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Abstract A novel microscale laser dynamic flexible
punching technology combining flexible punching and laser
shock forming is presented. The ultrahigh strain rates of
workpiece’s material and soft punch driven by dynamic shock
load are the significant feature of this process. In the present
study, arrays of 300 umx300 pum square holes with good
sheared edges quality are obtained on 20 pm Al foils. The
shearing behavior is also investigated through investigating
cross section of punched hole. As a piece of polyurethane
rubber loaded by the ultra-high transient pressure of laser
supported detonation wave (LSD) is employed as soft punch,
the new process has such advantages as homogenizing pres-
sure, easy demould and reducing springback. To study more
details in an extremely short interval, simulations are conduct-
ed by ANSYS/LS-DYNA and LS-PrePost. The methods of
Finite Element Mesh (FEM) and Smoothed Particle Hydro-
dynamics (SPH) are used. The relationship between soft
punch thickness and corresponding minimum punching ener-
gy for various workpiece thicknesses is revealed. In addition,
the material flowing behavior around the sheared edges has
also been discussed. The results in this paper indicate that the
present process is promising to fabricate high quality micro
holes in the micro scale application.
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Introduction

Micro-punching [1] which can be traced back to the latter
part of the last century is not a new topic in the field of
micro metal forming. However, it is still a micro-
manufacturing process with enormous potentiality due to
the simplicity of the process, low cost, high production
capability and accuracy [2]. For instance, it is a suitable
method to fabricate some types of chip lead frames used
in IT industry [3]. About this process, there are several
existing visions. Masuzawa et al. [4] first proposed a
micro-punching process with the micro-die fabricated by
micro-EDM. Chern et al. [5] presented a micro-punching
apparatus to fabricate micro micro-punch and then micro-
die within the same machine, completely eliminating the
eccentricity between the punch and the die. Qin et al. [6]
reported the development of a prototype micro-sheet-
forming machine system. Santo et al. [7] proposed a min-
iaturized forming machine which was consisted of piezo-
electric actuator and a small load cell assembled in the
same frame. The punch position and speed were precisely
controlled and forming force could be measured. Xu et al.
[8] carried out a micro-punching process of brass foil by
using a novel micro-forming system with high speed and
high precision automatic drive apparatus. According to
above processes, micro-holes can be punched successfully.
However, the fabrication of ultra-small rigid punch and the
alignment between a punch and a die are still difficult [9].
Moreover, the micro punch would be worn progressively,
thus affecting the punching quality [10]. To solve these
problems, a method using a flexible punch instead of a
metal one has been proposed. Watari et al. [11] carried out
an experimental approach to ascertain the effectiveness of a
flexible punching method using a urethane elastomer for
SUS304 sheets of 50 and 100 pm in thickness, single
circular holes of 1~5 mm in diameter were punched. Rhim
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et al. [12] proposed a method by which multiple holes of
ultra small size about 2~10 pum can be punched
simultaneously.

Recently, the rapid development of laser shock
forming(LSF) technology provides a new approach to
manufacture microparts [13]. The laser beam is more
localized and its pulse energy can be much more
precisely-controlled, thus it can realize local forming for
parts even having complex shapes. Liu et al. [14] pro-
posed a novel micro scale laser high speed punching
process in which a 10 um metal sheet with a sacrificial
coating was impacted directly by a short and intense laser
pulse. Liu et al. [15] also investigated the micro-punching
process by laser-driven flyer and micro holes of about
800 um in diameter were punched on the 10 um copper
foil.

In view of the fact that the flexible punching and laser
shock forming have advantages given above, this paper
presents a novel microscale laser dynamic flexible
punching process which couples two effective processes
as a new micro-punching process. The ultrahigh strain
rates of workpiece’s material and the soft punch driven
by shock load are the significant features in this process.
A piece of thin polyurcthane rubber is utilized as soft
punch to load the thin metal sheet. Using the soft punch
as the pressure medium has lots of advantages:

Firstly, the soft punch can protect the thin metal sheet from
being ablated when ablative layer is directly applied to the
surface of the workpiece;

Secondly, the soft punch is more suitable for punching
micro holes with ultra small size and complex shape for
the flexible rubber’s high level of resolution in the sub-
micron ranges [12].

