, 1mmG and 5mmG, respectively. The average travel distances
were 441 μm, 415 μm, 362 μm and 354 μm for confinement layers of 0.5mmP, 1mmP, 1mmG and 5mmG,
respectively. Therefore, the confinement layers had little effect on flyer velocity and a significant effect
on travel distance.

As shown in Figure 8a, the acceleration process was very short. Within 0.2 μs, over 80% of the final
velocity had been reached. Within 0.2 μs, the flyer travelled around 100 μm. Therefore, even though
flyers with a confinement layer of 0.5mmP_62 and 1mmP_59 travelled much longer than 0.5mmP_61
and 1mmP_58, the final flyer velocities were not affected significantly. As shown in Figure 8c, the travel
distance with polycarbonate had a large variation between experiments while travel distance with
glass had much better repeatability. Therefore, stiffness of confinement layer played a significant role
in controlling the repeatability of experiments. As Figure 1 shows, the confinement layer was shared
by flyers. For a low stiffness material, laser shot may cause its deformation. This deformation would
affect the preset standoff distance for the nearby flyers. Therefore, if the travel distance had a strict
requirement, the following procedures should be followed. First of all, the confinement layer would
be replaced by a more rigid plate, like glass. Super glue would be used to connect the standoff and
target instead of sticky tape to prevent the nearby polycarbonate deformation effect on the preset
standoff distance.
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Figure 8. (a) Flyer velocity as a function of time, (b) average flyer velocity with various confinement
layers, (c) flyer travel distance as a function of time (E = 3.1 J, D = 4 mm, t = 25 μm, 0.5mmP_61: 0.5 mm
thick polycarbonate as the confinement layer for experiment number 61, 1mmG_52: 1 mm thick glass
as the confinement layer for experiment number 52).

5. Conclusions

In this study, the flyer velocity was measured with Photon Doppler Velocimetry under various
experimental conditions. The flyer characteristics were revealed through the measurement, which was
analyzed and summarized below.

• The energy efficiency was calculated with the measured flyer velocity. Above a laser energy
density of 2.55 × 105 J/m2, the energy efficiency decreased with laser energy increase.
Flyer thickness had no apparent effect on laser energy efficiency.

• In LIW, the flyer velocity had a dramatic increase at the beginning of the flying, then gradually
increased to the peak velocity with a travel distance of 4 mm. From the beginning to a travel
distance of 257 μm, over 80% of the peak velocity was reached. Therefore, the standoff working
window is wide for LIW.
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• The flyer behavior of before, at and after collision with the target was captured with PDV
measurement. The results confirmed the rebound behavior of the flyer, which resulted in the
tearing of the metallurgical bonding in the center of the weld nugget in LIW.

• When the flyer size was within three times larger than the laser spot size, flyer width and length
had little effect on the flyer velocity due to the dual effect of the drag force and confinement.
The confinement layer had little effect on the final flyer velocity. With rigid confinement layer,
the experiment has better repeatability on the flyer travel distance.
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Abstract: Magnetic pulse welding can be considered as an advanced joining technique because it
does not require any shielding atmosphere and input heat similar to conventional welding techniques.
However, it requires comprehensive evaluations for bonding dissimilar materials. In addition
to processing parameters, the surface preparation of the components, such as target material,
needs to be evaluated. Different surface conditions were tested (machined, sand-blasted, polished,
lubricated, chemically attacked, and threaded) using a fixed gap and standoff distance for welding.
Microstructural observations and tensile testing revealed that the weld quality is dependent on
surface preparation. The formation of waviness microstructure and intermetallic compounds were
verified at the interface of some joints. However, these conditions did not guarantee the strength.

Keywords: magnetic pulse welding; dissimilar metals; surface preparation; interface; microstructure

1. Introduction

The use of multi-material structures for complex lightweight applications is noticeable; however,
this requires the implementation of joining technologies for dissimilar materials. These joints are
produced by different techniques such as mechanical fastening, fusion joining, and adhesive bonding,
etc., each technique can provide different levels of strength. The joint strength produced by a fusion
welding process can surpass those achieved by the application of adhesives or fasteners; however,
a dissimilar joint interface might be very susceptible to an early failure caused by the formation and
propagation of cracks. The welding of dissimilar materials, e.g., Aluminium (Al) to copper (Cu) is a
challenge because these materials have different melting points, thermal conductivities, volumetric
specific heats, and thermal expansion coefficients [1,2]. Cracking can occur at the welded interface
during solidification, and can also be affected by stresses induced by the difference of coefficients of
thermal expansion of the base materials, or due to the presence of brittle phases such as intermetallic
phases, etc. Considering the increase of performing dissimilar joints for sufficient ductile materials,
the application of joining by plastic deformation is needed, and this manufacturing approach does not
require an external heat supply as, instead, pressure is applied on the workpiece [3]. Plastic deformation
joining can be categorized as metallurgical and mechanical processes, the former type involves a
temperature increase caused by a severe plastic deformation effect, e.g., during the friction welding
process, the mechanical type can be achieved without a thermal effect such as riveting. However,
there are other techniques such as explosive welding and magnetic pulse welding (MPW), and these
processes also involve a high velocity plastic deformation and collision effects [4]. The pressure is
provided by an explosive material for the former technique. Regarding MPW, a repulsive force is
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generated when two opposite magnetic fields meet each other, this supplies the pressure required for
joining [3,5], i.e., the generated pressure accelerates the outer workpiece (known as flyer) towards the
inter one (called target), this causes a collision which is associated with plastic deformation. The MPW
is considered as a solid-state joining process. However, some studies reported the formation of a liquid
phase [6] which is influenced by the processing design, defects such as voids, cracks, and melted zones
may occur if the parameters exceed the processing window [7].

In the MPW process, two opposite currents, one passes via a coil which induces an eddy current
in the flyer, this generates a magnetic field between the coil and flyer, this interaction causes Lorentz
Forces by which a repelling pressure expels the flyer to the target. This pressure should provide
enough energy for the occurrence of plastic deformation at the flyer material and also enough kinetics
for bonding. This process is fulfilled within some seconds [8]. What regards the processing conditions,
the velocity, and the angle of impact are vital parameters, the former is a characteristic of the equipment
(charged electrical energy, frequency of discharge current, and inductance of the coil) and of the
materials’ properties such as strength and conductivity. Regarding the impact angle, this is affected by
the geometries of the materials being welded. Moreover, material type, dimensions of the materials
such as flyer thickness, the gap between the materials (standoff gap), electric conductivity, strength,
elongation, and surface conditions are also effective parameters for MPW [5,9].

Impact welding processes such as MPW are associated with a jet phenomenon that consists of
thin layers of the oxide, of the flyer, and of the target metals and also contaminants from the colliding
surfaces. This jet is controlled by the collision angle and must fly away otherwise it is trapped at the
collision interfaces. Thus, a clean surface is provided, and virgin metals are contacted under extreme
pressure resulting in the formation of atomic bonds of flyer and target [4].

What regards the morphology of the joint interface produced by MPW, a wavy microstructure
is expected. However, this morphology depends on the collision energy, impact angle, and the
geometry of the joint [10]. MPW also exhibits a negligible heat affected zone at the interface [7,11].
Moreover, micro or sub micro scale local melting and solidification can also be considered as the
bonding mechanism for MPW, however, this depends on the level of the input energy [11]. In addition
to the processing parameters, geometrical designs, and materials characteristics, some researches were
conducted to evaluate the influence of the surface preparation on the bonding quality for the MPW
process [12–15] as summarized in Table 1. However, there are two studies that clearly presented the
influence of pre-treatments on the joint quality [12,14], and the other two works mentioned that the
processing conditions such as impact angle strongly determine the weld quality [13,15].

Table 1. A summary of related studies on the influence of surface preparation for MPW process.

Materials Preparation Conditions Results Ref.

AA6063-O Al (flyer) to C110
Cu (target) tubes

A: tangential scratches over
Cu length made by lathe
B: axial scratches along the Cu
length by 200-grit
C: A + silicon-based
high-viscosity lubricant oil

A: was in favour
C: failed [12]

EN AW-1050 Al (flyer) to
S235 JR steel (target) sheets

Belt grinding
Laser ablation Not clearly explained [13]

Al5182 (flyer) to
HC340LA steel

Grinding steel parallel to
welding (PW)
Grinding steel vertical to
welding (VW)

VW caused a wavy-shape interface
and better mechanical properties
PW caused straight interface with
less elemental diffusion

[14]

EN AW-6016-T6 Al (flyer) to
DC04 steel (target) sheets

Untreated surface
Polished surface
Laser ablation

Surface pre-treatment was not
essential
Processing window was the most
important factor

[15]
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Thus, the main objective of this study includes further evaluations on the influence of surface
roughness on the welding quality such as microstructure (aiming at evaluating the formation of
intermetallic phases and waviness structure) and tensile strength. Two metallic systems, namely Al
and Cu, were selected, this bimetallic system provides a lighter assembly than the Cu/Cu. Since the
cross-section area of a conductor supports the current passage, the use of a lighter material can lead
to enlarge the surface area for a higher current. However, the formation of intermetallic compounds
strongly influences the electrical and mechanical properties of the Al/Cu joint and also resulting in a
lack of long-term electrical stability [16]. Therefore, further investigations on advanced techniques
such as MPW are still needed in order to evaluate the influence of surface preparation on the weld.

2. Materials and Methods

The base materials for this study included AA 6063-T5 commercial Al alloy (98.9% Al, 0.7 Mg and
0.4 Si (in wt.%) declared by AZO MATERIALS) and copper R300 (99.99% Cu, 0.01% O2 (in at.%) as
flyer and target, respectively. The physical and mechanical properties of the aluminium alloy and of
the copper are presented in Table 2. The Al was a tube of 100 mm length, 1 mm wall thickness, and an
outer diameter of 20 mm. The copper was a rod with a diameter adapted from a related study [17]
based on the gap distance that produced the best results (φ = 16 mm). Several copper rods were surface
treated to obtain different surface roughness, these treatments included machining (appeared as M
in this study), sandblasting (G), polishing (P), chemical attacking (Q), lubricating (O), and threading
(R). The application of a greasy surface aimed at studying the MPW process when it is applied for a
very contaminated welding surface, this can clarify if surface cleaning before welding is relevant to a
solid joint and if the occurrence of jet phenomenon can effectively remove the contamination layer and
creates a weld.

Table 2. Physical and mechanical properties of the Al flyer and of the Cu target used in this study.

Material
Density
(kg/m3)

Youg‘s
Modulus

(GPa)

Yield
Strength

(MPa)

Shear
Modulus

(GPa)

Tensile
Strength

(MPa)

Hardness
(HV)

Fracture
Toughness
(MPa m)

Melting
Point
(◦C)

Electrical
Resistivity

(μΩcm)

Cu-R300 8940–8950 127 250 45–50 290–360 90–110 43.2–57.6 1083 1.70–1.74
AA 6063-T5 2660–2710 67.2–70.7 113–125 25.3–26.6 158–175 61.8–68.3 30–36 615–655 3.08–3.21

What regards the surface properties of the base materials and the nomenclature of the Al/Cu
couples used in this study, the Al flyer was an extruded tube expecting a surface roughness of almost
4 μm, in average. Regarding the target, copper rods were machined by a lathe and coupled with Al
tubes named Al/Cu-M; the machined rods were sandblasted after and the coupled named Al/Cu-G,
the goal was to replace the machined surface by a new topography for study; other machined Cu
rods were polished by emery papers up to 1200-grit sandpaper to remove the lathe traces, these rods
were coupled and called Al/Cu-P. Some machined surfaces were chemically attacked in a solution of
50 mL HNO3, 10 mL H2N2, and 50 mL H2O, for 90 s, these attached rods were coupled with Al tube
and called Al/Cu-Q; the greasy samples were prepared by using a high-viscosity lubricant oil on the
machined Cu surfaces and called Al/Cu-O; and finally, the threaded rods were created by a 1 mm pitch
on the surfaces of machined rods coupled with Al tube and named Al/Cu-R. The roughness of these
copper workpieces was measured using an optical non-contact profiler. For each condition, a total
of three measurements were done and the average results are presented in Table 3, Ra is the mean
roughness value and Rq is the mean square roughness. Thus, the highest value of roughness belongs
to the shot blasted specimens with an average roughness value of 4.8 μm, and the polished specimens
comprise the least roughness, nearby 0.6 μm.

The copper and aluminium parts were subjected to an ultrasonic cleaning device with acetone
for five minutes (before and after any surface treating) to properly clean the surface and assure that
there was not any kind of contaminant which could influence the joining process. However, the greasy
sample was excluded from this cleaning procedure.
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Table 3. Roughness measurements of the copper R300 rods.

Sample Indication M G P Q

Ra (μm) 1.5 4.8 0.6 2.1
Rq (μm) 1.9 6.1 0.7 2.5

Welding experiments were carried out using a 25/25 magnetic pulse system, it consisted of a
capacitor bank and a high voltage cabinet for charging the capacitors, capable of generating 25 kJ
at a charging voltage of 25 kV. The bank of capacitors possessed a total capacitance of 80 μF and
a total inductance of 0.1 μH, the internal resistivity was 19 mK providing a current up to 400 kA.
The electromagnetic actuator was a single turn coil made of a 40CrMnNiMo 7 steel with an outer
diameter of 20 mm which is suitable for welding cylindrical parts. Figure 1 shows the setup of the MP
tool which includes a single turn coil (part A in Figure 1a) installed on the station (B in Figure 1a) of
the MPW equipment and surrounded by a shielding frame. A schematic of the weld assembly is also
illustrated in Figure 1b.

  
(a) (b) 

Figure 1. The setup applied for the performance of MPW in this study: (a) the coil assembly (A) on the
station of the equipment, (b) the arrangement of coil-flyer-target (that were kept constant in this study).

Figure 2 illustrates the welding window from which the welding parameters were selected for
joining the aluminium tube to copper rod, as presented in Table 4. A welding window can give us an
indication of the welding range, this window was obtained from the results of the compression tests
of similar aluminium tubes and copper rods in a previous study [18] taking into account the effect
of three main parameters such as the charging voltage, the air gap width (S) and overlap distance
(LWZ), this was possible to monitor these parameters during the MPW process. The experimental
conditions that led to successful welds constitute the two planes shown in this window (Figure 2).
However, the combination of different gaps and overlap distances will result in successful weld if the
selected energy provides an appropriate impact velocity. Moreover, it should be noted that the welding
window shape can change by the application of different input parameters, thus each experiment can
have its own welding window depending on the values of energy, overlap distance (LWZ), and gap
used for weld performance.

Regarding microstructure observations, the samples were cross sectioned (on the middle of the
weld seem and in front of the slot of the coil) and polished through standard metallurgical procedures,
the polished samples were not etched, and then were observed by scanning electron microscopy (SEM),
a FEI QUANTA 400 FEG equipment (Hillsboro, OR, USA), using the electron backscatter imaging (EBI)
mode. Moreover, the chemical composition distribution across the interfaces was analysed with an
electron dispersive spectroscopy (EDS) probe, Oxford Instrument (Oxfordshire, UK), then these results
were compared with the equilibrium Cu-Al binary phase diagram [2].
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Figure 2. The processing window applied for welding in this study (adapted from [18]).

Table 4. Welding parameters applied in this study that were kept constant [17].

