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Abstract: The demands for the connection between thin dissimilar and similar materials in the fields
of microelectronics and medical devices has promoted the development of laser impact welding. It is
a new solid-state metallurgical bonding technology developed in recent years. This paper reviews
the research progress of the laser impact welding in many aspects, including welding principle,
welding process, weld interface microstructure and performance. The theoretical welding principle
is the atomic force between materials. However, the metallurgical combination of two materials in
the solid state by atomic force but almost no diffusion has not been confirmed by microstructure
observation. The main theories used to explain the wave formation in impact welding were compared
to conclude that caved mechanism and the Helmholz instability mechanism were accepted by
researchers. The rebound of the flyer is still a critical problem for its application. With proper control
of the welding parameters, the weld failure occurs on the base materials, indicating that the weld
strength is higher than that of the base materials. Laser impact welding has been successfully applied
in joining many dissimilar materials. There are issues still remained unresolved, such as surface
damage of the flyer. The problems faced by laser impact welding were summaried, and its future
applications were proposed. This review will provide a reference for the studies in laser impact
welding, aiming process optimization and industrial application.

Keywords: laser impact welding; interfacial bonding mechanism; interface wave; diffusion

1. Introduction

In the hush service environment, such as the nuclear power plant’s primary water reactor,
the performance of single metal materials is difficult to meet the requirement. Composite materials
can ensure that the components have two or more of the properties of lightweight, high strength,
good toughness, corrosion resistance, human body compatibility, and low cost, which has become
a direction of current material development [1,2]. Welding is an important process for joining materials,
for example, welding is indispensable for the assembly of high-temperature shape memory alloys [3],
and it can also perform metallurgical bonding of high-entropy alloy workpieces [4]. However, the huge
differences of dissimilar materials, especially in the microstructure, physical and chemical properties,
which leads to the production of intermetallic compounds and the large residual stresses during
the fusion welding process. Thus, the performance of the bonding area will be reduced [5-7]. To obtain
a good metallurgical bond between dissimilar materials, researchers consider using solid-state welding
processes for welding dissimilar materials, such as diffusion welding, friction stir welding [8], ultrasonic
welding [9], and impact welding (explosive welding [10], magnetic pulse welding [11], etc.). The impact
welding temperature is relatively low, and the thermal cycle time is extremely short. In theory, it can be
widely used for welding between any metals. Metal cladding is already a common process conducted
with explosive welding.
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In recent years, there has been an increasing demand for connections between similar or
dissimilar metal thin foils, especially in the fields of battery electrodes, special medical materials,
metal anti-corrosion coatings, and the coating of heat dissipation layers of semiconductor materials.
For example, the electrodes of the heart-pace maker need to be optimized with a good weld between
aluminium and titanium. However, the solid-state welding technologies have certain limitations in
the connection of dissimilar metal foils. Ultrasonic welding, as shown in Figure 1, produces surface
indentation, and friction welding leads to layered intermetallic compounds [12,13]. In 2009, Daehn
and Lippold [14] from The Ohio State University in the United States proposed a non-contact welding
method with laser as the energy source—Laser impact welding. This process could realize solid
metallurgical bonding between dissimilar metal foils with a thickness of millimeters/micrometers, with
precise positioning and flexible as well as adjustable welding area size.

intermetallic compound

Figure 1. (a) Surface indentation of ultrasonic welding (reproduced from [9], with permission of
Elsevier 2020); (b) Intermetallic compound layer with friction stir welding (reproduced from [15], with
permission of Elsevier 2015).

As a new type of solid-state welding process, laser impact welding is still in the laboratory
process exploration stage. This review summarizes the progress of the laser impact welding process
and the results achieved at this stage from the mechanism of impact welding, the process of impact
welding, the structure, and performance of the impact welded joint. It also proposes the development
direction of the laser impact welding process and provides its maturity reference.

2. Laser Impact Welding Process

Laser irradiation on the surface of the material will cause temperature and force effects. According
to the order of magnitude of energy input from small to large, the phenomenon of temperature rise,
melting, vaporization, and plasma excitation will occur in sequence. While vaporizing and exciting
the plasma, an instantaneous stress action is formed on the surface.