Thirdly, allowing for the hyperelastic characteristic of rub-
ber, it will be very easy to draw out the soft punch from the
punched holes in thin metal sheet quickly, namely the
demould process is easy.

In the present study, arrays of square holes of
300 pumx300 pum in size are punched on 20 um Al foils
by using a soft punch, under the impact of the single
pulse laser. The shearing behavior of the process is also
investigated with cross section of punched hole. Mean-
while, a series of simulations which study the details in
different periods are given. The simulations are conduct-
ed based on methods of Finite Element Mesh (FEM)
and Smoothed Particle Hydrodynamics (SPH). The
Fabbro model is used to simulate the laser induced
plasma shock wave pressure. The Johnson-Cook model
is adopted to describe the material behavior of work-
piece within an ultrahigh strain rate range. The Mooney-
Rivlin model is used to describe the hyperelastic flexi-
ble rubber materials’ deformation behavior in dynamic
analysis.
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Process design and experiment
Laser dynamic flexible punching

Figure 1 shows the basic concept of the present microscale
laser dynamic flexible punching process schematically. The
experimental apparatus mainly consists of pressing block,
confinement layer, ablative layer, soft punch, workpiece,
punching die and 3D mobile platform. At the very beginning,
an intense laser pulse irradiates onto the ablative layer. The
material of ablative layer is vaporized into a high-temperature
and high-pressure plasma instantaneously after absorbing
large amounts of laser energy. In the confined ablation mode,
the plasma expansion occurring in a limited space causes a
laser supported detonation wave (LSD). Then the induced
shock wave propagates into the soft punch very soon. As the
flexible rubber material has the incompressible and
hyperelastic characteristics, the workpiece will be loaded by
the soft punch in the next moment. Due to the constraint of
punching die, shear stress develops in the target section of the
workpiece. Eventually, the punching is realized. Meanwhile,
the soft punch is drawn into the die-opening cavities after
passing through the punched holes. However, it can spring
back in hundreds of nanoseconds and finally restores its
flatness. Thus demould is fairly easy.

Experiment device and preparation

Hardened and tempered AISI 1095 high-carbon steel is used as
punching die material due to its high stiffness and high hard-
ness. The chemical compositions and mechanical properties are
listed in Table 1. The sheet used to make punching die is
0.5 mm in thickness and the through die-openings in the center
position are fabricated by picosecond laser. Figure 2 shows the
full view of the punching die observed under the KEYENCE
VHX-1000C digital microscope with a depth-of-field and res-
olution that are unmatched by conventional optical micro-
scopes. Four square holes of 300 um>300 um in size are
evenly distributed in a box of 2 mmx2 mm in size. After the
polishing treatment, the punching die has good surface quality.
The edges of die-openings are sharp enough due to the ultra
small resolution of picosecond laser. In the process, the
punching die is fixed on a 3D mobile platform, thus the align-
ment of die center and laser spot can be achieved quickly.

Al foil of 20 um in thickness is selected because it is
commonly used for MEMS applications. The commercially
available Al foils are cut intol0Ommx10 mm workpieces.
Then, the thin metal workpiece is placed on the top of the
punching die, just covering the total die-openings completely.

Polyurethane rubber with the Shore A hardness 70° is
employed to make the soft punches. The rubber thickness
selected in the process are 100 wm,200 wm and 300 um. Like
workpieces, they are also cut into square pieces of 10 mmx
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Fig. 1 Schematic diagram of
microscale laser dynamic flexible
punching
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10 mm. A black paint coating working as ablative layer, on the
supper surface of soft punch, can well protect the soft punch
and greatly enhance the absorption rate of the pulse laser
energy. Then, the soft punch is adhered onto the center posi-
tion of K9 glass confinement layer, water as a good binder. A
heavy flange used as pressing block plays a considerable role
in providing the preloaded force. Thus contact surfaces can be
packed tightly with each other and plasma leak can be
prevented at the interface of confinement layer and ablative
layer.

In the study, a short pulse Nd-YAG laser (INNOLAS
Spitlight 2000) with Gaussian distribution beam is employed.
The laser’s main parameters associated with the experiments
are listed in following Table 2.

