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Abstract Laser shock forming (LSF) technology employs
shock waves to form sheet metal into three-dimensional com-
plex parts, and has application potential in manufacturing
sheet metal parts. In this paper, the forming of 2024 aluminum
alloy sheet with LSF was investigated through numerical and
experimental methods. The numerical model was established
with the commercial code ABAQUS/Explicit. The formed
conical cup was obtained from the simulation, and validated
by the experiment. With the verified numerical model, the
deformation behaviors, including deformation velocity, sheet
thickness variation and strain distribution, were studied. In
addition, the influence of different shock wave pressures on
the forming precision was also investigated. The experimental
and numerical results show that the metal sheet loaded by
shock wave can take the shape of the mold, and the non-
uniform thickness is distributed in the formed cup. The inves-
tigations also display that there exists reverse deformation at
the central region of deforming sheet owing to severe collision
during LSF. In order to obtain formed part with better quality,
an appropriate pressure of applied shock waves is required.
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Introduction

Nowadays, aluminum alloy sheet is a candidate material
used in closure panels and structural components in aero-
space, automotive industries and so on, which is attrib-
uted to its low density and moderate strength. However,
the viability of the conventional press forming at room
temperature is hindered by its poor formability. Previous
investigations have indicated that the formability of alu-
minum alloy increases dramatically when sheet is shaped
by high-speed techniques, such as electrohydraulic
forming [1], explosive forming [2] and electromagnetic
forming [3, 4]. Laser shock forming (LSF) is an ultrafast
sheet forming technique that the plastic deformation is
accomplished in the level of nanoseconds [5], so it can
be served as a potential technique to overcome the inher-
ent formability limitations in aluminum alloy. LSF forms
metallic sheet with shock wave, which is induced by a
precise-controlled laser pulse. Compared with traditional
sheet stamping [6, 7], the forming momentum in LSF is
from shock wave pressure other than hydraulic pressure,
and its forming pressure is up to several GPa level,
which is far higher than the pressure supplied by the
hydraulic system, so it can deform high strength metallic
sheet. The mold employed in LSF is simple, and only a
semi-mold (female die) is needed. As a result, there is no
difficulty in controlling and adjusting the clearance be-
tween the male die and the female die, which always
exists in traditional sheet punch forming. Furthermore,
the sheet forming with LSF is completed within a con-
siderably short time, which can save the production time
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and cost greatly. Considering these advantages, LSF be-
comes a superior alternative to the conventional sheet
forming technology in fabricating high-strength sheet
components in the fields of electronics, acrospace, bio-
medical engineering and so on.

During the process of LSF, the surrounding region of
metal sheet is constrained by blank holder, and the sheet
is dragged into the mold cavity by the momentum obtain-
ed from the shock wave. The mold is often used to control
2D size of deformed metal sheet other than depth size,
and the depth of formed parts is determined by the laser
parameters such as laser fluence, pulse duration, spot size,
and the number of pulses other than the mold, so the
deformed part displays a shape of bulge [5, 8-10]. Apart
from the above-mentioned 2D LSF, the mold is also
employed to control 3D size of deformed metal sheet,
and the sheet can be formed into an expected shape which
is consistent with the shape of the designed mold.
Obviously, the parts formed by 3D LSF possess higher
forming precision and wider application in practice.
Therefore, the 3D LSF has attracted more and more atten-
tion of manufacturers and researchers [11-13]. Shen et al.
[14] probed into the flexible rubber material as a soft
punch driven by laser-induced shock wave to form the
sheet. LSF takes place in the scale of nanoseconds and
belongs to the high-speed forming [5, 9, 11]. These inves-
tigations are of great use for understanding the character-
istics of LSF. However, the previous references touched
on 3D LSF paid few attentions to the velocity of sheet
deformation and the collision between the metal sheet and
the mold, which play an important role in sheet forming
precision. They rarely explored the effect of applied shock
wave pressure on sheet forming precision either.
Therefore, some deformation behaviors of metal sheet
during LSF are still unknown. Consequently, the technol-
ogy of 3D LSF needs to be researched continuously to get
more insights into the forming mechanism, which can
eventually prompt it into practice.

