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Abstract
Laser shock bulging process is a promising flexible microforming method in which the laser shock wave pressure is employed to
cause plastic deformation and fabricate microfeatures on thin sheet metals. However, the influence of initial grain size and laser
power density on the forming quality of bulged parts has not been well understood. In this paper, three various initial grain sizes
as well as three levels of laser power densities were provided, and then, laser shock bulging experiments of T2 copper foil were
conducted. The characteristics of bulging height, thickness distribution, microhardness, surface morphology, and microstructure
were examined. It is revealed that the bulging height increases with the increase of grain size and the enhancement of laser power
density. The exhibiting good formability of pure copper foil in laser shock bulging process is attributed to the inertial effect on
necking stabilization and strain-rate effect on material constitutive behavior. The overall thickness of bulged parts decreases
compared with its original thickness. Moreover, the microhardness in the laser-shocked region increases due to the strain
hardening effect, but the microhardness distribution is nonuniform because of the inhomogeneous plastic deformation. The grain
sizes of bulged parts are slightly refined with the increase of laser power density, especially for the coarse-grained part. The grain
refinement in laser shock bulging forming process is attributed to the large plastic deformation at high strain rates under laser
shock.
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1 Introduction

With the dramatic development of micro-electromechanical
system (MEMS), many novel manufacturing technologies
for products with feature dimensions in millimeter and sub-
millimeter ranges have been proposed during recent years, and
show their notable advantages in the field of MEMS.
Microforming process, which fabricates parts via plastic de-
formation, has got tremendous attention for its high produc-
tivity, near net shape, high material usage, and low cost [1]. In
the conventional microforming process, the metallic punch

and die are adopted to form parts. Usually, both the punch
and die need to be changed while a part with various geometry
or sizes is formed. In addition, the technical challenges, such
as the guarantee of the punch/die clearance and precision fab-
rication of micropunch, are still required for further study.
Thus, using a flexible tool instead of the metal punch, known
as the flexible forming method, offers attractive characteristics
of excellent flexibility and high efficiency. One of the prom-
ising flexible microforming approaches is laser shock bulging
process, in which a high-power laser pulse is utilized to gen-
erate shock wave pressure and the induced pressure can sub-
sequently make the metal target plastically deform at high
strain rates. The working principle of the process is illustrated
in Fig. 1. In order to generate the plasma followed by the
shock wave, the power density of the laser pulse is generally
up to GW/cm2 order. Compared with laser welding and laser
cutting processes, the high-amplitude shock wave pressure
rather than heat energy is employed to cause plastic deforma-
tion during laser shock bulging. Therefore, the process is non-
thermal, which is beneficial for the mechanical property of
microparts [2]. Over the years, the researches focus on the
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formingmechanism [3–5] and laser and die critical parameters
[6], the acting pressure during bulging [7], effect of confining
overlay [8], and forming method assisted by polyurethane
rubber [9]. It is proved that the laser shock bulging process
has been successfully applied to form the common metallic
materials such as copper, aluminum, and stainless steel.

It is well known that while the feature dimension of
microparts is reduced frommacroscale to microscale, the plas-
tic deformation behavior of the material is generally deter-
mined by a few grains located in the deformation zone.
Then, both the mechanical property and deformation behavior
of the material are significantly different from those in the
macroscale due to the so-called size effects [10]. Vollertsen
et al. [11] gave a systematic review on size effects and their
influence on micromanufacturing processes. Over the past
decades, the grain size effect has been found to have a signif-
icant impact on microforming processes in terms of deforma-
tion behavior and product quality. Raulea et al. [12] employed
bending experiments on thin aluminum sheet to study the
grain size effect on mechanical properties of the material.
They found that the yield strength declines with the increasing
grain size attributed to the well-known Hall-Petch relation-
ship. Gau et al. [13] carried out three-point bending experi-
ments to investigate the influence of the ratio of foil thickness
to grain size on springback behavior of brass in microbending
process. They concluded that the springback amount of brass
foil can be expressed as a function of the ratio when the foil
thickness is less than 350 μm. Kim et al. [14] analyzed the
effects of feature size, grain size, foil thickness, and preform
shape on the forming of microfeatures by using microcoining
process. Justinger et al. [15] attempted to understand the grain
size and grain orientation effects by using a mathematic model
considering the number of grains. Hmida et al. [16] investi-
gated the initial grain size effect on the forming force evolu-
tion in microscale single point incremental forming process.
The experimental results show that the drop of forming force
with respect to the grain size is in connection with the Hall-
Petch relationship. Ghassemali et al. [17] examined the inter-
active effect of grain size and sheet thickness on the material
flow and microstructure evolution in a progressive open-die

