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Abstract

Two laser-induced shock wave pressures, 4.5 and 6.5 GPa, were applied to punch LC4CS aluminum sheet respectively, and the
influence of different pressures on fracture behaviors was investigated. The code ANSYS/LS-DYNA, dynamic finite element
software, was employed to investigate the sheet fracture behaviors during the punching process. The experimental results display
that the punching quality manufactured by higher peak pressure of shock wave is better than that by lower one. The finite element
method visualizes the punching process, including sheet deformation, cracks growth, and plug flying away. The computational
analysis results reveal that the time to punch the sheet with higher peak pressure of shock wave is shorter than that with lower one,
and the edge of punched hole resulted from the higher peak pressure is smoother than that from the lower one, which are

consistent well with the experimental results.
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1 Introduction

Laser shock sheet forming [1-5] has been gaining more and
more attentions due to the advantages of its flexibility, repeat-
ability, simplicity, and precision. During laser shock sheet
forming, the metal fails if the pressure of the loaded shock
wave is too high [6-8]. For example, Li et al. [7] investigated
the maximum forming limit and fracture of thin films impact-
ed by laser. Zheng et al. [8] probed the fracture mechanism of
Fe;sSigB;; metallic glass impacted by laser under different
conditions. Liu et al. [9, 10] utilized single-laser pulse to drive
a flyer to punch three holes in pure copper sheet at one time.
Prior to these researches, Zhou and Zhang presented the con-
cept of laser punching, which utilizes laser-induced shock
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wave to punch metal sheet to obtain a hole [11], which is
different from laser drilling that uses the high-energy laser to
ablate metal material directly. Therefore, laser shock wave
punching has no drawbacks that laser drilling possesses,
which seriously damage the quality of the workpiece.
Compared with the traditional microdrilling, the laser
punching can avoid sheet wrinkle and cutter wear, so this
novel technology can meet the needs of microhole in aero-
space, microelectronics, medical apparatus, and instruments.
However, up to now, there have been few references about
laser punching, and its characteristics have not been well
known, so it is worth investigation.

The aim of the paper was to simulate the dynamic process
of sheet punched by laser-induced shock wave with software
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Metal sheet
Confining layer
Ablative layer

Blank holder

Fig. 1 Schematic of punching sheet

ANSYS/LS-DYNA, and the effects of different shock wave
pressures on the sheet punching behaviors were investigated,
including quality of punching, energy obtained from shock
wave, sheet deforming velocity, strain, and completion time
of punching. The experimental tests were carried out to vali-
date the predicted results. The fracture modes induced by the

Fig. 2 Fracture surface
morphology of sample punched
by pressure of shock wave

4.5 GPa. a Views of the punched
hole and plug. b1, b2, b3, b4
General views of the fracture
region Bina. cl,c2,c3, c4, ¢S, c6
Amplifications of corresponding
regions in b1, b2, b3, and b4,
respectively
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different peak pressures of shock waves were also presented
and discussed.

2 Punching mechanism

As illustrated in Fig. 1, the top surface of metal sheet is
successively covered with an ablative coating and a con-
fining coating, and the coated sheet is placed upon the
punching die and fixed with blank holder and screws.
Laser beam travels through a transparent confining coat-
ing and irradiates vertically onto the surface of opaque
ablative coating. Then, the ablative coating evaporates
and is ionized into plasma with high temperature and high
pressure instantaneously. The expansion of high pressure
plasma results in generating shock wave and is delayed by
the confining coating. The metal sheet is subjected to the
high-pressure shock wave and obtains the momentum and
kinetic energy from the loaded shock wave, so the central
unsupported part of metal sheet moves downward into the
die rapidly. The central rapidly moving part is sheared off
from the matrix by the die to form a plug, which flies
away. As a result, a hole is left in the sheet.
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Fig. 3 Fracture surface
morphology of sample punched
by pressure of shock wave

6.5 GPa. a Views of the punched
hole and plug. bl, b2, b3, b4
General views of the fracture
region Bina. cl, ¢2, 3, ¢4, c5, c6
Amplifications of corresponding
regions in bl, b2, b3, and b4,
respectively