Energy [kJ] Voltage [kV] LWZ [mm] Air Gap [mm]

10.24 16 8 1

Regarding the mechanical properties of the welded experiments, a uniaxial tensile test was
conducted by a machine illustrated in Figure 3a (Instron model 4507) using a strain rate of 2 mm/min.
The parameters of the tensile tests were designed in accordance with ASTM A 370 as presented in
Table 5. Moreover, it was necessary to prepare new grips for the stabilization of the cylindrical samples
in order to perform the tensile test as illustrated in Figure 3. Since the tensile specimens have tubular
sections, snug-fitting metal plugs were inserted far enough at the end of the tubes. This assembly was
designed in accordance with the plug design mentioned in ASTM A 370 and applied to allow the jaws
gripping the specimens properly. This assembly guaranteed sample holding without the tube walls
being crushed. Moreover, the plugs did not extend into that part of the specimen where the elongation
was measured.

  
(a) (b) 

Figure 3. (a) The placement of the welded specimen between the grips of the tensile test, (b) the grips
used for holding samples (a SOLIDWorks® design).

Table 5. Tensile tests parameters according to ASTM A 370.

Cell Type of Grip Test Speed

200 kN Hydraulic 2 mm/min
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3. Results and Discussions

3.1. Microstructure of Interfaces

What regards the formation of waviness structure at the joint interfaces as a general aspect of joints
produced by MPW technique, the morphology of the interfaces, which are seen on the polished cross
sections (Figure 4), revealed the formation of a weak waviness pattern for the joints produced by the
use of machined specimens (Figure 4a), sandblasted (Figure 4b), polished (Figure 4c), and chemically
attached (Figure 4d) specimens. The two other specimens, lubricated and threaded, do not show this
effect. Moreover, it is seen that the waviness pattern observed in the chemically treated specimen is the
strongest one. This depicts that neither a very smooth surface (produced by polishing) nor a very rough
surface (produced by sandblasting) was effective, therefore the roughness should be a moderated value.
Regarding the morphology of the joint interfaces obtained in the lubricated and threaded specimens
(Figure 4e,f), the wavy pattern is not observed in any of these conditions. This means that the jet
formation during the MPW process was influenced by the presence of oil and threads. Regarding this
effect on the lubricated surface, it is consistent with another research [12]. The energy has not been
sufficient to remove the contamination and to produce a wavy pattern. This shortcoming might be
attributed to the welding windows applied in this study (Figure 2). Moreover, the jet has also not been
robust to form any wavy pattern on the threaded surface, and this means that the jet formation was
blocked by the topography of the threaded surface.

Regarding the formation of metallurgical bonds at the joint interfaces, as a guarantee for bonding,
Figure 4 provides some information about the microstructure of the joint interfaces. The MPW is
considered as a solid-state welding process, but the contrasts illustrated in these images confirm the
presence of phases which have different atomic contrast from the Al and Cu base materials (indicated
by white arrows in the images illustrated in Figure 4a–d). Moreover, a wavy pattern has formed
on interfaces of these joints. Table 6 presents the average thickness values of these layers which are
seen in these microstructures (Al/Cu-M, G, P, and Q joints as illustrated in Figure 4). This means that
diffusion or melting has occurred on the surfaces of these flyers and targets during welding. However,
the bonding time is so short in MPW that the hypothesis of diffusion is not achievable, therefore
melting is confirmed. The supplied energy in conjunction with these four surfaces (M, G, P, and Q)
generated jet and locally heated surfaces sufficiently to melt Al and/or Cu base materials in tiny zones
by which they reacted and then solidified [6,7]. Moreover, these interfaces (Figure 4a–d) also consist
of dark intermediate layers between the reacted zones which seem that the Al/Cu-G, and Al/Cu-Q
joints contain the smallest layers. This intermediate layer is composed of oxide particles that mean
that the jet formation has not been strong enough to reject these compounds out of the mating surface;
this also indicates that the welding windows have not been adequate for the geometries used in this
study. Moreover, it appears that the latter interface comprises porous reacted zones. These microscopic
observations also revealed that the reaction zones formed at the copper base material appear almost
continuous at the copper side and the thinnest layer has formed in the sandblasted specimen. However,
some pocket-like zones have formed on the aluminium base.

Table 6. The average thickness (in μm) of intermetallic layers formed at the interface of the joints
obtained in this study.

Joint Aluminium Side Copper Side

Al/Cu-M 0 to 12 ± 8 23 ± 22
Al/Cu-G 17 ± 15 27 ± 15
Al/Cu-P 0 to 13 ± 7 11 ± 7
Al/Cu-Q 0 to 30 ± 13 18 ± 15
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 4. SEM/BSE images from the (a) Al/Cu-M, (b) Al/Cu-G, (c) Al/Cu-P, (d) Al/Cu-Q, (e) Al/Cu-O,
and (f) Al/Cu-R joints produced by MPW technique.
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The formation of intermetallic phases at the lubricated or threaded bases was not observed
(Figure 4e,f). It seems the presence of oil and threaded topography interfered in the impact angle,
which determines the impact energy/velocity, and consequently led to the dissipation of kinetic energy
at the mating surfaces.

In what concerns the type of reacted zones formed at the interface of these joints, the EDS
analysis was performed on the zones of interests as illustrated in Figure 5, the semi-quantitative results
are presented in Table 7. Since the major elements are copper and aluminium, these results were
correlated with the Al-Cu phase diagram [2] though these values were obtained in non-equilibrium
conditions. Table 5 depicts that, independent on the preparation techniques, these reacted zones were
generally CuAl2 intermetallic, also known as θ phase. However, this evaluation has been influenced
by the volume interaction, which is a characteristic phenomenon of the SEM/EDS analysis technique.
This requires further assessments (as future works), such as transmission electron microscopy and
electron backscatter diffraction analyses.

Table 7. The SEM/EDS results obtained from the zones of interest indicated in the images in Figure 5.

Zone Al (at.%) Cu (at.%) Others (at.%) Probable Coumpound

Z1 63 37 - θ

Z2 72 28 - θ

Z3 62 38 - θ

Z4 70 30 - θ

Z5 66 34 - θ

Z6 65 35 - θ

Z7 67 33 - θ

Z8 2.8 1.0 19.3 O2, 76.4 C, 0.5 S -
Z9 1.5 26.3 5.6 O2, 66.6 C -

Z10 93 7 O2 -
Z11 68 - 25 C, 7 O2 -
Z12 - 88 10 C, 2 O2 -

A related study that used similar processing windows [17], the formation of other intermetallic
compounds (which contain a higher quantity of copper) were reported, therefore the interaction of
copper and aluminium atoms has changed. The sample length used for this research was longer
than that of the related study which likely influenced the welding window and consequently the heat
and atomic interactions. Thus, the re-optimization of the processing parameters for this length of
the sample is suggested for future works. Moreover, some microcracks are seen in the intermetallic
compounds, perpendicular to the joint interface and not parallel with it, formed in the Al/Cu-M and
Al/Cu-P systems on the copper side (yellow arrows illustrated in Figure 5a,c). The presence of residual
stresses, due to the solidification shrinkage and/or hardness differences between the intermetallic and
the surrounding region, can contribute to the formation of this defect.

What also regards the influence of localized melting, which is associated with the heated generated
above the melting point of either of Al or Cu and following by a very quick solidification process,
this can contribute to the formation of microvoids observed in the intermetallic zones (Figure 5) which
is very concentrated for the joint sandblasted surface.

In addition, the microstructure of these interfaces can be influenced by the superficial energy of
these mating surfaces which were prepared by different techniques.

150



Metals 2020, 10, 997

  
(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 5. SEM/BSE images used for the chemical analysis of the interested zones at the interfaces of the
(a) Al/Cu-M, (b) Al/Cu-G, (c) Al/Cu-P, (d) Al/Cu-Q, (e) Al/Cu-O, and (f) Al/Cu-R joints produced by
MPW technique.
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3.2. Tensile Test

Table 8 presents the load values registered at the failure points of the welds, performed in this
study, obtained from uniaxial tensile tests. All joints failed in the welded zones except for the specimen
prepared by threading (Al/Cu-R), in this specimen failure occurred at the Al tube base as illustrated in
Figure 6. It means that the resistance of the Al/Cu-R joint was superior to the base material though there
was not any metallurgical bonding. The occurrence of a failure in the base material is an indication of a
sound joint.

Table 8. The result of the tensile test performed for the joints.

Joint Al/Cu-M Al/Cu-G Al/Cu-P Al/Cu-Q Al/Cu-O Al/Cu-R

Load at fracture (kN) 12.1 12.1 13.1 14.3 9.6 19.7

 
Figure 6. The Al/Cu-R tensile specimen illustrating the fractured zone (seen in yellow insert).

The smallest tensile load registered in this study belongs to the joint produced by the use of
lubricated specimen (Al/Cu-O), this weak bonding is attributed to the lack of welding due to the excess
of contamination and poor efficiency of the jet phenomenon. Nonetheless, the joint produced by the
use of threaded target (Al/Cu-R) showed the highest load at the failure point. This achievement is
attributed to the occurrence of the crimping joint rather than welding (Figures 4f and 5f). Regarding
the load values, Table 8 also depicts that the Al/Cu-Q joint follows the Al/Cu-R, the microstructure
of the joint interface (Figures 4d and 5d) contributed to this level of load, and the waviness pattern,
which is a strong characteristic of MPW process, was more pronounced in the Al/Cu-Q joint.

In fact, the impact of surface roughness has been influenced by the welding windows. However,
a moderate roughness and a perfectly clean surface are required, which is consistent with similar
studies [19].

4. Conclusions

A high velocity plastic deformation joining technique was performed on dissimilar Al/Cu tubular
assemblies through the application of magnetic pulse forces. This study evaluated the influence of
the surface roughness of the copper target component on the quality of the joint considering the
microstructure of the interface and the fracture load obtained from the uniaxial tensile test.

The surface condition of the target component influences the welding quality. However, it is not
possible to correlate the surface roughness of the target with the waviness interface and also with
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the tensile load. Nonetheless, the formation of a waviness pattern at the joint interface requires a
moderate roughness since neither the smoothest surface (polished copper) nor the least smooth surface
(sandblasted surface) established a waviness pattern, and the best pattern was formed in the joint
produced by the use of chemically treated surface. The surface roughness should have influenced
the jet formation and consequently the pattern at the joint interface. Though the MPW is called a
solid-state process, the occurrence of localized melting was verified. The formation of the intermetallic
compounds (mainly Al2Cu phase) at the Al/Cu joint interfaces which found wavy patterns is confirmed.
Moreover, some microvoids and a few microcracks were also formed in these reacted zones.

The strongest joint was obtained from the use of a threaded target, and it was achieved without
the formation of any intermetallic or waviness at the interface. This joint failed at the Al tube base
during the tensile test, indicating a sound joint though it was not a metallurgical type. Thus, in the
MPW process, it seems very challenging to achieve an effective metallurgical bond.

The joint assembly prepared by lubrication on the target surface failed during the MPW process,
meaning that the preparation of a clean surface appears a prerequisite for this process.

For this study, the parameters such as the standoff distance, the voltage level, and LWZ distance
were kept constant, and this arrangement was implemented to study the influence of the surface
conditions for the same working conditions. However, it seems that the samples’ length may influence
joint formation. Thus, for any design, a new welding window should be optimized.
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Abstract: Collision welding processes are accompanied by the ejection of a metal jet, a cloud
of particles (CoP), or both phenomena, respectively. The purpose of this study is to investigate
the formation, the characteristics as well as the influence of the CoP on weld formation. Impact
welding experiments on three different setups in normal ambient atmosphere and under vacuum-like
conditions are performed and monitored using a high-speed camera, accompanied by long-term
exposures, recordings of the emission spectrum, and an evaluation of the CoP interaction with
witness pins made of different materials. It was found that the CoP formed during the collision
of the joining partners is compressed by the closing joining gap and particularly at small collision
angles it can reach temperatures sufficient to melt the surfaces to be joined. This effect was proved
using a tracer material that is detectable on the witness pins after welding. The formation of the
CoP is reduced with increasing yield strength of the material and the escape of the CoP is hindered
with increasing surface roughness. Both effects make welding with low-impact velocities difficult,
whereas weld formation is facilitated using smooth surfaces and a reduced ambient pressure under
vacuum-like conditions. Furthermore, the absence of surrounding air eases the process observation
since exothermic oxidation reactions and shock compression of the gas are avoided. This also enables
an estimation of the temperature in the joining gap, which was found to be more than 5600 K under
normal ambient pressure.

Keywords: impact welding; collision welding; pressure welding; process glare; jet; cloud of particles;
shock compression; surface roughness; collision conditions
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1. Introduction

The use of the ideal material for every single component of a structure can contribute to a reduction
of the total mass, a lower consumption of resources, or to cost-saving. This development intensifies the
requirement of modern joining technologies to be able to join dissimilar metals with strongly different
mechanical, physical, or chemical properties. Many conventional fusion-based welding processes
cannot be used for this purpose because of the heat-induced formation of brittle intermetallic phases
lowering the weld quality [1].

Collision welding processes such as explosive welding (EXW), magnetic pulse welding (MPW),
vaporizing foil actuator welding (VFAW) and laser impact welding (LIW) are based on the oblique
collision of metallic surfaces at high velocities [2,3]. They are often described as “cold” solid-state
processes since the mechanism for the bond formation is dominated by the prevalent pressure instead
of fusion. The creation of intermetallic phases is therefore limited to an uncritical extent. Flat and
tubular joints in overlap configuration can be manufactured [4]. In EXW, which was patented in
1962, the required pressure to accelerate one of the joining partners is generated via a controlled
detonation [5]. EXW is mainly used for large scale cladding operations [6]. Compared to EXW,
MPW processes are easier to control via the electrical charging energy stored in a capacitor bank.
The precise energy input allows joining of smaller and thinner parts. So-called welding windows
are used to plot the welding result as a function of the collision kinetics [7], characterized by the
collision angle β and the impact velocity vimp or axial collision velocity vc at the point of collision,
respectively. A crucial influencing factor is the exposure of the joining partner surfaces to the material
flow phenomenon, called “jetting”. Jetting is often described as a necessary criterion for the bond
formation. There are several approaches to investigate this phenomenon. Some analytical theories
describe the material flow due to the fluid-like behavior of the metals in the collision zone during
EXW [8]. This assumption is based on the occurrence of high strain rates up to 106 s−1 and high
pressures up to several gigapascals at the collision point [9,10]. Different numerical approaches
used mesh-less methods to simulate the jetting [10–12]. Experimentally, the jet was observed by
high-speed imaging [13–15] or collected after leaving the gap using so-called witness plates that
enabled a quantitative analysis of the composition of the ejected material [16–18]. Another imaging
method that has been used for the analysis of EXW is pulsed radiography [19]. Comparing the findings
of the afore mentioned literature reveals that “jetting” is not necessarily a cumulative stream but
can occur as a “cloud of particles”, too. This differentiation was introduced by Deribas et al. [20]
and supported by Groche et al. using high-speed imaging and a subsequent investigation of the
microstructure [14]. Both phenomena are depicted in Figure 1. The stream can either remain in a
cumulative shape or disperse in particles during the further progression of the collision, depending
on the collision conditions and involved materials. This is defined as a “jet” [3]. Additionally, brittle
oxide layers and other surface contaminations spall from the surfaces due to high strain rates at the
point of collision. This “cloud of particles” is the result of the dispersed material stream, the spalled
surface layers, or both phenomena. If a cumulative metal stream is formed and sustained during the
collision, it might partly be hidden by the cloud of particles [13]. In case of a comparable low energy
input, it might even be too small to be visually detectable during the high-speed observation [14].

