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ABSTRACT

This article proposes a novel technology called water jet cavitation shock micro-forming to fabricate
micro-features on 304 stainless steel foils with a thickness of 100um, using a cavitation nozzle with an
incident pressure of 8 to 20MPa. This study investigated the surface morphology of the formed part, the
influence of incident pressure, target distance, and impact time on the forming depth, and an analysis of
the punching phenomenon of the formed components. The experimental results after the water jet
cavitation shocking indicated that the surface morphology of the formed part of the 304 stainless foil
sample had good quality and no conventional defects such as die scratches and cracks. Furthermore, when
the incident pressure was 20MPa, the height of the uniform-shaped spherical cap exceeded 262um. The
forming depth increased with increasing incident pressure and impact time. Under an incident pressure of
20MPa, with the increase of target distance, the average depth of the formed part increased at first and
then decreased. Finally, the analysis of the blanking phenomenon indicated that when the incident pressure
increased to 30MPa, the workpiece was completely blanked. This is mainly because, under this incident
pressure, the shockwave pressure generated by the collapse of the bubble deforms the workpiece beyond
the stress limit of the material itself.
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I.  INTRODUCTION

Water jet technology is a cold working method that has
been applied to a variety of industries, including civil
engineering, architecture, and manufacturing. In this
technology, water is discharged from nozzles under big
pressure. This technology has been used to investigate water jet
flows and develop new usages [1]. Cavitating jet in air [2],
multifunction cavitation [3-6], and Water Jet Cavitation (WJC)
[7, 8] are some of the available water jet processing methods.
This study investigated WJC technology, which involves
processing a workpiece surface using a high-speed underwater
cavitation jet in a water-filled tank. The impact pressure
slightly deforms the material surface layer plastically by
generating a restraining force between the lower layers and the
surface and causes a peening (forming) effect that increases the
pits' depth hardness near the surface and applies compressive
residual stress.

Many studies have investigated micro forming using
various forms of applications for plastic deformation of metal
foil. In [9], a study was conducted on a metallic foil using a
micro-energy ultraviolet pulse laser shock for micro-pattern
transfer. The experimental results indicated that the depth of
the micropattern increased with increasing single pulse energy
and the ratio of overlap in a certain range. This revealed that
the depth formed of aluminum foil printed on a #400 mold was
greater than that in #1000 and more sensitive to the pulse
energy and the rate of overlap. In [10], a novel laser shock
technology was also used to study the deformation behavior of
pure copper foil. The results showed that after each shock, the
formed area increased, and, at the same time, the undeformed
area decreased until it disappeared. The power density of the
laser can be applied to improve the accuracy dimension,
surface roughness, and micro-hardness of micro-parts. The
impact of the base metal surface roughness and the spread
behavior of the bag-8 was studied in [11], and the optimum
surface roughness found in Rz was 0.92 [12]. In [13], the
degradation of the micro-mold surface was investigated using
laser dynamics in forming and its effects on the material. The
experimental results showed the avoidance of growth,
coalescence, and nucleation under repeated shock loading form
surface degradation on micro-mold. Laser shock waves can be
used for micro-coining to replicate features on the metal
surface. In [14], laser shock hydraulic forming was proved to
have a good matching influence and can prevent or even
suppress copper foil springback, which is appropriate for
forming features of the large-region array. In [15], the punch
force behavior was investigated during the micro v-bending of
the copper foil. The results indicated that the free-bending and
the coin-bending stages were part of the punch force profile.
The application of laser technology has been studied
extensively and has become more mature and applied to many
processes, such as laser welding, laser shock peening, and laser
shock forming [16-17].