3 Experiments

The punched specimens were LC4CS aluminum sheet with
15 mm in diameter, and the material chemical composition
(Wt.%) was Mn 0.2-0.6, Cr 0.1-0.25, Zn 5.0-7.0, Mg 1.8—
2.8, Cu 1.4-2.0, Si 0.5, Fe 0.5, Al Margin. Its mechanical
properties were as follows, tensile strength o, 620 MPa, pro-
portional limit o, 430 MPa, hardness 150 HB. The samples
were cut from the rolled bar with a diameter of 20 mm

through lathe tool cutting. The surfaces of the sample were
polished orderly by SiC papers with grit number 400, 800, and
1200 to reduce its surface roughness. When the thickness was
decreased to 0.1 mm, the operation of polishing ends.
Subsequently, the samples were cleaned with anhydrous

Symmetric boundary

Fig. 4 Schematic diagram of model region division

alcohol and dried in air. Prior to laser irradiating, a special
Al foil was pasted onto sample surface to serve as an ablative
coating. K9 glass with a thickness of 4.5 mm was used to
cover the ablative coating and to serve as the confining coat-
ing. Thus, the experimental assembly consisted of target sheet,
ablative foil, and K9 glass. In order to ensure that each item
was in its exact position during stamping process, all these
items were pressed tightly by a blank holder with a central
hole diameter of 5 mm onto the punching die, whose opening
was 2.6 mm in diameter and inclined angle of die cavity wall
was 5°. A YAG laser was adopted to emit laser pulse, and the
parameters were as follows: the pulse duration of full width at
half maximum about 20 ns, wavelength 1064 nm, local laser
spot 2.6 mm in diameter, and each pulse energy varied accord-
ing to the needs that generate the desired pressure. In the
current case, the metal sheets were shocked by once-laser
pulse with energy about 3.5 and 8.0 J respectively.

After shocking, the residual coating ablated by laser was
removed from the sample, and the punched sample was
washed with acetone, and the detached plug was also collect-
ed. Figures 2(a) and 3(a) show the appearances of the plug and
the punched hole resulted from the different pressures. The
optical microscope was adopted to observe the surface mor-
phology of the hole. In order to see the microscopic appear-
ance clearly, the hole is magnified. Since the view field of the
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Table 1 Physical and mechanical

properties of LC4CS [20] Material ~ p (kg/m’)

E (GPa)

v 0fGPa)  E.,(GPa) 3 C P

LC4CSs 2850 70.1

0.33 0.43 2.29 1 34,2955 1.904

optical microscope cannot cover the whole hole magnified by
50 and 100 times, the punched hole was intentionally divided
into several parts. The local enlarged parts of the hole resulted
from different peak pressures are shown in Figs. 2(b1~b4) and
3(b1~b4) respectively. Figures 2(c1~c6) and 3(c1~c6) are fur-
ther magnified diagrams, which correspond to the marked
regions in Figs. 2(b1~b4) and 3(b1~b4) respectively.

From Figs. 2(a) and 3(a), it can be seen that the material
within the die cavity has been punched, and a hole emerges at
the center of metal sheet, whose diameter equals to the open-
ing diameter of die. The specimen after punching still keeps
flat, and there is few turned-down edge. The shapes of the
formed plugs are different under different pressure conditions.
The plug punched by the peak pressure of 4.5 GPa looks like
an intact spherical cap, while the other plug punched by the
pressure 6.5 GPa is an irregular cap. Moreover, the height of
the spherical cap is about 0.9 mm which is resulted from the
peak pressure 4.5 GPa, while it is roughly 0.6 mm resulted
from 6.5 GPa. From the magnified pictures in Figs. 2 and 3, it
can be seen that the punched hole resulted from pressure
4.5 GPa has a sharp saw tooth edge, while the hole resulted
from pressure 6.5 GPa has a relatively smooth edge, which
implies that the quality of the hole fabricated by higher pres-
sure is better than that by the lower one.

4 Numerical simulation

The software ANSYS/LS-DYNA with the basic explicit algo-
rithm, and ALE advanced algorithm was widely used in
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Fig. 5 Loading curves of shock wave pressure
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impact dynamic analysis in practice [12—15]. In order to di-
rectly compare the results, the size of finite element model is
identical with experimental sample size, and a half finite ele-
ment model was established to save calculation cost, as dem-
onstrated in Fig. 4. According to experimental physical model,
the red area A1 in Fig. 4 was the shocked region with diameter
2.6 mm, and the green area A2 was a deformation transition
region with diameter 4 mm, and the displacement along the Z
axis direction of nodes at the bottom surface was constrained.
The outermost yellow area A3 was a constricted region with
diameter 15 mm, whose nodes on both side surfaces were
fully constrained. The symmetric boundary was employed in
symmetric surface. An element type of solid164 was chosen to
mesh sheet target. The element lengths along the radius direc-
tion in regions A1, A2, and A3 were 0.03 mm, 0.015 mm, and
0.05 mm, respectively, and the element height along the sheet
thickness was 0.02 mm in all regions. The model could be
easily meshed into a five-layer finite element set along sheet
thickness, and there were 435,290 elements in all and 525,192
nodes in the developed model.