In order to get the anticipant laser spot to cover the impact
zone completely, an appropriate defocusing is necessary.
When the focus is above the workpiece, the value of
defocusing is defined as positive. In this study, the defocusing
is set to 30 mm, and the corresponding spot diameter is
2.5 mm.

Experimental results and discussions

Arrays of square holes are punched successfully on thin Al
foils with laser dynamic flexible punch. The geometrical
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=
=
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accuracy of punched holes is examined with the KEYENCE
VHX-1000C digital microscope, and the shearing behavior is
also investigated by surveying cross section of holes. It is
shown, in Fig. 3a, that a piece of Al foil is completely punched
with four square holes. And Fig. 3b shows the enlarged view
of one accurately reproduced square hole. It can be found that
dimensional accuracy and sheared edge quality are excellent.

To investigate hole quality, the punched hole is sectioned as
shown in Fig. 4a. The corresponding partial enlarged view is
shown in Fig. 4b. In addition, the characteristic profile of
punched holes such as rollover, burnish, fracture, and burr
are defined as shown in Fig. 4c. The results are analyzed
considering the well-known shape of mechanically punched
holes [16]. Compared with the section profile of holes
punched in static load condition, which is carried out by Joo
et al. [9], it can be found that the punched holes punched in
dynamic shock load condition have the sheared edge profile
with large rollover depth, small burnish depth, rather small
fracture depth and small tapering angle.

A reasonable explanation can be given for the difference in
terms of stress wave theory, namely, the yield stress and
strength limit increase greatly under the dynamic shock load
and the phenomena of delayed yield and delayed fracture are
even more evident. And, as the punching is a novel process
with no punching clearance between soft punch and die-
opening, the tapering angle in the sheared edge profile should

Table 1 Chemical compositions and mechanical properties of punching die material

Material Chemical composition Mechanical properties
Cwc% Siwe% Mnwc% Pwc% Swc% Crwc% Hardness HRC  Tensile strength(MPa)  Shear modulus(Gpa)
AISI 1095 <1.05 0.15-0.30  0.30-0.45 <0.02 <0.02 0.01 58 1600-1800 80
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Fig. 2 The punching die used in the present study

be rather small. Generally, a burr cannot be developed
in cast iron due to fracture in the initial stage [17].
However, some burrs can be found in the sheared edge
profile of the present punching, this is because of the
effect of good ductility of Al.

In this process, the optical energy of the laser beam
has been turned into mechanical energy of the shock
wave. The soft punch acts on the thin metal sheet
without any overheating, thus the micro-punching is a
purely mechanical process. The so called material im-
pedance mismatch effect at the interface of soft punch
and thin workpiece increases the loading pressure great-
ly [18]. The ablative layer made of black paint is
thought to greatly enhance the absorption rate of the
pulse laser energy, thus improving the efficiency of
energy conversion. The laser energy values set in this
process are 1380 mJ, 1690 mJ and 1900 mJ. When a
soft punch of 100 wm in thickness is employed, the
punching effect is just appearing with 1380 mJ laser
energy, and a most punching can be obtained with
1690 mJ laser energy. Along with the increasing of soft
punch’s thickness, more laser energy is required. When
the laser energy is set to 1900 mJ, the workpiece can be
punched well with the soft punch of 100 um (Fig. Sa)
and 200 um (Fig. 5b) in thickness, but can hardly be
punched by using a soft punch of 300 um in thickness
(Fig. 5c¢). And, the results of punching, when the

300 pum thick soft punch is used, are slightly unstable.
Thus the thickness of soft punch should be selected
appropriately, and the proposed value is ranging from
100 pm to 200 pum.

Considering that some blanking parts may be lodged in die-
openings, an ultrasonic cleaner has played a good role to take
these micro parts out.

Numerical simulation

In this study, numerical simulations are conducted by using
ANSYS/LS-DYNA and LS-PrePost. The methods of Finite
Element Mesh (FEM) and Smoothed Particle Hydrodynamics
(SPH) are employed. Since the model as well as the pulse
pressure load is completely symmetrical about planes, only a
quarter of the model is established for improving computation
efficiency.

