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Abstract

In this study, laser impact welding experiments on H62 brass and stainless steel 304 (SS304) were carried out, the feasibility
of welding the two alloys was analyzed, and the influences of laser energy and flyer plate thickness on the surface morphology
and interface waveform of the welded joint were studied. The elemental distribution of the welding interface was measured
and examined. The mechanical properties of the welded sample were also systematically explored. Results show that weld-
ability between the flyer and the substrate plate at a flight distance of 0.2 mm is the best when the other process parameters are
the same. When the thickness of the flyer plate is constant, the amplitude and wavelength of the bonding waveform decrease
as laser energy decreases. Under the same laser energy, the amplitude and wavelength of the interface waveform decrease as
flyer plate thickness increases. Energy-dispersive spectroscopy results reveal an approximately 6 pm-thick element diffusion
layer at the bonding interface. Two failure types occur in tensile shear failure: bonding interface peeling failure and bonding
edge fracture failure. The maximum force decreases sharply under excessive laser energy or flight distance. The connection

strength decreases as the flyer plate thickness decreases.

Keywords High-speed impact welding - Interface waveform - Element diffusion - Local thinning - Tensile shear test

1 Introduction

In the modern industry, brass has become an indispensable
material in economic development due because of its good
thermal conductivity, electrical conductivity, and excellent
formability. Its wear resistance and corrosion resistance are
better than those of pure copper, so it has been widely used
in aviation, chemical industry, and energy industry [1]. How-
ever, in some occasions in which a high strength connection
is needed, a single brass material hardly meets application
requirements because of the poor strength of brass. Stainless
steel, which has high strength and toughness, is commonly
used. Brass and stainless steel dissimilar metal welding
structures are becoming more and more extensive, such as
cooling pipes in refrigeration equipment, automobile heat
exchangers, synchronizer cone rings, reducer turbines and
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bearings. However, traditional welding methods are prone
to melting and cracks in the welding process, resulting in
the low connection strength of welded joints [2—4]. There-
fore, an appropriate welding process should be explored to
achieve the effective bonding of brass and stainless steel.
Solid-phase welding does not produce large-scale melting
and can avoid the formation of defects, such as heat-affected
zones and cracks. As such, this process is especially suit-
able for bonding between dissimilar metals. Moreover, the
bonding interface strength of a welding specimen is usually
not less than the strength of original materials. At present,
the solid-phase welding method for brass and stainless steel
is limited to explosive welding and friction stir welding. In
2011, Wronka et al. [5] studied the explosive welding and
bonding mechanism of brass and stainless steel. In 2012,
Luo et al. [6] used friction stir welding to obtain a connection
between brass and stainless steel. Their experimental results
show that their welding sample has a good bonding quality,
and elemental diffusion occurs at the welding interface. In
2013, Kimura et al. [7] achieved the friction stir welding
of brass and stainless steel. When exploring the welding
process parameters, they found that the joint strength of the
welded sample of brass and stainless steel improves under
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suitable process parameters. In 2016, Bai et al. [8] applied
explosive welding to establish the connection of brass and
stainless steel and systematically explored the mechanical
properties and microstructure of welded samples. Gao et al.
[9] realized friction stir welding between brass and stain-
less steel and focused on the influences of welding velocity
on the mechanical properties and microstructure of welded
joints. Therefore, friction stir and explosive welding can
result in an effective connection between brass and stainless
steel, but these two welding methods have disadvantages. In
explosive welding, a flyer plate is pushed to generate impact
with a substrate plate via an explosion, which produces loud
noise during welding, and explosive welding is not suitable
for micro-welding. In friction stir welding, process param-
eters, such as rotation speed of a stirring rod and welding
speed, should be strictly adjusted, and the wear of the stir-
ring rod should be considered. As such, this welding process
is complicated. Angshuman et al. [10] analyzed the influence
of process parameters on weld performance by discussing
the advantages and limitations of magnetic pulse welding
(MPW). In addition, their research analysis also provides
good suggestions for the future research direction of MPW.
However, their research and analysis of the current MPW
also has limitations in design and process.