In the decades since the 1970s, the stability and high speed of the laser-driven flyer flying were
verified, and the Gurney mathematical model of flyer flying speed and its influencing factors were
established [16-18]:

PriE = (p/D)x0=xa)ei+ (p/2) [ (oww/ e M

p is the density of ablated material, x; is the thickness ablated away, E is called Gurney energy, xo
is the original thickness, and vy is the final velocity.

The formula is based on the principle of conservation of energy. The left side is the energy released
by the ablation layer, and the right side is the kinetic energy. Equation (1) was simplified to obtain
the final velocity:
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In the 1940s, Carl first proposed the use of explosives to drive metal and metal collisions for
metallurgical bonding, named explosive welding [19]. Nowadays, people use chemical energy [20],
electromagnetic field energy [21], high-energy-density light energy [22], high-pressure gas [23], etc. as
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driving sources to achieve various forms of impact welding by the transient release of high energy
and drive high-speed collision of welding parts.

The principle of atomic bonding at the impact welding interface is shown in Figure 2. When
atoms reach a certain position, interatomic bonding will occur. However, the obstacles on the surface
of the flyer and the target such as oxides, oil stains, and surface impurities prevented the atoms from
the flyer and the target to get close within the atomic distance. The basic principle of high-speed impact
welding is to remove the bonding obstacles by jet flow, and with the help of the transient and huge
impact force of the high-speed impact to make the atoms reach a close enough distance to achieve
the bond between the atoms [23].

s
Forces
between
atoms(N)

Figure 2. Atomic force-distance curve.

Laser impact welding is also an impact welding process with laser as the driving source, which is
mainly used in spot welding of millimeter/micron-scale [24,25]. As shown in Figure 3a, the laser impact
welding system is divided into two parts: the energy source, namely the laser system, and the weldment
support system [26,27]. To prevent non-uniform force caused by continuous energy input and to ensure
energy transfer efficiency, a pulsed laser with a pulse width of about 10 ns and a wavelength of 1064
nm is usually used. Since the laser can achieve 0-100% capacity adjustment, the greater the energy that
the laser can achieve, the wider the applicability, but generally the minimum energy required to achieve
millimeter-level spot welding is about 1 ]. The commonly used laser types are flat-top laser and Gaussian
laser. The energy distribution of the laser beam is shown in Figure 3b,c respectively. We can change
the laser beam diameter by adjusting the position of the convex lens to determine the energy density
and solder joint size. The arrangement sequence of the support system from left to right is confinement
layer, ablation layer, flyer, standoff, and target. The whole set of equipment is fixed on the stander.

During the impact welding process, due to collision and extrusion, a jet along the welding
direction is generated at the collision point to clean the surface, which is a necessary condition for
the metallurgical bonding of impact welding. For the flat-top laser-driven flyer, the flat-top light
action area on the flyer first collides with the target in parallel, that is, the impact angle is zero degrees,
there is no metallurgical bonding in this area, and rebound occurs for a large area after the collision.
As the impact collision progresses, the impact angle gradually increases, enters the welding window,
and the interface metallurgical bond is formed. Therefore, the solid-state metallurgical bonding area
produced by the flat-top laser is a narrow ring shape. However, the metallurgical bonding area
produced using Gaussian laser to drive the flyer is a wider circular ring shape.

The parameters of laser impact welding are also categorized into two groups: laser system
parameters and weldment combination parameters. The parameters of the laser system are the laser
energy and laser spot size, that is, the laser energy and laser spot size acting on the ablation layer.
The combination parameters of weldment are complex, as shown in Table 1, including various indexes
of the weldment support system, such as confinement layer, binder, ablative layer, the thickness of
the flyer, preset flying distance, and so on [26].
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Figure 3. (a) Schematic diagram of laser impact welding system; (b) flat-top laser energy distribution;
(c) Gaussian laser energy distribution.