In this paper, the numerical model of laser shock
forming 2024 aluminum alloy sheet with mold was
established using the commercial code ABAQUS/
Explicit. The Fabbro’s model was employed to estimate
the peak pressure of shock wave. The Johnson-Cook
model was used to consider the effect of strain rate on
the material flow behaviors. The deformation behaviors
of sheet metal impacted by laser-induced shock wave
were predicted, which included the transient velocity,
strain distribution and thickness variation. The influence
of shock wave pressure on sheet forming precision was
also investigated. As a means of validation, the forming
experiments were carried out, and the physical shapes of
the formed sheets were also measured in the
experiments.
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Experimental procedure
Experiment preparation and instruments

Figure 1 is a schematic illustration of LSF with mold. The
experiments of sheet shock forming were implemented by
utilizing the Q-switched Nd-YAG pulsed laser processing
system. The laser was placed in a closed room to avoid
dust pollution, and the generated pulse was first delivered
to the shock operation room by the total internal reflection
light pipe. Subsequently, the pulse passed through conver-
gent lens and transparent confinement overlay, and finally
was focused on central region of metal sheet. The tempo-
ral profile of the pulse approximated the Gaussian shape,
and its spatial profile was modulated to a nearly flat
shape. Laser operated at 1 Hz frequency, the emitted pulse
with wavelength of 1064 nm, the full width at half max-
imum (FWHM) of laser pulse of about 20 ns, and local
laser spot 3 mm in diameter.

The material of mold was Cr12MoV steel (in National
Standard of PRC). The mould was quenched after metal cut-
ting and the hardness was 58—62 HRC after quenching. The
designed dimensions of mold were shown in Fig. 2. The outer
diameter of mold 20 mm, the draw angle 30°, the depth of the
mold cavity 0.8 mm, the width of the mold cavity 4 mm, fillet
radius 0.3 mm at mold cavity entrance and 0.2 mm at mold
cavity bottom corner, and a small vent with 0.6 mm in diameter
at the bottom of the mold. The sheet surface to be irradiated
was first covered by a professional adhesive black tape with
thickness 50 um, which was served as an ablative overlay.
The sheet metal was then placed onto the top surface of rigid
mold and clamped tightly by a blank holder and two bolts. The
mold together with sheet was fixed to a clamper, which was
driven by means of an anthropomorphic robot.

Prior to laser shocking, the sheet metal to be formed was
immersed into the flowing water, which was used as the con-
finement overlay. During laser shocking, the laser pulse
passed through the confinement overlay of water with thick-
ness of 2 mm, and irradiated onto the surface of ablative layer
of black tape. The ablative material was vaporized instantly
and ionized into the high pressure plasma. The diffusion of
high pressure plasma led to shock waves, which were imposed
on the surface of metal sheet and pushed sheet metal into the
mold cavity. After laser shocking, the remaining layer of ab-
lated tape was removed from the deformed sheet surface, and
the metal surface was then cleaned with alcohol.
Subsequently, a high-resolution upright motorized digital mi-
croscope (Olympus DSX510) was employed to measure the
3D morphology of the deformed sheet, and the 2D profiles of
the convex surface on deformed sheets were also measured.
An optical microscope was used to measure its thickness. In
order to measure the cross-sectional thickness of formed part
accurately, the deformed part was first cut by wire electric
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Fig. 1 Schematic of LSF Robot Vent Rigid mold Metal sheet
Ablative layer
Water supply High pressure

discharge machining (WEDM) at 2 mm offset its center, and
then cold mounted, ground and polished up to the center.

Material

The test material was aluminum alloy sheet 0£2024-T351, and
its mechanical properties were listed in Table. 1. The test sam-
ples were 0.2 mm in thickness and 14 mm in diameter, and
they were directly cut with WEDM from the commercial alu-
minum sheet.

Theoretical analysis of LSF
Shock wave pressure

When a short-duration and high-intensity laser pulse hits the
ablative layer, its surface is instantaneously vaporized into the
plasma with high pressure and high temperature, and the vol-
ume of high pressure plasma expands rapidly and shock wave
is induced. Due to the constraint of confinement overlay, the

Fig. 2 Schematic of parts
assembly during LSF
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pressure of shock wave rises much higher than that in open air
conditions. The sudden high pressure against the surface of
metal sheet results in shock wave propagating into the
material.