Model setting

Figure 6 shows the structure of the simplified geometric
model for the microscale laser dynamic flexible punching.
As the model is made to simulate a purely mechanical
process, the ablative layer which is used to turn optical
energy into mechanical energy is certainly taken away.
The pressure is directly loaded on the upper surface of
the soft punch. In the experiment, the confinement layer
can magnify the shock pressure by preventing the plasma
from leaking out and confines the polyurethane rubber’
upward deformation. However, in this simulation, the only
function of confinement layer is to constrain the soft
punch. Besides, simulations are carried out with two types
of die models. One die model (Fig. 7a) with 2x2 array of
square die-openings keeps the same size with the real
object. The other model (Fig. 7b) contains 24 square
die-openings distributed regularly. Each sketch located in
the right side respectively shows the geometric dimensions
in detail, and the loading zone is marked by some+signs.
The values of workpiece thickness are selected as 10 pum,
20 wm, 30 pm, and 40 um. Meanwhile, the soft punches
are in thickness of 100 um,200 um,300 pum and 400 pm.

The element type Solid 164 is used for the 3D modeling of
confinement layer and soft punch, which is defined by 8 nodes
and used in explicit dynamic analysis only. Both Shell 163
elements and SPH particles are used for the modeling of thin

Table 2 The laser’s main pa-

rameters associated with Wavelength(nm)

Pulse energy(mJ)

Pulse width(ns) Energy stability(%)  Lens’ focal length(mm)

experiments
1064 80~2000

8 <£1 100
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Fig. 3 Experimental results: a A fully punched workpiece; b An accurately reproduced square hole

metal workpiece. Shell163 is a 4-node element with bending
and membrane capabilities. Both in-plane and normal loads
are permitted. This element type is utilized in the FEM (Finite
Element Method) method, while SPH particles are used in the
SPH (Smooth Particle Hydrodynamics) method. SPH is a
meshfree method which was developed to avoid the limita-
tions of mesh tangling encountered in extreme deformation
problems with FEM [19]. Thus, it has advantages in describ-
ing the complex material behavior under a high strain rate in
the microscale laser dynamic flexible punching process. In

Fig. 4 Cross section of a
punched hole observed by SEM:
a The cross section; b The
corresponding partial enlarged
view; ¢ The characteristic profile
obtained in dynamic load
condition

addition, the element type Shell 163 is also used for the
modeling of punching die.

Constitutive models and failure damage model

To simulate the process of microscale laser dynamic
flexible punching, three different material models are
used, namely the strain sensitive plasticity model for
thin metal workpiece, the hyperelastic model for soft
punch, and the rigid model for confinement layer and
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Fig. 5 Different results of micro-punching with soft punches in various
thicknesses, when laser energy is set to1900mJ: a A fully punched hole
obtained by using a 100 pm thick soft punch; b A punched hole obtained

punching die. In order to obtain accurate results, precise
material properties are given.

Johnson Cook model is a widely used constitutive
model for materials subjected to large strains and high
strain rate [20]. When the thin metal sheet is punched
within hundreds of nanoseconds, with the strain rate
scaling up to 10° to 107 per second, the Johnson Cook
model is suitable. The simplified Johnson Cook model
can be expressed as

Fig. 6 Schematic of the
simplified geometric model for
the microscale laser dynamic
flexible punching

Confinement
layer

Soft punch —_|
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by using 200 pm thick soft punch; ¢ Holes can hardly be punched by
using a 300 um thick soft punch

o=(A+B")|1+Cln| (1)
E'()

Where o is the equivalent yield strength, £ is the
equivalent plastic strain, € is the equivalent plastic
strain rate, €, is the reference strain rate. 4, B, C and
n are the material constants. Table 3 gives correlative
model parameters of 2024-T 3 Aluminum.