In recent years, laser impact welding (LIW), as a new
type of solid-phase welding technology, is not limited by the
melting point and thermal expansion coefficient of materials.
It is simple, easily controlled, and suitable for microweld-
ing between dissimilar materials. It also has a high degree
of automation, so it has gradually attracted the attention of
researchers. In 2011, Zhang et al. [11] welded Al/Fe via
LIW and showed that the bonding interface of the welded
joint is smoother than that of explosive welding or magnetic
pulse welding. In 2014, Wang et al. [12] successfully cre-
ated a connection of the same metal Al/Al and the dissimilar
metal Al/Cu by using an angle LIW process. In 2015, Wang
et al. [13] optimized this welding process by comparing the
pit height formed by a compound plate after they selected
laser shock, polycarbonate plate, black lacquer, and double-
sided tape as constraining, absorbing, and linking layers of
the welding system, respectively. In 2016, Wang et al. [14]
formed an Al/Ti connection via LIW. The thicker the flyer
plate is, the smaller the impact velocity will be under the
same laser pulse energy. Liu et al. [15] proposed a new laser
shock spot welding process, which performs a bulge in the
position where the flyer plate is to be welded to provide the
flyer plate with a certain flight distance and impact angle.
In 2017, Wang et al. [16] successfully welded a wire and a
metal plate via laser indirect impact welding, which expands
the application range of LIW. In 2018, Liu et al. [17] suc-
cessfully welded a three-layer Cu/Al/Cu plate via LIW and
verified the feasibility of LIW for three-layer plates. They
observed that bonding area increases as the laser pulse
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energy increases. The research status of LIW technology
shows that this solid phase welding process can weld dis-
similar metals and alloys very well, which provides a new
idea for the welding of brass and SS304. However, the physi-
cal and chemical properties such as density, melting point,
and hardness of brass and SS304 determine that brass and
SS304 are more difficult to weld than pure metal. Therefore,
it is necessary to study the welding mechanism, welding
process, and the interaction of welding materials between
brass and stainless steel.

In this study, LIW provided a new way for micro-welding
of Brass/SS304, and the influences of laser energy, flight
distance, and thickness of the flyer plate on the welding
process of the two alloys were analyzed. The surface mor-
phology and cross-sectional morphology of welded sam-
ples with different laser pulse energies and thicknesses of
the flyer plate were observed using an optical microscope.
The microstructure of the bonded interface was examined
using a scanning electron microscope (SEM), and the influ-
ences of laser pulse energy and thickness of the flyer plate
on the microstructure of the bonded interface were explored.
The elemental diffusion of the bonding interface was ana-
lyzed via energy-dispersive spectroscopy line scanning. The
effects of different laser pulse energies, flight distances, and
thicknesses on the maximum force were investigated via a
tensile shear test, and failure mode was evaluated under vari-
ous welding conditions.

2 Mechanism of LIW

The principle of LIW is shown in Fig. 1. The welding system
comprises a focusing lens, a blank holder, a constraining
layer, a flyer plate, an ablative layer, a substrate plate, and
a back support. Polymethyl methacrylate has good impact
resistance and light transmittance, which are selected as
the constraining layer in the experiment. When the pulse
laser irradiates on the ablative layer through the transparent
constraining layer through the focusing lens, the ablative
layer (black paint) quickly vaporizes and ionizes into plasma
under the irradiation of the pulse laser. The plasma expands
rapidly after it absorbs the laser pulse energy because of the
limitation of the constraining layer, thus forming a strong
shock pressure wave on the surface of the flyer plate [18].
Under the influence of a shock wave, the flyer plate flies
downward at a high speed to achieve impact welding.
Figure 2 shows a schematic of LIW [19]. The flyer
plate is placed parallel to the substrate plate before weld-
ing with a certain flight distance, as shown in Fig. 2a. The
beam induces a quasi-Gaussian shock wave, and the flyer
plate protrudes downward and accelerates to fly downward
under the action of the shock wave, as shown in Fig. 2b.
When the flyer plate is accelerated by a certain distance,
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Fig. 1 Mechanism of LIW
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as shown in Fig. 2c, the convex portion of the center of
the flyer plate first collides with the substrate. Theoreti-
cally, the impact angle between the flyer and the substrate
plate is 0° at the beginning stage of the welding, and the
impact angle does not reach the critical angle necessary
for welding. Therefore, the flyer and the substrate plate
are not welded. With the progress of the welding pro-
cess, the impact angle increases gradually. Only when
the shock angle approaches the necessary critical angle, a
jet is produced between the flyer and the substrate plate,
and the solid-phase metallurgical bonding is achieved.

