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Abstract
To solve the problems of high cost and complex technology in the current plastic forming method of
metal foil, a micro-forming method of submerged cavitation water-jet metal foil array with cavitation
collapse shock wave loading is presented in this paper, which has advantages of high e�ciency,
�exibility, low cost and environmental protection. 304 stainless steel foil array micro-pore formation was
taken as an example in this paper. The mixing nozzle was designed and three regions where the
cavitation water-jet acts on were analysed. The in�uence law of target distance, impact time on the
forming depth and uniformity of metal foil array was examined and the optimal position of array micro-
forming in the impact zone of vacuoles collapse was revealed. Results indicate that the depth and
uniformity of array micro-pores in the impact zone of cavitation collapse increases with time. However,
with the increase of the target distance, it will increase �rst and then decrease; the depth of the array
micro-pores on the radius r=13.6 mm can reach 166.4 μm, and the variance is only 5.9 μm under the
condition of impact time of 5 min, target distance of 120 mm and pressure of 20 MPa; the maximum
surface roughness is 1.54 μm and the thinning rate is between 2% and 10%.

1 Introduction
With the rapid development of MEMS (Micro-electro-mechanical system) technology, the light, small, thin
and multifunctional micro devices have a tendency to be miniaturised and complicated. Metal foil array
micro plastic forming devices are increasingly used in electronic information, aerospace, rail transit,
biomedical and other �elds [1, 2]. Micro plastic forming of metal foil array with the advantages of its low
cost, high e�ciency and good performance in the process of producing, which becomes one of the
effective ways to solve the construction and manufacturing of lightweight materials and high-
performance foils. It also represents the forefront of the development of modern manufacturing science
[3].

The research on the micro-forming of metal foil is focused on the forming methods of micro deep
drawing, micro incremental forming, micro bending, micro blanking and micro bulging. These micro
plastic forming technologies integrate the advantages of traditional plastic forming. However, some
problems such as the di�culties of mould manufacturing, high friction resistances, high di�culties in
positioning and unclear forming mechanism caused by micro-scale effect remain, which seriously limits
its industrialisation [4, 5]. In addition, the traditional micro plastic forming technology is used in the micro
plastic forming of high temperature, titanium and amorphous alloys. It is di�cult to achieve the high
requirements of dimensional accuracy and micro-structure and properties in the form of collaborative foil
micro-forming [6]. Ultrasonic, pulsed current, laser, electromagnetic and other special physical �eld-
assisted micro-forming methods of composite foil have been developed rapidly. However, the complex
manufacturing process, long cycle, large investment, environmental pollution and poor repeatability
cause di�culty in adapting to batch and �exible production [7, 8]. Therefore, it is urgent to explore new
plastic forming methods of metal foil that is used to solve the current problems of array micro plastic
forming.
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Submerged cavitating water-jet is a high-pressure water jet that has passed through the nozzle and then
forms a large number of cavitating water jets under the complex conditions of con�ning pressure.
Additionally, strong shear, GPa and 100-meter-high energy micro jet will be produced when it collapses on
or near the solid surface [9]. Therefore, it is widely used in cleaning, sewage treatment, geotechnical
mining and other �elds [10–12]. The application of cavitating water-jet to surface modi�cation has
aroused researchers' interests in recent years. Among them, the research on cavitation water-jet peening
of copper, aluminum and stainless steel by the Soyama team is the most representative as it reveals the
in�uence of nozzle structure, injection pressure and target distance on the micro-structure of materials
and achieves fully satisfactory results [9]. Tsuda et al. [13] combined with quenching treatment.
Cavitation water shot peening was used to strengthen the spiral gear made of carbon steel. It formed a
100 µm deep reinforced layer and a residual compressive stress of 600 MPa. Saito spearheaded the
research on sheet metal forming with cavitating water jet. Results show that high-speed plastic
deformation of sheet metal occurs under the impact of cavitation collapse [14]. Tie-Niu et al. [15]
proposed a new laser-induced cavitation forming process, punched out square pits with a side length of
500 µm and circular pits with a diameter of 500 µm. However, few reports exist on the application of
cavitating water-jet to micro plastic forming of metal foil arrays.