microforming process. Wang et al. [18] conducted experimen-
tal studies on the influence of grain size on flow-induced de-
fects in microextrusion process of pure copper. The results
show that for fine grains, the microparts have good flow lines
in consistent with part shape, while for coarse grains, there are
no obvious flow lines due to only several grains located in the
deformation region. Gao et al. [19] revealed the grain size
effect on the plastic deformation of pure copper in roll-to-
plate micro/meso-imprinting process by experiments and nu-
merical simulations. Fu et al. [20] focused on the grain size
effect on microscale blanking and deep drawing compound
process of copper sheet. They found that the plastic deforma-
tion becomes inhomogeneous with the increase of grain size
and the decrease of formed part size, resulting in the irregular
geometry and rough surface morphology of microparts. Xu
et al. [21] explored the grain size effect on the deformation
behavior of brass foil via microblanking experiments. They
concluded that the deformation behavior of the material de-
pends on the blanking clearance as well as the initial grain
size. Meng et al. [22] systematically discussed the interactive
effects of grain size, lubrication condition, and tool velocity on
deformation behavior, section quality, and dimensional accu-
racy for both the blanked part and the pierced hole. It is re-
vealed that the forming quality is declined with the increase of
grain size and tool velocity.

Based on the above brief review of the studies on grain size
effect, it can be seen that the experimental and numerical
investigations are mainly concentrated in microforming pro-
cesses under quasi-static loading conditions. However, less
effort has been made in grain size effect under high strain rate
loading conditions, especially induced by pulsed laser shock
loading. Hu et al. [23] investigated the grain size effect on the
microindentation depth of pure copper generated by laser
shock. It is concluded that the microindentation depth strongly
relates to the initial grain size. Wang et al. [24] explored size
effects on the deformation behavior of copper foil in micro-
scale laser bending process. They found that both the ratio of
foil thickness to grain size and the ratio of microchannel di-
mension to foil thickness have significant influence on the
forming amount and the surface morphology. However, the

Fig. 1 Working principle of laser
shock bulging process
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grain size effect on other basic forming processes induced by
laser shock, especially for bulging forming, has not been well
understood. In this sense, it is full of the importance to explore
the grain size effect on plastic deformation and forming qual-
ity of metal foil in laser shock bulging process.

It is obvious that the laser power density plays an important
role in the interaction of laser pulse with metal foil. In our prior
study, the effect of laser power density on forming height, residual
stress distribution, and surface morphology of the absorbent coat-
ing has been investigated [25]. However, the influence of laser
power density on the forming quality of bulged parts, character-
istics of thickness distribution, microhardness, and microstructure
is still not well understood. In this study, the ratio of foil thickness
to initial grain sizewas adopted to represent the relationship of foil
thickness and grain size. Three various initial grain sizes aswell as
three levels of laser power densities were provided, and then laser
shock bulging experiments of pure copper foil were conducted.
Based upon the experimental results, the effects of initial grain
size and laser power density on the forming quality of bulged
parts were discussed via the evaluation of bulging height, thick-
ness distribution, microhardness, surface morphology, and
microstructure.

2 Experiments

2.1 Experimental setup

The experimental assembly of laser shock bulging process is
shown in Fig. 2. The fundamental mechanism and critical pro-
cessing components can refer to our prior work [3]. In particu-
lar, the black paint and quartz glass are two indispensable com-
ponents for realization of the process. The black paint acts as an
absorbent coating and interacts with the pulsed laser to generate

high-temperature and high-pressure plasma. It has been proved
that the absorbent coating can efficiently protect the metal foil
from laser ablation. The application of quartz glass as a confin-
ing overlay can magnify the amplitude of shock wave pressure
up to gigapascal levels compared with that in the open-air con-
dition. Due to the ultrashort interaction time, the metal foil is
plastically deformed at high strain rates while the pressure ex-
ceeds the dynamic yield strength of the material.