Intermediate unwelded areas form during welding, as
shown in Fig. 2d because the impact angle is small, and
the critical angle is not reached at the beginning stage of
welding. Upon striking the substrate, the flyer plate gener-
ates a downward shock wave. According to the principle
of shock wave propagation, the reverse shockwave corre-
sponding to the same is generated on the flyer plate at the
moment of collision [20]. When the reverse impact stress
on the flyer plate exceeds the plastic deformation limit of
the flyer plate material, the flyer plate forms an upward
bending bulge, resulting in a springback phenomenon.
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Fig. 3 Laser high-speed impact welding experimental system

Springback is disadvantageous for LIW, which increases
the intermediate unwelded area.

3 Experimental preparation
3.1 Experimental equipment

The LIW experimental system used in this study is shown in
Fig. 3. It is mainly composed of a computer control system,
a laser transmitter, a cooling system, and a workpiece weld-
ing system. A Spitlight 2000 Nd: YAG laser was used in the
experiment. Table 1 shows the main parameters of Spitlight
2000 Nd:YAG laser. A KEYENCE VHX-1000C ultra-depth
of field three-dimensional microscope was utilized to survey
the surface morphology and cross-sectional morphology of
welding specimens at magnification ranging from 20 X to
5000 x . The operation is convenient, and the observation
results are reliable. An S-3400 N SEM was used to observe
the microstructure of the welded cross section and analyze
the elemental diffusion, especially to observe the formation

Table 1 Main parameters of Spitlight 2000 Nd:YAG Laser

of the interface waveform and the jet and to conduct point,
line, and area scanning of the elements near the welding
interface. A universal testing machine with a maximum
range of 10 kN and a load resolution of 0.01 N was utilized
to examine the welding sample via a tensile shear test.

3.2 Experimental parameters

The flyer and substrate plate materials in this experiment
were H62 brass and SS304, respectively. With the rapid
development of electronic products, biology, medical
devices, precision instruments, sensors, and other indus-
tries, the miniaturization, precision, and high performance
of products has become one of the important trends in the
development of manufacturing industry, which promotes the
research of micro-welding technology. Therefore, the flyer
plate was cut into a rectangle with dimensions of 20X 5 mm,
and the substrate plate was cut into a square with dimensions
of 20 x20 mm. The chemical compositions of H62 brass
and SS304 are shown in Tables 2 and 3, respectively. In
addition, a spot diameter of 1.5 mm was used in the experi-
ment. Laser pulse energies of 565, 835, 1200, 1550, and
1800 mJ and flyer plate thickness values of 0.01, 0.02, 0.03,
and 0.04 mm were selected. The thickness of the substrate
plate was 0.08 mm. Three different flight distances of 0.1,
0.2, and 0.3 mm were used. The flight distance is related to
the critical impact angle [21] and impact velocity [22]. The
experimental parameters and experimental conditions are
presented in Table 4.

4 Results and discussion

4.1 Surface morphology and cross-sectional
morphology of welded samples

Experimental parameters Value
Laser wavelength 1064 nm At a flight distance of 0.2 mm, the effect of laser energy on
Pulse width 8 ns the surface and cross-sectional morphologies of the welded
Exit spot diameter 9 mm samples was investigated. Secondly, the influence of the flyer
Energy stability <+1% plate thickness on the cross section and surface morpholo-
Laser pulse eneray 80—_1 800 mJ gies of the welded specimen was investigated by keeping the
laser pulse energy unchanged.

Table 2 Chemical constituents Constituents Cu 7n Fe Bi Sh Pb P
of H62 brass (wt%)

Brass 61.79 37.8 0.15 0.02 0.009 0.075 0.01
Table 3 Chemical constituents Constituents Fe Ni Cr Si Mn S p C
of $S304 (wt%)

SS304 70 9 18 1 2 0.03 0.045 0.08
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Table 4 Specific experimental parameters

Experimental parameters Value

Welding material Brass/SS304

Flyer size (mm) 20%5x%0.02/0.03/0.04
Substrate size (mm) 20%20x0.08

Laser pulse energy (mJ) 565, 835, 1200, 1550, 1800
Flight distance (mm) 0.1,0.2,0.3