To the best of our knowledge, there are no reports of metal
foil micro-forming using water jet cavitation shock. This paper
introduces a new process technology called cavitation water jet
shock micro-forming. This process has the advantages of being
low-cost, having good processing flexibility, and dramatically

improving formability. The versatility and low cost of water-jet
cavitation technology make it superior to conventional micro-
forming such as laser micro-forming, which is more expensive,
requires high-skill labor, etc. Additionally, as the interface
between fabrication tools and the work components is liquid-
to-solid, the manufacturing friction is reduced, negating the
need for lubrication during the forming process. This study
aims to demonstrate the feasibility of this process. Water jet
cavitation shock micro-forming is based on high-pressure
shocks as a source for the forming energy created through the
collapse of cavitation bubbles. During this process, a high-
speed jet of water is injected into a water-filled chamber, and
cavitation occurs in the shear layer around the jet. This type of
jet is called a cavitation shock water jet. During the process,
cavitation bubbles are generated by injecting high-speed water
through a nozzle into a chamber filled with water. The
cavitation bubbles periodically flow out from the nozzle and
spread over the surface of the material to be processed, using
the cavitation bubbles generated in the jets as the driving force,
and applying high-pressure shock generated by the collapse of
the bubbles [18, 19]. In the process of acting on the surface of
the material, high-pressure shock waves propagate into the
interior of the metal foil.

This study investigated the cavitating water jet shock
micro-forming technique to examine the processing parameters
on the surface morphology of the formed part, the effect of
incident pressure, impact time, and target on forming depth,
and analyze the blanking phenomenon using 304 stainless steel
foil.

II.  FORMING MECHANISM AND ITS APPARATUS

As illustrated in Figure 1, the typical application of the
water jet cavitation shock micro-forming system is mainly
composed of a jet-generating device and a forming device. The
incident pressure drives the flow of water at a high speed
through the cavitation nozzle, aggregation occurs when there is
a large number of cavitation nuclei, the low-pressure region
inside and outside the cavitation nozzle develops, and finally,
the high-velocity liquid flow forms cavitation bubble groups.
Adjusting the standoff distance, when the cavitation bubble
groups approach the surface of the sample, the environmental
pressure around the cavitation bubble groups is suddenly
increased due to the huge turbulent pressure pulsation causing
the collapse of the cavitation bubble groups and releasing the
high-pressure shocks (cavitation bubbles collapse impact loads)
at the moment of collapse [20, 21]. These high-pressure shocks
act on the surface of the material and propagate into its interior,
while, due to the high concentration of energy [22-24], they are
confined to a very small area, and when the peak value of the
collapse pressure exceeds the Hugoniot Elastic Limit (HEL) of
the material, the metal foil is yielded and plastically deformed.
The peak stress of the shock wave decreases as the shock wave
propagates deeper into the metal foil. The plastic deformation
of the metal foil continues until the peak stress falls below the
dynamic yield strength. Since the loading direction is
downward and the metal foil is free at the bottom side, the
metal foil will bend downward and fill the die.

The forming device is installed on the platform. The quality
of the initial interface between the metal foil and the micro-die
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is very crucial, so the two surfaces should be attached and
bonded to each other. The forming device consists of a locking
block, mask, seal ring, metal foils, and micro-die. At the initial
stage, the foil was placed on the top of the die, completely
covering its openings. The metallic foil flatness should be
guaranteed during the process. Next, the mask is placed on the
foil and the micro-die had the same axial hole at the center.
Finally, the initial contact between the foil and the micro-die is
very important, therefore, the two surfaces were firmly locked
by a locking block to prevent material wrinkling. In addition, a
seal ring was also applied between the foil and the mask to
ensure effective sealing.

Water ——»

Formmg devics
—t+— Platform
Cavitation shock
Lockmg block
Mazk

Workpiece

Rigid mold

(b)

Fig. 1. (a) The formation system of water jets cavitation shock micro-
forming and (b) forming device.

III. MATERIALS AND METHODS

A. Material

This study used 304 stainless steel foils due to their
technical and economic advantages, as they are widely used in
a variety of industrial applications, especially in the
manufacture of micro-device components. These steel foils
have good processing properties, high durability, good thermal
conductivity, high temperature, corrosion resistance, good
workability, need little maintenance, are nonmagnetic, are easy
to weld and shape, and are completely recyclable (100%).
Tables I and II show the chemical composition and the
mechanical properties of the 304 stainless steel, respectively.
The 304 stainless steel foil samples having 100pum thickness
were cut into 50x50mm square specimens. The square samples
were cleaned from dirt with anhydrous alcohol and the residual
liquid was wiped off the surface.