Taking a closer look at the microstructure at the bond interface of Al3Cu welded by EXW, a thin
layer of ultrafine grained (UFG) microstructure has been observed within the newly formed interface,
which might be the result of melting and rapid solidification [21]. In contrast, adjacent regions showed
strongly elongated grains in welding direction without any macroscopic contraction of flyer and
parent. Interestingly, UFG and columnar grown grains, which indicate local melting, were found at
the interface for aluminum welds produced by MPW and at comparatively low energies, too [22,23].
In comparison, copper joints with similar weld parameters exhibited an UFG microstructure, but no
columnar solidification grains. This indicates that copper did not melt at the collision point and the
UFG microstructure was a result of dynamic recrystallization due to the high strain rates at the collision
point [23].
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Figure 1. (a) Macroscopic scheme of the oblique high-speed collision of a metal pair and (b) microscopic
view at the collision point C with differentiation between the jet as a cumulative or dispersed stream
and the cloud of particles (CoP) that can consist of the dispersed jet, too.

A special process model test rig, which operates at relatively low-impact energies, was applied
for the determination of the welding window for aluminum and copper. It allowed to differentiate
between the macroscopic cloud of particles (CoP), visible in the high-speed images, and a jet in the
shape of a metal stream with a thickness of a few microns [14]. Both phenomena were used to describe
the boundaries of the welding window in terms of the impact velocity and the collision angle [24].
Bond formation required the metal stream or the CoP to be formed as a result of the plastic deformation
of boundary layers close to the colliding surfaces. Due to the high strain rates, oxide layers and
contaminations were removed from the surfaces and then ejected. With increasing impact velocity
and, thus, induced energy, bonds could also be formed at larger collision angles. The investigation
showed that for aluminum and copper, in addition to process-related variables, the yield strength
of the material played an important role in the description of this highly dynamic process. Thus,
the plastic deformation of the boundary layers had an influence on the formation of joints, even at
low energies. In contrast, the lower boundary angle, which was almost constant for different impact
velocities, was limited by the possible ejection of the CoP. If the gap was too small and hindered the
outflow of the CoP material, it was incorporated into the newly formed interface and prevented bond
formation or led to a porous microstructure [25].

Furthermore, the shape of the CoP was determined by fluid dynamic effects depending on the
collision angle [14]. For small angles, the CoP appeared as a turbulent flow due to the wall friction
at the surfaces of the joining partners. At larger collision angles, flow separations occurred due to
boundary layer friction and widening of the joining gap. Therefore, the central flow part moved faster
than the ones at the edges. These findings can also be transferred to MPW [15], where the collision
angle was identified as a crucial parameter for a thermal surface activation prior to the contact of the
surfaces and a successful weld formation [26].

The collision was observed by high-speed imaging and the shape, velocity, and vertical thickness
of the CoP were investigated and related to the geometrical bond properties and its strength. A certain
velocity of the CoP was required to achieve the targeted geometry and high strength of the bond.
At this point it should be mentioned that the increase of the CoP velocity was related to a higher energy
induction in the process zone. In contrast, an increased vertical thickness of the CoP reduced the bond
strength due to an enhanced formation of intermediate layers, cracks, and voids. It was concluded that
a CoP with higher thickness can be trapped more easily in the closing gap and may disturb the bond
formation [14,15].

Experiments in a varied gas atmosphere confirmed these results concerning the role of the CoP
during bond formation. Pabst and Groche used gases with different densities and found that lower
gas densities led to higher CoP velocities and to a successful weld formation even at lower charging
energies [27]. This effect became even more apparent in high vacuum where sound welds were
achieved already at lower charging energies, probably due to the escape of the ejected particles which
was facilitated by the absence of the surrounding medium [28].
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Collision welding processes are also accompanied by a bright and characteristic impact flash
(“process glare”). Bellmann et al. [29] showed that this impact flash is a necessary, but not a sufficient
criterion for the weld formation in ambient atmosphere. The light emission can be a key parameter
for an assessment of the temperature conditions in the joining gap [30]. First results indicated that
for a few microseconds the local temperatures can exceed the melting temperatures of most metals,
which appears to contradict the theory of collision welding as a “cold” process. These findings are
supported by Khaustov et al. [31], who identified the shock-compressed gas in the joining gap and the
plastic deformation of the joining partners as potential heat sources.

Thus, there are many hints and proofs for very high temperatures before or during the surface
contact in collision welding processes. Nevertheless, the influences of certain input parameters on the
properties of the CoP are still not completely understood, neither its effect on weld formation. This paper
aims for a deeper understanding of collision welding processes and addresses the following questions:

1. How do material properties, surface properties, the collision environment, and the collision
kinetics influence the characteristics of the CoP?

2. What is the temperature in the joining gap due to the CoP or compressed air?
3. Is the process glare a multiple superposition of different effects, depending on the

process environment?
4. Under which conditions can the process glare be used as a sufficient welding criterion?

2. Materials and Methods

2.1. Nomenclature and Overview

Table 1 lists all symbols that are used within this paper to shorten the captions of figures and
tables. The questions mentioned above cannot be answered by a single experiment due to multiple
influencing factors. Thus, three different joining setups were used; their specific characteristics are
summarized in Table 2. After the welding experiments, the result in terms of weld quality was checked
by manual peel testing, as presented by Bellmann et al. [32]. Peel testing of test rig samples was not
necessary since non-welded samples were easily identifiable due to the separation of flyer and parent
part right after the collision. Some of the welded samples were further prepared for different types of
microscopy, see Table 2.

Table 1. Nomenclature for experimental setup.

Symbol Parameter Symbol Parameter

E Charging energy Ri
Inner resistance of the

pulse generator

g Initial joining gap s Thickness of the flyer

I Discharge current S High voltage switch

Imax Maximum discharge current T Time

Li Inner inductance of the pulse generator tf,start Flash starting time

lw
Working length (axial overlap between

the workpiece and the tool coil) Uf,max
Voltage equivalent to maximum

intensity of the impact flash

p Ambient pressure vimp Impact velocity

pm Magnetic pressure vc Axial collision velocity

Ra Mean roughness index β Collision angle
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Table 2. Characteristics of the deployed experimental setups.

Experimental Setup Test Rig 1 MPW for Sheets 2 MPW for Tubes 3

Manufacturer PtU4 PST products5 Bmax6

Pulse generator Not applicable PS48-16 MPW50/25

Acceleration Purely mechanical Electromagnetic pulse
technology

Electromagnetic pulse
technology

Investigated geometry Sheets 12 × 12 mm2 Sheets 100 × 40 mm2 Tubes Ø 40 mm

Maximum impact velocity 7 262 m/s 245 m/s 270 m/s 8

Impact velocity adjustable By rotational speed By discharge current By discharge current

Collision angle adjustable By bending By acceleration gap By acceleration gap and
working length

Ambient pressure Normal Normal/1 mbar Normal

High-speed camera hsfc pro by PCO 9 hsfc pro by PCO 9 No

Photonic Doppler
Velocimetry (PDV) No Yes No

Digital single-lens reflex (DSLR)
camera for long time exposures

Canon10 5D with a
100 mm macro lens

Canon10 5D with a
100 mm macro lens Canon10 EOS 700D

Measurement of the impact time Electrical contact
between flyer and parent

Time-resolved flash
detection with
phototransistor

Time-resolved flash
detection with
phototransistor

Collision angle accessible By high-speed camera
and image acquisition

By high-speed camera
(limited)

By modified parent parts,
see [7]

Number of trials for each
parameter set 1 1 for the lowest velocity

level, otherwise <3 1

Characterization of weld quality Peel test [32] Peel test [32]

Microstructural characterization

Optical microscopy (GX-51 by Olympus, Tokyo,
Japan), scanning electron microscopy (SEM, Neon 40

EsB by ZEISS AG, Oberkochen, Germany) and
electron backscatter diffraction (EBSD, DigiView IV
camera controlled by TEAM v4.5, EDAX, USA) for
samples joined in vacuum-like and normal ambient

atmosphere

Scanning electron
microscopy, energy

dispersive X-ray
spectroscopy (EDS) and

3D microscopy (see
Section 2.3 for details)

1 described in detail in [33], 2 see also [15], 3 see also [26], 4 Institute for Production Engineering and Forming
Machines—PtU, The Technical University (TU) of Darmstadt, Germany, 5 Alzenau, Germany, 6 Toulouse, France,
7 for the experiments presented here, 8 based on the flash appearance time tf,start determined in [34], 9 Kelheim,
Germany, 10 Tokyo, Japan.

2.2. Test Rig

The first part of the experiments was executed with a special test rig performing the collision
process in a purely mechanical approach [33]. The joining partners, two material strips, were mounted
at the end of two rotors, see Figure 2a. The rotors rotated in the same turning direction, but started
with a phase offset of 45◦. When both rotors reached half of the intended impact velocity, the phase
offset was eliminated and the joining partners collided with high accuracy and high repeatability
in the center between the rotor points, Figure 2b,c. By bending of one joining partner prior to the
collision experiment, the oblique collision angle β could be adjusted to a desired value. In the applied
configuration the test rig allowed experiments with a maximal absolute impact velocity of 262 m/s;
the sheet thickness was kept constant at 2 mm.
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Figure 2. (a) Test rig assembly [35], (b) shown in detail: mounted joining partners and the resulting
process parameters [35], (c) geometry of the specimen in the test rig and welded specimens [14], (d)
welded specimens [35], (e) process glare with two seconds exposure time, (f) high-speed image of
the collision welding process with 20 ns exposure time and measured collision angle β [14]. (a,b,d)
are reproduced from [35], with permission from Elsevier, 2017; (c,f) are reproduced from [14], with
permission from John Wiley and Sons, 2019.

Table 2 were taken with a digital single-lens reflex camera (DSLR) Canon 5D with a 100 mm
macro lens that was positioned at an angle of approximately 45◦ to the rotor center axis. The exposure
time was set to two seconds, the aperture fixed at F13, and the light sensitivity ISO 100 was applied.
An image intensifier camera hsfc pro from PCO working at a dynamic range of 12 bit was used to
observe the closing gap between the colliding joining partners [35,36]. Due to the highly dynamic
process a short exposure time of 20 ns was necessary. Sufficient lighting was ensured by the laser
(CAVILUX Smart by Cavitar, Tampere, Finland) with a wavelength of 640 nm, which was used in a
transmitted light configuration. Overexposures of the high-speed images due to the process glare were
suppressed by an optical band pass filter.

During the initial experiment the aluminum alloys EN AW-1050 H14 and EN AW-6060 in T4
condition with their chemical composition given in Table 3 served as flyer and parent material,
respectively. Both joining surfaces were laser ablated to Ra ~ 0.5 with the laser system CL50 (Nd:YAG
laser, 1064 nm wavelength by Clean-Lasersysteme, Herzogenrath, Germany) prior to joining to remove
debris. Within this study, the influence of an increased surface roughness of the parent sheet was
investigated. The surface topography was generated via laser ablation, too, and exhibited a wavy
structure perpendicular to the welding direction with heights of approx. 15 μm (Ra ~ 3.2) and 30 μm
(Ra ~ 7.8), see Figure 3.

160



Metals 2020, 10, 1108

Table 3. Composition and quasi-static yield strength of aluminum EN AW-1050 alloy, EN AW-6060
alloy, and C45.

Material EN AW-1050 H14 1 EN AW-6060 2 T4 3 C45 (1.0503) 4, Normalized, Surface
Polished (Ra = 1)

Element Weight% Weight% Element Weight%

Si 0.25 0.3–0.6 C 0.42–0.5
Fe 0.4 0.1–0.3 Mn 0.5–0.8
Cu 0.05 ≤0.1 P <0.045
Mn 0.05 ≤0.1 S <0.045
Mg 0.05 0.35–0.6 Si <0.4
Cr - ≤0.05 Ni <0.4
Ni - - Cr <0.4
Zn 0.07 ≤0.15 Mo <0.1
Ti 0.05 ≤0.1

Quasi-static yield
strength approx.

102 MPa 5 91 MPa 5/60 MPa 6 490 MPa 4

1 adapted from [37], 2 adapted from [38], 3 T4 temper: solution annealing for 1 h at 500 ◦C, sheets quenched in water
and aged at room temperature, tubes cooled by air and naturally aged, 4 adapted from [39], 5 determined by tensile
test, 6 determined by tube tensile test.

Figure 3. (a) Texture and welding directions at the specimen and detailed surface structures after (b)
laser ablation and (c) laser structuring.

In the next step, the parent material’s strength was successively increased by replacing it with
oxygen-free high conductivity copper (OFHC-Cu) with a purity of more than 99.99 weight percent in
two different conditions: as delivered and ultrafine grained after severe plastic deformation by equal
channel angular pressing (ECAP) with average grain sizes of ~176 μm and 1.2 μm and yield strengths
of 70 MPa and 520 MPa, respectively [40].

2.3. MPW Process

The second part of the impact welding experiments was performed on two commercial pulse
generators. In contrast to the test rig, the acceleration of the flyer part was driven by the magnetic
pressure pm between a coil and the electrically conductive flyer workpiece. Higher impact velocities
were achievable compared to the test rig, but the adjustment and measurement of the collision
conditions was more challenging. The sheet welding setup offered the possibility to execute impact
welding experiments under vacuum-like conditions and, thus, suppressed oxidation effects and shock
compression of the surrounding air [41]. The process analysis in vacuum via long-term exposures [26]
or high-speed camera was simplified due to the lowered intensity of the impact flash. The velocity of
the jet or of the CoP, respectively, could be estimated by dividing the progressing distance between two
photos by the known time shift. Furthermore, the flash starting time tf,start of the process glare and the
emission spectrum of the process glare could be analyzed with the setup depicted in Figure 4 by means
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of a time-resolved flash measurement and diffraction grating, respectively. This procedure allowed
an estimation of the temperature in the joining gap while the material combination EN AW-1050 and
EN AW-6060 in T4 temper in the sheet configuration was welded. A constant acceleration gap g of
1.5 mm was chosen, and the charging energy E was varied between 9 and 16 kJ. The flat coil B80/10 by
PST products was used in combination with the pulse generator PS48-16 manufactured in 2011 by PST
products, resulting in a discharging frequency of approx. 18 kHz.

Figure 4. Setup for the analysis of the flyer movement, the formation of the CoP, the flash occurrence,
and the emission spectrum in the MPW sheet welding setup.

For a spectral analysis of the process glare at the sheet welding configuration, a simple setup
consisting of two polymer optical fibers, the transmission diffraction grating GT50-08 by thorlabs
(Newton, MA, USA) (830 lines/mm), and the same DSLR used for the long time exposure shots of the
welding process was applied, see Figure 4. The first optical fiber was aligned parallel to the coil wire
and monitored a position in the welding gap close to the initial contact point (position 1). The second
fiber monitored the outer region of the welding gap, which was not affected by the welding process
(position 2). The wavelength and sensitivity calibrations of this setup were done with two known
wavelengths (green laser pointer λ = 532 nm, bandpass filter λ = 640 ± 12 nm) and a 60 W incandescent
bulb modeled as a blackbody emitter at 2700 K.