After starting the laser, laser impact welding can be divided into three stages, as shown in
Figure 4 [28]:

(a) __ Ablative layer

— Flyer plate

" Target
(b)
= ___—Plasma
Collision angle =
©) ‘-—7 Springback region
20

Welding position

Figure 4. Schematic diagram of laser impact welding process (reproduced from [28], with permission
of Elsevier 2019). (a) Excitation stage: The laser irradiates the ablation layer through the confinement
layer, and the ablation layer is vaporized into plasma. Due to the limitation of the confinement
layer, the reaction force of the plasma drives the flyer to emit; (b) Flight phase: the flyer passes
the preset flight distance (standoff) and collides with the target at a certain speed and angle; (c) Welding
stage: The behavior of the impact point is shown in Figure 5 (the welded area on the left). The flyer
and the target collide at a certain angle from the starting position of the metallurgical bonding to the end
position and the welding is over.
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After welding area } Before welding area

Figure 5. Schematic diagram of the impact welding process.

Table 1. Influence of Weldment Combination Parameters.

Weldment Combination Parameters Influence of Impact Welding

The higher the hardness, the greater the reaction force on the flyer, and the higher
the impact speed under the same energy; but when the hardness of the confinement
Confinement layer layer is high, the toughness is poor, and the service life is shorter in the continuous
high-speed impact service environment. Currently, the commonly used material is
polycarbonate and high light transmission glass
Liquid super glue has high performance and can reach the highest speed, but it is
difficult to spread evenly; solid double-sided glue spreads evenly, but it will lose

Binder a certain amount of energy due to self-adhesion. Therefore, its impact speed is lower
than that of liquid super glue.
The ablation layer is excited by the laser to form plasma to accelerate the flyer.
Ablative layer The stronger its ability to absorb laser energy, the more plasma formed, and the higher

the conversion efficiency of light energy to kinetic energy. Currently, black spray paint
is commonly used
The thicker the flyer, the larger the mass and the smaller the impact speed; however, as
Thickness of flyer the thickness increases, the thickness of the welded joint becomes larger, thereby
improving the joint strength
The laser-driven flyer flight is a variable speed process. First, it accelerates and then
Preset flying distance decelerates. Under certain conditions, there is an optimal position for the highest
impact velocity.

The laser system parameters and weldment combination parameters affect the metallurgical
bonding process by controlling the impact velocity V, and impact angle {3 in Figure 5 at the collision
point. The jet only starts in the shaded area process window as shown in Figure 6. Therefore, studying
the effects of various parameters on the impact velocity and angle is very important for optimizing
the laser impact welding process. It is worth noting that the jet is also affected by the welding metal
itself, and the jet process window of different metals is different [24,29].

No waves  Weld

\ <«— Noweld
—
Weld with Jetting
melt layer
W, Y

No jetting

A
No waves s

Collision velocity

Collision angle

No waves
-

Figure 6. Generic welding window (reproduced from [10], with permission of Elsevier 2019).
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3. Microstructure of Laser Impact Welding Interface

3.1. Macroscopic Morphology of Laser Impact Welding Interface

The typical macroscopic morphology of the laser impact welding interface is shown in Figure 7a.
The welding joint area has a ring shape, and the middle is the collision rebound area. As shown in
Figure 7c,e, a certain amount of damage was produced on the top surface of the flyer-copper foil
irradiated by the laser, and a convex area was produced on the back of the target. For thicker targets,
this problem does not exist. Additionally, the generation, propagation, rebound and superposition of
stress waves may cause tearing between the flyer and the target [27,28,30]. The center rebound zone of
the flat-top laser is larger than that of the Gaussian laser, which may be affected by the impact angle
factor mentioned above. The huge rebound zone seriously affects the industrial application and joint
performance of laser impact welding (LIW), so eliminating the rebound zone is the primary task of
current process optimization.

Liu et al. [31] performed Cu-Al-Cu three-layer impact welding of weldments, that is, using Cu as
the flyer, first impact the middle layer Al, and finally, under the impact of the impact, the middle layer
accelerates the impact to the Cu of the bottom target, completing three-layer impact welding. Due to
the first impact welding of the flyer and the middle layer, impact velocity and impact angle are adjusted,
thus reducing the springback of the middle layer Al and the bottom target Cu during the second
impact welding process, but the springback of the first flyer and the middle layer still not be controlled.
Sadeh et al. [32] found in experiments that the use of black tape between the target and the fixed plate
reduces the rebound of the flyer. They used a black tape buffer layer to eliminate the center spring
back phenomenon, greatly increasing the area of the weldment area. Convert the weldment area from
aring to a dot and outer ring shape.