TABLE 1. CHEMICAL COMPOSITION OF 304 STAINLESS
STEEL
Element C Mn P S Si Cr Ni
Wt (%) |<0.8| <2.0|<0.045|<003[<10|<180|<8.0

TABLE II. MECHANICAL PROPERTIES OF 304 STAINLESS
STEEL
Elastic Poisson Yield Tensile Extension
modulus . strength strength
(GPa) ratio (MPa) (MPa) rate (%)
194 0.3 >205 >520 <40

B. Experimental Setup

Figure 2(a) shows a schematic diagram of the experimental
setup of the water jet cavitation shock micro-forming
equipment used for the process. Tap water was stored for at
least 24 hours before the experimental test in a large tank of
2.5%2x1.5m at a room temperature of 25+2°C. A transparent
water tank with a square horizontal cross-sectional area of
500x500x900mm was used to carry out the experiments. For
transparent flow purposes, the tank was made of acrylic resin.
The nozzle used in this experiment was designed regarding the
angular nozzle for producing the periodic behavior of the jets
of cavitation as shown in Figure 2(b) [25]. The nozzle was
fixed in water at room temperature. The pumped water was
discharged at an incident pressure of 8-20MPa. The throat
nozzle diameter was 1.5mm and the throat length L was 12mm
with an expansion angle 6 of 30°. The optimal nozzle size ratio
was d:L=1:8 [26]. The distance between the sample workpiece
was 120mm. Inside the test cell, the sample was placed
perpendicularly to the cavitating jets. The axial distance S,
between the micro-die cavity and the jet axis was fixed at
10mm (the eccentricity S; was 10mm). Pressure was attached
to the nozzle through the inflow hole. A duration time of 120s
was selected for this experiment with incident pressures of 8§,
12, 16, and 20MPa.

According to (1), the cavitation number is a measure of the
flow's resistance to cavitation and is roughly equal to the ratio
of the incident (upstream) to downstream pressures.

_P1

T M

In this instance, p; denotes the incident pressure and p,
denotes the downstream pressure. Incident pressure is one of
the crucial factors in the process of water-jet cavitation shock
micro-forming. The downstream pressure p, was maintained at
0.1MPa, while the incident pressure p; was set to 8, 12, 16, and
20MPa [19], resulting in cavitation numbers of 0.0125, 0.0083,
0.0063, and 0.005, respectively.

......

Forming
device

Platform

Main Water tank Transparent water tank

(a)

Fig. 2. (a) Experimental system of water jets cavitation shock micro-
forming, (b) nozzle geometry diagram.

C. Forming Device

According to Figure 3, the forming tool includes a locking
block, mask, seal ring, workpiece, and micro-die. The top of
the die was covered with foil, totally enclosing the die
apertures, assuring it was flat. The mask was then positioned on
the foil with the identical axial hole in the center as the micro-
die. The initial interface between the foil and the micro-die is
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particularly important for preventing material wrinkling, hence,
the two surfaces should be firmly linked to one another by a
locking block. In addition, a seal ring was placed between the
mask and the foil to provide an efficient seal.

Locking black

Workpiece

water
Cavitation bubbles

Forming device

.— Micro-die

The forming device.

Fig. 3.

IV. RESULTS AND DISCUSSION

This section presents the results of the surface morphology
of the formed part, the influence of incident pressure on
forming depth, the influence of impact time on forming depth,
the effect of target distance on forming depth, and an analysis
of the punching phenomenon.

