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There are higher requirements for microstructures and high-precision components in microelec-
tronics, photonics, sensors, optoelectronics and medical devices. For changing the traditional
manufacturing methods with cumbersome process and complex equipment, researchers put for-
ward a laser shock forming technique which can contribute to the metal forming with high precision
and efficiency in recent years. So far, the laser shock forming needed high pulse energy and high
energy. In this paper, nanosecond laser with high frequency and low pulse energy was adopted to
make possible the aluminum foil forming on the copper micro-molds with different sizes and
shapes. The deformations of aluminum foil were measured by SEM, optical profiler and AFM.
Also, the deformation laws were analyzed by comparing imprinting results under different micro
-molds. Lastly, stress distribution and deformation process of aluminum foil was investigated by
numerical simulations. 
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1. Introduction
In the modern manufacture industry, microminiaturization has become a trend which
was setting for high precision and microsize products in many fields, just like MEMS,
photology, medicine, etc. But traditional manufacturing methods of metal microform-
ing have some limitations, such as complex manufacturing equipment, poor precision
and low efficiency. Besides, traditional methods are hard to meet the sample’s require-
ments that are high strength and difficult formation. It is necessary to explore a new
method to solve the current problems of the micro-metal formation. In recent years,
researchers have put forward a kind of laser shock microforming method, which can



672 HAIFENG YANG et al.
improve the mechanical properties of deformed metal [1–3]. The products made by
the method were adopted not only in MEMS [4, 5], but also in optoelectronics tech-
nologies [6, 7], medical equipment [8] and sensing application [9, 10]. Considering
that the laser processing technique has many advantages [11–13], researchers have car-
ried out extensive studies about the laser shock microforming. CHAO ZHENG et al. put
forward microscale laser bulge forming which was a high strain rate microforming
method using high-amplitude shock wave pressure, and they investigated the deformed
copper’s (thickness of 30 μm) residual stress distribution with different laser energy [14].
JI LI et al. studied the forming limit and fracture of thin foil by using microscale laser
dynamic forming with laser pulse energy 850 mJ [15]. XIAO WANG et al. analyzed the
thickness distribution at the cross-section of micro-channel after laser indirect shock
micro-embossing, and used strain states during micro-embossing to interpret the var-
iation in thickness distribution [16]. HUIXIA LIU et al. investigated the influences of laser
energy and defocussing distance on surface roughness and deformation degree with
molds size in the range from 250 μm to 1 mm [4, 17]. HUIXIA LIU et al. also put forward
the laser shock micro-punching, which mainly focused on the cutting contour feature and
blanking morphology [18]. NAGARAJAN et al. investigated the thinning behavior of cop-
per foil induced by flexible-pad laser shock forming [19]. HUANG GAO et al. reported
a low-cost, high-throughput method that can create three-dimensional crystalline me-
tallic structures as small as 10 nanometers with an ultrasmooth surface at ambient con-
ditions [20]. Most of these studies used laser with high pulse energy, which increased
energy consumption and reduced safety. In addition, these researches focused on the
unique forming methods of microstructures, without the comparison between different
structures and different scales.

This paper presents a laser shock imprinting method, which adopts the nanosecond
laser with low pulse energy and high pulse frequency. This method can realize the
large-area microstructure forming. Meanwhile, the micro-molds can recycle and reuse,
which can improve efficiency and utilization ratio. On the one hand, this paper inves-
tigates the imprinting results while micro-molds have the same shape and multiple sizes.
On the other hand, we investigate the relationship between metal deformation and micro
-molds shape by comparing the imprinting results of micro-molds with the same size
and multiple shapes. At last, the stress distribution and metal deformation progress are
further analyzed by numerical simulation. Through the comprehensive analysis, we
summarize the forming mechanism of the microscale laser shock imprinting using micro
-molds with different sizes and shapes.