Pressure
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Fig. 7 Two types of die models: a A die model with a 2x2 array of
square holes, which keeps the same size with real object; b The other
punching die model with 24 square holes distributed regularly; Each

The Johnson Cook failure criterion [21] is used as
the damage initiation criteria in this process, since it
takes into account the nucleation growth and coales-
cence of voids in ductile material at high strain rates.
The strain at fracture is given by

ef = [dl +d2exp<d3l—7>} 1 4+ d4ln £
q €0

Table 3 Constitutive model parameters of 2024-T 3 aluminum

(1 + dsﬁ) 2)

Material A(MPa) B(MPa) C n

g (57

Symmetry
plane XZ Unit: mm

sketch located in the right side shows the geometric dimensions and the
loading zone which is marked by some+signs

Where € is the strain at fracture, d; s are the failure

parameters,c is the reference strain rate, 0 is the homologous
temperature, and p/q is the ratio of pressure divided by
effective stress. The correlative parameters of 2024-T 3 Alu-
minum used in the Johnson Cook failure mode are given in
Table 4 [22].

The flexible polyurethane rubber used as soft punch has
nonlinear stress—strain characteristics for enormous deforma-
tions. And in simulations, it is usually assumed as nearly

Table 4 Failure damage mode parameters of 2024-T 3 aluminum

Material Dl D2 D3 D4 D5

2024-T 3 aluminum 369 684 0.0083 0.73 1.7 1.0

2024-T 3 aluminum 0.112 0.123 1.500 0.007 0.000
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incompressible. For these causes, Mooney-Rivlin model is
selected to describe the flexible rubber material’s behavior
[23]. It uses a strain energy function W, whose derivative with
respect to a strain component determines the corresponding
stress component. The form of the Mooney-Rivlin strain
energy potential is shown in the following functions.

W= Zn Cim(1i=3)* + (1,-3)" + %1\7(13—1)2 (3)

k+m=1

ow
Ojf — ——
v 65,']‘

(4)

In the above equations, W is the strain energy per unit of
reference volume, /,—/5 are the strain invariants, k is the bulk
modulus. Since the rubber material is assumed as incompress-
ible, the value of /5 is setas 1. Cy,, is the hyperelastic constant,
which determines the material response. Generally, two pa-
rameters (C1o and Cy;) are used to describe hyperelastic
rubber deformation. And, the mechanical properties of the
polyurethane rubber are given in Table 5.

Loading

The pressure is directly loaded on the upper surface of soft
punch according to a simplified model shown in Fig. 6. A one-
dimensional model established by Fabbro et al. [24] can be
used to figure out the shock wave pressure, assuming that laser
irradiation is uniform. The Fabbro model is shown as:

1
2 1 1
Puax = 0.01 x <2a " 3> X Z° x Iy? (5)

In the above equation, P, is the peak pressure, « is a
constant usually set as 0.1, Z is the combination impedance,
which is defined by the relation

2_1+1
Z Zi 7

(6)

Z 1 is the confinement layer’s acoustic impedance, and Z, is
the soft punch’s acoustic impedance (The black paint as
ablative layer is ablated by the laser beam). / is the laser
power density. The pressure value calculated by this 1D model
is proved to be a little greater than actual value [18].

Due to the confined ablation mode, the loading time of
shock wave pressure can be lengthened to three to five times
of the laser pulse duration [25]. In these simulations, loading
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Table 5 Mechanical properties of the flexible rubber material

Material Hardness M-R constant M-R constant Poisson’s
shore A (°) Cyo (MPa) Co1 (MPa) ratio ()
Polyurethane 70 0.736 0.184 0.49997

time is set to 24 ns, namely, three times of the laser pulse
duration. A Pressure-time curve given in Fig. 8 indicates the
law of shock wave pressure changing with time.

Simulation results and discussions
Verify the reliability of the simulation

To verify the reliability of the simulation, the main conditions
keep the same with the actual: the die model with die-
openings of 300 um =300 pm in size, the 20 um thick work-
piece, the soft punches with various thickness, namely,
100 pm, 200 wm, 300 pm.

Analogous to the minimum punching power in the con-
ventional punching process, the minimum punching energy is
defined as the low limit of laser energy by which a partial
punching (Fig. 9b) can be obtained. Table 6 shows the com-
parison of the values of minimum punching energy in exper-
iments and simulations. It turns out that the minimum
punching energy of the laser pulse in simulations is lower
than actual in experiments. And, the error rates remain around
10 %. This is because the value of shock wave pressure
calculated by the Fabbro model is greater than the real one.
Thus, adjusting with some offset for the pressure, the results of
simulation are regarded as reliable.