Three-layer impact welding and the use of black tape have better eliminated the center spring
back and obtained an ideal circular solder joint. They confirmed the possibility of laser impact welding
to eliminate the center spring back and made a great contribution to the application of the process.
These two experiments jointly pointed out that “buffering” is the key factor for laser impact welding to
eliminate center spring back.

(a) Welding area

R — Sprinéback f |
b W— .,,,Swr% ”
\\Weldmg” avrwee’lj‘*:} w{*{. ‘1

L T I R

Weld spot

Figure 7. (a) Cross-section of weld interface at 1550 m] energy (reprodueced from [27], with permission
of Elsevier 2019); (b—e) Weld spot between molybdenum and copper (reproduced from [28], with
permission of Elsevier 2019).
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3.2. Laser Impact Welding Interface Wave

A periodic wave-like interface is a typical interface morphology in impact welding. On the one
hand, the interface wave can increase the area of metallurgical bonding in a limited welding area
and increase the welding bonding strength. On the other hand, it can also be mechanically interlocked
to improve the strength of the interface. Accordingly, the interface wave characteristics are related
to welding parameters such as input energy and impact angle. Figure 8a—c show the interface
wave characteristics of explosive welding, magnetic pulse welding and laser impact welding [33].
The wavelength and peak of the interface wave increase with the increase in energy. Due to the low
energy input in laser impact welding, the interface wave presents irregular characteristics. It is
almost a straight line under the ordinary optical microscope and low-magnification scanning electron
microscope, and the undulations of tiny waves can only be seen under the high-magnification electron
microscope. Wang et al. [24] studied the relationship between the characteristics of the laser impact
welding interface wave and the laser energy density, as shown in Figure 8d, which further confirmed
the irregularity of the laser impact welding interface wave.

(a) (b)

Intermetallic phase

Intermetallic phase in vortex

Figure 8. Weld interface morphology of three typical impact welded joints with (a) Explosive welding;
(b) Magnetic pulse welding; (c) Laser impact welding; (d) Weld wave interface morphology with laser
impact welding (reproduced from [24], with permission of Laser Institute of America 2016).

The ideal interface wave can make the welded joint get excellent performance, but the formation
mechanism of the interface wave is still controversial. At present, there are mainly the following four
theories regarding the formation mechanism of interface waves:

1.  Bahraniand Black [34,35] first proposed the flyer flow penetration mechanism (caved mechanism),
as shown in Figure 9. Since the stress generated by the impact is much greater than the yield
strength of the material, this mechanism regards the flying stream as a fluid with a certain
viscosity, and the target is a non-fluid ductile metal. It is believed that the initial impact of
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the flyer on the target will cause the target to sink and bulge with plastic deformation. The work
hardening caused by deformation makes it more and more difficult for the target to deform,
reaching the limit. After periodic action, a wavy interface formed.

(a)

Flyer

Target

| ' .

Figure 9. (a—e) the process of Bahrani caved mechanism (reproduce from [34], with permission of Royal
Society 1967).

2. The Helmholz instability mechanism was proposed by Hunt et al. [36]. This mechanism regards
the two metals under high-speed impact as fluids. During the impact and collision, the flyer
and the target will have their own characteristics at the interface between the two. The tangential
velocities u; and up parallel to the interface, due to that the different properties of the two
metals, the different driving forces they receive, and the reflection from the fixed surface of
the target, cause the tangential velocities u; and u, to be inconsistent. As shown in Figure 10a,
the speed difference between the two fluids at the interface position will cause small disturbances.
This disturbance will cause the interface to instability and produce a wave-shaped interface.
This wave-shaped cloud commonly found in nature is Kelvin-Helmholtz instability. They believe
that a similar situation will also occur during the impact, so a wavy interface will be formed.