Fabbro et al. [15] developed a one-dimensional model to
estimate the peak pressure of laser-induced shock wave,
which is function of the reduced shock impedance and laser
intensity. It can be calculated as:

Prax(GPa) = 0.01 \/a/(Za + 3)\/Z(g/cm2-s)

X IO(GW/cmZ) (1)

In present study, Z, and Z, are the impedances of the confine-
ment overlay and ablative layer respectively. Z, =0.165 x 10° g/
cm? s for the confining water, Z,=1.21 x 10° g/em?-s for the
ablative layer of graphite [11], and a=0.2 [16]. According to the
Fabbro’s confined model, the duration of shock wave pressure is
roughly three times longer than the full width at half maximum
(FWHM) of laser pulse. In current case, the FWHM of laser

$6 mm | Sheet
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Table 1  Mechanical properties of A12024-T351

Material Density (kg/m3) Young modulus (GPa) Yield stress (MPa) Elongation at fracture (%) Poisson ratio
Al12024-T351 2780 72 360 19 0.33

pulse employed in the experiment was about 20 ns, as presented
in “Experiment preparation and instruments” section, so the
FWHM of shock wave could set to be 70 ns. The pressure-time
curves of laser shock waves with four different pressures were
plotted in following Fig. 3.

Velocity and momentum

In order to analyze the loading conditions of metal sheet sub-
jected to shock wave, a rectangular coordinate system was
established, as displayed in Fig. 4. The axis of applied laser
beam overlapped the z-axis, and the direction of shock wave
pressure was downward. The shock wave is induced by laser
and its spatial pressure is often non-uniform [16], such as
Gaussian spatial distribution, and the shock pressure at one
point is a function of time ¢ and the radial distance 7, so the
shock pressure can be expressed as P(r, f). At the moment ¢,
the incremental momentum d/ can be expressed with the pres-
sure P(r,t) and the incremental distance dr. It can be defined
as:

dl = 27rp(r,t)drdt (2)

Then, the total momentum 7 of sheet obtained from the
shock waves can be given:

I:/ / 2xrp(r, t)drdt (3)
0J o

where 7, is the diameter of the laser spot, and T is the duration
of shock wave.
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Fig. 3 Profiles of temporal pressures of shock waves
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When the shock wave pressure is distributed uniformly in
laser spot, the above Eq. (3) is simplified into the function of
time ¢ only, namely p(r, 1) =p(?), so total momentum / also equals

I = ﬂré/ ;p(t)dt (4)

Under the action of shock wave pressure, an initial velocity
of metal sheet is v, Then

I = mvy = pVvy = prro>hvg (5)

where m is the mass of sheet beneath laser spot, % is the sheet
thickness, and p is the density.

Thus, from Egs. (4) and (5), the initial velocity of the im-
pacted region can be calculated as:

/ Tp(t)dt
A (6)

Therefore, the initial velocity of metal sheet is proportional to
the imposed pressure and inversely proportional to the thickness.

Stress—strain constitution

Since the material subjected to laser shocking accom-
plishes plastic deformation within a very short time, the
high strain rate changes the material behaviors significant-
ly. In order to consider the influence of strain and strain
rate on the sheet plastic forming, the simplified Johnson-
Cook constitutive model proposed by Johnson and Cook
[17] is adopted due to the negligible heat effect on metal
sheet during instant laser irradiation, as given in following

Eq. (7)
14 Cln (6 )] (7)
€0

where o is the dynamic yield strength, ¢ and £ are the
equivalent plastic strain and the equivalent plastic strain

o=[A+B()

rate respectively, £odenotes the reference strain rate. A
stands for the yield stress under quasi-static condition, B
and n are the strain hardening coefficient, C represents the
strain rate hardening coefficient. The parameters of
Al2024-T351 alloy used in Johnson-Cook model were
listed in Table 2.
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Fig. 4 Tllustration of shock wave
pressure distribution. a 3D spatial
distribution of shock wave
pressure, b 2D distribution of
shock wave pressure

Numerical simulation of LSF

The commercial code ABAQUS, including the codes
ABAQUS/Explicit and ABAQUS/Implicit, was widely used
to predict the laser-induced residual stress in previous works
[10, 18]. Compared with ABAQUS/Implicit, the code
ABAQUS/Explicit runs robustly in handling the dynamic re-
sponse of the material and the frictional contact problem [11].
In the present work, the code ABAQUS/Explicit was also
utilized to develop numerical model to analyze the dynamic
response of metal sheet as well as the complicated interaction
between the mold and sheet.