Spot diameter (mm) 1.5

Figure 4a and b shows the surface morphology of the
welding specimen under 1200 and 1800 mJ, respectively.
Obvious ripples can be observed on the surface of the flyer
plate when the laser pulse energy is 1800 mJ, whereas when
the laser pulse energy is 1200 mJ, the surface of the weld-
ment is flat, and no ripples appear. This finding is mainly
due to the different impact speed of the flyer plate. Under
the laser pulse energy of 1800 mlJ, the flyer plate can obtain
a high impact velocity, resulting in more serious plastic
deformation, thus forming surface ripples. Figure 4c shows
the surface morphology of the flyer plate with a thickness
of 0.04 mm under the laser pulse energy of 1800 mJ. The
welding surface is flat and smooth, which is similar to that
shown in Fig. 4a. The thicker the flyer plate is, the smaller
the impact velocity will be. At a low impact velocity, the
degree of the plastic deformation of the flyer panel is rela-
tively reduced. Hence, the surface morphology of the weld-
ing specimen is relatively flat.

Figure 5 shows the cross-sectional morphology of the
welding samples, specifically the intermediate unwelded
areas. Hence, the effective welded area of brass and stain-
less steel is the annular area. Figure 5a and b presents the
jet formation, which is a necessary condition for success-
ful high-speed shock welding. Figure 5a and b illustrates
the cross-sectional morphologies of different laser beam
energies at the same flyer plate thickness (0.02 mm). The

comparison of the cross-sectional figures of the weld-
ing specimen under the two laser pulse energies reveals
that the intermediate unwelded area decreases as the
laser energy decreases. The increase in laser energy also
increases the impact velocity at the edge of the impact
region, resulting in a wider range of thee plastic deforma-
tion of the flyer plate. Thus, the diameter of the outer circle
of the weld region increases. The area of the effective weld
zone eventually increases because the increase rate of the
outer circle diameter of the weld zone is greater than the
diameter of the intermediate unwelded zone. Liu et al. [15]
observed a similar phenomenon when studying a new type
of LIW process. Figure 5¢ shows a cross-sectional optical
micrograph of a welded specimen with a flyer plate thick-
ness of 0.04 mm at a laser pulse energy of 1800 mJ. The
unwelded area in the middle slightly changes compared
with brass with a thickness of 0.02 mm possibly because
the impact energy obtained by the flyer plate is substan-
tially the same. As such, the impact of the rebound on the
area of the intermediate unwelded region is slightly differ-
ent. However, the diameter of the outer circle of the weld-
ing area decreases obviously because the thicker the com-
pound plate is, the more difficult the production of plastic
deformation will be. The plastic deformation range of the
thicker flyer plate during impact welding is small under
the same laser pulse energy, resulting in a rapid decrease
in the diameter of the outer circle of the welding area.
The increase in the thickness of the flyer plate reduces the
impact velocity at the edge of the impact region. Conse-
quently, achieving a range of effective impact velocities
is difficult. This condition may also explain the decrease
in the diameter of the outer circle of the weld region. The
area of the effective weld area decreases as the thickness
of the flyer plate increases.

Fig.4 Surface topography of welding samples (standoff distance:
0.2 mm): a flyer plate thickness of 0.02 mm and laser pulse energy
of 1200 mJ; b flyer plate thickness of 0.02 mm and laser pulse energy

of 1800 mJ; and ¢ flyer plate thickness of 0.04 mm and laser pulse
energy of 1800 mJ
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Fig.5 Cross-sectional morphol-

ogy of the welding samples (a)
(standoff distance: 0.2 mm): a
flyer plate thickness of 0.02 mm
and laser pulse energy of

1200 mJ; b flyer plate thick-
ness of 0.02 mm and laser pulse
energy of 1800 mJ; and ¢ flyer
plate thickness of 0.04 mm and
laser pulse energy of 1800 mJ

(b)
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4.2 Effect of laser pulse energy and flyer plate
thickness on the microstructure of bonding
interface