A. Surface Morphology of Formed Part

In the process of metal foil micro-forming, a good forming
effect can be obtained by selecting the appropriate process
parameters [27]. A 304 stainless steel foil with a size of
50x50mm was selected for micro-forming experiments. Figure
4 shows the 304 stainless steel foil at incident pressure of
20MPa, target distance of 120mm, impact time of 2min, and
eccentricity of 14mm. Figure 4(a) shows that the finished
surface of the 304 stainless steel foil-formed parts was better
than the surrounding unformed parts and had better outline
shape and surface quality. In addition, it was observed that the
edge of the formed part had no wrinkles, fractures, or other
phenomena, indicating a better surface quality than the
traditional micro-forming method [28].

1200pm

268.9pm

o 1630um

(c)

Fig. 4. (a) Micro-formed sample, (b) 3D surface morphology of formed
parts, and (c) section profile curve of formed parts.

Figure 4(b) shows that the 304 stainless steel foil obtained a
good geometric shape during this forming process. The center
area of the formed part has the darkest color, indicating that a

strong plastic deformation occurred during the process. Around
it, the color gradually becomes lighter and the amount of
deformation gradually decreases. Figure 4(c) shows the typical
cross-sectional profile curve of the micro-formed part. Its
cross-sectional shape is like a "spherical coronal cone" with a
diameter of 1.2mm. In addition, the cross-sectional curve of the
formed part had a smooth profile, without abrupt changes, and
a good forming effect, which indicates that the material flows
into the die uniformly during the forming process. The
maximum forming depth of the formed part was 268.9um.

B. Effect of Incident Pressure on Forming Depth

In the experiment of cavitation water jet shock metal foil
micro-forming, the forming depth of the foil can be an
evaluation index of its forming quality. The incident pressure is
one of the key parameters of the cavitation water jet shock
micro-forming experiment, so it is necessary to analyze its
effect on the deformation of the foil. To make the test results
comparable, the other process parameters were fixed and only
incident pressure was adjusted to 8, 12, 16, and 20MPa. The
target distance was 120mm, the impact time was also 2min, and
the eccentricity was 14mm. The results showed that when the
incident pressure was 8, 12, 16, and 20MPa, the corresponding
average forming depths were 89.2, 145.9, 169.9, and 226.6pum,
respectively. Figure 5 shows the variation in the forming depth.
This indicates that the plastic deformation of the 304 stainless
steel foil increased non-linearly with incident pressure [29].
The forming depth improved at a decreasing rate when the
incident pressures increased from 8 to 16MPa and increased
sharply when the incident pressures changed from 16 to
20MPa. This could be attributed to the following reasons:

e When the incident pressure is less than 16MPa, the
cavitation bubbles mostly collapse before reaching the
material surface under the standoff distance of 120mm,
hence, the shock energy was relatively low and the
improvement of the forming depth was not high. Although
the cavitation bubbles have a larger size and collapse on the
material surface, they produce greater shock energy which
increases the forming depth sharply when the incident
pressure increased to 20MPa.

e The dynamic yield limit of the material increases due to the
residual stress and the hardened effect during the shock-
forming process. Therefore, a stronger force is needed to
produce continued deformation.

C. Effect of Target Distance on Forming Depth

Incident pressure was set to 20MPa, impact time was set to
2min, and eccentricity to 14mm and the influence of target
distance (80, 100, 120, and 140mm) on the forming depth was
studied. The depth was measured and its average value was
calculated. Figure 6 shows the average depth curve of 304
stainless steel foil-formed parts at different target distances.
Under an incident pressure of 20MPa, with increasing target
distance, the average depth of the formed part increases first
and then decreases. When the target distance was 120mm, the
average depth of the formed part was the largest, reaching
226.6um. This was mainly due to the increase in the target
distance that increased the shockwave pressure acting on the
workpiece surface. However, with an increasing target
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distance, most of the cavitation bubbles collapse before
reaching the surface of the workpiece, so the impact energy
was relatively low as the depth increased.

240

220
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Fig. 5. The maximum depth with different incident pressures.
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Fig. 6. The average depth depending on different target distances.