In the experiments, a Q-switched Nd:YAG laser system
with a Gaussian spatial distribution beam was employed.
The laser wavelength is 1064 nm, and the pulse duration is
around 8 ns. All of the experiments were implemented by a
single laser pulse. Laser drilling process was used to fabricate
through holes in a stainless steel sheet as forming dies. Before
laser shock, one surface of metal foil was carefully sprayed
with black paint. The detailed experimental parameters are
listed in Table 1. After bulging forming, the remaining black
paint on the foil surface was removed using acetone solution
for 20 min in an ultrasonic cleaner, and then, anhydrous alco-
hol was adopted to clean the foil surface.

After laser shock bulging experiments, the surface
morphology of bulged parts was observed through scan-
ning electron microscopy (JSM-6610LV). The dimen-
sions of parts were measured by video measuring sys-
tem (VMS-4030F). The height of the highest position of
the dome-like shape, defined as the maximum bulging
height, is adopted to represent the deformation degree,
as shown in Fig. 3. The specimens were then cut
through the highest position of parts, and the cross sec-
tion was used to analyze the thickness distribution, mi-
crohardness, and microstructure of bulged parts. The
load of 10 g was applied on the cross section for
15 s to achieve the microhardness by Vickers hardness
test (HV-1000).

Fig. 2 Experimental assembly of
laser shock bulging process
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2.2 Specimen preparation

The material chosen for the experimental investigation is T2
pure copper foil of 50 μm in thickness (t) due to its wide appli-
cation in the field of MEMS. The as-received copper foils were
annealed in a vacuum furnace at the temperatures of 450, 600,
and 750 °C for 1 h to obtain various initial grain sizes (d). In
order to protect the ultrathin metal foil from destruction by the
conventional hot mounting method, the metallographic speci-
mens were prepared using the cold mounting method. The
bulged parts were placed in a mounting cup, and then, the
mixture of epoxy resins and hardener was poured into the cup
followed by curing. After carefully grinding and polishing, the
specimens were etched with a FeCl3 (5 g) +HCl (15 ml) +H2O
(100 ml) solution for 15~20 s. Then, the average grain size in
the thickness direction was measured by the mean linear inter-
cept method according to the ASTM E112 standard. The mi-
crostructures of annealed foils in the cross section of thickness
are shown in Fig. 4. The ratio of foil thickness to initial grain
size (N = t/d) was adopted to represent the relationship of foil
thickness and grain size. The obtained grain sizes and the cor-
responding N values are listed in Table 2.

3 Results and discussion

3.1 Bulging height

Figure 5 presents deformation values of copper foils
with various grain sizes and laser power densities.
Five specimens were tested in each condition, and the
standard deviation was calculated. Based upon the mea-
surements, it is manifest that under all of the applied
laser power densities, considerable plastic deformation
occurs without failure for all N values. Furthermore, as
the laser power density is enhanced, the maximum bulg-
ing height with various N values exhibits the same
growth trend. In the case of N = 1.3, the maximum
bulging height even increases from 251.3 μm (2.63 ×
1013 W/m2) to 344.3 μm (3.51 × 1013 W/m2). Thus, it
implies that the laser power density is one of the critical
processing parameters for the plastic deformation in-
duced by laser shock. Due to the fact that the interac-
tion of laser and material significantly depends on the
laser power density, it is important to be clear about the
magnitude of generated shock wave pressure.

For the case that the laser shock process is implemented in
the confining regime, the relationship between the peak shock
wave pressure and the laser power density can be expressed as
follows [26]:

Pmax ¼ 10−9

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

α
2αþ 3

� �

⋅Z⋅I0

s

ð1Þ

where Pmax is the peak shock wave pressure induced by the
laser pulse, α is the fraction of the internal energy devoted to

Table 1 Detailed experimental parameters

Parameters
Laser
beam
diameter
(mm)

Die hole
diameter
(mm)

Quartz
glass
thickness
(mm)

Black
paint
thickness
(μm)

Laser power
density
(× 1013 W/
m2)

Value 2 1.4 2 ~ 50 2.63, 3.07,
3.51

Fig. 3 Preparation of specimens
for microscopic analysis
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the thermal energy (generally equal to 0.1), I0 is the laser
power density, and Z is the shock impedance which can be
given by the relation:

2

Z
¼ 1

Zmetal
þ 1

Zoverlay
ð2Þ

where Zmetal and Zoverlay are the impedance of the metal foil
(T2 copper) and the confining overlay (quartz glass), and are
3.83 × 107 and 1.31 × 107 kg/m2 s, respectively [25]. Thus, the
peak pressure calculated from the above model is 4.01, 4.33,
and 4.63 GPa corresponding to the laser power density of
2.63 × 1013, 3.07 × 1013, and 3.51 × 1013 W/m2, respectively.
Obviously, the higher laser power density can magnify the
amplitude of shock wave pressure, indicating that larger plas-
tic deformation can be achieved. However, it is noted that the
laser power density should not be too high to avoid the occur-
rence of fracture. Figure 6 presents a fractured part at N = 4.0
and 3.94 × 1013 W/m2. For the reason that the tensile strength
limit of metal foil at ultrahigh strain rates is difficult to exam-
ine, the applied laser power density is often repeatedly tested
to achieve an appropriate value for specific material. In this
study, the laser power density range of 2.63 × 1013 to 3.51 ×
1013 W/m2 can induce considerable plastic deformation with-
out failure for 50-μm pure copper foil.

Moreover, under the same level of laser power density, it
can be clearly seen that the maximum bulging height increases
gradually as N value diminishes, as shown in Fig. 5. In other
words, it means that the larger maximum bulging height can
be achieved through enlarging the initial grain size. This trend
is similar to that in microforming processes under quasi-static
loading conditions since the flow stress of materials decreases
with the increase in grain size according to the empirical Hall-
Petch relationship [11]. At N = 1.3, the grain size increases to

the same order of the foil thickness. In this case, the mechan-
ical properties of the individual grains will dominate the prop-
erties of the foil. While the grain orientation is unfavorable
towards the bulging direction, it may result in an adverse
effect on the development of plastic deformation. However,
according to Fig. 5, the foil with coarse grains exhibits large
plastic deformation, indicating that the laser power density is a
key factor to affect the bulging height of metal foil.

A remarkable phenomenon in laser shock bulging process
is that the average bulging height can reach 344.3 μm for
copper foil with 50 μm in thickness at N = 1.3 and 3.51 ×
1013 W/m2. In magnetic pulse forming [27] and electro-
hydraulic forming processes [28], the experimental results al-
so show that the sheet metals have good formability at high
strain rates. Neugebauer et al. [29] conducted a comprehen-
sive review on velocity effects in metal forming and machin-
ing processes. They pointed out that the high forming velocity
indeed helps to expand the limits of material formability and
achieve complex-shaped products. Therefore, the large bulg-
ing height in laser shock bulging process is attributed to (1)
inertial effect on necking stabilization. When the metal foil is
impacted by a nanosecond laser pulse, the strain rate can reach
105–107 s−1 relying on the applied laser power density and
pulse duration [30]. At such high strain rates, the inertia effect
cannot be neglected and deeply affects the neck growth.
During the bulging process, the inertial force can diffuse de-
formation throughout the metal foil, resulting in stabilizing the
development of neck in local regions. (2) Strain-rate effect on
material constitutive behavior. The flow stress and strain-rate
sensitivity become significant while the strain rate is greater
than 103 s−1 [31]. This effect also affects the deformation
behavior of metal foil during laser shock bulging process.

3.2 Thickness distribution

In order to examine the characteristics of thickness distribu-
tion of bulged parts, 31 points were selected in the cross sec-
tion and an interval of 50 μm between points was adopted.
Their positions can be seen in Fig. 7. Points 2 and 30 are
located at the fillet region of the part, and point 16 is at the
bottom.

Fig. 4 Microstructures of copper foil after heat treatment. a 450 °C, 1 h. b 600 °C, 1 h. c 750 °C, 1 h

Table 2 Heat treatment parameters and the corresponding grain sizes

Annealing process 450 °C, 1 h 600 °C, 1 h 750 °C, 1 h

Grain size (μm) 12.6 23.1 37.1

N 4.0 2.2 1.3
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Figure 8 presents the typical thicknesses distribution with
three N values under 2.63 × 1013 W/m2. It can be seen that the
measured thickness distribution is nonuniform due to the in-
homogeneous deformation in the cross section. In addition, it
is observed that the overall thickness of bulged parts decreases
compared with its original thickness 50 μm. This means that
the whole material within the die hole has been plastically
deformed. Furthermore, it is noted that the location of the
thinnest position is mainly in the fillet region of parts, indicat-
ing that the material of the corresponding region undergoes
extensive plastic deformation during laser shock.