The movement of the flyer part was monitored and recorded using Photonic Doppler Velocimetry
(PDV). This laser-based technology is capable of measuring velocities up to several kilometers per
second [32]. The laser source was a 1 W fiber laser module by Redfern Integrated Optics Inc (Santa Clara,
CA, USA). The wavelength of the emitted laser beam was 1550 nm; with this setup part velocities of up
to approx. 1200 m/s can be recorded. Two PDV probes were applied, which recorded the movement of
the flyer through small holes in the parent part, see Figure 4. For instance, the impact velocity vimp

could be determined.
The tube welding setup shown in Figure 5 included witness pins with a diameter of 2 mm close

to the joining zone. They were made of different materials (St-steel, W-tungsten, and C-graphite)
and vaporized by the CoP. A tracer copper coating was placed on the parent surface, beginning at a
distance of five millimeters from the initial collision point. The surfaces of the steel and tungsten pins
were investigated after MPW using scanning electron microscopy (JSM-6610LV by Jeol, Tokyo, Japan)
and energy dispersive X-ray spectroscopy (X-Max 80 mm2, Model 51-XMX0002 by Oxford instruments,
Abingdon, UK). The surface topography of the graphite pins was scanned with a microscope (VHX-5000
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and universal zoom lens VH-Z100UR by Keyence, Osaka, Japan) The collision angle between flyer and
parent workpiece could be modified via the working length lw, as described in [26]. It is defined as
the axial overlap between the flyer part and the concentration zone of the working coil, see Figure 5.
The charging energy of the pulse generator MPW 50/25 by Bmax was set to 4.5 kJ and led to a maximum
tool coil current of approx. 377 kA at a discharge frequency of approx. 20 kHz. The chemical
composition and selected mechanical properties of the flyer material aluminum EN AW-6060 and the
parent material steel C45 are also listed in Table 3.

Figure 5. Setup for flash detection, analysis of the CoP composition and properties in the MPW tube
welding setup.

3. Results

3.1. Test Rig

The experiments with the initial material combination of the aluminum alloys EN AW-1050 and
EN AW-6060 in T4 temper revealed a welding window for collision angles β between 4.5◦ and 6.6◦
at a constant impact velocity vimp of 262 m/s. Increasing the roughness of the parent surface to 15
μm narrowed and shifted the range for successful welds to a collision angle of 9.1◦. The amount of
ejected material for both roughness conditions within their specific welding windows was similar,
see Figure 6c,d, while the intensity of the process glare was reduced, see Figure 6f,g. Furthermore,
polished cross sections revealed that the waviness of the joining zone increased and exhibited pockets
for the laser structured surface (b) instead of a continuous layer (a) along the interface. A roughness
of 30 μm inhibited the CoP formation, the process glare and welding completely at the given impact
velocity, see Figure 6e,h, respectively.

Replacing the parent material with the copper alloy Cu-OFHC enabled welding for collision
angles between 6.6◦ and 7.5◦, while welding was not achievable in this range with the ultrafine grained
copper as parent material. Although the shadows in the joining gap and, thus, the CoP densities
seemed to be comparable, the process glare was significantly reduced, see Figure 7
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Figure 6. Influence of the surface structure on (a,b) the joining zone in polished cross sections, (c–e) the
formation of a cloud of particles, and (f–h) the process glare at vimp = 262 m/s. Welding direction to the
left from the initial collision point.
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Figure 7. Influence of the parent properties on (a) the joining zone in a polished cross section, (b,c) the
formation of a cloud of particles and (d,e) the process glare. Welding direction to the left from the
initial collision point.

3.2. MPW Process for Sheets

MPW experiments with the same material EN AW-1050 for both the flyer and the parent sheet
were performed at ambient pressure first. Due to missing PDV measurements, the non-welded samples
processed with 18 kJ charging energy are not listed in Table 4. Nevertheless, they enabled the definition
of the lower process boundary at 19 kJ charging energy since welding occurred at this energy level
with an impact velocity of 224 m/s. Reducing the ambient pressure in the joining gap to approx. 100 Pa
enabled welding even with lower impact velocities of 203 m/s. At this point it should be mentioned
that due to the design of the vacuum chamber, the distance between the coil wire and the flyer sheet in
the active zone increased during the evacuation process of the vacuum chamber, leading to a reduction
of the acceleration distance between the joining partners. This effect was compensated by adjusting
the charging energy E in 30 preliminary tests to ensure the targeted level of impact velocity vimp and
monitor it via PDV.

The reduced ambient pressure in the joining gap not only decreased the lower process boundary,
but also influenced the process glare and the interfacial microstructures. Compared with the experiment
in ambient atmosphere at an impact velocity of 243 m/s, the process glare under reduced pressure
decreased significantly and appeared in an orange to red color, see Figure 8. In addition, the welded
area increased, see Table 5. The interface did not contain a porous layer close to the central gap, which
resulted in a smooth transition from the non-welded zone in the middle to the adjacent welded regions
in Figure 9.
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Table 4. Influence of the impact velocity and ambient pressure on the welding result.

Parameter
Impact

Velocity 1
Ambient
Pressure

Charging
Energy

Max.
Discharge

Current

Flash
Appearance

Time 1

Welding
Result 2

Symbol vimp p E Imax tf,start

Unit m/s Pa kJ kA μs

~190 100,000 15 352 19.7 Not welded
~203 100 19 403 21.6 Welded

~224 100,000 19 400 17.9 Welded
~225 100 21 416 18.7 Welded

~243 100,000 21 420 17.1 Welded
~245 100 24 451 18.0 Welded

1 measured by PDV, 2 checked with manual peel test.

Figure 8. (a) Bright process glare at 100,000 Pa ambient pressure and (b) reduced process glare at 100
Pa ambient pressure in the joining gap at constant impact velocity vimp ≈ 243 m/s. Welding directions
to the left and right from the central initial collision point.

Table 5. Influence of the ambient pressure in the joining gap on the length of the weld seams at constant
impact velocity vimp ≈ 243 m/s.

Ambient Pressure p = 100,000 Pa p = 100 Pa

Weld length, left [mm] 0.9 2.4
Not welded central gap [mm] 3.7 2.5

Weld length, right [mm] 1.7 2.4

The combined inverse pole figure (IPF) and Band Contrast/Image Quality (IQ) maps in Figure 9
reveal some interesting differences of the weld interfaces caused by the change in ambient pressure.
Most notably, the central gap at 100,000 Pa is wider close to the initial weld compared to the sample
welded at 100 Pa ambient pressure. The detail map at 100,000 Pa ambient pressure in (b) reveals a
slightly porous layer in the weld interface with many very small grains, although to a smaller extend
compared to previous reports [22,25]. In comparison, the initial weld interface produced at 100 Pa
ambient pressure in (d) is smoother and without a nano-crystalline interlayer.

The high-speed images reveal a CoP that dispersed in the joining gap and glowed brightly in
normal ambient atmosphere. If the ambient pressure was reduced, the appearance of the CoP changed
to a dark and tongue-like shape, see Figure 10. In both cases no band pass filter was used. The CoP
velocity was estimated by dividing the propagation distance between two time steps. It was approx.
4 to 6 km/s in normal ambient atmosphere and about 10 km/s at reduced ambient pressure.
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Figure 9. Combined inverse pole figure (IPF) and image quality (IQ) maps of the interface region
obtained at constant impact velocity vimp ≈ 243 m/s at (a,b) 100,000 Pa and (c,d) 100 Pa ambient pressure:
the inset in (a) shows the sample positions where the maps were obtained using EBSD measurements.
The white outlines in (a,c) mark the positions of the detailed maps in (b,d). Welding direction to the
left from the central initial collision point.

Figure 10. High-speed images of the MPW process at (a) normal ambient pressure and (b) at reduced
ambient pressure with vimp ≈ 243 m/s shortly after the initial collision. Welding directions to the left
and right from the central initial collision point.

All optical spectra of the process glare in Figure 11 show a prominent peak at short wavelengths,
which can be assigned to the intense characteristic aluminum emission line at approximately 396 nm [42].
Although the overall shape of the spectra is unchanged between the two different positions under
reduced ambient pressure, the intensity is increased over the whole spectral range at normal ambient
pressure. Due to the limited spectral resolution, it is impossible to distinguish bundles of individual
emission lines and the continuous blackbody radiation. However, the different process glare colors in
Figure 8 and the shift of the intensity maxima to longer wavelengths in normal ambient pressure from
the position close to the initial collision point (Pos. 1) to the end of the joining gap (Pos.‘2) allow for
two main conclusions:

1. The temperature of the light-emitting medium is much higher at normal ambient pressure
compared to the reduced pressure conditions.

2. At normal ambient pressure, the temperature rises further during the propagation of the collision
point. Using Wien’s displacement law (see Appendix A for discussion) and an upper boundary
for the photon emission maximum of λ = 650 nm, the temperature of the process glare under
normal ambient pressure can be expected to exceed 5600 K.
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Figure 11. Relative spectral intensities obtained at constant impact velocity vimp ≈ 243 m/s at two
different positions under (a) normal ambient pressure and (b) reduced pressure 100 Pa in comparison
with the characteristic aluminum emission lines [42].

3.3. MPW Process for Tubes

The collision angle during MPW can be controlled by the working length lw [34]. It influences
both the appearance of the process glare and the welding result [26]. A working length of 4 mm
led to an initial collision angle of approx. 9◦ where welding was not achievable in the given setup.
Increasing the working length to 8 mm decreased the collision angle to approx. 3◦ and allowed for
a weld formation between the aluminum flyer and the steel parent [34]. Moreover, an evaluation of
the process glare in the joining gap under vacuum-like conditions revealed a significant temperature
increase far above the vaporization temperature of the involved materials. Now, additional MPW
experiments were performed at normal ambient pressure to gain deeper insights into the relation
between the collision angle and the formation of the CoP as well as its interaction with the witness
pins that consisted of three different materials, see Figure 12a. The witness pins were placed side by
side at the 180◦ position of the tool coil. The pin diameter of 2 mm was small compared to the inner
circumference of the flyer tube with 116 mm. Thus, the influence of the different radial positions can
be neglected. The results are summarized in Table 6. The CoP penetrated into the soft graphite pin,
see Figure 12b, while it was deposited on the surfaces of the tungsten and steel pins, as shown in
Figures 13 and 14, respectively. In both figures, sections (a) and (b) show the pin surfaces after the
cutting procedure before the MPW experiments. Obviously, the deposited layer in (e) and (f) consisted
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mainly of the aluminum flyer material as well as the dominating iron parent material. Furthermore,
the increased oxygen content indicated a partial oxidation of the CoP during MPW.

Figure 12. (a) Detailed sketch of the joining setup and witness pins to study (b) the influence of the
collision angle on the indentation depth of the CoP into the graphite witness pin (0 μm-position of the
pin is in contact with the inside of the flyer tube during MPW).

Table 6. Influence of the collision angle on the process glare and interaction between the CoP and the
witness pins.

Working Length lW 4 mm 8 mm

Collision Angle β 1 “Large” (9.5◦) “Low” (3.4◦)
Welding result 2 Not welded welded

Voltage equivalent to maximum light
intensity Uf,max

3 6.6 V 5.8 V

Depth and shape of the penetration zone in
the graphite witness pin 4 ~1000 μm, large area ~150 μm, line-shaped

Surface characteristic of the tungsten and
steel witness pin Many coarse particles Homogenous aluminum cover

layer with a few coarse particles

Content of copper on the tungsten
witness pin 0 wt % 1.6 wt %

Content of copper on the steel witness pin 0 wt % 2.3 wt %
1 by analogy with [34], 2 checked with manual peel test, 3 defined in [43], 4 see Figure 12b.

The collision angle had a big impact on the penetration of the CoP in the graphite witness pin and
the structure of the vaporized surfaces on the steel and tungsten witness pins, respectively. For high
collision angles the penetration depth in the graphite witness pins was approx. 1 mm, see Figure 12b.
There were many single particles deposited on the tungsten pin, leading to a coarse and ragged
structure. Energy dispersive X-ray spectroscopy (EDX) revealed no copper, neither on the tungsten
pin nor on the steel pin, see Figures 13f and 14f, respectively. In contrast, small collision angles led
to a line-shaped penetration area in the graphite pin. Based on the distance of 15 mm to the initial
collision point, the angle of ejection could be calculated. It is within a range of 1.9◦ to 5◦, which is in
good agreement with the simulated collision angle of 3.4◦ [34]. At this small angle, a homogeneous
aluminum layer with a copper content of ~2 weight percent from the tracer coating and with only a
few single aluminum particles was deposited. Compared to large collision angles, the thickness of the
layer was lower since the subjacent tungsten was detectable during EDX analysis, too.
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Figure 13. Surface topography and chemical composition of the tungsten witness pins (a,b) before
MPW and after MPW with (c,d) low collision angle and (e,f) large collision angle.
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Figure 14. Surface topography and chemical composition of the steel witness pins (a,b) before MPW
and after MPW with (c,d) low collision angle and (e,f) large collision angle.

4. Discussion

The experimental results presented in this study clearly confirm the hypothesis that high
temperatures occur within the joining gap during collision welding processes. The experiments at
reduced ambient pressure showed that the temperature increase also takes place in the absence of the
surrounding air. Thus, it seems reasonable to relate the temperature increase to the material that is
ejected from the process zone. Depending on the collision kinetics and the involved materials, material
ejection can either occur as a dense material flow as a jet and/or as a CoP in case of lower impact
energies and depending on the collision angle. The thermal energy of the CoP enables and supports all
three bonding types that have been reported for collision welding processes so far. Depending on the
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impact kinetics at the propagating collision point either solid-state bonding, solid–liquid coexistence
state bonding, or liquid-state bonding can occur [44]. The influence of the material properties, surface
properties, the collision environment, and the collision kinetics on the characteristic features of the CoP
were investigated in three different experimental setups, as discussed and listed below:

a. Test rig experiments: Decreasing the grain size of the parent material led to an increase in the
material’s strength and hindered plastic deformation in the joining zone. This makes it difficult
to generate a sufficient CoP for the heating of the surfaces and to form a solid jet that uncovers
the base materials.

b. Test rig experiments: The escape of the CoP was hindered by an increased surface roughness,
which also led to a reduced process glare. The high-speed picture frames as well as the melting
pockets in the cross section point to the conclusion that the CoP was partly entrapped in the
wavy surface during the movement of the collision point. This effect can be detrimental for the
weld formation if the kinetic or thermal energy of the CoP is too high and leads to extensive
melting along the interface. Furthermore, it weakens or hinders bond formation due to a lack of
direct contact of the activated surfaces of the base material.

c. Sheet welding setup: The surrounding gas lowered the velocity of the escaping CoP, as also
reported in [27]. This led to a porous microstructure if the CoP was partially enclosed in the
joining zone. In contrast, the microstructure revealed no pores when MPW was performed under
vacuum-like conditions, see also [25]. Similar to the observations reported in [28], the necessary
impact velocity for a successful weld seam can be reduced in vacuum compared to normal
atmosphere. Moreover, the process glare is reduced significantly, either due to the absence of
chemical interactions with the surrounding oxygen or because of shock compression of the gas
in the joining gap, as described in [45].

d. Tube welding setup: The collision kinetics have a big impact on the characteristics of the CoP.
The deep and voluminous craters that are formed by the CoP in soft graphite pins indicated that
the kinetic energy of the CoP was higher for larger collision angles, whereas smaller collision
angles only led to a single line in the graphite witness pin with significantly reduced depth.
The structures of the vaporized surfaces of the witness pins made of steel and tungsten provided
insights into the thermal energy of the CoP: Small collision angles led to a higher degree of
compression of the CoP in the joining gap and, thus, pronounced heating of the surfaces in the
joining zone. The copper tracer that was placed at the end of the actually welded area was
detectable on the surface of the witness pins. Since the impact velocity, the plastic deformation,
and, thus, the heating due to forming were reduced compared to the initial collision point, the
thermal and kinetic energy of the compressed CoP must have been responsible for the melting and
transportation of the copper tracer towards the witness pins. The finely dispersed structure of the
vaporized pin surfaces supports the hypothesis that the high temperatures in the joining gap
resulted from the thermal energy of the CoP. In contrast, compression and heating were reduced for
large collision angles, leading to the ragged surface of the witness pins. The surface contained
larger aluminum particles and no signs of copper from the tracer surface coating. The chemical
composition of the CoP was dominated by approx. 80 weight percent aluminum due to its
lower melting temperature and lower strength compared to steel. Consequently, the amount of
aluminum that was plastically deformed, melted and finally contributed to the CoP is higher.