D. Effect of Impact Time on Forming Depth

To investigate the influence of impact time on the forming
depth of the 304 stainless steel foil, the incident pressure was 8§,
12, 16, and 20 MPa, the target distance was 120mm, the
eccentricity was fixed at 14mm, and the impact time was 40,
80, 120, and 160s, respectively. Figure 7 shows that under the
same incident pressure (8 MPa), the average forming depth of
the formed part increased nonlinearly with increasing impact
time. With an incident pressure of 8MPa, when the impact time
increased from 40 to 160s, the forming depth increased from
40.4pm to 116.1pm, which is almost three times the initial
value. However, with increasing time, the growth rate of
forming depth gradually decreased. When the incident pressure
increased from 12 to 16MPa, the change in the average forming
depth followed the same trend. In addition, when the incident
pressure was 20MPa, forming depth increased from 91.8um at
40s impact time to 252.7um at 160s, which is also
approximately a three-time increase. These results show that
the incident pressure and the impact time directly determine the
forming effect of the metal foil. In addition, it was found that in
the subsequent impact process of the cavitation water jet, the

growth rate of the forming depth of the material gradually
reduced. This can be attributed to the fact that as the entire
forming device was placed in water, the forming depth also
increased with increasing impact time. Furthermore, since it is
difficult to achieve complete sealing, a small amount of tap
water will flow into the pit, thereby gradually reducing the
impact effect.

—#—S§MPa —+—]12MPa —=—16MPa ——20MPa T
250
~ 200
g
=,
S
=
=
= 150 4
=
E 100
°
=
50
T T T T T T T
40 60 80 100 120 140 160
Impacting time (s)
Fig. 7. The average forming depth depending on different impact times.

E. Analysis of the Blanking Phenomenon

In the micro-forming process of metal foil impact by
cavitation water jet, the analysis of the causes of material
failure and the mechanism behind it helps to understand the
impact process conditions and improve the forming quality of
the material. In high-speed impact, the material is damaged by
crack initiation and propagation, but when cavitation collapses,
shockwave and inertia act on the target and at the same time a
variety of damages such as adiabatic shear instability,
breakage, and spallation would also occur. When the target
distance was 120mm, the eccentricity was 14mm, and the
incident pressure exceeded a certain value, the foil had a severe
shear effect and a cut-off at the edge of the die. Figure 8 shows
the blanking effect of the 304 stainless steel foil under an
incident pressure of 30MPa.

300pm

Fig. 8. The morphology of punched hole at the bottom: (a) Front, and (b)
reverse side.

Figure 9 shows an SEM image of the back of the punched
round hole under the corresponding conditions. When the
incident pressure increased to 30MPa, the workpiece was
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completely blanked. This is mainly because, under this incident
pressure, the shockwave pressure generated by the collapse of
the bubble deforms the workpiece beyond the limit stress of the
material itself. At the edge of the cavity, the stress value was
obtained, which completely exceeds the shear fracture limit of
the cavity, leading to the fracture of the material and the
complete blanking process.

Enlargement

Fig. 9. SEM for punched bottom circle: (a) Whole view, and (b) local
magnification view.

V. CONCLUSION

This study conducted experiments using a cavitation water
jet shock micro-forming on a 304 stainless steel foil. The single
characteristic micro-forming experiments were carried out, and
the impact micro-forming law of the cavitation water jet was
analyzed and studied from the aspects of incident pressure,
target distance, impact time, and the analysis of the blanking
phenomenon. The results showed that the proposed method
could obtain micro-formed parts with good surface quality and
relatively uniform impact depth formed parts. The forming
depth gradually increases with increasing incident pressure and
impact time, however, it increases first and then decreases with
increasing target distance. In addition, the analysis of the
blanking phenomenon showed that when incident pressure
continues to increase, there was a risk of cracking at the
rounded corners of the micro-formed parts. When the pressure
increased to 30MPa, a punch sample of the 304 stainless steel
foil of 100um thickness could be obtained.
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