As the laser power density is enhanced up to 3.51 ×
1013 W/m2, the typical thicknesses distribution with three N

values is shown in Fig. 9. Obviously, the overall thickness of
bulged parts also decreases and the thinnest position is at the
fillet region. However, the thickness at the fillet region under
3.51 × 1013 W/m2 (35.41 μm at N = 1.3) is smaller than that
under 2.63 × 1013 W/m2 (44.02 μm at N = 1.3). This change
implies that larger plastic deformation occurs with the en-
hancement of laser power density.

In order to further investigate the thickness thinning of
bulged parts, the maximum thickness thinning ratio R is de-
fined as:

R ¼ toriginal−tthinnest
toriginal

� 100% ð3Þ

where toriginal is the original thickness of metal foil (50 μm)
and tthinnest is the minimum thickness of bulged parts. Then,
the maximum thickness thinning ratio with various grain sizes
and laser power densities is calculated and listed in Table 3. It
is noted that although the thickness reduction at N = 1.3 and
3.51 × 1013W/m2 approaches 29%, the bulged part still main-
tains integrity without fracture and presents good formability.

As seen in Figs. 8 and 9, the maximum thickness thinning
ratio appears at the fillet region of bulged parts. This phenom-
enon is related to the stress and strain characteristics during
laser shock bulging. Figure 10 presents the force acting of
metal foil during laser shock bulging process. The material
in the deformation zone suffers from laser shock pressure,
clamping force from blank holder and forming die, and pres-
sure from die corner at the entrance. Due to the fact that the
material out of the die hole is clamped by the blank holder, it is

Fig. 5 Influence of initial grain
size and laser power density on
maximum bulging height of
bulged parts

Fig. 6 Fractured part at N = 4.0 and 3.94 × 1013 W/m2
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difficult to flow into the die hole. Thus, the plastic deformation
of the material is realized by the reduction in thickness and the
elongation along in-plane directions, resulting in the decrease
of the overall thickness of bulged parts. Moreover, the mate-
rial located at the fillet region suffers the pressure from the
small radius of the die corner, leading to the extensive plastic
deformation due to the die geometry. Thus, the maximum
thickness thinning is inclined to appear in this region.

3.3 Microhardness

Hardness test is commonly used to evaluate the mechanical
property of the part, and the hardness distribution can evaluate
the plastic deformation of formed metal [19]. Thus, the
Vickers hardness measurement was taken to analyze the me-
chanical property of metal foil after laser shock bulging

forming. Figure 11 shows the measured positions in the cross
section of bulged parts. Seven indentations were conducted,
and an interval of 350 μm between measured points was
adopted. Three specimens were tested in each condition. For
the reason that the laser beam diameter in the experiments was
2 mm, points a and g are on the outside of the laser-shocked
region and can be used to represent the initial hardness of
metal foil. Points b and f are located at the fillet region of
the part, and point d is at the bottom.

Figure 12 reveals the microhardness distribution in the
cross section of bulged parts with three N values under
2.63 × 1013 W/m2. Compared with those in the unshocked
region, it can be clear to see that the microhardness in the
laser-shocked region increases due to the strain hardening ef-
fect. However, the measured microhardness distribution is
nonuniform because of the inhomogeneous plastic

Fig. 8 Thickness distribution of
bulged parts under laser power
density of 2.63 × 1013 W/m2

Fig. 7 Key thickness
measurements of bulged parts
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deformation in the cross section. It is observed that the high
microhardness is mainly located at the fillet region of bulged
parts in which the material undergoes the extensive plastic
deformation. Moreover, the low microhardness is generally
situated in the transition region since the corresponding mate-
rial is drawn into the die and experiences less plastic
deformation.