The dimensions of sheet metal in simulation were the same
as those in previous tests. Due to a symmetrical distribution of
loading and the geometric construction, a one-half finite ele-
ment model instead of an entire one was used to reduce the
computing cost, as depicted in Fig. 2. During the meshing,
two type elements were employed to meet the needs of differ-
ent requirements. Solid element C3D8R, a 8-node linear brick
with reduced integration and hourglass, was used to mesh
sheet metal to describe accurately the behaviors of metal de-
formation during LSF, and it was also applied to the blank
holder. Solid element C3D10M, a 10-node modified quadratic
tetrahedron, was selected to mesh the mold with complex
geometry. During simulation, both the blank holder and the
mold were set as rigid bodies. Boundary condition, Encastre,
was selected from load module and applied to restrict all de-
grees of freedom of the nodes in the bottom of mold and blank
holder. In addition, it was necessary to consider the contact
conditions between the sheet and the mold as well as the sheet
and the blank holder. According to the previous reference
[11], the value of friction coefficient was set to be 0.05 in
the tangential behavior.

(b) z

Results and discussion
Finite element model verification

Figure 5a shows the surface image of the coating ablated by
laser with power density of 2.34 GW/cm?. It can be clearly
seen that the top thin layer of coating within laser spot is
ablated and some debris of black coating still adheres to the
peripheral of laser spot owing to shock wave transverse flow.
The remaining ablative coating protects metallic material from
heat damage resulted from laser irradiation, which has been
described by [19, 20]. Figure 5b and c present the deformed
metal sheet after laser shock. It can be found that the flat sheet
is shaped into a conical cup. The surfaces of cup display no
signs of melting, burning or ablation, which manifests that the
forming process is pure mechanical not thermal [21, 22].
Compared with the spherical-bottom bulge obtained from
LSF without mold, the conical cup with a flat bottom is ob-
tained in current case, which indicates that sheet metal under
the action of shock wave pressure can take the geometrical
shape of the mold. At present, due to the local laser spot
smaller than the mold hole, it is difficult to ensure that two
centers overlap entirely during laser shocking, so the center of
area loaded by the shock wave pressure does not overlap that
of mold cavity, and the sheet deforms asymmetrically.
Therefore, the profile of deformed part cross-section presents
a little asymmetry, as displayed in Fig. 5c and Fig. 5d displays
the 3D morphology and 2D cross-sectional profile of the
formed cup. It is noteworthy that the bottom width of the
formed cup is about 2250 um and the maximum depth reaches
approximately 831 pwm, which approximately equals to the
depth of mold cavity. Figure 5S¢ reveals the predicted 3D con-
tour and the cross-sectional profile of the cup with FEM. From

Table 2  Johnson-Cook parameters of Al 2024-T351
Material A (MPa) B (MPa) C n .
€0
Al 369 684 0.0083 0.73 1
2024-T351
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Fig. 5 A comparison between
simulated and experimental part
formed by laser with power
density 2.34 GW/cm’. a surface
image of ablated layer after
irradiation; b appearance of
surface subjected to laser; ¢
appearance of surface opposite to
laser irradiation; d the profile of
central cross section of formed
part; e the predicted shape of
central cross section of formed
part
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Fig. 5e, it can be seen that the predicted maximum depth of the
cup is 800 um, 3.73% smaller than the test value, and the
predicted bottom width is 2150 um, 4.44% smaller than the
experimental value. The error values are within allowable
range in practical application. The deviation is mainly attrib-
uted to the discrepancy between the applied pressure of shock
wave and the calculated one. Generally speaking, the physical
experimental cup is correlated well with that obtained from the
numerical model. Hence, the developed finite element model
is validated.