In order to study more details that can’t be captured in
experiments and make up for the lack of experimental condi-
tions, more simulations with multilevel parameters are

Pmax

Pressure

0.5 Pmax

0] t t ts T
Time
Fig. 8 The Pressure-time curve
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Abortive punching

Partial punching

Full punching

Fig. 9 Three different results in FEM simulations: a Abortive punching, b Partial punching, ¢ Full punching

conducted. The relationship between the soft punch thickness
and corresponding minimum punching energy for various
workpiece thicknesses is revealed in Fig. 10. It can be found
that the workpiece thickness has a significant influence on the
minimum punching energy. However, the influence of soft
punch thickness is not very notable. When the workpiece is
too thick or the laser energy is too small, the effect of punching
is quite different: the punching duration prolongs and the
flowing of rubber material is impeded, thus stress concentra-
tion and first cracks take place in the center region of the
blanking, which is shown in Fig. 9a. Then the fracture surfaces
will have a poor quality. The soft punch is the key part in the
microscale laser dynamic flexible punching process. It has
more advantages over a rigid one. One of these advantages
is that the soft punch has the ability to homogenize pressure.
When the soft punch is too thin (<100 um), the ability is
reduced greatly, the punching will be unstable and blanking
parts are tattered. However, when it is too thick (>300 pum), it
will be more like a bulging process rather than a punching
process. Therefore, an appropriate value of laser pulse energy
to soft punch thickness is necessary.

Effect of dynamic deformation of soft punch

More details of punching process are investigated by using
two types of die models (Fig. 7). As the laser-driven soft
punch rather than a rigid punch is employed as pressure
medium, its dynamic deformation has a significant effect on
the punching of metal foils.

Table 6 The comparison of the minimum punching energy (Workpiece
thickness: 20 pm)

NO.  Soft punch Experimental ~ Simulative data  Error rate
thickness (um)  data A (mJ) A’ (m)) 1-A’/A
100 1610 1463 9.1 %
200 1690 1519 10.1 %
3 300 1800 1629 9.5 %

In the first 270 ns, the induced shock wave propagates in
the soft punch with a high speed. At the beginning, a transient
pressure is loaded on the upper surface of soft punch and the
diameter of the circular impact zone is 1.2 mm. Along with the
generation of elastic wave and then unloading wave, the
deformation of soft punch is just starting.

From 300 ns to 600 ns, square holes are punched on the
thin metal workpiece in an extremely short interval. Initially,
the shock wave propagates from the soft punch to thin metal
workpiece. Due to the constraint of punching die, the work-
piece is stretched around the contour of die-opening where the
max Von Mises stress occurs at that moment, namely the
elastic deformation stage of punching process takes place.
And soon, the increasing stress climbs over the dynamic yield
strength. The plastic deformation occurs along the sheared
edges firstly, and then it gradually transfers to the blanking
part region. When the laser energy is set as a constant, the
duration of plastic deformation stage mainly depends on the
workpiece’s thickness. When the shear stress exceeds the
dynamic fracture strength, the material’s ductility losses and
damage failure initiates. Compared with a general metal

2200

2000 —
1800 -
1600 -
1400 -

1200

—a— Workpiece thickness: 10um
—e— Workpiece thickness: 20pm
—A— Workpiece thickness: 30um
800 - —v— Workpiece thickness: 40um

1000

Minimum punching energy (mJ)

T T T T T T T
100 200 300 400
Soft punch thickness (um)

Fig. 10 For various thick workpiece, the relationship between soft punch
thickness and minimum punching energy
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Contours of Effective Stress (v-m)
Unit: MPa Fringe Levels

Fringe Levels
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Fig. 11 The details of dynamic deformation of soft punch in the punching process, using a die model shown in Fig. 7a

punch, the soft punch has the same function in this duration,
which is shown in Fig. 11c, d.

From 600 ns to 2100 ns, the rubber material of soft punch
continues to flow into the die-opening for the inertial effect,
thus leading to a cavity at the interface of soft punch and
workpiece. Considering the size effect in the actual state that
the influence of interface viscosity and friction increases in
microforming process, a corresponding springback of work-
piece also occurs at the meantime. At the time 2070 ns, the
cavity’s volume gets its maximum. The rubber material no
longer flows to the die-opening, then demould stage starts.