2. Experiments
2.1. Imprinting methods
Figure 1 shows the schematic of laser shock imprinting using micro-molds. An ultraviolet
laser (DSH-355-10) operated at 355 nm wavelength and 10 ns pulse width served as the
exposure source, which had high frequency (range from 1 Hz to 150 kHz) and low pulse
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energy (maximum is 1.5 mJ). In the experiments, the laser beam was focused and scanned
on the metal foil surface by a focus lens, which was controlled by the MarkingMate
software in the computer. As shown in inset of Fig. 1, there were confining medium,
ablative medium, metal foil, and micro-molds on the workplace. The focused laser
beam shot on the ablative medium with small focus area during a very short time. Then,
the ablative medium converted to plasma after absorbing a lot of laser energy. Under
the restraint of confining medium, plasma shock wave gradually expanded down, and
exported into metal foil. When the pressure exceeded the yield strength of the metal, the
plastic deformation of metal foil was induced, and finally the shape of the micro-molds
was replicated to the metal foil. 

2.2. Experiment processes

As confining medium, K9 glass of 2 mm thickness was used to constraint a plasma
shock wave. Because of its wide application and good mechanical properties, two layers
of aluminum foil with 13 μm thickness were used as ablative medium and metal foil,
respectively. In the process of experiment, we need to ensure that the layers were fitted
closely. We used a laser with pulse energy (109 μJ), wavelength 355 nm and pulse fre-
quency (1000 Hz) to irradiate an ablation coating layer. The simplified formula was
used to calculate the laser intensity I0, expressed as 

(1)

where E is the pulse energy, α is the laser absorption coefficient of material (take α = 1),
d stands for laser spot diameter (d = 20 μm) and τ is the pulse width (τ = 10 ns). By
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calculation, the laser intensity I0 is about 3.5 GW/cm2. In addition, the laser spot over-
lapping rate η, deciding the laser pulse impact distribution on the sample, can be indi-
cated as 

(2)

where Δ is the overlapping length between the two laser spots. By using computer soft-
ware to control the movement of laser spots, the experiment is realizing overlapping
laser shock imprinting. The spot movement rate is 15 mm/s, the machining line spacing
is 15 μm and the experimental pulse frequency is 1000 Hz. So the laser overlapping
rate η was 25%, which was shown in Fig. 2.

The copper micro-molds with multiple mesh sizes (200#, 400#, 1000#, and 2000#)
and mesh shapes (grating, square hole, and round hole) were used. Figure 3 shows the
SEM images of micro-molds with different shapes and Fig. 4 shows the SEM image
of unprocessed aluminum surface. The research aim is to analyze the influence of dif-
ferent micro-molds on the microscale laser shock imprinting results. After imprinting,
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Fig. 2. Schematic of laser spot overlapping rate. 
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Fig. 3. The SEM images of micro-molds with different shapes: square hole (a), round hole (b), grating (c).
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SEM (Quanta 250), AFM (CSPM5500, Benyuan Nano-Instrument, China) and an op-
tical profiler (DVM5000, Leica, Germany) were used to measure the outline and depth
of deformed aluminum foil. 

2.3. Numerical simulations

ABAQUS software was used to analyze the metal’s transient plastic deformation induced
by microscale laser shock imprinting. During the laser shock imprinting process, after
absorbing laser energy, the ablative medium produces plasma explosion and transfers
plasma shock pressure to the surface of aluminum foil, which results in the plastic
deformation. This process can be regarded as an isothermal process that takes no ac-
count of the temperature impact on the experimental results. In order to describe the
relationship between stress, deformation process and pressure during the laser shock
imprinting, the Johnson–Cook stain sensitive plasticity model was used, which can be
expressed as follows [21]:

(3)

where ε is the plastic strain,  is the plastic strain rate, and  is the reference strain
rate, A, B, C, n and m are material constants. The specific value parameters in this model
of pure aluminum are listed in the Table. 

Laser shock imprinting results were determined by the shock wave pressure, which
depended on the laser parameters. So in the numerical simulation process, the shock
wave was regarded as pressure that changed over time and directly loaded on the alu-

Fig. 4. The SEM image of unprocessed aluminum surface. 
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minum foil surface. Due to the influence of the confining medium, the time of shock
wave effecting on metal surface increases greatly, and this is three times of laser pulse
width. Figure 5 shows the curve of shock pressure changing with the time (t0 is the
laser pulse width). The peak pressure is expressed as follows [22, 23]: 

(4)

where I0 is the laser power density, α is the internal energy transformation factor
(α = 0.1), Z is the shock impedance between the confining medium (K9 glass) and the
ablative medium (aluminum foil), where 2/Z = 1/Z1 + 1/Z2, and Z1, Z2 is the shock im-
pedance of confining medium and ablative medium, respectively. 