One of the key results of the present study is that the temperature in the joining gap at ambient
pressure was found to exceed 5600 K. Due to the arrangement of the spectral measurements it can be
concluded that this temperature occurred in the rapidly closing welding gap in front of the actual point
of collision. This effect can be suppressed at reduced ambient pressure. However, to determine the
temperature of the CoP under vacuum-like conditions, a different setup with an increased spectral
sensitivity in the infrared range would be needed.
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Furthermore, the findings of the present study point to the conclusion that the process glare
results from a superposition of multiple, different effects that depend on the process environment:

(a) In ambient atmosphere, the shock compression of the surrounding air led to a thermal glow.
Furthermore, the remarkably high oxygen content on the witness pins provided evidence of an
exothermic reaction of the metal vapor with the surrounding oxygen. This reaction contributed
to the flash effects, too.

(b) Under vacuum-like conditions, the intensity of the light emission was reduced, and its appearance
depended on the involved materials. In [13], a bright appearance was reported for magnesium
(which has a lower boiling temperature than copper), where only a dark metal jet was observed.
Thus, it can be concluded that even in the absence of the surrounding air, particles of the
involved joining partners with temperatures above the vaporization temperature emitted light
and contributed to the process glare. Depending on the local temperatures and pressures,
the formation of plasma is also conceivable, but the present study does not provide direct
evidence for this phenomenon.

To conclude, it should be noted that the process glare alone cannot be used as a sufficient welding
criterion because multiple parameters contribute to the light emission, weld formation, and the
corresponding side effects. In a conventional ambient atmosphere, the lightning effect is dominated by
the interaction with the surrounding air. Thus, the effect of the collision angle, which significantly
influences the welding result, is not directly accessible. Nevertheless, the process glare can be seen
as a necessary criterion while additional conditions must be fulfilled to ensure a good weld quality.
For example, the thermal properties of the involved materials must be suitable to ensure the cooling of
the materials after the contact, as described in [26].

5. Conclusions, Research Highlights, and Outlook

The experimental results at normal ambient pressure indicate temperatures more than 5600 K
in the joining gap that enable not only solid-state bonding, but also solid–liquid coexistence state
bonding or liquid-state bonding. The process glare consists of different components and depends on
certain factors. It occurs if the kinetic energy of the moving joining partner is sufficient to extract a
certain number of particles from the surfaces by plastic deformation during the collision. The particles
accumulate and then form a CoP. The CoP is compressed in the closing joining gap and heats up until
it glows. This effect can be intensified by small collision angles where high temperatures are reached
by a higher compression rate and comparatively more effective wall friction, sufficient to melt the
surfaces of the joining partners. To form a sound weld, the CoP must leave the joining zone before the
joining partners come into contact. Thus, smooth surfaces and vacuum-like conditions are preferable
for collision welding. The absence of surrounding air eases the process observation since exothermic
oxidation reactions and shock compression of the gas are avoided. Nevertheless, the occurrence of the
process glare is not a sufficient welding criterion, but just a necessary condition.

From these findings, technological guidelines can be derived for collision welding processes.
For example, the formation of the CoP is facilitated by soft materials; a small collision angle increases
the temperature and surface activation; a low surface roughness supports the escape of the CoP.

Nevertheless, an important question that remains is which mechanism is ultimately responsible
for the activation of the joining surfaces. On the one hand, it might be the kinetic energy of the flowing
CoP that rubs intensively against the surfaces. On the other hand, surface activation could also be
attributed to the heat transfer between the compressed CoP and the surfaces. Furthermore, the possible
plasma state might as well play an important role for surface activation, since plasma activation is a
well-established technology, see [46]. Although plasma formation during collision welding in normal
ambient atmosphere was only attributed to the shock-compressed air in [23], it may also occur under
vacuum-like conditions. The CoP itself could be transferred into plasma due to the sudden compression
and heating in the joining gap. Future investigations should focus on the time-resolved measurement
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of the temperature in the joining gap to identify the dominating mechanisms during collision welding.
Furthermore, to determine the temperature of the CoP under vacuum-like conditions, a different setup
with sufficient spectral sensitivity in the IR range would be needed.

6. Patents

The flash measurement system enables the identification of suitable collision conditions and
can be used for quality assurance during production. It is patented for different impact welding
processes [47,48].
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Appendix A Blackbody Model for Temperature Estimation

According to Planck’s law, power density MO
λ

in the range between λ and λ+ dλ for thermal
emission can be calculated as

MO
λ (λ, T)dA dλ =

2πhc2

λ5
1

e(
hc
λkBT ) − 1

dA dλ (A1)

However, the sensitivity of imaging sensors (complementary metal-oxide-semiconductor, CMOS)
is proportional to the photon flux, which can be calculated from the power density distribution as

Jph
λ
(λ, T)dA dλ =

2πc
λ4

1

e(
hc
λkBT ) − 1

dA dλ (A2)

As can be seen in Figure A1 that these two expressions yield different shapes of the thermal
emission spectra and subsequently different maxima.

A simple method for estimating the temperature of a thermal emitter is the tracking of those
spectral maxima. According to Wien’s displacement law, higher temperatures cause a shift of emission
maxima to shorter wavelengths in both distributions.

λM
max =

2897.8 μm ·K
T

λJ
max =

3669.7 μm ·K
T

(A3)

However, due to the limited spectral range and low resolution of the setup used in this work,
tracking of those maxima is only feasible for temperatures above 5400 K. Furthermore, the position of
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those maxima is difficult to track in the noise-afflicted experimental spectra given the low slope of the
theoretical spectra for temperatures above 5000 K (Figure A2).

Figure A1. Spectral power density and photon flux density for thermal emission at T = 4500 K.

Figure A2. Modeled thermal emission spectra in the investigated spectral range for temperatures
between 2000 K and 8000 K.
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Abstract: Collision welding is a high-speed joining technology based on the plastic deformation of
at least one of the joining partners. During the process, several phenomena like the formation of
a so-called jet and a cloud of particles occur and enable bond formation. However, the interaction
of these phenomena and how they are influenced by the amount of kinetic energy is still unclear.
In this paper, the results of three series of experiments with two different setups to determine the
influence of the process parameters on the fundamental phenomena and relevant mechanisms of bond
formation are presented. The welding processes are monitored by different methods, like high-speed
imaging, photonic Doppler velocimetry and light emission measurements. The weld interfaces are
analyzed by ultrasonic investigations, metallographic analyses by optical and scanning electron
microscopy, and characterized by tensile shear tests. The results provide detailed information on
the influence of the different process parameters on the classical welding window and allow a
prediction of the different bond mechanisms. They show that during a single magnetic pulse welding
process aluminum both fusion-like and solid-state welding can occur. Furthermore, the findings
allow predicting the formation of the weld interface with respect to location and shape as well as its
mechanical strength.

Keywords: collision welding; impact welding; magnetic pulse welding; model test rig; welding
window; jet; cloud of particles; welding mechanisms

1. Introduction

One of the biggest challenges today is climate change and its impact on the environment and human
society. Driven by politics and self-motivation, the industry is increasingly striving for sustainable
products and manufacturing processes, e.g., by introducing clean production methods without toxic
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components and with less energy and raw material consumption. Furthermore, new products have to
be more environmentally friendly. For example, the consistent lightweight design in the transport
sector is an important factor to reduce emissions. Reliable joining techniques are key to implement
load-adapted material usage and to fulfill further operational functions. Conventional fusion-based
joining processes, however, reach their technological limits when it comes to metallurgical joining
between dissimilar metals. In contrast, solid-state welding techniques like magnetic pulse welding
(MPW) can lead to advantageous properties like high bond strengths, no heat-affected zones and low
electrical resistance, even between metals with differing thermomechanical and chemical properties [1,2]

MPW is based on the oblique collision between two joining partners at high relative velocities [3],
thus belonging to the category of collision welding processes like explosion welding or laser impact
welding. Usually, one of the joining partners, called flyer, is accelerated up to several hundred meters
per second and collides with a stationary so-called target at an impact velocity vimp under a collision
angle β (see Figure 1). Due to this angle, a collision front (or in the two-dimensional case a point
of collision (PoC)) moves along the colliding surfaces characterized by the collision point velocity
vc. High strain rates of up to 106 1/s and high pressures of up to several GPa occur at the collision
point [4,5]. When the dynamic elastic limit of the material is exceeded, material flow results from the
plastic deformation of the contact surfaces and a stream of material is pushed ahead of the collision
point, see detail in Figure 1 [6–8]. This phenomenon is called jetting and is, besides other criteria,
regarded as a necessary condition for bond formation. The jet can remain as a cumulative stream or
can disperse in particles. Furthermore, the extensive local strains at the point of the collision lead to the
removal of brittle oxide layers and surface contaminations from the surfaces, which are ejected either as
a compact stream or as a dispersed cloud of particles (CoP; see Figure 1) [9]. Depending on the collision
conditions, the CoP either results of the dispersed material stream, the spalled surface contamination
and oxide layers or both phenomena, whereas the cumulative jet can be partly or completely hidden by
the CoP [9,10]. This ejection is typically accompanied by a process glare in the form of a bright light or
flash emission [11]. Due to the high pressure and temperature at the PoC, the clean surfaces are forced
into intimate contact, which ultimately triggers the bonding mechanism. Cui et al. [12] identified
three different joining mechanisms when joining aluminum and titanium by MPW, depending on the
prevalent kinetic and thermal energies: solid-phase metallurgical bonding by diffusion, liquid-state
bonding by melting and solid-liquid coexistence state bonding.

 
Figure 1. Schematic illustration of symmetric sheet magnetic pulse welding (MPW) with the formation
of the jet as material flow at the point of collision according to [7,10] in detail. The cloud of particles (CoP)
is either formed by dispersed jet particles, spalled contamination and oxide layers or both phenomena.

During collision welding, the process-related acceleration of the joining partners determines the
provided kinetic energy. In the case of MPW, the mobile joining partner is accelerated by an induced
electromagnetic pressure (see Figure 1) that is generated by closing an electrical circuit that consists of
a charged capacitor bank and a coil actuator [3]. The energy input can be adjusted to the welding task
by variation of the charging energy. Different coil designs allow welding of overlap joints of profiles,
tubes and sheets, respectively. The high repetition rate and the ability to integrate the system into
production lines are two main advantages for the usage of MPW in mass production [13]. However,
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the joining process is not yet widely applied. One reason for this is the necessary certification of the
joining properties, which, in addition to characterization of joint strength, also requires the verification
of fatigue strength, corrosion behavior or gas tightness, for instance. Recently, these issues have been
objects of concentrated research, and some promising results have already been obtained [14–18].

In addition, a deeper understanding of the joint behavior under different loading scenarios
during service is essential for an adequate design of the joining partners and the joint. Ideally, this
would cover the prediction of the weld interface position, its shape and area as a function of the
material and process parameters. Therefore, a wider comprehension of the bond formation and its
influencing parameters is necessary. However, the collision parameters change along the propagating
collision front due to the transient behavior during MPW and, thus, cannot be simply calculated
or measured [19–21]. In addition, the nature of the process hinders a separate investigation of the
influence of the velocity, the mass and the resulting effective energy, which result from the selected
acceleration distance and the charging energy of the MPW setup [22,23]. Thus, no direct correlation
between the energy input and the welding result can be drawn. Therefore, a purely mechanical model
test rig (described in Section 2.1) was designed that allows an independent adjustment of impact
velocity and collision angle [24]. A study with copper-copper joints on weld interface formation
depending on these parameters showed that after reaching a minimum velocity, the shape and size of
the weld interface was influenced particularly by the collision angle [25]. Higher impact velocities
increase the region where large weld interfaces can be produced and shift this region towards larger
collision angles [25].

The role of the energy input for bond formation is, however, still unclear. This includes additional
effects which occur when the kinetic energy is varied either by changing the accelerated mass or the
impact velocity. Former investigations mostly varied the kinetic energy of the flyer via the impact
velocity at a constant flyer mass. However, this also changes the collision conditions. For explosion
welding, Lysak et al. [26] related the collision conditions to the energy part for the metal’s plastic
deformation by adding the averaged mass to the classical welding window as a third dimension.
Thereby the hydrodynamic processes of the collision are linked to the metallophysical processes of
bond formation.

To transfer these findings to the MPW process at comparatively low energy input, the influence of
the energy input is examined in this paper separately from the collision conditions by changing the flyer
mass and keeping the impact velocity constant. For this purpose, several experimental series with flyers
of three different thicknesses are carried out using two different experimental setups. The experiments
on the mechanical model test rig serve to change the particular parameters individually and to
determine their influence on the weld interface, they are supplemented by experiments with different
impact velocities. For this purpose, the different phenomena occurring at collision welding can be
related to the formation of the weld interface for different points in the welding window. Subsequently,
the results are validated by experiments on an MPW setup with different flyer thicknesses, for which
the necessary impact velocity parameter settings are determined with an adapted measurement setup.
This allows the determination of the influence of different energy inputs at otherwise comparable
collision conditions. Based on the experimental results, the following questions are addressed in the
present paper:

(1) How does the kinetic impact energy of the flyer influence the collision process and the formation
of the weld interface and how is the welding window affected?

(2) Do the collision kinetics influence the governing phenomena, the resulting bond mechanism and
thus the weld interface’s properties, e.g., mechanical strength?

(3) Can the formation and properties of the weld interface be predicted with respect to location,
shape and strength, and how can these properties be controlled by the process parameters?
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2. Materials and Methods

2.1. Description of the Series of Experiments

Three series of experiments, performed in two different setups, a model test rig (see Section 2.2)
and MPW setup (see Section 2.3), were carried out with aluminum sheets (EN AW-1050A Hx4, yield
strength: 99 MPa, tensile strength: 105 MPa) with an initial thickness of s = 2 mm for the target as
well as the flyer. The specimens for the test rig were produced by laser cutting, while specimens for
the MPW setup were cut to size (40 mm × 100 mm) by plate shears. To study the influence of the
flyer thickness while keeping the material properties constant, the sheet thickness for both setups was
reduced by milling to 1 and 1.5 mm, respectively. The main experiments were carried out with an
impact velocity of 262 m/s (see Table 1, Series 1.1 and 2.1., 2.2, 2.3). Furthermore, a second series of
complementary experiments were carried out in the test rig with a target and flyer thickness of 2 mm
and varied impact velocities of 220 m/s and 240 m/s, respectively (see Table 1, Series 1.2).

Table 1. Summary of series of experiments in applied setups with varied and constant parameters.