ﬁm# ,tmli. 7 |
iy ey
// //// // ////H/j” / /5 /
/o |

Figure 10. (a) Helmholz instability mechanism (reproduced from [37], with permission of Elsevier
2010); (b) stress wave mechanism.

The stress wave mechanism says that the impact wave generated by the release of energy
and the various stress waves reflected from the target superimpose on the interface to produce
interface waves as shown in Figure 10b [38,39]. At the collision between the flyer and the target,
stress waves generated at the interface and propagate into both the flyer and the target. The higher
the input laser energy, the stronger the stress waves are. The waves are reflected when they
meet an interface/surface. Until now, no quantitative relationship was built between the wave
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characteristics and the stress waves. According to this mechanism, the size of the interface
waveform is only related to the thickness of the weldment. However, the size of the waveform will
be significantly different under different energy [24]. Therefore, this mechanism is not the main
factor affecting the formation of the interface waveform.

4.  The vortex street mechanism is also called the vortex flow mechanism. Sherif [40] and Hay [41]
drew on the principles of fluid mechanics and regarded the flyer and target as fluids. As shown in
Figure 11, according to the vortex mechanism, when the fluid vortex encounters an obstacle, they
will rotate in opposite directions from both sides of the obstacle to form a vortex line. Therefore,
the flow of the flyer and the target will flow out during the impact welding process. Separation
and convergence eventually form a wavy interface. However, in fact, the impact process is not
blocked by obstacles.

Figure 11. Vortex Street mechanism (reproduced from [42], with permission of Elsevier 2018).

At present, the caved mechanism and the Helmholz instability mechanism are interface wave
formation mechanisms accepted by most scholars, especially to explain the periodic interface waves in
explosive welding and magnetic pulse welding. The energy input by the two is large, and the interface
metal can be approximated as fluid during the impact. The laser impact welding interface presents
irregular interface waves or flat interfaces. Whether the Helmholz instability mechanism can accurately
predict the shape of the laser impact welding interface still needs to be explored.

At present, the simulation of the wave-shaped interface of impact welding by researchers often
regards the material as a fluid and applies the penetration model. The material models adopted by
most researchers are the Johnson—-Cook materials model [43]. The Johnson—-Cook materials model has
the following formula.

- = (A +Bel, f)(1 +CIné)(1-T") 3)
o is flow stress; Eeff is effective plastic strain; ¢ = % is plastic strain rate; T* = Tz;% it

homologous temperature; A, B, C, n, m are materials parameters.
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3.3. Microstructure of Laser Impact Welding Interface

3.3.1. Interface with and without Transition Layer

Figure 12 shows two typical interface structures in impact welding revealed by electron microscopy:
welding interface with transition layer and welding interface without transition layer [44,45].
For the welding interface with a transition layer, the transition layer is a new phase different from
the base material produced after melting and solidification of the interface metals, which belongs
to the “rapid melting-solidification” interface bonding mechanism [46]. For the interface without
a transition layer, there are currently two opposing views: on the one hand, scholars represented
by Stern [47] believe that the interface combination is attributed to the “mechanical mixing” effect
and there is no melting. The high plastic deformation of the interface leads to the rapid refinement of
crystals and the formation of an intermediate thin layer. On the other hand, scholars represented by
Marya [48] believe that under high-speed impact conditions, the temperature increase in the impact
interface is inevitable. This type of interface is also formed by the “rapid melting-solidification” of
the thin metal layer. The formation of the transition layer is related to the input energy.

For the foil vaporization welding with higher input energy than LIW, Sridharan N et al. [49] used
the latest TEM and APT techniques to observe the structure of the weld interface without transition
layers from the nanoscale. As shown in Figure 12a, they found that there is a nano-scale amorphous
layer at the interface. The amorphous layer contains elements of the two weldments, confirming
the diffusion of interface atoms during the impact. In this regard, they proposed a “liquid film”
diffusion mechanism. That is, the metal atoms with the lower melting point are first melted into
a liquid film during the impact welding process, and the higher melting point atoms on the other
side will enter the liquid film for diffusion. Their study indicated that the interface reaction in impact
welding is complex and exhibited different phenomena at a different scale.