3. Results and discussion
3.1. Microscale laser shock imprinting with different square hole sizes

To investigate the size effect, four kinds of sizes of copper micro-molds with square holes
were chosen in the experiments. As shown in Fig. 6a, the size of a square hole was de-
termined by the side size. Figure 6b shows its specific values of different micro-molds.
With the mesh size increasing, the side size of micro-molds decreased. Figure 6c shows
the 200# copper micro-mold measured by an optical profiler. It can be seen that the
depth of the hole was approximately 37 μm.

In the laser shock imprinting process, the laser with high frequency and low pulse
energy, after passing through the confining medium, is directly shot on the ablative
medium (upper aluminum foil layer). Then, the ablative medium absorbs a large amount
of laser energy, vaporizes and forms high pressure plasma. Under the effect of confin-
ing medium, the plasma expands down and acts on the forming metal (lower aluminum
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foil layer). When the shock pressure exceeds the yield strength of the metal, the forming
metal layer exhibits plastic deformation according to the mold shape. Figure 7 shows
SEM images of the deformed aluminum foils with different mesh sizes induced by laser
shock imprinting. It can be seen that micro-molds were replicated precisely and com-
pletely, including corners of square holes for four kinds of mesh sizes. 

After laser shock imprinting, an optical profiler was used to measure the deformation
depth of aluminum foil. For imprinting results on 2000# micro-mold, the deformation
depth was not accurately measured by the optical profiler so that we adopted AFM.
Figure 8a shows 3D profile of deformed aluminum foil on 400# micro-molds and the
inset shows a dimensional section curve in deformed aluminum foil. It is concluded
that the average deformation depth was about 3.5 μm. Figure 8b shows the 3D profile
and section curve of the imprinting results on 2000# micro-molds obtained by AFM;

Fig. 8. Forming depth of deformed aluminum foils with different mesh size (see text for explanation).
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its average deformation depth was about 0.69 μm, which was far less than that of the
imprinting results on 400# micro-molds. Figure 8c shows the simulation results of
section profile curve for four kinds of mesh sizes after laser shock imprinting. Admit-
tedly, the friction force between the micro-mold edge and aluminum foil prevents the
occurrence of deformation; the deformation depth in micro-molds edge was smaller
than that of the center. Nevertheless, it can be concluded that the side and bottom of
square holes for four kinds of mesh sizes have very good replication results. However,
there were different deformation depths for those mesh sizes. The larger the mesh size
was, the deeper the deformation, which were consistent with our experiment results.
Figure 8d shows the comparison between simulation and experiment results in terms
of aluminum foil’s maximum deformation depths for four kinds of mesh sizes. The side
size of the square hole reduces with the increase of the mesh size. Therefore, the defor-
mation depths of the aluminum foil reduced with the increase of the micro-molds mesh
size. Firstly, the edge of the square hole in micro-mold prevents plastic deformation
of aluminum foil and the smaller size of the square hole makes greater inhibition.
Secondly, the thickness of aluminum also has an impact on the deformation depth.
When the micro-molds are 1000# or 2000#, the thickness of aluminum foil (13 μm) is
close to or greater than the side size of the square hole so that the extrusion produced
by deformation would affect its further plastic deformation. Thirdly, during the plastic
deformation, the high friction between the micro-mold and the metal causes a retardation
of plastic flow. Stronger metals or smaller feature sizes would require higher shock
pressures, and consequently higher strain rate, to trigger the superplastic flow [20].
Therefore, in the case of constant laser energy, the decrease of the side size of square
hole would result in the smaller deformation degree. 

In addition, the material size-scale effect is the main reason for the difference in
imprinting results. In the case of ultra-high strain rate deformation, micrometer-scale
metal can show different properties, such as mechanical, electrical, optical and magnetic,
caused by internal dislocation avalanches. When the size of the micro-mold is small,
ultra-high strain rate deformation of aluminum foil leads to different yield strengths
and generates different imprinting results [24, 25].