Figure 6 shows the microstructure of the bonded interface
of the welded samples at pulses of 835, 1200, 1550, and
1800 mJ at a flying distance of 0.2 mm. As shown in Fig. 6,
no obvious melting was found at the welding interface. How-
ever, we found that welding interface will produce obvi-
ous melting phenomenon when the laser energy is too large
in our previous research [19]. The bonding interface is flat
at a laser energy of 835 mJ. When the laser energy gradu-
ally increases, the bonding interface initially becomes a
microwave-like interface and subsequently an obvious wavy
form interface appeared. The amplitude and wavelength of
the interface wave reach the maximum at a laser energy of
1800 mJ. An increase in laser energy increases the kinetic
energy of the flyer plate. According to the kinetic energy
theorem, the impact force of the flyer plate upon hitting the
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substrate also increases. An increase in the impact force
increases the shear stress and impact pressure at the colli-
sion point, resulting in a more severe plastic deformation of
the flyer plate and the substrate at the bonding interface and
in an increase in the waveform size of the bonding inter-
face. As discharge voltage increases, the bonding interface
slowly changes from a straight line to a regular wave, and the
waveform size continuously increases. Kahraman and Giil-
eng [23] conducted an explosion welding study and observed
that the amplitude and wavelength of the combined interface
waveform decrease as the explosion load decreases. Angshu-
manet al. [10] found a similar phenomenon in the process
of analyzing MPW.

The thickness of the flyer plate is another important factor
affecting the microscopic morphology of the bonded inter-
face. Under a flight distance of 0.2 mm and a laser energy
of 1800 mJ, the effects of three kinds of flyer plates with
different thickness values on the microstructure of the bond-
ing interface are investigated. Figure 7 presents the specific
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Fig. 6 Micro-morphology of the bonding interface at different laser
pulse energies (standoff distance, 0.2 mm; flyer plate thickness,
0.02 mm): a 835 mJ; b 1200 mJ; ¢ 1550 mJ; d 1800 mJ

Fig.7 Micro-morphology of the welding interface at different flyer
plate thicknesses (standoff distance of 0.2 mm and laser pulse energy
of 1800 mJ): a 20 pm, b 30 pm, and ¢ 40 pm

microstructure. Figure 7a—c shows the welding interface
morphologies of 0.02-mm-, 0.03-mm-, and 0.04-mm-thick
brass and stainless steel after impact welding, respectively.
The flyer plates with different thickness can obtain a good
bonding interface. This result indicates acceptable weld-
ing quality. When the thickness of the brass is increased
to 0.03 mm, the amplitude and wavelength of the interface
waveform decrease. When 0.04-mm-thick brass is used
as a flyer plate, a small and dense microwave interface is
obtained. The experimental results show that the amplitude
and wavelength of the interface waveform decrease as the
thickness of the flyer plate increases. The reasons support-
ing this finding are as follows. First, an increase in the flyer
plate thickness reduces the impact velocity when the flyer
plate and the substrate collide, resulting in a smaller degree
of plastic deformation at the interface between the flyer plate
and the substrate. Second, the protruding degree of the flyer
plate with different thickness differs after it receives the same
impact force. The thicker the flyer plate is, the less obvious
the bulge will be. Hence, the rate of change in the dynamic
impact angle decreases. When the impact point moves at the
same distance along the welding direction, the shock angle
obtained is smaller than that of the thinner flyer plate. There-
fore, the amplitude and wavelength of the bonding interface
decrease as the flyer plate thickness increases under the
effects of shock speed and shock angle. Manikandan et al.
[24] studied the underwater explosion welding of copper and
molybdenum and found that the amplitude and wavelength
of the interface wave decrease when the thickness of the
flyer plate increases from 0.1 to 0.3 mm. In addition, the
bonding interface obtained after the flyer plates are welded
with three kinds of thickness is wavy, and no straight inter-
face wave is observed because the kinetic energy obtained by
at a larger laser pulse energy is still greater than the kinetic
energy obtained at a low pulse energy, although the increase
in the thickness of the flyer plate reduces the impact velocity.
Consequently, no flat waveform appears. Figure 7a—c shows
that the interface waveforms generated are not completely
symmetrical during welding possibly because of the differ-
ent densities of brass and stainless steel. Chen et al. [25] also
found this asymmetric wavy interface on the explosive weld-
ing of aluminum and magnesium alloys. Akbari et al.[26]
investigated the explosion welding of titanium and stainless
steel and observed that waveform asymmetry is due to the
difference in density between different materials. In addi-
tion, higher the flyer thickness, higher is the requirement
of kinetic energy for deformation. When the thickness of
the flying board increases, and the laser energy remains the
same, this may result in insufficient welding energy, so the
left side of Fig. 7c may be that the connection is not good
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enough. Meanwhile, the surface impurities may be removed
by the jet to the outside of the welding environment.

In the experiment, whether it is changing the loaded laser
energy or changing the thickness of the flyer plate, in fact,
the main influence is the impact velocity between the flyer
plate and the substrate. The larger the shock velocity is, the
larger the waveform size of the interface wave will be. The
impact angle has a certain influence without changing the
flight distance, but the degree of influence is small. The main
factor affecting the waveform size of the bonding interface
is shock speed.