4.1 Material constitutive model

In the laser shocking process, metal sheet is subjected to the
pressure of GPa magnitude level instantaneously. Due to the
ultra-short time of interaction between the material and laser,
the material strain rate is up to 10° s ' [16]. The Cowper-
Symonds material model is commonly used to express the
material response at high strain rate [17-19], and the dynamic
yield stress is defined as [17-19]:

oy = |1+ (%)% (00 + ﬁEPEZ) (1)
B = 5y =

where oy is the effective flow stress, C and P are the param-
eters used to describe the strain-rate effect of the material, &
stands for the plastic strain rate, o, denotes the initial yield
stress of material, 3 is the strain-hardening coefficient, €p
stands for the plastic strain, # is the strain-hardening exponent,
and £}, is the plastic hardening modulus which originates from
the tangent modules E,,,, and the elastic modulus E, as illus-
trated in Eq. (2). The required parameters in Cowper-
Symonds model of LC4CS aluminum material were shown
in Table 1 [20].
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Fig. 6 Time history of energy a g b,
under two different laser shock —e— Ytotal energy
wave pressures. a 4.5 GPa. b 0.5r —=— kinetic energy 1.0r
6.5 GPa 04 —— internal energy 0.8
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4.2 Loading coating material respectively (Z,=1.14 x 10° g/em® s, Z, =

The loading of laser-induced shock wave pressure on metal
sheet is one of the key influencing factors in simulation.
Because of adopting the confining model, the shock duration
is 2~3 times longer than that of the excited laser pulse [21].
According to Fabbro’ s developed model, the relationship be-
tween the peak pressure of shock wave and power density of
laser pulse is expressed as follows [21]:

P =0.01/o/(2a + 3)\/ZIy (3)

2/Z=1)Z,+1/Z, (4)

where P is the peak pressure of shock wave, « is the coef-
ficient of internal energy dedicated to thermal energy and is set
to be 0.15 [22], and /, is the power density of the applied laser.
Z is the equivalent shock impedance of the confining layer and
the ablative layer, as shown in Eq. (4), and the subscripts, 1
and 2, stand for the confining coating material and the ablative
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1.38 x 10° g/em? s). According to the adopted energy values
of 3.5 and 8.0 J in previous experiments, the corresponding
laser power densities are 3.5 and 7.4 GW/cm®, which can
induce the shock wave with peak pressure of 4.5 and
6.5 GPa respectively according to the above-mentioned for-
mula. The fitting pressure profiles were plotted in the follow-
ing Fig. 5. The finite element program uses the interpolation
algorithm to calculate the pressure at any time and loads it
onto the specified area.

4.3 Failure strain

It is vital to set a threshold value of material failure strain in C-
S failure model. During calculation, once the threshold value
is satisfied, the elements would fail, which are automatically
deleted from the subsequent calculation by activating element
deletion algorithm available in software, and the stress
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Fig. 7 continued.

resulted from the applied pressure in deleted elements also
vanishes during the next analysis. A widely used method is
to pre-set the threshold value in advance to proceeding simu-
lation, and then the obtained predicted result is compared with
experimental result under the same condition. The preset val-
ue is continuously adjusted until the calculated result accords
with experimental result, and the preset value is served as the
threshold value [23, 24]. In the current situation, the threshold
value of failure strain is also determined by coupling compu-
tational and experimental results based on the stress-strain
curve of LC4CS aluminum alloy in references [18, 25], and
the threshold values failure strain are finally set to be 0.33 and

120
’-q, 100+
E [ ]
> 80} R N
o) 60' / \§\‘--
Z —— 6.5GPa
s 40F [ ----- 4.5 GPa
2 A
e 20t
0 i 1 1 r 1
0 100 200 300 400 500
Times /ns

Fig. 8 The velocity history of the center element under two different
pressures
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0.35 respectively, which correspond to the conditions of two
different peak pressures 4.5 and 6.5 GPa.