This paper is based on the surface modi�cation of cavitating water jet materials and relevant theories.
Innovativeness loads the cavitation water-jet cavitation collapse micro-jet shock wave onto the metal foil
surface to explore the array micro-forming method of metal foil under the impact of submerged
cavitating water-jet. 304 stainless steel foil was taken as an example to analyse the effects of target
distance and time on the formation quality of array micro-pores. The feasibility of the process is veri�ed
and a new technology for micro plastic forming of metal foil is provided.

2 Experimental Device And Method

2.1 Experimental nozzle
The key part of producing cavitation of the cavitating water jet is the nozzle. The self-excited oscillating
organ pipe nozzle is combined with the triangular nozzle in this paper, which largely enhances the shear
effect and designs the mixed nozzle with stronger cavitation effect.

According to the theory of the converging nozzle, the diameter of the mixed throat is [16]

d =
Q

0.658√PM

1
2 × 1.05 − K

1
where Q is the inlet �ow rate of the nozzle, P is the incident pressure, K is the correction factor of the
nozzle, M is the outlet number of the nozzle.

[ ]
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The rated volume �ow Q of the pump is 14 L/min, the rated pressure P is 20 MPa, the coe�cient K is 0.6,
the number of nozzle holes M is 1 and the diameter d of the mixed nozzle throat is 1.6 mm in this
experiment.

Natural frequency of the nozzle cavity f depends on the inlet section ratio (DS/D)2 and the outlet section

ratio (D/d)2, where DS is the diameter of the inlet cavity and D is the diameter of the resonant cavity:

f = KN
a
L

2
where KN, L and α are the modulus coe�cient, the length of resonant cavity and the disturbance wave
velocity of the resonant cavity, respectively.

The modulus coe�cient KN is

KN = F{N, (
Ds
d )2, (

D
d )2} =

2N − 1
4 [(

Ds
D )2 >> 1, (

D
d )2 >> 1]

N
2 [(

Ds
D )2 >> 1, (

D
d )2 << 1]

3
where N is the oscillation modulus of the resonant cavity, N is 1, the inlet section ratio (DS/D)2 is 3.5-4.5,

the outlet section ratio (D/d)2 is 10-11.

When the natural frequency f of the mixing nozzle cavity is equal to the critical self-excited frequency f*,
the strongest resonance will occur. If the nozzle length is not limited, f* is taken as a small critical
Strouhal number.

f ∗ = S*
d ⋅

Ma
d ⋅ a

4
where v is the exit velocity of the nozzle jet, a is the expansion angle, where Ma is the Mach number.

The most intense resonance occurs in the mixing nozzle with the strongest resonance, which should meet
the following requirements:

L
d =

KN

MaS ∗
d

5

{ }
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Figure 1 shows the structure of the mixing nozzle used in the experiment, and the expansion angle a of
the common triangular nozzle is 40°.

2.2 Experimental device
The main composition of the experimental system is illustrated as shown in Fig. 2. TW-5570 ultra-high-
pressure plunger pump is used as the high-pressure pump station. The acrylic resin water tank of 1,000 L
contains puri�ed tap water at 25±2℃ stored for at least 24 h.

The array experiment of micro-forming die is carried out on an annular array blind-hole with a diameter of
Φ1.2 mm×3 mm and made by micro EDM. Its structure is illustrated as shown in Fig. 3 and the self-
designed array micro-forming �xture structure used in the experiment is presented as shown in Fig. 4.

To ensure that the submerged cavitating water jet is not disturbed by the free surface, the distance
between the vertical downward nozzle and the free surface of the water tank top is set to more than 300
cm. Referring to the previous experience of the cavitation water jet shot peening optimal target distance
[17], the target distance is 100-140 mm, and the impact loading time is 1-5 min.

2.3 Experimental principle
The submerged cavitating water jet impinges on the target in three annular regions, the water jet impact
zone within a certain range of the jet centre, the adjacent impact zone of cavitation collapse and the
surrounding impact zone. When the incident pressure is 20 MPa, the action time is 5 min and the
distribution of three annular regions of 2Al2 aluminum alloy with the change in target distance under the
impact of cavitating water jet is roughly distributed as shown in Fig. 5.

Cavitation water jet is affected by nozzle shape, complex conditions, equipment and target distance in
water. Strict boundaries are absent among the three impacting zones. Fig. 6 illustrates its working
principle according to the theory of cavitation water jet. The high-speed jet from the nozzle is blocked by
the surrounding liquid, the velocity of jet is decreasing and few vacuoles are found in the middle of the jet
due to the small pressure change. The impact force of the annular belt in the water jet action zone is
largely reduced. The external jet and dynamic jet shear strongly with the surrounding static water outside
the centre. The pressure obviously changes and the number and development of cavitation are abundant.
Therefore, the annular band is the strongest under the impact of cavitation collapse. Although a few
vacuoles are outside the cavitation impact zone, it diffuses outwards with the jet �ow, and its effect on
the material is limited [18, 19].