4.3 Interface element analysis

The acceleration voltage, resolution, and spot size used in
EDS scanning are 15kv, x3k, and 50 nm, respectively. The
EDS line scan analysis of the brass/SS304 interface is illus-
trated in Fig. 8. The black line segment is the position where
the EDS line is scanned as shown in Fig. 8a. The brass/
SS304 bonding interface line scan results are presented in
Fig. 8b, where the black and red curves represent the trends
of the main elements (i.e., Fe and Cu) of the two alloys,
respectively. Fe starts to rise significantly at approximately
4 pm from the initial position of the line scan. When the line
scanning position is 0.01 mm, Fe increases to a steady stage,
whereas Cu decreases sharply in this range. Hence, the ele-
ment diffusion layer thickness is approximately 6 pm. High
pressure and temperature occur upon impact, so elemental
diffusion at the interface is inevitable [27]. However, the
LIW time is very short, and it does not form a sufficiently
high pressure and temperature condition similar to that in
diffusion welding. As such, a very thick diffusion layer is
not formed. This weak element diffusion is beneficial to
solid-phase welding, which can reduce the distance between
different metal atoms and strengthen the solid-phase met-
allurgical bonding [16]. Geng et al. [28] conducted an

electromagnetic pulse welding research and observed that
the elemental diffusion of welded joints is an important
mechanism of high-speed shock welding.

4.4 Tensile shear test and failure analysis

The brass and SS304-welded samples were subjected to ten-
sile shear failure analysis to measure the quality of welded
joints. The effects of different process parameters (laser
pulse energy, flight distance, and flyer plate thickness) on
the force of the welded joints were studied. Figure 9 shows
the schematic of the failure analysis device. Failure analysis
involves two failure types, namely, interface peeling failure
and joint edge fracture failure, as shown in Fig. 10a and b,
respectively. Interface peeling failure mainly occurs when
the flight distance or the laser energy is low because the
shock velocity obtained by the flyer plate is small, thus form-
ing a flat interface wave shape. Moreover, the two metals
have a low joint strength and are easily peeled off during
stretching. Joint edge fracture failure occurs because the
flyer plate obtains sufficient impact velocity, and the inter-
face gradually becomes a wavy interface. The amplitude and
wavelength of the interface wave also decrease as the impact
velocity decreases, thereby forming microscopic clamping
and ensuring no peeling in the tensile process of the welded
joint. In addition, the edge area of the solder joint may cause
severe stress concentration due to stretching in the tensile
shear test, possibly causing the edge of the solder joint to be
broken due to excessive force.

Load,F = ' ] ~—=Load,F

Bonding interface

Fig.9 Schematic diagram of tensile shear failure analysis device
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Fig.8 a EDS line scan position of brass/SS304 interface; b EDS element line scan result

@ Springer



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:178

Page90of13 178

Fig. 10 a Peeling failure in bonding interface; b Fracture failure on the bonding edge
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Fig. 11 Force—displacement curves of bonding joints with different
laser pulse energies (standoff distance: 0.2 mm; flyer plate thickness:
0.02 mm)

The thickness of the flyer plate (0.02 mm) and the flight
distance (0.2 mm) is unchanged during the tensile shear test.
As shown in Fig. 11, the curves a, b, ¢, and d correspond to
the force—displacement curves of the bonded joints at 1800,
1550, 1200, and 835 m]J laser energies with maximum forces
of 18.26, 23.60, 17.67, and 9.77 N, respectively. The max-
imum force of the welded joint decreases when the laser
pulse energy decreases from 1550 to 835 mJ. The bonding
interface between the flyer plate and the substrate has serious
plastic deformation under the action of high shear stress and
impact pressure. The bonding interface of the welding sam-
ples changes from a straight shape to a distinct wave shape
as the laser pulse energy increases, thus achieving clamp-
ing between the two metals [29]. In addition, the contact