5 Numerical results
5.1 Energies

When the pressure pulse induced by shock wave is imposed
on metal sheet, the sheet obtains energy from the shock wave,
which subsequently transfers into kinematic energy, internal
energy, and so on step by step. Figure 6 demonstrates the
curves of energy versus time, which are output from the file
of d3plot in LS-PrePost according to calculation results.
From Fig. 6, it can be seen that the total energy obtained
from shock wave increases and rapidly reaches its maximum
and keeps constant. Kinematic energy instantly increases in
initial stage and then gradually decreases, and internal energy
initially increases and, afterwards, almost remains unchanged.
Once the sheet gains energy from the imposed shock wave, it
moves rapidly at high speed, and the metal sheet deforms, so
the obtained energy initially transfers into kinematic energy.
With the increasing of sheet deformation, the velocity of sheet
decreases and plastic work increases, so kinematic energy
decreases and transfers into internal energy, so the internal
energy increases. The internal energy includes the irreversible
plastic work and the stored reversible elastic energy, and the
release of stored elastic energy in deformed sheet will lead to
the velocity enhancement of the sheet, so small fluctuation of
velocity occurs during the process of kinematic energy atten-
uation and internal energy increase. In the calculation of
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Abaqus Explict, a tiny quantity of artificial hourglass stiffness
is employed to restrict the transmission of hourglass modes in
first-order reduced integration elements. Hourglass energy,
approximately 2% of the total internal energy, is to control
hourglass deformation, which indicates that mesh refinement
is acceptable [26].

From Fig. 6, it can also be seen that the hourglass energy is
below 5% total energy, which validates the developed model.
Comparing kinematic energy of metal sheet obtained from
shock wave with different pressures, it can be found that the
sheet obtains energy 0.80 J from shock wave with peak pres-
sure 6.5 GPa, which is bigger than 0.45 J from shock wave
with 4.5 GPa. So, the velocity of sheet impacted by pressure
6.5 GPa is faster than that by pressure 4.5 GPa.

5.2 Dynamic punching process

Figure 7 shows the process of aluminum alloy sheet punched
by shock wave. In order to see clearly, only the marked areas
Al and A2 in Fig. 4 are displayed and magnified during the
fracture process. Figure 7(al~a8) show the process of sheet
punched by pressure 4.5 GPa at typical times. And Fig.
7(b1~b8) are the process of sheet punched by pressure
6.5 GPa. From Fig. 7(al~a8), as can be viewed, at 143 ns,
the dynamic deformation occurred. At 189 ns, two
microcracks initiate in the edge of the deforming area. With
time going on, more microcracks form, and microcracks grow
and coalesce along the circumferential direction to form long
cracks. At 907 ns, the cracks penetrate through the thickness at
some regions of the circular edge. Subsequently, the cracks
continue expanding and gradually connect to each other into

Fig. 10 Schematic of laser shock a
punching process. a High
pressure plasma generation. b

Time /ns

Laser

Time /ns

an entire crack along the edge of the circumference. At 950 ns,
the material within the die is punched off from the matrix, and
the plug is formed and flies away. Thus, a hole is formed in the
sheet.

The process of sheet punched by pressure 6.5 GPa is sim-
ilar to that by 4.5 GPa, as shown in Fig. 7(b1~b8). The metal
sheet first undergoes plastic deformation. At 147 ns, three
crack initiations are found at the edge of the deformation area.
Then, more crack initiations are generated, and microcracks
expand and coalesce. At 490 ns, the plug breaks away from
the matrix, and the punching process is completed.

Comparing the processes of sheet punched by two different
pressures, the time to complete punching with pressure
4.5 GPa is 950 ns, while the time for pressure 6.5 GPa is
490 ns. Obviously, the time of punching with the higher pres-
sure is shorter than that with the lower one. Because of having
more time, the plug punched by 4.5 GPa experiences adequate
plastic deformation and has a deeper depth, while the plug
punched by 6.5 GPa has not enough time to fulfill the plastic
deformation and has a shallower depth. Moreover, the edge of
hole punched by 6.5 GPa is smooth in comparison with that
by 4.5 GPa. These computed results are consistent with the
physical findings.

5.3 Velocities

Figure 8 illustrates the velocity change of the central node of
metal sheet during the punching process. Under the shock
wave pressure, the velocity rapidly runs up to the maximum
value with ultra-short time, and then gradually decreases.
Although two shock waves possess identical duration, the
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peak pressures are different. The shock wave with peak pres-
sure 6.5 GPa imparts more energy and bigger momentum to
the sheet in comparison with the shock wave with 4.5 GPa, so
its velocity is bigger, and the maximum reaches 108 m/s,
while the maximum value is 83 m/s in the case of 4.5 GPa.
Due to the adopted material with higher yield stress limit and
crack growth consuming a great deal of energy, the maximum
velocity in the current case is relatively lower in comparison
with the maximum value in laser shock forming [27].