Figure 12. Two welding interfaces of impact welding (a) Transition zone interface (reproduced from [49],
with permission of Elsevier 2019); (b) Interface without transition zone (reproduced from [24], with
permission of Laser Institute of America 2016).

Under SEM observation, the laser impact welding interface mostly belongs to the interface
without the transition layer. Wang H. et al. [50] used EBSD to confirm that the grains in the vicinity of
the joint are significantly refined, and there are nanocrystalline ribbons like the vaporized foil, but
no obvious continuous transition layer is found on the welded joints of dissimilar metals. However,
the impact is a rapid process of energy accumulation and release. Especially in the second half of
the cycle, as shown below, the impact will abnormally increase the energy to form a discontinuous
intermetallic compound, and finally form a mixed interface without a transition layer and a transition
layer. At present, the mixed interface formed by laser impact welding with such low energy input has
not been explored. Exploring the formation and distribution of these two interface structures is of
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great significance to reveal the order of the formation of the impact welding interface. In particular,
the influence of discontinuous intermetallic compounds on the brittleness of the bonding surface has
a certain significance for the improvement of process performance.

3.3.2. Laser Impact Welding Interface Diffusion and Intermetallic Compounds

At the impact welding interface with the corresponding occurring obvious melting phenomenon,
the atom diffusion mechanism is the same as that in the melting and welding process, and intermetallic
compounds forms. This kind of regional melting phenomenon is common in explosive welding
and magnetic pulse welding/foil vaporization welding interface. Wang X et al. [27] found that laser
impact welding also showed a local melting lump as shown in Figure 13 at high welding input energy,
and a platform also appeared on the EDS (Energy Dispersive Spectrometer) concentration curve.
According to previous studies by Akbari and Behnagh [51] and Zhang et al. [33], it is an intermetallic
compound. Therefore, in laser impact welding, with high laser energy, melting at the interface also
occurs. EDS can only qualitatively analyze the existing problems of intermetallic compounds. In-depth
analysis is still needed for the composition and shape of intermetallic compounds.

(b)

[——
g 88388883
Intcasiy(cps)
IEERERER R

7 . H
Distance(sm) Distance(um)

Figure 13. EDS (Energy Dispersive Spectrometer) curves of impact weld melting block (reproduced
from [27], with permission of Elsevier 2019) (a) SEM image of aluminum/copper weld interface with
fusion block; (b,c) EDS curves at positions 1 and 2.

For laser impact welding, the interface is generally no obvious melting phenomenon and
the intermetallic compounds [24]. For example, Wang et al. [52] studied the laser impact welding
of amorphous and crystalline materials. They used XRD to compare and analyze the changes in
amorphous materials before and after laser impact welding. As shown in Figure 14, the EDS curve
is the same as other materials. It is a continuous curve and no intermetallic compounds were found.
In addition, they found that LIW could not cause structural changes in the amorphous matrix.

Chen Setal. [53] and Ning L et al. [54] found that the crystal structure at the interface was destroyed
during an impact, resulting in a disordered organization. The two elements diffused and interacted
with each other in a disordered structure, then, followed into the interior of the ordered crystal structure.
Although the calculated diffusion layer thickness is slightly lower than the experimentally measured
diffusion layer thickness, it provides an effective way to study atomic diffusion at the impact welding
interface. This numerical simulation calculation result is consistent with “liquid film”, that is, the key
to the inter-diffusion of LIW across the bonding interface is the disordered layer of atoms produced
by the impact. In the future, high-precision characterization technology and numerical simulation
technology are expected to reveal the atomic diffusion mechanism of laser impact welding interface.
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10

Figure 14. EDS concentration curve for laser impact welding of crystal and amorphous materials [52].

4. Mechanical Properties of Laser Impact Welding Interface

4.1. Laser Impact Welding Interface Strength

The welding area of laser impact welding is a millimeter-sized ring, and it is difficult to measure
its area under mechanical testing in real-time. Therefore, the maximum force (N) that can be achieved
in the tensile fracture of the welded joint is usually used to characterize the bonding performance of
the welded joint. The test methods mainly include the peeling test and shearing test [24,28], as shown

in Figure 15.
(a)
Force (b) : -
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/ ~
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Figure 15. Test method for bonding force of welded joints (a) shearing test and result (reproduced
from [28], with permission of Elsevier 2019); (b) peeling test and result (reproduced from [24] with
permission of Laser Institute of America 2016).