Velocity

In order to evaluate the movement of sheet metal during
LSF, three typical points at the bottom surface of sheet are
selected. Point A is situated at the center of metal sheet.
Point B and C are located at positions 1.2 and 2.2 mm
away from the sheet center respectively, and their

@ Springer
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corresponding locations are the bottom corner and the
upper entrance of mold cavity. Figure 6a shows the ve-
locities of typical points in sheet shocked by with power
density 2.34 GW/cm?. As can be seen, the downward
velocity of point A in the initial stage is as fast as
614 m/s. At 1840 ns, point A suddenly moves upward,
and the velocity is up to 319 m/s, which indicates that the
sheet collides severely with the mold cavity and bounces
off. After several collisions, its velocity decreases to 0 m/s
gradually owing to the exhaustion of kinetic energy ob-
tained from shock waves. At point B, the maximum
downward velocity reaches up to 300 m/s. After impact
against the mold cavity, the bouncing velocity declines
rapidly to 0 m/s. At point C, the velocity is extremely
slow, and point C lags behind point A and B in move-
ment. It is interesting to notice that the velocity of point C
is first upward and then downward. The phenomenon can-
not appear during the traditional sheet stamping forming.
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Fig. 6 Velocity histories of 300 (a)
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The upward velocity is attributed to the transverse elastic
expansion of metal material, which incurs from the trans-
verse stress wave propagation induced by laser shocking.

When sheet metal is subjected to shock waves, it obtains a
certain momentum from shock wave, and the central impacted
region first moves downward rapidly. Due to the continuity of
the sheet material, the zone next to the impacted region is
dragged from previously moving material, and subsequently
moves downward. With the expansion of moving region, the
mass of sheet material participating in movement increases,
and the corresponding velocity decreases according to the
conversation of momentum. Therefore, it is reasonable that
the velocity of point A is the fastest while the velocity of point
C is the slowest. In the same way, due to point C far away from
sheet center, it needs more time for transverse stress wave to
arrive there, so the starting moving time of point C is put off.

During the sheet moving downward in initial stage, the
kinetic energy obtained from shock wave converts gradually
into plastically dissipated energy, elastically stored energy and
so on. With increase in the plastic deformation, kinetic energy
gradually decreases, plastically dissipated energy gradually
increases, and elastically stored energy gradually increases.
When the central region of metal sheet first collides with the
mold cavity, it does not stop moving due to its high speed, but
jumps up. During the sheet moving upward, the kinetic energy
goes on converting into plastically dissipated energy, elastical-
ly stored energy and so on. When the central point A stops
moving upward, it reaches the maximum height, and its in-
stantaneous velocity is 0. Since a large number of elastic en-
ergy has been stored in deformed sheet at this time, it will be
released and convert into kinetic energy. As a result, the metal
sheet keeps on moving, but the direction of velocity changes
downward owing to sheet elastic shrinkage. Subsequently, the
central region collides with mold cavity bottom again.
Compared with the first collision, the collision strength of
the second collision subsides significantly, and the jump-up
speed and jumped height are dropped prominently, because
the vast majority of kinetic energy from shock wave has been
consumed in the form of plastic work. The collision and fric-
tion also consume some kinetic energy. When the point A
reaches the peak height at the second time, the elastic energy

stored during the second jumping is released and makes cen-
tral point A move down once again. Compared with the loca-
tion of point A, point C is close to the sidewall of mold cavity
and the blank holder, so it moves difficultly because of the
constrain. Therefore, there exists that point C is static while
point A is still moving. point A does not move until the kinetic
energy is consumed up.

Figure 6b shows the velocity of central point A within the
initial period of 500 ns. It can be seen that the velocity of point
A is always increased to 240 m/s in the initial period of 80 ns,
and then fluctuates slightly, but the general trend of velocity is
increased, and finally reaches 614 m/s at the period of 1840 ns
as illustrated in Fig. 6a. It is well known that when the shock
wave is imposed on the surface of metal sheet and the com-
pressive stress wave is induced and propagates into material,
so the velocity is increased in initial stage. When the compres-
sive stress wave arrives at the back free surface of metal sheet,
it is reflected and turned into the tensile stress wave. Since the
direction of tensile stress wave is opposite to the direction of
initial velocity, the velocity of point A is decreased. When the
tensile stress propagates to the initially propagating surface, it
will be converted into compressive stress wave again, which
accelerates the material particle. The back-and-forth propaga-
tions of stress wave in metal sheet lead to slight fluctuation of
the velocity. As the above presentation, the zone near the
impacted region also generates movement downward during
LSF, which results in increasing of velocity of point A accord-
ing to the composition of velocities. Therefore, the general
trend of point A velocity is increased in spite of its fluctuating.
Peyre et al. [23] had used a Doppler-laser velocimeter system,
a velocity interferometer system for any reflector (VISAR), to
measure the velocity of central node at the back-free surface of
the 200 wm thick aluminum foil impacted by laser with 4 GW/
cm®. The velocity of the central point is always increased to
about 320 m/s in the initial stage, which is much higher than
that in present work, because the pressure of applied shock
wave is stronger than that employed in current case and the
dynamic yield strength of pure aluminum used in their work is
much lower than that of A1 2024-T351. However, the shape of
velocity-time curve in initial stage in the experiments is very
similar to the predicted one in our current case, which
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validates the predicted velocity. Due to the complexity of met-
al sheet shocked by laser, the deforming velocity of metal
sheet still needs further investigation.