5.4 Strain and strain rate

Figure 9 shows the time-strain relationship of the selected
element at the center of shocked region under two different
pressures respectively. From Fig. 9, it can be seen that the
equivalent plastic strain generally increases in the initial stage
and remains constant for several time intervals, which may be
attributed to temporarily reverse yielding because of the focus
of surface tensile stress waves. The strain rate can be calculat-
ed according to strain increment within the execution time.
For sheet shocked by pressure 4.5 GPa, the increment of strain
is 0.30 and the persisting time is 950 ns according to Fig. 9, so
the average strain rate is roughly 3.15 x 10> s_'. For sheet with
pressure of 6.5 GPa, the increment of strain is 0.15 and the
corresponding completing persisting time is 490 ns, so the
calculated strain rate is up to 3.06 x 10° s !. Therefore, the
strain rate of the target material under 4.5 GPa pressure is
similar to that of the target subjected to 6.5 GPa pressure.
The current strain rate with the magnitude of 10° s™' is con-
sistent with previous research result [28, 29]. It needs to point
out that the material strain rate becomes greater when the
persisting time does not include the time of strain keeping
constant.

6 Discussion

When laser irradiates the ablative layer and induces shock
wave, the high-pressure pulse of shock wave is exerted on
metal sheet instantly. The shock wave imparts momentum
and energy to metal sheet to make it move rapidly and leads
to irreversible plastic deformation of metal sheet.

Because of the restriction from blank holder, sheet material
at the edge of punching die cavity entrance is pulled off by
others which are deformed into the die cavity with high ve-
locity, and undergoes stretching, bending, shearing, and neck-
ing, so the maximum stress occurs at this region, and greater
stress occurs at impurities in material in this region due to
stress concentration. If the tensile stress at this region goes
beyond the fracture strength, the impurities including grain
boundaries, inclusions, and dislocation pileups are prone to
void nucleation to relax stress concentration. Under tensile
stress, microcracks, submicro- and microvoids at strain

@ Springer

localization region further grow up to relax stress concentra-
tion. As a result, a long crack is formed by crack propagation
and coalescence at the location corresponding to the die open-
ing edge, and the material deformed speedily into the die
cavity detaches itself from the matrix, so the sheet fractures
thoroughly and the plug flies away. Therefore, the process of
laser punching can be divided into four stages: high-pressure
plasma generation, sheet deformation, crack initiation and
growth, and plug formation and dispersion, as shown in
Fig. 10.

Similar to the laser shock processing [30, 31], a large
amount of energy from the shock wave is imparted into work-
piece. Herein, it pushes metal sheet into the die cavity with a
high velocity. According to the previous references [22, 32],
the initial deformed velocity is proportional to the amplitude
of loaded pressure of shock wave, so the velocity of sheet
imposed by higher pressure 6.5 GPa is faster than that by the
lower pressure 4.5 GPa. The investigations of previous re-
searches demonstrate that the necking is often found at the
edge of bulged shape if the higher pressure is applied in laser
shocking sheet forming, and the location of necking is corre-
sponding to the die cavity entrance. If the depth of die cavity is
deeper than that of the deformed sheet, whether the failure of
fracture takes place or not depends on a critical deforming
velocity [33, 34]. When the deforming velocity exceeds the
critical forming velocity, the fracture arises [32, 35]. Under the
higher pressure, the material strain rate is higher, and the
punching time is shorter. The sheet in the die opening doesn't
have enough time to deform fully, and the cracks have no
sufficient time to grow along the zigzag path. As a result, the
plug is flatter, and the edge of the punched hole is smoother.
Therefore, the quality of hole punched by the higher peak
pressure is superior to that punched by the lower one. Due to
the rupture complexity induced by the laser-induced shock
wave, the fracture mechanism needs further investigations in
the future.

7 Conclusions

1. The process of laser punching mainly includes four
stages, high-pressure plasma generation, sheet deforma-
tion, crack initiation and growth, and plug flying away.

2. The time to complete punching the sheet with higher peak
pressure of shock wave is shorter than that with lower
pressure.

3. The height of plug punched by higher peak pressure is
lower than that punched by the lower one.

4. The edge of the punched hole resulted from the higher
peak pressure of shock wave is smoother than that from
the lower one, and the quality of hole fabricated by the
higher pressure is superior.
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