area of the interface decreases as the laser energy decrease,
thereby indirectly increasing the friction between the bond-
ing interfaces. These factors are beneficial to the increase
in the maximum force [30]. Liu et al. [15] found that the
effective bonding region increases as laser pulse energy
increases. This increase may be the reason for the increase in
the maximum force of the bonded joint. However, when the
laser pulse energy increases to 1800 mJ, the maximum force
is seriously degrades. Considering that the failure mode at
1800 mlJ is the fracture failure of the solder joint edge, the
thinning of the edge region of the solder joint may be an
influencing factor. Figure 12a and b shows the optical micro-
scopic cross sections of solder joint edges with laser pulse
energies of 1550 and 1800 mJ, respectively. The thickness of
the edge of the solder joint is approximately 0.01846 mm at
a laser pulse energy of 1550 mJ. Our calculation reveals that
the thinning rate after the impact welding of the flyer plate
is 7.7%. When the laser energy increases to 1800 mlJ, the
thickness of the edge of the solder joint is only 0.01678 mm,
and the thinning rate reaches 16.1%, which is much larger
than the thinning rate at 1550 mJ. When subjected to force,
the flyer plate becomes thinner, and stress is likely produced
in the tensile process, leading to the fracture failure of the
solder joint edge. The thinning of the edge of the solder
joint may be the main reason for the decrease in the bonding
strength of the welded sample. Hence, the maximum force
decreases at a laser pulse energy of 1800 mJ.

The effects of different flight distances and flyer plate
thickness on the tensile strength of the welded samples
are studied. The laser pulse energy remains unchanged
at 1800 mJ. Tensile shear tests are carried out at thick-
ness—flight distances of the compound plate of 0.02-0.1,
0.02-0.2, 0.02-0.3, 0.03-0.2, and 0.04-0.2 mm. Figure 13
shows the force—displacement curves of the welded joints
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Fig. 12 a Thickness of the
welding edge (laser pulse
energy: 1550 mJ); b thickness
of the welding edge (laser pulse
energy: 1800 mJ)

with curves a, b, and c of the 0.02-mm-thick flyer plate
at flight distances of 0.1, 0.2, and 0.3 mm with maximum
forces of 12.39, 18.26, and 13.11 N, respectively. The results
showed that the maximum force initially increases and then
decreases as the flight distance increases. The flight dis-
tance between the substrate and flyer plates decreases, so
that there is not enough time and distance to accelerate to
a higher speed. In addition, the degree of downward bend-
ing of the clad plate will decrease with the decrease in the
flight distance, and the dynamic impact angle between the
substrate and flyer plates is more difficult to reach the critical
impact angle in the initial stage of welding. At this time, the
collision velocity and collision angle between the flyer and
substrate plates are reduced, and the shear stress will also be
reduced. The reduction in the shear stress makes the metal

a0}

I ¢ a 0.02mm-0. 1mm

36 i b——0.02mm-0.2mm
32+ c 0.02mm-0.3mm
28 i d——0.03mm-0.2mm
e 0.04mm-0.2mm

24|

Load Force(N)
8
T

0.00 0.04 0.08 0.12 0.16 0.20
Displacement(mm)

Fig. 13 Force—displacement curves of welding joints with differ-
ent standoff distances and flyer plate thicknesses (laser pulse energy:
1800 mJ)