3 Experimental Results And Analysis

3.1 Cavitation water jet array micro-forming
The plastic array micro-forming experiment was carried out on a 304 stainless steel foil with a thickness
of 80 µm, length of 60 mm and width of 60 mm under the condition of a 120 mm target distance and 5
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min action time.

The impact three-dimensional morphology cloud map randomly of Fig. 7(b) is selected in the hollow
vacuoles collapse impact region in Fig. 7(a). The three-dimensional image of impact of Fig. 7(b) is
randomly selected in the impact zone of vacuoles collapse in Fig. 7(a). Its cross-section shows the
smooth pro�le, and the forming depth is uniform. No crack exists on the surface of the formed hole, and
no wrinkle forms around the hole. Fig. 7(c) is a two-dimensional pro�le of all array micro-pores of a-f in
the L1 direction in Fig. 7(a). The forming depth of micro-pores a and i in the outer impact zone and micro-
pores e and f in the water jet impingement zone is not ideal. The b-d and g-i micro-pores on the impact
zone of vacuoles collapse have good shapes, and the uniformity of forming holes and the consistency of
the maximum forming depth are good. Good shape and surface quality can be obtained by this method
for the foil plastic array micro-forming.

3.2 Effect of impact time on the micro-array forming
The impact time is one of the important parameters for the metal foil plastic array micro-forming by
cavitating water jet. Therefore, the control target distance is 120 mm, and the inlet pressure is 20 MPa.
The average depth and depth variance of a 304 stainless steel for all holes in the cavitation collapse
impact zone are obtained with the curve of changed impact action time.

With the increase in impact action time, the depth of micro-hole increases, and the variance decreases as
shown in Fig. 8. When the impact time was 1 min, the depth of the micro-pore was only 68.5 µm.
However, when the impact time reached 5 min, the depth of the array micro-pore was increased to 159
µm. This phenomenon is due to the increase in time. The cavitation collapse and impact at the same
position accumulate continuously, with the variation rule of array micro-pore depth obviously increasing
and a surfacing variance which decreases with time. When the impact time increased from 1 min to 2
min, the array micro-pore depth increased by 34.5 µm. However, considering that the vacuoles collapse
impact will produce an impact strengthening effect on the surface of the sample, the depth of the array
micro-pores only increased by 12 µm in the process from 4 min to 5 min, with an increased forming
di�culty.
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Table 1
Average forming depth and standard deviation variation with

forming time at the stand-off distance of 120 mm
Depth (µm)/Variance (µm)

Time t (min) r=10.2 mm Time t (min) r=10.2 mm

1 67.3/15.5 1 67.3/15.5

2 105.3/13.2 2 105.3/13.2

3 127.3/10.8 3 127.3/10.8

4 147.3/8.6 4 147.3/8.6

5 158.5/7.4 5 158.5/7.4

Aiming at the impact time of the array of micro-holes at different positions in the cavitation water-jet
cavitation collapse impact zone on the depth and variance of the micro-holes, the arrays of micro-holes b,
c and d in Fig. 7(a) are selected as the research objects, and its radii are respectively r=10.2 mm, 13.6 mm
and 17 mm. Its mean and variance are taken to obtain the variance of array micro-pore depth at different
radii in the vacuoles collapse impact region, which varies with the impact time as shown in Table. 1.

It can also be seen that increasing the impact time is helpful for improving the uniformity of the forming
depth of the foil array micro-pores, and the array micro-pores at r=13.6mm have the largest depth and
more uniform forming depth. Mainly because this corresponds to the position of the shear layer
cavitation vortex ring, the cavitation moves rapidly downstream and collapses here. Which is consistent
with the results of the researches in literature [17] and literature [20].

3.3 Effect of the target distance on the array micro-forming
The target distance of impact is another important parameter for the plastic array micro-forming of metal
foil with cavitating water jet. Therefore, with the control pressure of 20 MPa and the impact time of 5 min,
the average depth value and depth variance of all holes formed in the 304 stainless steel foil in the
cavitation collapse impact zone are obtained as shown in Fig. 9.