The mechanical properties of laser impact welded joints are generally considered to be related to
energy density, welding area, and flyer thickness. The improvement of bonding force is affected by
the higher the energy density, the larger the welding area, and the thicker the flying piece. As mentioned
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above, the higher the energy density, which leads to more generation of interface waves. It can be seen
as increasing the bonding force by increasing the welding area and “mechanical interlocking”.
According to the failure location, laser impact welding can be divided into joint damage failures
under low energy state and matrix damage failures under high energy state. The joint failure under
low input energy is shown in Figure 16a,c,e. The joint bonding force is lower than the strength of
the matrix, and the failure location is located in the joint, which is mostly brittle fracture; the matrix
fails under high input energy. As shown in Figure 16b,d.f, the strength of the metallurgical joint is
higher than the strength of the matrix, and the failure location is in the matrix, which is generally
ductile fracture. Therefore, when the input energy is low, the input energy can be increased to increase
the joint bonding force, and when the input energy is high, the thickness of the weldment can be
increased to directly strengthen the target material and improve the damage resistance [27].

Figure 16. Two forms of failure (reproduced from [27], with permission of Elsevier 2019) (a,c,e)
Low-energy joint failure; (b,d,f) High-energy base metal failure.

4.2. Interface Hardness of Laser Impact Welding

In addition to the bonding force, the nanoindentation experiment is used to test the hardness
of the tiny interface area to characterize its strengthening under the high-speed impact. As shown
in Figure 17, the laser impact welding joint is impact-strengthened, and the hardness is higher.
The hardness of the matrix on both sides of the joint gradually decreases from the interface. However,
the hardening effect is different for LIW (Laser Impact Welding) and MPW (Magnetic Pulse Welding)
due to the different input energy. The higher hardness at the same position is affected by the more
energy input [33].

Laser impact welding is a transient, high-temperature, and high-pressure process. The microstructure
of the material undergoes abrupt changes, such as the increase in dislocations, the refinement of grains,
and the formation of cellular structures, which change the properties of the material. On the one hand,
the welded joint produces high-rate strain plastic deformation strengthening under impact; on the other
hand, the rapid plastic deformation during the impact process will generate a lot of heat and cool down in
a short period, which can be regarded as a quenching process [28,33,55,56].

However, it should be noted that the formation of brittle intermetallic compounds will also
significantly increase its hardness. Therefore, to evaluate its performance, the bonding force of
the welded joint and its hardening degree should be considered together.
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Figure 17. Hardness of weld interface with MPW (Magnetic Pulse Welding) and LIW (Laser Impact
Welding) (reproduced from [33], with permission of Elsevier 2011).

5. Conclusions and Prospects

The principle and process of impact welding are described, and the difference between laser
impact welding and another impact welding is illustrated above in this work. It also describes
the research progress in recent years, and summarizes its application prospects, the difficulties in
industrial applications and the mechanism problems currently to be studied as follows:

1.  Inthe laboratory research stage, the development of laser impact welding technology has made
great progress, realizing the joining between a variety of dissimilar materials, including the joining
between amorphous and crystalline and multilayer composite materials. It shows that laser
impact welding has a good application prospect in the joining of dissimilar materials.

2. Laser impact welding still has problems such as the rebound of the flyer, the surface damage of
the flyer, and the small welding area. It is necessary to use a higher energy laser to try a larger
welding area and use a “buffer layer” to solve the problem of center spring back. Before industrial
applications, it is necessary to further optimize the laser impact welding process and design
evaluation standards for the performance of welded joints.

3. Theevolution of the microstructure of the laser impact welding interface is complex, the mechanism
of interface atom diffusion is not clear, and the existence of micro-domain melting at the interface
has not been confirmed. The discovery of the interface bonding mechanism requires more
in-depth research on the atomic scale.
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