Figure 13 presents the microhardness distribution in the
cross section of bulged parts with three N values under
3.51 × 1013 W/m2. It is manifest that the similar distribution
trend of microhardness is observed. However, the microhard-
ness in the laser-shocked region does not increase accordingly
with the enhancement of laser power density. In addition, the
microhardness in the left fillet region is slightly higher than
that in the right fillet. The nonuniform distribution of micro-
hardness in the cross section implies that the size and

distribution of grains strongly affect the plastic deformation
of the metal foil.

3.4 Surface morphology

It is well known that the surface quality is important for the
performance of microparts. Thus, it is necessary to evaluate
the initial grain size and laser power density effects on surface
quality of laser shock bulged parts. Due to the difficulty of
conducting roughness measurement on the dome-like shape
part, the surface quality analysis is qualitatively studied in
terms of surface morphology observation. Figure 14 shows
the typical surface morphologies of bulged parts with three
N values. It is observed that the bulged part surface tends to
be rough with the increase of grain size. This result is consis-
tent with the findings of microscale blanking and deep draw-
ing compound process in quasi-static loading condition [20]
and laser shock microbending forming of copper foil [24]. At
N = 4.0, there are lots of grains located in the laser-shocked
region, so the grains are easy to move along slipping systems
leading to compatible and continuous strains between neigh-
boring grains. Thus, the surface of bulged parts with fine
grains can obtain good surface quality. However, as the grain
size increases, the number of grains in the cross section is
reduced. Compared with the inner grains, the surface grains
suffer fewer constraints, and they are easier to move normally
to the metal surface. This easily results in inhomogeneous
plastic deformation and leads to the unsmooth surface. As a

Fig. 9 Thickness distribution of
bulged parts under laser power
density of 3.51 × 1013 W/m2

Table 3 Maximum thickness thinning ratio with various grain sizes and
laser power densities

N Maximum thickness thinning ratio

2.63 × 1013

W/m2 (%)
3.07 × 1013

W/m2 (%)
3.51 × 1013

W/m2 (%)

4.0 11 11 14

2.2 19 13 22

1.3 12 18 29
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consequence, it can be concluded that the grain size has a
noticeable effect on the surface morphology of bulged parts.

Moreover, while the laser power density is enhanced from
2.63 × 1013 to 3.51 × 1013 W/m2, the bulged part surface also
seems to become rough, as shown in Fig. 14a, d. This phe-
nomenon looks opposite to the conclusion reported by Wang
et al. [24]. In the mentioned research, the surface morphology
can be evidently improved by appropriately increasing laser
power density. This difference results from the fact that the die
structure of the present work is different from that in Wang
et al. [24]. Herein, a die with through hole, i.e., without a
bottom was applied.

3.5 Microstructure

Figures 15 and 16 show the typical microstructures of bulged
parts with three N values under 2.63 × 1013 and 3.51 ×
1013 W/m2, respectively. Three regions are enlarged to show
detail, denoted as A, B, and C. Regions A and C are related to
the fillet region of the part, and region B correlates to the
bottom zone. It can be seen that as the grain size increases,
the grain size distribution of bulged parts becomes uneven,
especially at N = 1.3. While the initial grain size is close to
the foil thickness, there are only one or two grains in the cross
section. Thus, single-crystal plastic deformation may occur

Fig. 11 Key microhardness
measurements of bulged parts

Fig. 10 Force acting during laser
shock bulging process
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and the mechanical properties of the individual grains will be
dominant during the bulging process.

In order to further evaluate the change of microstructure
subjected to laser shock loading, the grain size in the laser-

shocked region, refer to Fig. 11, was measured by using the
mean linear intercept method. Three specimens were tested in
each condition. The comparison of average grain sizes with
various grain sizes and laser power densities is given in

Fig. 13 Microhardness
distribution of bulged parts under
laser power density of 3.51 ×
1013 W/m2

Fig. 12 Microhardness
distribution of bulged parts under
laser power density of 2.63 ×
1013 W/m2
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Fig. 17. It can be manifestly seen that the grain sizes of bulged
parts are slightly refined with the increase of laser power

density. In addition, the grain refinement is more significant
for the coarse-grained part, especially in the case of N = 1.3.