With the increase in target distance, the depth of array micro-pores �rst increases and then decreases as
shown in Fig. 9. When the target distance is S=120 mm, the micro-pore depth is obviously better than
other target distances, and the variance of micro-forming depth under different target distances is similar,
but the variance is small when the target distance is 120 mm. The main reason is that when the target
distance is 120 mm, a large number of cavities are in the stage of concentrated collapse. When the target
distance is bigger than 120 mm, the cavitation will collapse before reaching the target surface. Thus, the
depth of micro-hole of the array decreases rapidly, and the uniformity of array-forming holes is poor.

Aiming at the in�uence of array micro-pore target distance at different positions in the cavitation collapse
impact zone of cavitating water jet on the depth and variance of micro-pore, the arrays of micro-pores on
the radii of b, c and d in Fig. 7(a) are r=10.2 mm, 13.6 mm and 17 mm are similarly selected as the
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research objects. Then, the mean and variance are taken. The variation values of the depth and variance
of the array micro-pore with target distance at different radii in vacuoles collapse impact zone are
obtained as shown in Table. 2.

Table 2
Average forming depth and standard deviation variation with the

stand-off distances at 5 min

  Depth (µm)/variance (µm)

Target distance S (mm) r=10.2 mm r=13.6 mm r=17 mm

100 76/9.5 85.4/8.2 89.4/8.6

110 136.2/7.7 147.5/6.9 145.5/7.9

120 158.9/7.3 166.2/5.9 156.5/7

130 141.2/7.5 151.8/6.6 149.8/8.1

140 58.3/7.8 74.6/7.2 66.8/8.2

The trend in the change of the depth and its variance of the array micro-pore with the same target
distance are known. However, when the target distance is 120 mm, the array micro-pore depth values on
all radii are the largest, and the variance is the smallest. The value depth of the array micro-pore at r=13.6
mm is the largest, reaching 166.2 µm. Furthermore, the minimum variance is only 5.9 µm, which indicates
that the quality of the array micro-pore is the best at this position.

3.4 Surface roughness analysis of array micro-holes
The most commonly used contour arithmetic square variance (Ra) is used to characterise the roughness
of the bottom of array micro-pore of the 304 stainless steel. Its Ra is

Ra =
1
n

n

∑
i=1

zi

6
The original surface of the 304 stainless steel material is a measured roughness of three positions as
shown in Fig. 10. The length is 132 µm and the original surface roughness is 0.507 µm.

Based on the previous study in the vacuoles collapse impact zone, the pressure of 20 MPa, the target
distance of 120 mm, the impact time of 5 min and the 304 stainless steel material micro-holes are
chosen as the object. The micro-holes of different radii are randomly selected, and the surface
morphology of the bottom surface is observed as shown in Fig. 11. Compared with the roughness of the
original surface, morphology such as an orange peel appeared on the bottom surface of the array micro-
pores at all positions, and the rolling trace basically disappeared and the surface became somewhat
coarsened.

| |
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To further examine the roughness variation rule of the surface of array micro-pores, the roughness of the
surfaces of all the bottom parts of micro-pores with different radii was measured, and the average value
was taken to obtain the surface roughness variation curve as shown in Fig. 12.

The mean roughness values of micro-pores of different radii are close to one another, which are all above
1.3 µm. The maximum roughness of micro-pores of radius r=13.6 mm is 1.54 µm, and the minimum
roughness of micro-pores in radius r=17mm is 1.36 µm. The roughness is proportional to the depth of
micro-pores. The larger the plastic deformation of the composite material, the more consistent the grain
movement is with the macroscopic roughness.

3.5 Analysis for the thinning rate of array micro-pores
The thickness distribution of the array micro-forming holes in the impact zone of the sample was studied.
The thinning of the material would lead to the risk of cracking, which would seriously damage the
properties of the material. The cavitation bursting impact zone with the pressure of 20 MPa and the
impact time of 5 min at a target distance of 120 mm is taken. A micro-hole of the inner radius r=13.6 is
arbitrarily select and embed in epoxy. A digital microscope polished by sandpaper is used to measure the
cross-sectional thickness as shown in Fig. 13.

De�nition of the thinning rate of foil T:

  (7)

where t0 is the initial thickness of the sample, ti is the thickness of the measuring point of the forming
hole.