Series of Experiment Applied Setup Varied Key Parameter Constant Parameter

1.1 Test rig Flyer thickness (s = 1 mm, 1.5 mm, 2 mm)
Collision angle (β = 3–9◦) vimp = 262 m/s

1.2 Test rig Impact velocity
(
vimp = 220 m/s, 240 m/s)

Collision= 3–9◦) S = 2 mm

2.1 MPW Flyer thickness (s = 1 mm, 1.5 mm, 2 mm) vimp = 262 m/s, g = 1.5 mm

2.2 MPW Flyer thickness (s = 1 mm, 1.5 mm, 2 mm) vimp = 262 m/s, g = 2.0 mm

2.3 MPW Flyer thickness (s = 1 mm, 1.5 mm, 2 mm) vimp = 262 m/s, g = 2.5 mm

In the test rig, the collision angle was varied to define the weldable region of the welding window.
From earlier investigations, it was known that collision angles that led to welding are in the range
of 3◦ to 9◦ for 2 mm thick joining partners of aluminum at an impact velocity of 262 m/s. Based on
this, the weldable range was determined for each flyer thickness and impact velocity. The joints are
considered welded if they cannot be separated manually after the experiments.

The initial impact velocity was adjusted close to 262 m/s using the MPW setup by means of
photonic Doppler velocimetry (see Section 2.4.3 and Table 1). As mentioned above, the further
progression of impact velocity and collision angle was unsteady and difficult to measure in this setup.
However, the initial collision angle and its rate of change along the propagating collision front was
varied by different acceleration distances of 1.5 mm, 2 mm and 2.5 mm.

2.2. Model Test Rig

Besides the individual and precise adjustment of the collision parameters at stationary process
conditions, the model test rig was built up (by the PtU Institute, Darmstadt, Germany) with the
intention to provide good observability, which was realized by a purely mechanical concept (see
Figure 2a). The main components are two rotors with a diameter of 500 mm, each one driven by a
synchronous motor. As a joining partner, specimens with a collision area of 12 mm × 12.5 mm were
mounted and prebent with a certain angle at one end of each rotor (see Figure 2b,c). In order to start
the collision welding operation, both rotors rotated in the same turning direction but with a phase
offset of 45◦. As the rotational speed reached half of the desired impact velocity, the phase offset
was compensated within one revolution. Thus, the two specimens collided with high accuracy and
repeatability in the center between the two turning points. After the collision and the accompanying
welding process, the specimens were torn off at the predetermined breaking point since the rotors
could not be stopped instantaneously; see Figure 2d. The applied configuration of the test rig for these
experiments led to a maximum absolute impact velocity vimp of 262 m/s [27].
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Figure 2. (a) Test rig assembly [28], (b) shown in detail: mounted joining partners and the resulting
process parameters at the moment of the initial impact [28]. (c) Geometry of the specimen in the test
rig [24] and (d) welded specimens [28]. (e) A long-term exposure of process glare (2 s exposure time)
and (f) high-speed image [24] of the collision welding process with 20 ns exposure time were recorded.
(a,b,d) are reproduced from [28], with permission from Elsevier, 2017; (c,f) are reproduced from [24],
with permission from John Wiley and Sons, 2019. The entire figure is also published in the companion
paper [10].

2.3. MPW Setup

The MPW experiments were carried out with the pulse generator BlueWave PS48–16 from
PSTproducts GmbH, Alzenau, Germany in combination with the sheet welding tool coil B80/10.
The pulse generator provides a maximum charging energy of 48 kJ and a maximum charging voltage
of 16 kV. The effective part of the tool coil had a width of 10 mm, a length of 80 mm, and a thickness of
5 mm. It can be operated up to a maximum peak current of 500 kA. During the welding experiments,
the flyer and target sheets were positioned in the center above the coil with an overlap of 30 mm and
were fixed by a steel backing plate (see Figure 3).

 

Figure 3. MPW setup for sheet welding: the acceleration gap g and the flyer sheet thickness s were
varied. Section A-A shows the photonic Doppler velocimetry (PDV) measurement configuration at the
initial state of the welding process (no deformation of the flyer). The oscilloscope recorded the signals
of the PDV system, Rogowski coil and measured intensities of the process glare.
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2.4. Methods of Process Observation

2.4.1. Process Observation in the Model Test Rig

Two observation methods were implemented in the test rig. First, the collision welding process
was observed by an image intensifier camera hsfc pro (by PCO, Kelheim, Germany) with a long-distance
microscope lens. This system allowed taking up to eight images per experiment. Due to the high-velocity
collision an exposure time of 20 ns was applied (Figure 2f). During the experiments, a CAVILUX Smart
lighting laser (by Cavitar, Tampere, Finland) with a power of 400 W and a wavelength of 640 nm
provided sufficient brightness. In combination with an optical bandpass filter placed in front of the
camera lens, the bright process glare was suppressed, which would otherwise outshine the phenomena
in the closing gap. A script in MATLAB (by MathWorks, Natick, Massachusetts, MA, USA) was used
to measure the collision angle β by edge detection in each high-speed image, as shown exemplarily in
Figure 2f [24,28,29].

Second, a qualitative examination of the process glare was realized by long-term exposures
(Figure 2e), with a single-lens reflex camera 5D (by Canon, Ōta, Tokio, Japan) and a 100 mm macro lens,
which was positioned at an angle of about 45◦ to the rotor center axis. The image acquisition settings
were set to an exposure time of 2 s, an aperture of F13 and a light sensitivity of ISO 100. The results are
shown in Appendix A.

2.4.2. Rogowski Coil

The recording of the discharge current was performed via a Rogowski pickup coil type CWR
3000 B (by Power Electronic Measurements Ltd., Long Eaton, Nottingham, UK) in combination with a
high-resolution oscilloscope (see Figure 3). Rogowski coils are especially suitable for the measurement
of oscillating currents with high amplitudes and frequencies like those occurring during MPW.
The discharge current curve I(t) contains important information for the evaluation of the temporal
evolution of the MPW process and is shown in Figure 4, together with the recorded light intensity.

Figure 4. Signals of the Rogowski pickup coil and the flash measurement system showing the
time-dependent evolution of the tool coil current and of the light emission, respectively, in the setup
with the pulse generator BlueWave PS48-16.

2.4.3. Photonic Doppler Velocimetry

An accurate, quantitative determination of the flyer velocity at the moment of impact is crucial for
the setting of similar impact velocities at the different experimental setups. Compared to the test rig,
the accessibility of the collision zone during the MPW process is very limited for cameras due to the
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small acceleration distance and the progression of the collision front. The initial impact velocity at a
fixed acceleration distance can be adjusted via the charging energy, but the analytical or numerical
determination is elaborate and the MPW process is very sensitive to small disturbances like variations
of material properties or flyer dimensions. Therefore, photonic Doppler velocimetry was applied for
the measurement of the impact velocity vimp during the MPW experiments. This robust and accurate
method, developed by Strand et al [30], is based on the laser Doppler effect. It is an established
measurement technology in the field of high-velocity forming and joining [31]. With the applied PDV
system, velocities of up to 1.1 km/s can be measured using three parallel channels. The characteristics
of the applied system are described by Lueg-Althoff in [32].

The application of PDV measurements requires the direct accessibility of the surface of the moving
object, i.e., the flyer part in MPW. Therefore, three focuser probes were positioned normal to the setup
(see Figure 3). Small boreholes were drilled into dummy target parts and the backing plate in order
to allow the laser beams to directly illuminate the moving flyer surface. This allows measuring the
temporal evolution of the flyer velocity from the beginning of the movement until the impact, and to
adjust the impact velocity vimp for all three flyer thicknesses and acceleration distances by modifying the
charging energy of the pulse generator and the corresponding current flow in the tool coil, respectively.
In Table 2, the determined charging energies are listed for several combinations of flyer thickness
and acceleration gap (Experimental Series 2.1, 2.2, 2.3), as well as the averaged measurements of
maximum current, discharge frequency and impact velocity (including minimum and maximum
values). The boreholes in the target plate inhibited welding between the flyer and the dummy target
parts. Nevertheless, the evolution of the flyer impact velocity was not affected by the presence of
the boreholes until the collision because the magnetic field is completely shielded by the conductive
flyer part. Therefore, it was assumed that the normal impact velocity vimp determined at the three
measuring points was identical in the experiments with a solid target for the real welding experiments.

Table 2. Determined charging energies for combinations of flyer thickness and acceleration gap and
averaged measurements of maximum current, discharge frequency and impact velocity.

Flyer Thickness
s in mm

Acceleration
Gap g in mm

Charging
Energy in kJ

Ø max. Current
in kA

Ø Discharge
Frequency in kHz

Min. Impact
Velocity in m/s

Max. Impact
Velocity in m/s

Ø Impact
Velocity in m/s

2.0 1.5 19.0 392.4 19.7 255 261 257.0
2.0 2.0 18.0 381.3 19.7 255 258 256.3
2.0 2.5 17.5 376.0 19.7 259 262 260.7
1.5 1.5 14.5 340.5 19.7 251 257 254.3
1.5 2.0 13.7 330.4 19.7 251 256 253.0
1.5 2.5 13.3 325.3 19.7 249 255 252.3
1.0 1.5 9.7 274.6 19.7 261 269 263.7
1.0 2.0 9.3 268.7 19.7 260 261 260.3
1.0 2.5 8.7 259.8 19.7 249 250 249.3

2.4.4. Flash Detection

High-speed collision processes are accompanied by a characteristic flash, which is called impact
flash [33]. During the MPW experiments, the time-dependent evolution of the light emission was
measured with the flash measurement system explained in [34]. Figure 4 shows an example of the
time-resolved light intensity as well as the derived characteristic values—the starting time of the
flash, its duration and maximum intensity. According to previous studies, the flash duration was
defined as the duration between the initial increase of the light intensity and its steep decrease [34].
These parameters were taken with two independent sensors at the same distance to the welding zone
of approximately 15 mm and were then averaged for each series of experiments with a specific flyer
thickness and acceleration gap, respectively. The results are shown in Appendix A.

2.5. Analysis of the Weld Interface

A nondestructive analysis method of the welded area was carried out using a 2D ultrasonic
measurement with the MiniScanner (by Amsterdam Technology, Zwinderen, The Netherlands) for
experiments on the model test rig. This device scans an area of 12 mm × 25 mm during a single scan

185



Metals 2020, 10, 1202

run in pulse-echo mode with a local resolution of approximately 0.1 mm × 0.1 mm spots. For each spot,
a so-called A-scan echo was recorded with its two-dimensional coordinates. This scan information was
analyzed using a MathWorks MATLAB script. Depending on the signal, a differentiation was made
between “bond”, “no bond” or “no information” for each scanned point. This approach delivered both
a qualitative and quantitative result in terms of the welded area [24]. Since the joining partners tear
off after their collision in the model test rig, subsequent collisions with the still rotating rotors and
the housing can occur. These joints were post-treated by flattening prior to ultrasonic examination.
In addition, scratches and burrs were removed from the surfaces by grinding to improve the signal
quality. If the deformation exceeds a certain limit, the evaluation of the joint was affected and hindered
locally or completely.

The joints produced at the MPW setup were tested for their bond strength by tensile shear testing
in a Z100 testing machine (by Zwick, Ulm, Germany) with three repetitions for each parameter set at a
testing velocity of 10 mm/min. Additionally, for one joint of each series, a cross-section was prepared
parallel to the central plane in the welding direction as shown in Figure 5. Due to the symmetric
collision of the flyer with the target, there were two symmetric points of collision that moved in
opposite directions and formed two weld interfaces; see also Figure 1. To characterize the welding
result, the widths of the two welding interfaces and the gap between them were measured in the
cross-section using an optical microscope (OM) DM2700 (by Leica Microsystems, Wetzlar, Germany).

Figure 5. (a) Schematic sketch of a welded MPW joint (b) with a fracture image of the welding interface
with typical elliptical ring-shape after tensile shear test. The location of the cross-section is marked
by the dot-dashed line (A–A) and was analyzed by OM and SEM. An exemplary OM-image of a
cross-section (A–A) is shown in (c).

The microstructures of the weld interfaces of joints made with both setups were further analyzed
with a Ultra Plus (by Zeiss, Jena, Germany) scanning electron microscope (SEM), using the secondary
electron detector to validate the results of the ultrasonic examination and also to determine how the
different weld interface types have been formed.

3. Results

3.1. Model Test Rig

Figure 6 shows the welding windows for the series of Experiments 1.1 and 1.2 performed in the
test rig. Although in both cases, the lower boundary collision angle, below which bond formation is
inhibited, did not differ strongly, the upper boundary collision angle increased both with higher flyer
thickness and increased impact velocity.
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Figure 6. Welding windows (a) for different flyer thicknesses and collision angles and (b) for different
impact velocities and collision angles, each point represents one experiment. The upper boundary
angle increased in both cases, while the lower boundary varied only slightly.

For Series 1.2, the findings correspond to those already obtained in welding window investigations
for another batch of the same material. In this context, the lower boundary angle was related to the
suppressed ejection of the CoP, which inhibits bond formation by the reinclusion of the CoP particles
at the PoC. In contrast, the upper boundary angle defines the process parameters up to which jet
formation can be initiated and sustained [23].

The results of the ultrasonic analysis of the weld interface of Series 1.1 are shown in Figure 7.
A similar curve of the ratio between the welded and overlapping areas over the collision angle was
achieved for all three flyer thicknesses (see Figure 7a). Just a small amount of the overlapping area
was welded close to the lower and upper boundary angles. In between, there is a region where large
area welds can be formed. However, none of the specimens was completely welded. The range
of this region, its maximum value and the corresponding collision angle increased with increasing
flyer thickness and was shifted to larger collision angles. This behavior had also been observed in
experiments where copper was welded at different impact velocities [24] and was further validated by
the results of Experimental Series 1.2 with lower impact velocities using a flyer thickness of 2.0 mm.
The types of weld interfaces described in [25] can also be found here and support the described
phenomena at the upper and lower boundary angle. For small collision angles and without inhibiting
the bond formation, the CoP could only escape sufficiently in the lateral regions and at the end of the
closing gap. At large collision angles, the jet formation was initiated after an entry region, but then
broke down while the flyer continued to deform on top of the target (see Figure 7b). However, this
weld interface type was not as pronounced regarding the termination of the weld interface formation
as in the previous experiments with copper. Furthermore, no completely welded interface could be
obtained, which might be due to the fact that the investigations were carried out close to the lower
limit of the welding process with respect to the energy input.
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Figure 7. (a) Progression of welded to the overlapping area over different collision angles for the three
flyer thicknesses (target thickness: 2 mm, vimp = 262 m/s); (b) two-dimensional representation of the
weld interface obtained from the ultrasonic analysis.

Figure 8 summarizes the SEM analysis of the interfaces of Experimental Series 1.1. The welded
interfaces are mostly straight and only single instances of wavy patterns can be found. Furthermore,
the findings of the nonwelded interfaces and the transition regions support the hypothesis regarding
the boundaries by collision angle and the related mechanisms. In Figure 8a the collision at an angle
close to the lower boundary angle for 2 mm flyer thickness started without visible interaction of the
surfaces (1). Shortly afterwards, the surfaces were contaminated by the enclosed CoP (2) whose amount
increased along the joining gap (3). At a certain stage, the conditions in the gap changed in a way that
local melting and resolidification occurred at the surfaces and the surfaces got continuously closer,
until the formation of the weld interface began (4, 5). At the end of the weld interface a continuous
melted and resolidified interlayer was found (6).

Figure 8. Cont.
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Figure 8. SEM analysis of test rig joints at different locations of the weld interface. Blue coloring
indicates bond, red indicates no bond. (a–c): s = 2 mm: (a) Close to the lower boundary collision angle
(4.6◦); (b) in the region with a large welded interface (5.6◦), (c) close to the upper boundary collision
angle (7.3◦); (d) largest welded area (5.0◦) for s = 1.5 mm; (e) largest welded area (4.5◦) for s = 1 mm
(note that different magnifications are used in the SEM micrographs to highlight relevant features).