Fig. 15 Microstructures of
bulged parts under laser power
density of 2.63 × 1013 W/m2

Fig. 14 Typical surface
morphologies of bulged parts. a
N = 4.0, 2.63 × 1013 W/m2. b N =
2.2, 2.63 × 1013 W/m2. c N = 1.3,
2.63 × 1013 W/m2. d N = 4.0,
3.51 × 1013 W/m2
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Fig. 16 Microstructures of
bulged parts under laser power
density of 3.51 × 1013 W/m2

Fig. 17 Comparison of average
grain sizes before and after laser
shock bulging process
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Obviously, the reduction of grain sizes brings about grain
refinement strengthening, which is helpful for the perfor-
mance of microparts.

The grain refinement phenomenon induced by high-power
laser shock and its mechanism have attracted much attention
in recent years. Lu et al. [32] revealed the microstructure fea-
tures of the LY2 aluminum alloy during multiple laser shock
processing. It is found that the microstructure has been evi-
dently refined due to the ultrahigh plastic strains induced by
multiple laser shock. They concluded that both large strains
and high strain rates are necessary for the formation of refined
grains during plastic deformation. Ye et al. [33] investigated
the microstructure response of copper foil by femtosecond
laser pulses. The experimental results show that the disloca-
tion motion acts as the prevailing deformation modes in cop-
per foil. According to Eq. (1), the generated laser shock wave
pressure exceeds 4 GPa subjected to the applied laser power
density. Under the ultrahigh pressure, the plastic deformation
occurs at high strain rates due to the short laser-material inter-
action time. The bulging height can reach 160–340 μm in
relation to the mechanical property of material and the laser
power density, as shown in Fig. 5. At N = 1.3 and 3.51 ×
1013 W/m2, the thickness thinning ratio in the fillet region
approaches 29%, refer to Table 3, indicating that the material
of the corresponding region undergoes extensive plastic de-
formation during laser shock. Therefore, based upon the ex-
perimental results, the grain refinement in laser shock bulging
forming process is attributed to the large plastic deformation at
high strain rates under laser shock.

Based upon the above investigations, it can be found that
the ratio N plays an important role in the forming quality of
bulged parts. In order to illustrate the grain size effect on
bulging process, a size effect model by considering the foil
thickness and initial grain size was established, as shown in
Fig. 18. When t > d, refer to N values of 4.0 and 2.2, there are
lots of grains located in the laser-shocked region, which is
helpful for slipping deformation. Therefore, the total plastic

deformation can be shared by these fine grains, leading to
relatively good forming quality. When t ≈ d, refer to N = 1.3,
there are several grains traversing through the foil thickness
direction. The mechanical properties of the individual grains
will be predominant during the bulging process, especially
when there is only one grain located in the cross section. In
this case, the plastic deformation of the metal foil is deeply
affected by the location, size, and orientation of individual
grains. This easily results in inhomogeneous plastic deforma-
tion compared with the material with fine grains, and is re-
sponsible for the nonuniform distribution of thickness and
microhardness of bulged parts.

4 Conclusions

In this paper, the effects of initial grain size and laser power
density on the forming quality of pure copper foil in laser
shock bulging process were investigated. The characteristics
of bulging height, thickness distribution, microhardness, sur-
face morphology, and microstructure were examined. The fol-
lowing conclusions are drawn from this research:

(1) The bulging height increases as the grain size becomes
large, and as the laser power density is enhanced for both
fine and coarse grain foils. The exhibiting good formabil-
ity of pure copper foil in laser shock bulging process is
attributed to the inertial effect on necking stabilization
and strain-rate effect on material constitutive behavior.

(2) The overall thickness of bulged parts decreases com-
pared with its original thickness. The location of the
thinnest position is mainly in the fillet region of parts,
which is related to the stress and strain characteristics
during bulging forming process.

(3) The microhardness in the laser-shocked region in-
creases due to the strain hardening effect, but the
microhardness distribution is nonuniform because

Fig. 18 Schematic illustration of
the interactive effect of foil
thickness and grain size. a t > d. b
t ≈ d
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of the inhomogeneous plastic deformation. The mi-
crohardness of bulged parts does not increase sig-
nificantly with the enhancement of laser power
density.

(4) The bulged part surface tends to be rough with the in-
crease of grain size and the enhancement of laser power
density.

(5) The grain sizes of bulged parts are slightly refined with
the increase of laser power density, especially for the
coarse-grained part. The grain refinement in laser shock
bulging forming process is attributed to the large plastic
deformation at high strain rates under laser shock.
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