Strain distribution

Figure 7 illustrates the contours of strain distributions in metal
sheet before collision and after fitting the mold cavity. It can
be found from Fig. 7 that most regions in sheet metal are
subjected to tensile strain in the radial direction and compres-
sive strain in the axial direction. When metal sheet is irradiated
by laser, the material beneath laser spot is first compressed
intensely by shock wave, and undergoes shearing around laser
spot edge [10]. Then, metal sheet bulges towards the mold
cavity because of inertia effect. The material at the entrance
of mold cavity experiences bending, stretching, initial shear-
ing and even necking, but the material outside the mold hole
cannot flow into the mold cavity due to the confinement of the
holder, so the significant strain gradient occurs at the edge of
laser spot and the mold cavity entrance. During LSF, the sheet
plastic deformation depends on the reduction in thickness and
the elongation in radial and tangential directions. When metal
sheet collides with the mold cavity, the material at the bottom
of deformed sheet undergoes huge compressive stress and gets
squeezed successively from the center of mold cavity to its
sidewalls as “inertial ironing”. Therefore, the material is sub-
jected to compressive strain in the axial direction and tensile
strain in radial direction owing to the principle of constant
volume. The strain distributions in the deformed sheet before
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collision in present study are well consistent with the results in
previous laser bulge forming [24].

Thickness distribution

Figure 8 reveals a comparison between the numerical and
experimental thickness distribution. The thickness distribution
of deformed sheet is characterized by thickness thinning per-
centage using Eq. (8)

e = 100% (8)
to

where ¢, is the thinning percentage, ¢ denotes the final thick-
ness, and ¢, stands for the initial thickness.

During LSF, due to the confinement of blank holder, the
material within the mold cavity undergoes bending, stretching
and even necking owing to momentum effects, so the thick-
ness of the deformed sheet is reduced generally. However, the
magnitude of thickness reduction at different regions is differ-
ent, and the thickness of the formed cup is non-uniform, as
illustrated in Fig. 8. According to previous Fig. 6, we know
that the central region of bulge first impacts on mold cavity
bottom with the fastest speed. The severest impact leads to the
material flowing radially from the central region to outer sur-
rounding regions. As a result, the thickness at the central re-
gion of cup bottom is reduced to 0.148 mm from the original
0.2 mm. Because of the surrounding region moving down-
ward slowly in comparison with the central region, the sur-
rounding region of sheet is stretched slightly, so the less
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Fig. 7 Plastic strains of sheet impacted by laser with power density 2.34 GW/cm>. a at the end of solution time 1860 ns; b at the end of solution time

10,000 ns
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Fig. 8 The thickness distribution 0.20

of central cross section i . ’
0.19 |\ —=— Simulated results f
0.18 | ; L —e— Experimental results
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Sheet thickness/mm
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thickness is reduced at this region. Once the sheet fits the mold
cavity, the material of sheet at most places stops moving, but
the material near the bottom corner of mold cavity does not
stop moving immediately owing to inertia effect, which con-
tinues to be stretched for a while and fills the corner. The
material at other regions in sheet does not flow easily into
the corner because of the contact friction between metal sheet
and the mold. Hence, the thickness of the sheet near the bot-
tom corner of mold is greatly reduced. The location of maxi-
mum thickness thinning in current case seems different from
that in pLDF illustrated by Gao et al. [11]. During uLDF, the
metal sheet within blank holder is constrained, and the mate-
rial at the entrance of mold cavity is subjected to stronger
stress due to severe bending and stretching, so the thickness
of metal sheet at this region is reduced more easily in compar-
ison with its neighboring regions, and the localized necking is
often found at the entrance of mold, which has been validated
by references [11, 24]. Due to the complicated interaction
among shock waves, metal sheet and mold, the mechanism
of thickness reduction still needs further investigations in the
future.