Fifteen points were selected for the measurement. Owing to the vacuoles collapse impact, the material
�ow was di�cult under the rigid contact constraint of the round corners of the micro-die; thus, the
minimum thickness is 70.4 µm at the rounded corners of the micro-die. The restriction on the part from
the rounded corners of the micro-die to the centre of the cavity is lack under the action of inertia effect, it
tends to increase and then decrease. Fig. 14 illustrates the thickness distribution of the micro-pore
section.

Figure 15 shows the variation of thinning rate of array micro-pores in different radii of vacuoles collapse
impact zone of the 304 stainless steel foil under pressure of 20 MPa, target distance of 120 mm and
impact time of 5 min. The thinning rates of the array micro-formed parts in the impact zone of vacuoles
collapse are between 2% and 13.5%, and the variation trend of the thinning rate between the micro-
formed holes at different positions is the same. However, the overall thinning rate of array micro-pores
with radius r=13.6 mm is larger, and the maximum value is 13.375% at the rounded corner of micro
mould. The overall thinning rate of array micro-pores on radius r=10.2 mm is smaller, but its maximum
value also appears at the corner of micro mould, which is 10.75%. In addition, the thinning rates of all the
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array micro-pores are generally between 2–10% except at the �llet, which indicates that the thickness
distribution of the samples impacted by cavitating water jet is good.

4 Conclusion
A new method for the micro-forming of metallic plastic array is researched in this paper, which is based
on the proposed submerged cavitation water jet and cavitation collapse shock wave. The feasibility of
the technology is veri�ed and an ideal array of 304 stainless steel micro-holes are obtained. The plastic
array micro-forming is also analysed. The array micro-forming holes with good quality can be prepared
by this technology. Results are as follows:

(1) The impact zone of vacuoles collapse is veri�ed as the best micro-forming region of array. The
forming depth and uniformity of array micro-pores change regularly with the impact time and target
distance. The forming effect is the best when the impact time of array micro-holes is 5 min and at the
position of radius r=13.6 mm and the target distance is 120 mm. Its mean deformation depth was up to
166.4 µm, and the variance was only 5.9 µm.

(2) When the shock waves generated by cavitation collapse are applied to the surface of the foil, the
roughness of the array micro-pores is increased, and the maximum roughness Ra=1.54 µm. The
thickness reduction rates of array micro-forming parts are generally between 2% and 10%. The maximum
thinning rate is located at the rounded corner of the micro-die only 13.5% with the thickness of the section
distributed evenly.

Abbreviations
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D(mm) Diameter of the resonant cavity

DS(mm) Diameter of the inlet cavity

f Natural frequency of the nozzle cavity

f* Critical self-excited frequency

K Correction factor of the nozzle

KN Modulus coe�cient

L(mm) Length of resonant cavity

M Outlet number of the nozzle

N Oscillation modulus of the resonant cavity

P(MPa) Incident pressure

Q(L/min) Inlet �ow rate of the nozzle

Ra(μm) Surface roughness

 
Small critical strouhal number

T Thinning rate of foil

ti(mm) Thickness of the measuring point of the forming hole

t0(mm) Initial thickness of the sample

v(m/s) Exit velocity of the nozzle jet 

α Disturbance wave velocity of the resonant cavity
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Figures

Figure 1

Structure of the mixing nozzle

Figure 2

Water-jet cavitation experimental system
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Figure 3

Shape and dimensions of the micro-mould

Figure 4

array micro-forming �xture
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Figure 5

Distribution of the impinging area of submerged cavitating water jet with the change in target distance

Figure 6

Schematic diagram of foil array micro-forming impacted by submerged cavitating water jet
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Figure 7

Plastic array micro-forming of the 304 stainless steel foil (a) Macroscopic morphology of the sample; (b)
Three-dimensional topography of hole; (c) Micro-pore contour map in L1
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Figure 8

In�uence of cavitation water-jet impact time on forming depth and variance
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Figure 9

In�uence of the standard distance on the forming depth and variance

Figure 10

(a) Measurement of surface roughness; (b) Roughness data sheet; (c) Line 1 roughness curve

Figure 11
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Macro morphology of the bottom of micro-pore under different time conditions

Figure 12

Roughness of the bottom area of the bulging parts with different times

Figure 13

Schematic of the measurement locations of thickness distribution

Figure 14

Cross-section thickness distribution of the formed

Figure 15

Cross-section thickness distribution of the formed 