In the region with a large welded area for 2 mm flyer thickness, the weld interface could hardly
be recognized in the SEM micrograph (see Figure 8b) (1); however, nonwelded areas could be clearly
identified. Only at the beginning of the weld interface, some melted structures and a porous interface
were observed. Later on, the few nonwelded regions in the center did not contain porous material
from the CoP but obviously parts of the jet stream which were torn off and rolled over by the PoC and
hindered the bond formation (2). Moreover, at the end of the weld interface, the spilled jet was clearly
visible (3—arrow).

In joints with 2 mm flyer thickness, produced close to the upper boundary angle, the welded
regions were not properly formed and contained several imperfections (Figure 8c) (1, 2). The jet at the
end of the weld interface was significantly thinner (3) than in the region described above.

Looking at the joints with 1.5 mm and 1 mm flyer thickness, large welded areas were found.
While for s = 1.5 mm the sound weld interface was mostly hardly visible in the SEM micrographs
(Figure 8d) (2), other parts contained locally melted and resolidified interlayers (1). The weld interface
for s = 1.0 mm exhibited partially porous regions, melting structures and cracks (see Figure 8e),
which were partly declared as sound weld by the ultrasonic analysis (2). Nonwelded regions showed
larger melting defects (1).
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3.2. MPW Setup

Figure 9 shows the results of the weld interface formation in the MPW setup for the different
flyer thicknesses and acceleration distances at selected positions of the weld interfaces (compare
Table 1, Series 2.1). Considering the parameters separately, the start of the weld interface was not
influenced by the flyer thickness. The end position of the weld interface increased with increasing
flyer thickness. When the acceleration distance was enlarged, weld interface formation started earlier,
but also ended earlier.

 
Figure 9. Microsections along the central plane parallel to the welding direction of weld interfaces in
the MPW setup for an acceleration gap of g = 1.5 mm (Series 2.1): While weld interface began at the
same position (dashed line), it ends later with increasing flyer thickness (dot-dashed line). Below, the
results of the SEM investigation are shown in detail (1–9).

The summed width of both weld interfaces tended to decrease with increasing acceleration
distance, especially for smaller flyer thicknesses, see also Figure 10. Furthermore, the flyer thickness
of 1 mm exhibited an asymmetric image of the weld interfaces for 1.5 mm and 2.5 mm acceleration
distances (Series 2.2, 2.3). The latter was only welded on one side in the sectioned joint (see cross-section
in Figure 10), which is visible in the diagram by the smaller total weld interface width and thus,
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no gap width. This was either a result of the comparably low energy input or of an asymmetric rolling
movement of the flyer due to the clamping situation in the weld setup.

Figure 10. Summed width of both magnetic pulse welded interfaces and width of the gap in between for
different flyer thicknesses and acceleration gaps at constant impact velocity of 262 m/s. All configurations
show the same trend: while the gap width varied slightly for the acceleration distances g, the summed
width of the weld interface increased with increased flyer thickness s. Due to the asymmetric weld
formation (see cross-section), no gap width could be determined for the configuration s = 1.0 mm and
g = 2.5 mm.

The SEM analysis of the weld interface in Figure 9 revealed similarities with the results that were
produced in the test rig, see Section 3.1. Pores and partly melted and resolidified structures were found
in front of (1) and at the beginning of the weld interfaces (2, 5, 8). Such weld defects were related to
the heating and/or entrapment of the CoP and indicated a collision angle close to the lower boundary.
Similar defects were also located in further sections along the weld interfaces (6). The ends of the weld
interfaces (4, 7, 9) were similar to the ones produced in the test rig that were welded at a collision angle
close to the upper boundary. A thin jet at the end of the weld was identified for s = 1.5 mm (7).

The bearable tensile forces of the different weld configurations (Series 2.1, 2.2, 2.3) are shown in
Figure 11. The comparison of the tensile forces revealed that for an acceleration distance of 1.5 mm all
joints achieved the bearable tensile force calculated from the tensile strength of the base material and
thus, all failed in the base material except for two joints. These two parts showed a nonuniform weld
interface formation in the fracture pattern. For joints with a flyer thickness of 2 mm and an acceleration
distance of 2 mm, failure occurred in the base material, which was also apparent in the achieved
tensile force. In this case, the fracture occurred in the neck region of the flyer close to the welded area,
where the cross-sectional area was reduced due to plastic deformation during the welding process.

All other joints failed in the weld interface. Relating the tensile force to the total weld interface
width resulted in a ratio of approximately 1.5 kN/mm for all configurations. Only the configurations of
2 mm and 2.5 mm acceleration distance with 1 mm flyer thickness varied to lower values due to the
incomplete global weld interface formation. The fracture images of these samples revealed that the
weld interface was characterized as two parallel lines instead of a complete elliptical ring (see fracture
images in Figure 11). Furthermore, all fracture surfaces showed a symmetric weld interface in contrast
to the cross-section in Figure 10. Therefore, the width value of this configuration was corrected by
the multiplication by a factor of two to calculate the ratio of tensile force to the width in Figure 11 to
represent a symmetric weld interface.
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Figure 11. Averaged tensile force with minimal and maximal deviation for different flyer thicknesses s
and acceleration distances g (left axis, vertical columns). The dashed lines represent the theoretical
bearable tensile force value for the particular flyer thickness calculated by the tensile strength of the
base material. The ratio of the tensile force to total weld interface width is represented by rectangles
and grey line and the right axis scale. The images of the different fracture surface types in top view are
shown to explain the variation of the ratio tensile force to total weld interface width.

4. Discussion

4.1. Influence of Kinetic Energy Input on Weld Interface and Welding Window

For the comparison of the results of the model test rig and the MPW setup, it is important to recall
that the collision conditions continuously change during the MPW process [18–20]. Hence, the impact
starts at a small collision angle close to 0◦ and at the maximum impact velocity. This results in a high
collision point velocity. Subsequently, the collision angle increases and the impact velocity decreases
until the weldable region of the welding window is entered and then, after further progression of
the collision conditions, left again. Depending on the process parameters, the path through the
material-specific welding window differs. In the test rig, in contrast, the collision angle and the impact
velocity stay constant during the collision. Therefore, each experiment represents a single point in
the welding window. Performing a series of experiments with different collision conditions allows
defining welding windows for different process and material parameters. This in turn provides an
extended understanding of the governing welding mechanisms and delivers additional information
for the design of the MPW process with industrial relevance.
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Considering the determined welding windows for different thicknesses in the test rig (Series 1.2),
it was possible to analyze the formation of the weld interface in the MPW setup (Series 2.1, 2.2, 2.3);
compare Figures 6 and 9. The progression of the collision angle was similar for different thicknesses,
until the start of the bond formation. In addition, higher thicknesses resulted in longer weld interfaces.
For MPW it was not possible to identify, whether the bond formation stopped (i.e. the collision kinetics
left the weldable region of the welding window) due to an increase of the collision angle or due to a
combined change of collision angle and impact velocity. The latter depends on the different thicknesses,
the resulting different stiffness values and thus a varied forming behavior of the flyer during the rolling
movement on the target.

When the acceleration distance was increased, the location of the weld interface was shifted closer
to the initial point of collision. This was due to the higher progression rate of the collision angle
leading to a flyer rolling movement that the lower boundary angle was exceeded earlier and the upper
boundary angle was reached faster. This is in good agreement with the findings of Sarvari et al. [21]
who investigated different acceleration distances in an MPW setup.

To understand the influence of the mass induced kinetic energy on the bond formation, the results
of the test rig experiments with varied thickness (Series 1.1) and varied impact velocity (Series 1.2) are
plotted together in the classical β-vc-welding window in Figure 12. It can be observed that the increase
in energy input by changing both the flyer mass and a higher impact velocity led to an expansion of the
weldable region towards lower collision point velocities. The change of the impact velocity to achieve a
certain kinetic energy also changed the collision conditions while they remained equal when the flyer
mass was increased. Moreover, the weldable area of the welding window was affected by the increase in
energy. Similar findings were reported by Lysak and Kuzmin in [26] for explosion welding. To explain
the solid-state welding mechanism, they related the impact velocity, the collision point velocity and
the involved mass to three physical parameters, the pressure at the PoC, the duration of the applied
pressure and the temperature in the weld interface zone. In the next section, it is explained how these
parameters influenced the phenomena in the joining gap and the governing bond mechanisms in the
case of changed energy input.

Figure 12. Welding window by collision angle β over collision point velocity vc for different flyer
thicknesses s and impact velocities vimp measured in the test rig; symbols in shaded graphs represent
experiments with bond, symbols outside of the graphs represent experiments with no bond. The
different flyer thicknesses at vimp = 262 m/s are plotted at slightly different impact velocities to improve
the visibility. Arrow indicates the influence of the increasing value on the upper left boundary.
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4.2. Influence of the Collision Kinetics on the Phenomena and the Bond Mechanisms

The findings of the test rig experiments (Series 1.1 and 1.2) and the analysis of the weld interface
revealed that the acting phenomena, especially the role of the CoP, at different points of the welding
window have a pronounced influence on the occurring bond formation mechanisms. This has not been
taken into account previously. Hence, due to the transient propagation through the welding window
during MPW, it can be assumed that different mechanisms of bond formation apply in certain sections
depending on the process parameters and the formed CoP.

During test rig experiments with small collision angles, maximum flyer mass and high impact
velocity, the CoP had a strong impact on the bond formation. The SEM images in Figure 8a (1–3) for
s = 2 mm indicate that at first, due to the small angle and resulting high flow resistance, the CoP could
not be ejected out of the gap, was entrapped and hindered the contact of the activated base materials.
It was found by the analysis of the associated process glare that the CoP can reach temperatures of
several thousand Kelvin (see the accompanying paper [10] and compare it with Figure A1). This might
also result in the nonwelded regions due to excessive melting of the surfaces (4). Later on, during
the collision front propagation towards the free end of the flyer, the resistance to eject the CoP was
low enough with the result that the interfaces came into contact and formed a bond (5). In this case,
the mechanism of bond formation was attributed to fusion-like bonding, regarding the estimated
high-temperature development and no visible signs of a jet in terms of a metal stream. This hypothesis
is in good agreement with the findings of Bellmann et al. [35], who observed no deformation of
the surface-near layers in the form of a jet at small collision angles but melting close to and in the
weld interface.

In contrast, the formation of a jet occurred at larger collision angles (Figure 8b). In the case of
large welded areas (ratio: 0.82 to the total overlapping area) in the middle of the estimated welding
window for s = 2 mm (Figure 8b), most parts of the weld interface exhibited only a few defects (2) and
were almost not distinguishable from the base material in the SEM. A determination of the governing
bond mechanism was thus not possible. The absence of porous structures at the weld interface may
indicate solid-state welding. At this point, it should be noted that the present investigation focused on
joints between similar metals. No additional aspects were considered that would occur during the
welding of dissimilar metals, like the formation of intermetallic phases.

The weld interface close to the upper boundary angle for s = 2 mm exhibited a less distinct jet and
several areas without bond (see Figure 8c). This indicates that the deformation of the surfaces was
considerably smaller and less adjacent base material was deformed compared to smaller collision angles.
Two approaches provide possible explanations for these findings: First, according to Manikandan et
al. [36], the depth of deformation of the adjacent base material by the colliding surfaces depends on
the induced kinetic energy. Therefore, it can be argued that for large collision angles less induced
energy was available for the microscopic deformation close to the point of collision. This can be
explained by the fact that at larger collision angles more work was needed to close the joining gap
by the continuous bending of the flyer. A second explanation may be the different interactions of the
CoP with the surfaces in front of the point of collision. As mentioned above, the CoP can reach very
high temperatures. Even if it did not melt the surfaces, the induced heat could cause a considerable
reduction of the flow stress close to the point of collision, allowing more material to flow in the area
of the contact surfaces, which was already described by Khaustov et al. [37] for explosion welding.
At larger collision angles the temperature was lower due to the lower compression and less heat was
transferred to the surfaces. Thus, the potential plastic deformation in the point of collision was reduced
at increasing collision angles, which also explains the reduced intensity of the process glare (Figure A1).
Moreover, the interaction of both phenomena is conceivable to explain the differences between the
cases in Figure 8b,c.

Considering the influence of different flyer thicknesses, for s = 1.5 mm a comparable maximum
welded area was obtained (ratio: 0.77), whereas for s = 1.0 mm the maximum value is smaller (ratio:
0.64). In both cases, the joint was produced in a region close to the lower collision angle boundary,
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where for s = 2.0 mm the bond formation (ratio: 0.62) has not reached its maximum value. Although
some pores and melted interlayers were determined in sections of the weld interfaces of smaller
flyer thicknesses, which likely resulted from the interaction with the hot CoP, large inclusions of the
CoP could not be detected. Since the impact velocity, the collision angle and thus the air flow in the
joining gap were comparable, this could not be attributed to a better ejection condition of the CoP.
A possible explanation could be that due to the higher energy input more deformation around the
point of collision occurred and, thus, also a larger jet was formed. As shown in Figure 8b (2), the jet can
spall in particles. Furthermore, Pabst [38] determined that during the collision welding of aluminum,
additional heat was induced into the CoP by an exothermic reaction of chipped particles of the base
material. If more base material particles were chipped out by the impact, this in turn might cause more
heating. The influence was lower for smaller flyer thicknesses and resulted in less spalled particles,
heating and process glare (see Figure A1).

Concerning the governing bond formation mechanisms and considering the SEM images,
the largest welded area for s = 2 mm was likely produced in the test rig experiments by solid-state
welding, whereas excessive melting prevented welding at smaller collision angles. In contrast, the largest
welded areas for the smaller flyer thicknesses were formed at least partly by fusion-like bonding.
Both processes were strongly influenced by local interaction of the surfaces with the CoP.

These findings are transferable to the MPW interface (Series 2.1, 2.2, 2.3). A certain angle had to
be exceeded to allow the ejection of the CoP and to initiate bond formation. The weld interface started
with a partially melted but bonded interface where parts of the CoP were entrapped which is also
supported by the findings in [6,39]. The further transient rolling movement of the flyer facilitated the
ejection of the CoP, whereas the formation of the jet by plastic deformation occurred more intensively
at first and then weakened again. This resulted in a jet behavior similar to that at large collision angles
in the test rig (see Figure 9) (6). These sections were not clearly distinguishable in the SEM images.
Considering the locations of weld defects by melting or CoP-entrapment, it is assumed that in the case
of 1.5 mm, most of the weld interface was a result of fusion-like bonding, whereas the latter sections
were bonded by solid-state welding due to the occurrence of the jet at the end. In the case of 2 mm
flyer thickness, solid-state bonding dominated the weld interface due to the absence of such weld
failures in the interface. On the other hand, a jet at the end of the weld interface was not clearly visible
(Figure 9) (4).

Despite these different bond mechanisms and resulting weld interfaces, no significant dependence
of the joint strength on bond mechanisms was identified (see Figure 11). The differences in the
determined tensile forces mostly depended on the weld interface width and the question of whether a
complete ring-elliptical weld interface was formed or not, which directly influences the size of the
welded area (compare with Figure 11).