Figure 9 shows the simulated stress distribution of deformed aluminum foil on
micro-molds with different mesh sizes. The stress distribution of deformed aluminum
foil was similar. It was found that the stress mainly concentrated in the corner of the
deformation area. Because of the influence of the micro-molds’ edge, the deformation
degree in the corner of micro-molds was maximum at the moment of laser shock, so
the stress concentrated relatively. 

Figure 10 shows the aluminum foil’s deformation process on 2000# micro-mold.
The period of shock wave exerted on the aluminum foil surface is three times of the
laser pulse width t0. The maximum shock pressure appeared at 0.6t0 and then weakened
gradually. It can be seen that the aluminum foil took large deformation before 1.2t0 and
then its deformation speed gradually slowed down.
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3.2. Microscale laser shock imprinting with different micro-mold shapes

Three kinds of copper micro-molds (grating, square hole, and round hole) with 200#
were chosen to investigate some shape elements (like corner, circle and line) influence
the microscale laser shock imprinting results. SEM images of different micro-molds
were shown in Fig. 3. Figures 11a and 11b show the size marking of micro-molds and

Fig. 11.  The size of different shape micro-molds (see text for explanation). 
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the side size’s specific value of the micro-mold with 200#, respectively. The 3D profile
and section curve of different micro-molds were shown in Fig. 11c. 

After microscale laser shock imprinting, three kinds of deformed aluminum foils
(grating, square hole, and round hole) were shown in Fig. 12. It was clear to see that
no matter what was the shape (the corner, circle, or line in micro-molds), aluminum
foil could replicate micro-molds accurately. Optical profiler was used to measure the
deformed aluminum foil profile, section curve, and to get the specific value of the
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Fig. 12. SEM images of the deformed aluminum foils with different shape: grating (a), round hole (b),
and square hole (c).

Fig. 13. 3D profile of deformed aluminum foils with different shape: grating (a), round hole (b), and
square hole (c). 
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deformation depth. Figure 13 shows the 3D profile of deformed aluminum foil under
different micro-mold shapes. 

Based on the simulation results, we can find that the aluminum foil formed plastic
deformation and accurately replicated the shapes of different micro-molds. Figure 14a
shows the section profile curve of deformed aluminum foil with different micro-molds
shapes. Figure 14b shows the comparison between simulation and experiment results
of maximum deformation depth. Micro-molds with the same mesh sizes and different
shapes have small effects on the aluminum foil’s deformation depth. Small differences
in edge friction resistances and the effect of aluminum thickness can be attributed to
the similar deformation depth. Besides, with the same scale of ultra-high strain rate
deformation, the mechanical properties of aluminum foil are similar so that imprinting
results have not much difference. Therefore, it can be concluded that microscale laser
shock imprinting has the ability to replicate the multiple shapes of micro-molds and
the shape of micro-molds has little effect on the aluminum foil’s deformation depth.
Figure 15 shows simulated stress distribution for micro-molds with different shapes.
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The maximum stress also mainly concentrated in the corner of the deformation area
and the stress distributions for multiple shape micro-molds had small differences.

4. Conclusions
In this paper, a nanosecond laser with high frequency and low pulse energy was adopted
for microscale laser shock imprinting. Combined with the experiment and ABAQUS
numerical simulation results, some conclusions, including deformation depth, stress
distribution and imprinting progress for micro-molds with multiple shapes and sizes,
could be drawn from the paper.

The deformation depth of laser shock imprinting results decreased as the micro-molds
side size reduced. After the analysis, the friction force between the micro-molds and
aluminum foil, the side size of the square hole and the thickness of aluminum foil were
key factors determining the deformation depth. In addition, a material size-scale effect
was the main reason for the difference in imprinting results with different size micro
-molds. In the microscale laser shock imprinting process, there is little discrepancy in

Fig. 15. Stress distribution of deformed aluminum foil with different shape: grating (a), round hole (b),
and square hole (c).
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the deformation degree with different micro-mold shapes. So microscale laser shock
imprinting had the ability to replicate the multiple shapes of micro-molds accurately
and the shape of micro-molds had little effect on the aluminum foil’s deformation depth.
Besides, numerical simulation results were also found and the stress mainly concentrated
in the corner of the deformation region. Thus, this processing method could be effi-
ciently used in manufacturing a large-area and diversified microstructure on metallic
foil by changing mold types and laser parameters. 
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