@ Springer

surface not easier to peel off and produce jet, which eventu-
ally leads to welding failure. At a flying distance of 0.1 mm,
the impact velocity is small when the flyer plate hits the
substrate. Hence, a wavy bonding interface is not observed,
and the bonding strength is relatively small. When the flight
distance increases from 0.2 to 0.3 mm, the flyer plate may
obtain an increased impact velocity, resulting in increased
plastic deformation at the bonding interface. Therefore, the
interface waveform size increases, as shown in Figs. 12b and
14a. Durgutlu et al. [31] studied the explosion welding of
copper and stainless steel and found that an increase in flight
distance can increase the amplitude and wavelength of the
interface wave. An increase in the size of the waveform can
increase mechanical interlock and friction, and this phenom-
enon is beneficial to an increase in the force of the welded
joint. However, the maximum force at a flight distance of
0.3 mm has been seriously reduced. The welding edge was
seriously thinned by the huge impact at a flight distance of
0.3 mm. As shown in Fig. 14a, the thinnest part of the weld-
ing joint edge only has a thickness of 0.01-0.03 mm, and the
thinning rate reaches 49.85%. When the thinning rate of the
welding joint edge is small, the waveform size of the inter-
face wave is the main factor affecting the maximum force.
However, when severe thinning occurs, the thinning of the
edge region of the welding joint causes more serious stress
concentration. When the adverse effect of the thinning of the
welding joint edge on the force is greater than the favorable
effect caused by the increase in waveform size, the maxi-
mum force greatly decreases [22]. Kore et al. [32] examined
the electromagnetic pulse welding of aluminum and stainless
steel and found that the maximum force initially increases
and subsequently decreases as flight distance increases.
The curves b, d, and e in Fig. 13 show the force—displace-
ment curves of the welded joints at flyer plate thicknesses
0.02, 0.03, and 0.04 mm with maximum forces of 18.26,
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Fig. 14 Thickness of the weld-
ing edge: a flyer plate thickness
of 0.02 mm and flight distance
of 0.3 mm; b flyer plate thick-
ness of 0.03 mm and flight
distance of 0.3 mm; and c flyer
plate thickness of 0.04 mm and
flight distance of 0.3 mm
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28.88, and 38.96 N, respectively. The welding strength
decreases as the flyer plate thickness decreases because
the flyer plate thickness has a wavy-bonded interface with
the substrate at a laser energy of 1800 mJ and a flying dis-
tance of 0.2 mm, and tensile failure under each thickness
value occurs in the form of fracture failure at the welding
joint edge. When the flyer plate is thick, a greater force is
required for the material to undergo tensile fracture fail-
ure due to stress concentration. Although the amplitude
and wavelength of the interface waveform decrease as the
flyer plate thickness increases, the beneficial effect of the
increase in the flyer plate thickness on the maximum force
exceeds the adverse effect of the decrease in the amplitude
and wavelength of the interface wave. The 0.03-mm- and
0.04-mm-thick flyer plates still have the localized thinning
of the welding joint edge during impact welding, as shown
in Fig. 14b and c. After LIW, the thicknesses of the welding
joint edge of the 0.03-mm- and 0.04-mm-thick flyer plates
are reduced to 26.43 and 0.03818 mm, respectively. The
thinning rates of the 0.03-mm- and 0.04-mm-thick flyer
plates are 11.9%, 4.55%, respectively. The comparison of
these rates with the thinning rate of the 0.02-mm-thick flyer
plate reveals that thick flyer plates are less prone to thin-
ning. This condition occurs possibly because the thicker the
flyer plate is, the smaller the impact velocity will be when
the flyer plate collides with the substrate plate, resulting in
the plastic deformation of the flyer plate and producing a

relatively small substrate. Hence, the flyer plate does not
cause serious thinning.

5 Conclusion

Brass and stainless steel were successfully welded by LIW.
The effects of flight distance, laser pulse energy, and plate
thickness on the welding of the two alloys were investigated.
The effects of flyer plate thickness and laser pulse energy on
the surface morphology and micromorphology of the weld-
ing samples were also studied, and elemental diffusion at the
welding interface was analyzed. The influences of the laser
energy, flight distance, and thickness of the flyer plate on
the force were discussed. The main results were as follows:

(1) When the laser pulse energy is 1200 mJ, the surface
of the bonding specimen is flat and smooth. When
the laser energy is increased to 1800 mJ, ripples are
observed on the surface of the flyer plate. When the
flyer plate thickness is constant, the effective weld-
ing area decreases as the laser pulse energy decreases,
whereas the effective welding area decreases as the
flyer plate thickness increases.

(2) Under the flying distance of 0.2 mm, when the flyer
plate thickness is constant, the amplitude and wave-
length of the interface wave decrease as the laser pulse
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energy decrease. However, the amplitude and wave-
length of the interface wave decrease as the flyer plate
thickness increases under the same laser pulse energy
and still produces a wavy interface. EDS analysis
results show an approximately 6-um-thick elemental
diffusion layer at the bonding interface.

Two failure modes, namely, peeling failure of the bond-
ing interface and fracture failure of the bonding joint
edge, occur in the failure analysis. The bonding inter-
face peeling failure occurs only when the laser energy
is 565 mJ or the flight distance is 0.1 mm, whereas the
failure mode is the fracture failure of the welding joint
edge under other welding conditions.

When the thickness of the flyer plate is 0.02 mm under
the excessive laser energy or flight distance, the edge
of the welding joint becomes thinner and more severe.
The results show that the welding strength is simulta-
neously affected by the waveform size of the bonding
interface and the thinning of the welding joint edge
flyer plate. When the laser energy and the flight dis-
tance are constant, the flyer plate is, the smaller the
thinning rate will be. The welding strength decreases
as the flyer plate thickness decreases.
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