4.3. Prediction and Control of the Weld Interface’s Formation and Properties

The results in Appendix A show that the process glare detected during the MPW experiments
was brighter for an increased flyer thickness (Series 2.1, 2.2, 2.3). This is in good agreement with
the experiments performed in the test rig where the kinetic collision conditions were kept constant.
It is likely that the increased kinetic flyer energy led to an increased formation of CoP (or jet) as also
described by Eichhorn [33]. Figure A2 shows the tendency of an increased flash intensity for smaller
acceleration distances, which points to the conclusion that the collision angles were smaller and, thus,
the compression and light emission of the CoP (or jet) were intensified. This finding can also be related
to higher temperatures, as reported by Bellmann et al. [35].

The correlation of process glare parameters with the welding results revealed that the longest weld
seams and the highest bond strengths were achieved in experiments with the longest and brightest
impact flashes. This was the case for the highest flyer thickness and energy input, respectively, as well
as for the smallest acceleration distance. Although the impact flash is only a necessary but not a sufficient
welding criterion, this observation underlines the importance of a sufficient surface activation prior to
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surface contact, which comes along with a bright impact flash. At this point, it should be noted once
more that only the impact velocity was adjusted directly during the MPW experiments, but not the
collision angle. Thus, the reason for the increased weld length and strength obtained by using thicker
flyers and smaller acceleration distances might also be attributed to the differences in the collision
kinetics, especially the reduced collision angle. Starting with a small collision angle and assuming
similar progression rates, a larger portion of the flyer collides under weldable conditions with the target
compared to a high initial collision angle. This led to longer weld seams and brighter impact flashes.
Hence, the correlation between the impact flash and the weld strength reported here is valid and
appears to be a powerful tool for process development and quality assurance during MPW processes.

Considering the largest ratios of welded to the overlapping area at the test rig (Figure 7), it can
be derived that there is a collision angle region leading to optimum collision welding conditions.
This region increases and is shifted to larger angles when the kinetic energy input is increased.
This kinetic energy input can be varied via the impact velocity [24] or the flyer thickness. The resulting
adjustment of the progression rate of the collision angle allows controlling location and length of the
weld interface during MPW.

5. Conclusions and Outlook

The collision kinetics influence both the CoP formation and its temperature (measured by analyzing
the process glare in the companion paper [10]). It, therefore, determines the governing bond mechanism
and thus, the reachable amount of welded area. The latter is, however, also influenced by other
parameters like (initial) collision angle, its progression and the rolling movement.

Depending on the process conditions, the CoP can be useful for, or harmful to, the bond formation,
it furthermore determines the predominant bonding mechanism.

The results of the test rig experiments confirm that the width of the weld interface can be increased
by a smaller gradient of the collision angle, when the weldable area of the welding window is reached.
Therefore, it could be useful to prepare the flyer geometry to influence its rolling movement on top of
the target during MPW and, thus, to improve the weld interface formation. Together with the acquired
knowledge about the different ways to increase the energy input, it is possible to adjust the size and
location of the weld interface by setting the process parameters. In addition, monitoring of the process
glare potentially enables quality assurance of high-strength joints.

Considering that the amount of the CoP increases continuously with the length of the colliding
joining partners, the question arises in which areas it is still possible to consider a stationary welding
process despite constant kinetic conditions. Therefore, it is of interest for further investigations if and
how the local bond properties change and if the welding window can be extended by considering,
as an additional factor, the quality of the weld interface.
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Appendix A Analysis of the Process Glare

The qualitative examination of the process glare during test rig experiments is represented in
Figure A1 for flyer thicknesses of 1 mm and 1.5 mm at different collision angles. It should be noted that
the majority of process glare at the images was visible after leaving the joining gap and no temporal
resolution is shown. Nevertheless, it can be seen that the intensity increases with the thickness of the
flyer and the glare’s color changes from red-orange to white-blue. Furthermore, the collision angle
had a significant influence on the intensity, color and amount of the process glare. For angles lower
than the lower boundary angle, the glare in the gap was not visible. Therefore, the glare was visible at
the sides of the colliding joining partners with only weak intensity. With increasing collision angle its
intensity and shape also increased up to a maximum. At larger collision angles the shape remained at
the same level, but the intensity decreased, especially when the upper boundary angle was exceeded.

Figure A1. Comparison of the process glare for 1 mm and 1.5 mm flyer thickness at different collision
angles, recorded by longtime exposure.

As mentioned in Section 2.4.4, the weld formation was accompanied by a bright flash when impact
welding is performed in ambient atmosphere. The average values of the impact flash duration and its
maximum intensities were evaluated for each parameter set (see Figure A2). The flash duration as
well as the maximum intensity increased with higher flyer thickness. The influence of the acceleration
distance on the light emission was not that clear due to the data spread. There is a slight tendency
showing a decrease in the flash duration and intensity for increased acceleration distances.
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Figure A2. (a) Increasing flash durations and (b) increasing intensities for increasing flyer thicknesses
(1.0 mm, 1.5 mm and 2.0 mm) at different acceleration distances g. Each point represents four or five
experiments with the corresponding standard deviation.

References

1. Kapil, A.; Sharma, A. Magnetic pulse welding: An efficient and environmentally friendly multi-material
joining technique. J. Clean. Prod. 2015, 100, 35–58. [CrossRef]

2. Jassim, A. Comparison of magnetic pulse welding with other welding methods. J. Energy Power Eng. 2011, 5,
1173–1178.

3. Wang, H.; Wang, Y. High-Velocity Impact Welding Process: A Review. Metals 2019, 9, 144. [CrossRef]
4. Stern, A.; Shribman, V.; Ben-Artzy, A.; Aizenshtein, M. Interface Phenomena and Bonding Mechanism in

Magnetic Pulse Welding. J. Mater. Eng. Perform. 2014, 23, 3449–3458. [CrossRef]
5. Akbari Mousavi, A.A.; AL-Hassani, S.T.S. Numerical and experimental studies of the mechanism of the

wavy interface formations in explosive/impact welding. J. Mech. Phys. Sol. 2005, 53, 2501–2528. [CrossRef]
6. Schumacher, E.; Rebensdorf, A.; Böhm, S. Influence of the jet velocity on the weld quality of magnetic

pulse welded dissimilar sheet joints of aluminum and steel. Materialwiss. Werkstofftech. 2019, 50, 965–973.
[CrossRef]

7. Carpenter, S.H.; Wittman, R.H. Explosion Welding. Ann. Rev. Mater. Sci. 1975, 5, 177–199. [CrossRef]
8. Cowan, G.R.; Holtzman, A.H. Flow Configurations in Colliding Plates: Explosive Bonding. J. Appl. Phys.

1963, 34, 928–939. [CrossRef]
9. Deribas, A.A.; Zakharenko, I.D. Surface effects with oblique collisions between metallic plates. Combust. Explos.

Shock Waves 1974, 10, 358–367. [CrossRef]
10. Bellmann, J.; Lueg-Althoff, J.; Niessen, B.; Böhme, M.; Schumacher, E.; Beyer, E.; Leyens, C.; Tekkaya, A.E.;

Groche, P.; Wagner, M.F.-X.; et al. Particle Ejection by Jetting and Related Effects in Impact Welding Processes.
Metals 2020, 10, 1108. [CrossRef]

11. Bellmann, J.; Lueg-Althoff, J.; Schulze, S.; Gies, S.; Beyer, E.; Tekkaya, A.E. Magnetic Pulse Welding: Solutions
for Process Monitoring within Pulsed Magnetic Fields. In Proceedings of the Euro-Asian Pulsed Power
Conference & Conference on High-Power Particle Beams, Estoril, Portugal, 18–22 September 2016; pp. 18–22.

12. Cui, J.; Ye, L.; Zhu, C.; Geng, H.; Li, G. Mechanical and Microstructure Investigations on Magnetic Pulse
Welded Dissimilar AA3003-TC4 Joints. J. Mater. Eng. Perform. 2020, 212, 8. [CrossRef]

13. Schäfer, R.; Pasquale, P.; Elsen, A. Material Hybrid Joining of Sheet Metals by Electromagnetic Pulse
Technology. Key Eng. Mater. 2011, 473, 61–68. [CrossRef]

14. Baumgartner, J.; Schnabel, K.; Huberth, F. Fatigue assessment of EMPT-welded joints using the reference
radius concept. Procedia Eng. 2018, 213, 418–425. [CrossRef]

15. Bellmann, J.; Schettler, S.; Dittrich, S.; Lueg-Althoff, J.; Schulze, S.; Hahn, M.; Beyer, E.; Tekkaya, A.E.
Experimental study on the magnetic pulse welding process of large aluminum tubes on steel rods. IOP Conf.
Ser. Mater. Sci. Eng. 2019, 480, 12033. [CrossRef]

198



Metals 2020, 10, 1202

16. Shribman, V.; Nahmany, M.; Levi, S.; Atiya, O.; Ashkenazi, D.; Stern, A. MP Welding of dissimilar materials:
AM laser powder-bed fusion AlSi10Mg to wrought AA6060-T6. Prog. Addit. Manuf. 2019, 11, 2356. [CrossRef]

17. Mrzljak, S.; Gelinski, N.; Hülsbusch, D.; Schumacher, E.; Boehm, S.; Walther, F. Influence of Process Parameters,
Surface Topography and Corrosion Condition on the Fatigue Behavior of Steel/Aluminum Hybrid Joints
Produced by Magnetic Pulse Welding. Key Eng. Mater. 2019, 809, 197–202. [CrossRef]

18. Schumacher, E.; Kümper, S.; Kryukov, I.; Böhm, S. Analysis of the Weld Seam Area of Magnetic Pulse
Welded Aluminium-Steel-Sheet-Connections on its Suitability as a Sign of Quality. In Proceedings of the 8th
International Conference on High Speed Forming (ICHSF 2018), Columbus, OH, USA, 13–18 May 2018.

19. Groche, P.; Pabst, C. Numerical Simulation of Impact Welding Processes with LS-DYNA. In Proceedings of
the 10th European LS-DYNA Conference, Wurzburg, Germany, 15–17 June 2015.

20. Cuq-Lelandais, J.-P.; Avrillaud, G.; Ferreira, S.; Mazars, G.; Nottebaert, A.; Teilla, G.; Shribman, V. 3D Impacts
Modeling of the Magnetic Pulse Welding Process and Comparison to Experimental Data. In Proceedings of
the 7th International Conference on High Speed Forming, Dortmund, Germany, 27–28 April 2016.

21. Sarvari, M.; Abdollah-zadeh, A.; Naffakh-Moosavy, H.; Rahimi, A.; Parsaeyan, H. Investigation of collision
surfaces and weld interface in magnetic pulse welding of dissimilar Al/Cu sheets. J. Manuf. Process. 2019, 45,
356–367. [CrossRef]

22. Psyk, V.; Hofer, C.; Faes, K.; Scheffler, C.; Scherleitner, E. Testing of Magnetic Pulse Welded Joints—Destructive
and Non-Destructive Methods. In Proceedings of the 22nd International ESAFORM Conference on Material
Forming (ESAFORM 2019), Vitoria-Gasteiz, Spain, 8–10 May 2019; American Institute of Physics: Melville,
NY, USA, 2019; p. 50010, ISBN 978-0-7354-1847-9.

23. Bellmann, J.; Lueg-Althoff, J.; Schulze, S.; Hahn, M.; Gies, S.; Beyer, E.; Tekkaya, A.E. Effect of the wall thickness
on the forming behavior and welding result during magnetic pulse welding. Materialwiss. Werkstofftech.
2019, 212, 150. [CrossRef]

24. Groche, P.; Niessen, B.; Pabst, C. Process boundaries of collision welding at low energies. Materialwiss.
Werkstofftech. 2019, 50, 940–948. [CrossRef]

25. Niessen, B.; Groche, P. Weld Interface Characteristics of Copper in Collision Welding. In Proceedings of the
22nd International ESAFORM Conference on Material Forming (ESAFORM 2019), Vitoria-Gasteiz, Spain,
8–10 May 2019; American Institute of Physics: Melville, NY, USA, 2019; p. 50010, ISBN 978-0-7354-1847-9.

26. Lysak, V.I.; Kuzmin, S.V. Lower boundary in metal explosive welding. Evolution of ideas. J. Mater. Process.
Technol. 2012, 212, 150–156. [CrossRef]

27. Groche, P.; Wagner, M.F.-X.; Pabst, C.; Sharafiev, S. Development of a novel test rig to investigate the
fundamentals of impact welding. J. Mater. Process. Technol. 2014, 214, 2009–2017. [CrossRef]

28. Groche, P.; Becker, M.; Pabst, C. Process window acquisition for impact welding processes. Mater. Des. 2017,
118, 286–293. [CrossRef]

29. Pabst, C.; Sharafiev, S.; Groche, P.; Wagner, M.F.X. A Novel Method to Investigate the Principles of Impact
Welding: Development and Enhancement of a Test Rig, Experimental and Numerical Results. Adv. Mater. Res.
2014, 966–967, 500–509. [CrossRef]

30. Strand, O.T.; Goosman, D.R.; Martinez, C.; Whitworth, T.L.; Kuhlow, W.W. Compact system for high-speed
velocimetry using heterodyne techniques. Rev. Instrum. 2006, 77, 83108. [CrossRef]

31. Johnson, J.R.; Taber, G.; Vivek, A.; Zhang, Y.; Golowin, S.; Banik, K.; Fenton, G.K.; Daehn, G.S. Coupling
experiment and simulation in electromagnetic forming using photon doppler velocimetry. Steel Res. Int.
2009, 80, 359–365.

32. Lueg-Althoff, J. Fügen von Rohren durch elektromagnetische Umformung—Magnetpulsschweißen, 1st ed.; Shaker:
Herzogenrath, Germany, 2019; ISBN 384406558X. (In German)

33. Eichhorn, G. Analysis of the hypervelocity impact process from impact flash measurements. Planet. Space Sci.
1976, 24, 771–781. [CrossRef]

34. Bellmann, J.; Beyer, E.; Lueg-Althoff, J.; Gies, S.; Tekkaya, A.E.; Schulze, S. Measurement of Collision
Conditions in Magnetic Pulse Welding Processes. J. Phys. Sci. Appl. 2017, 7, 1–10. [CrossRef]

35. Bellmann, J.; Lueg-Althoff, J.; Schulze, S.; Hahn, M.; Gies, S.; Beyer, E.; Tekkaya, A. Thermal Effects in
Dissimilar Magnetic Pulse Welding. Metals 2019, 9, 348. [CrossRef]

36. Manikandan, P.; Hokamoto, K.; Fujita, M.; Raghukandan, K.; Tomoshige, R. Control of energetic conditions
by employing interlayer of different thickness for explosive welding of titanium/304 stainless steel. J. Mater.
Process. Technol. 2008, 195, 232–240. [CrossRef]

199



Metals 2020, 10, 1202

37. Khaustov, S.V.; Kuz’min, S.V.; Lysak, V.I.; Pai, V.V. Thermal processes in explosive welding. Combust. Explos.
Shock Waves 2014, 50, 732–738. [CrossRef]

38. Pabst, C. Ursachen, Beeinflussung, Auswirkungen sowie Quantifizierung der Temperaturentwicklung in der Fügezone
beim Kollisionsschweißen; Shaker Verlag: Düren, Germany, 2019; ISBN 978-3-8440-7073-6. (In German)

39. Böhme, M.; Sharafiev, S.; Schumacher, E.; Böhm, S.; Wagner, M.F.-X. On the microstructure and the origin of
intermetallic phase seams in magnetic pulse welding of aluminum and steel. Materialwiss. Werkstofftech.
2019, 50, 958–964. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

200



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Metals Editorial Office
E-mail: metals@mdpi.com

www.mdpi.com/journal/metals





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-0697-5 


	Blank Page