Effect of shock wave pressure

In order to verify the effect of shock wave pressure on sheet
plastic deformation, we take into consideration pressures, 0.7,
1, 2 and 4 GPa, which are corresponding to laser densities,
0.29, 0.59, 2.34 and 9.36 GW/cm? respectively. Figure 9
shows a series of shaped conical cups, and also displays their
cross-sectional profiles. From Fig. 9, it can be seen that the
profiles of formed cups are somewhat different and their

Distance/mm

shapes change with increase in pressure of applied shock
wave.

When metal sheet is loaded by shock wave with pres-
sure 0.7 GPa, it is deformed into the cup with a hemi-
spherical bottom, because the loaded pressure is too low
to push the sheet to impact upon the mold bottom cavity.
Under this circumstance, the mold mainly plays a role in
supporting and controlling the 2D the shape of deformed
part, which is the same as that obtained from 2D LSF
[8—10]. When the sheets are imposed by pressure 1, 2
and 4 GPa respectively, they turn into the conical cups
with flat bottom resulted from the collision with cavity
bottom. Moreover, with the applied pressure increasing
from 1 to 2 GPa, the area of flat bottom enlarges accord-
ingly. As mentioned above in “Velocity and momentum”
section, a higher pressure can transfer more momentum to
the sheet and to raise its initial velocity. The raised veloc-
ity leads to severe collision and further results in squeez-
ing more material flowing transversely toward the outskirt
of the cavity bottom to fill the corner of mold cavity
bottom. As a consequence, the higher pressure leads to
enlarging contact area between the deformed sheet and
the mold, which reflects the sheet forming precision.
Therefore, the properly increased pressure of applied
shock wave is beneficial to improve the forming preci-
sion. Nevertheless, too high pressure exerts an unfavor-
able effect on the forming precision, since there is reverse
plastic deformation other than failure in 2D LSF [25],
which results from the violent collision produced by too
high pressure, for example the sheet loaded by 4 GPa
pressure. The phenomenon of rebound at the central part
formed by micro-LSF was also reported by Li and Cheng
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Fig. 9 Geometric shape of the
part shocked by pressure a
0.7GPa; b 1GPa; ¢ 2GPa; d 4GPa
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[12], and they thought that it was attributed to a large
resistance force of the compressed air applied on the bot-
tom of the sample as the metal sheet deformed into the
mold at a high velocity. The conclusion may be right
when the cone-shaped mold is used, since the air can be
compressed gradually into the tip of the cone and gath-
ered there. But the conclusion can not be applied to the
flat bottom of mold cavity in current case, so the central
region of metal sheet moves with the fastest speed and
first collides with mold cavity, and the compressed air is
discharged from the vent at the bottom of the mold. The
resident reverse deformation increases the flatness error
of the bottom and reduces the forming precision.
Therefore, in order to obtain higher forming precision, a
suitable pressure of shock wave is required.

Conclusions

Laser shock forming Al alloy 2024-T351 sheet with mold
was investigated with both numerical and experimental
methods. A finite element model had been established,
and some deforming behaviors were predicted. The effect
of shock wave pressure on sheet forming precision was
also investigated. The simulated results were verified with
a series of experiments. Some important findings could be
obtained as follows:

(1) When the 0.2 mm thick sheet is subjected to laser shock
wave with pressure 2 GPa, the maximum downward ve-
locity of metal sheet is up to 614 m/s. After collision with
the mold cavity, the rebound velocity runs up to 319 m/s.

(2) The flat metal sheet can be formed by shock wave into a
conical cup with a flat bottom. The wall thickness of the
formed cup is non-uniform, and the greatest amount of
localized thinning occurs at the corner region of mold
cavity bottom.

(3) During LSF, too high pressure cannot shape the sheet
well owing to the resident reverse deformation at the
central region of bottom, and too low pressure cannot
form sheet well either. In order to obtain the formed parts
with high precision, an appropriate pressure is required.
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