From 2100 ns to 5200 ns, demould stage is in process. The
soft punch in the shape of an asymmetric pour cone starts to
spring back. It is drawn out from the die-opening and then the
punched hole soon. Finally, the low surface of the soft punch
restores its flatness. The process is described in Fig. 11le, f.
Compared with a metal punch, the soft punch with a
hyperelastic characteristic still has such advantages as
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demould is rather easy and the fracture surface quality is better
for avoiding abrasion. The vibration occurs in the central
region of soft punch’s lower surface, shown in Fig. 12a. And
a response vibration is also taking place in workpiece, shown
in Fig. 12b. At the end of this process, the lower surface of soft
punch restores its flatness. The springback of thin metal
workpiece is also reduced eventually.

Effect of die-openings’ scale

A contrastive study is conducted by using another die model
with smaller scale die-openings, as Fig. 13 shows. It can be
found that the required laser energy increases, while the du-
ration of punching process decreases. The vibration ampli-
tudes of soft punch and workpiece have reduced greatly. On
the contrary, the frequency has increased a lot. Figure 14
reveals the Z displacement -Time curve of some specified
nodes of soft punch and workpiece respectively.
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Fig. 13 The details of dynamic deformation of soft punch in the punching process, using a die model shown in Fig. 7b
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Fig. 14 The contrastive investigation of the vibration behavior of soft punch and workpiece in the condition of using the die model shown in Fig. 7b: a

The workpiece’s vibration behavior; b The soft punch’s vibration behavior

Details in punched section and material flowing behavior

Figure 15 shows the evolution of Von Mises stress distribution
in cross section at Y'=0.10 mm. At the time 287 ns, some SPH
particles on the lower surface around the contour of die-
opening start to fail, namely, cracks occur in an actual state.
At the time 324 ns, the fierce plastic deformation occurs in the
cross section and more material flow takes place on the upper
surface around the contour of die-opening, namely the thick-
ness of punched section becomes slightly larger in Fig. 15
(Time=324 ns). At the time 324 ns, most of the particles in the
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punched section have failed. At the time 666 ns, punching
process is completed and the springback is taking place in the
central zone of the workpiece. In this picture, the material
flowing is not obvious. Considering this, detailed information
is given in Fig. 16. Five SPH particles in graphic position are
selected. The evolution of their Y-coordinates is studied. It can
be found that the maximum material flowing occurs in the
middle position of sheared edges and the minimum material
flowing occurs near the corners of square holes. Generally, as
the thin metal workpiece is constrained by various tools and
this punching is a hyperdynamic and ultrahigh strain rate
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Conclusions

This paper is intended to present a novel micro scale laser
dynamic flexible punching technology in the field of thin
metal sheet micro-punching. Both experiments and simula-
tions are used to confirm reliability of this technology. In the
experiments, arrays of square holes of 300 tmx300 pum in
size are punched, and the quality of sheared edges is good.
The polyurethane rubber working as soft punch plays a sig-
nificant role in this process. The effect of key parameters such
as laser energy and soft punch thickness is investigated. In the
simulations, the forming mechanism of this process is inves-
tigated in detail. And the evolutions of soft punch’s and
workpiece’s deformation are revealed. In addition, material
flowing in the punching process is also studied. The results
obtained are as follows:

(1) The microscale laser dynamic flexible punching is a
feasible technology with advantages such as homogeniz-
ing pressure, easy demould and reducing springback.

(2) The thickness of soft punch should be selected in a
proper range, and the proposed value is 100-200 pm.
The ratio of the laser pulse energy to soft punch thickness
should be an appropriate value, in order to obtain good
punching quality. The numerical simulation turns out to
be effective and prospective, and it can be used as a
reference to guide the subsequent experiments.

(3) The novel technology is promising for thin metal sheet
punching even in complex shapes and micro scale appli-
cation. However, much work still needs to be done and
more exploration is considered necessary, such as the
investigation of burrs, the quality of fracture surface, and
a better leveling blanking.
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