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Abstract: The effect of ultrasonic vibration on the springback effect and surface property for
ultrasonic-assisted incremental sheet forming of aluminum alloy were discussed. A series of experi-
ments were established to explore the ultrasonic vibration on the surface property and springback
effect of symmetrical aluminum alloy sheet in order to facilitate analysis of experimental results.
It is obtained that the application of ultrasonic vibration can reduce the springback effect. The
surface waviness feature aluminum alloy becomes weaker with the continuous increase of ultrasonic
amplitude and the surface topography tends to be smoother. In addition, the application of ultra-
sonic vibration can reduce the surface hardness and promote the surface residual stress distribution
to be more uniform. The findings provide an experimental basis for further investigation of the
mechanisms of the ultrasonic-assisted incremental sheet forming process.

Keywords: springback effect; surface property; ultrasonic-assisted incremental sheet forming; alu-
minum alloy

1. Introduction

Compared with the traditional process, ultrasonic-assisted plastic forming can reduce
the forming load, improve the surface quality of parts, and decrease the springback of sheet,
which is an advanced plastic forming process with broad application prospects. In recent
years, many scholars have studied the theoretical mechanism of metal ultrasonic vibration
plastic forming [1–3]. Li et al. [4] discussed that the material flow and deformation behavior
during ultrasonic-assisted incremental forming of straight grooves. Ashida et al. [5] pre-
sented that ultrasonic vibration can help reduce wrinkles and cracks in stamping process
through experiments and simulations. Hung et al. [6] found that the friction and forming
forces were reduced by applying ultrasonic vibration in cold or hot heading process. A
numerical simulation model that could effectively consider the softening effect of ultra-
sonic plasticity was established based on the variational model of porous metal plasticity
to study the mechanism of ultrasonic action on reducing friction and forming force [7].
Siu et al. [8] considered that ultrasonic softening effect was not only due to the decrease of
friction force, but also the change of material properties under the excitation of ultrasonic
vibration. They found that ultrasonic vibration was helpful to improve the formation of
subgrains in the hardness indentation experiment of polycrystalline aluminum. In addition,
Dutta et al. [9] studied the evolution mechanism of microstructure of DC04 mild steel in
ultrasonic vibration tensile test, and observed that when the tensile strain was 20%, the
micro-dislocation density, substructure of the sample and the proportion of grain boundary
at a small angle were significantly reduced compared with the sample without ultrasonic

Symmetry 2021, 13, 1217. https://doi.org/10.3390/sym13071217 https://www.mdpi.com/journal/symmetry

https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://doi.org/10.3390/sym13071217
https://doi.org/10.3390/sym13071217
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/sym13071217
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym13071217?type=check_update&version=1


Symmetry 2021, 13, 1217 2 of 10

vibration. Yao et al. [10] observed the effect of stress softening and residual hardening
caused by ultrasonic vibration through ultrasonic upsetting experiment.

Incremental sheet forming is an emerging sheet forming technology that is suitable
for complex three-dimensional shapes, which has made great progress since the concept
was proposed by Leszak [11] in 1967 and proven to be feasible by Kitazawa [12], which has
the conception of rapid prototyping so that it has been widely applied for small quantity
production in various applications [13,14]. However, the unsatisfied geometric accuracy
and surface property of incremental sheet forming, which is mainly due to springback,
which still hinders its wide industrial application [15,16]. At present, various strategies
have been proposed with the aim to satisfy industrial requirements. Mirnia et al. [17]
discussed the influences of the process parameter optimization and the forming trajectory
optimization on the thickness distribution of the cone. Kim et al. [18] proposed the double-
pass forming method, and the results showed that the thickness strain distribution of a
final shape can be made more uniform.

Nevertheless, different strategies have their own limits, and the geometric accuracy
and surface property of incremental sheet forming are unsatisfied for industrial application.
At present, ultrasonic vibration has been used in tube drawing, volume forming and other
plastic processing processes and has positive effects on reducing the forming force and
improving the quality of forming parts, but there are few reports on the application of
ultrasonic vibration in incremental sheet forming process. Therefore, it is necessary to
apply ultrasonic vibration to the basis of traditional incremental sheet forming to solve the
problems of low surface quality, low precision, and insufficient forming ability.

In this study, the effect of ultrasonic vibration on the springback effect and surface
property for ultrasonic-assisted incremental sheet forming of aluminum alloy were dis-
cussed. A series of experiments were established to explore the ultrasonic vibration on the
surface property and springback effect of aluminum alloy sheet in order to facilitate analy-
sis of experimental results, which provided an experimental basis for further investigation
of the mechanisms of the ultrasonic-assisted incremental sheet forming process.

2. Experimental Methods
2.1. Experimental Setup

The experimental setup of the ultrasonic-assisted incremental forming process, as
shown in Figure 1, which includes an incremental forming process machine, an ultrasonic
generator, and a vibration system consisting of of ultrasonic transducer and amplitude
transformer. The ultrasonic generator converts the AC power into high frequency electrical
signals to the transducer, which converts the high frequency electrical signals to mechanical
vibration. Then the amplitude transmitted by the transducer is amplified by the amplitude
transformer, and finally, the mechanical vibration is transmitted to the forming tool. When
ultrasonic is added, the continuous signal is transformed into discrete pulse force signal,
and the discontinuous contact between the forming tool and the sheet metal in the process
of asymptotic forming is realized. According to the existing hardware environment, the
diameter of the forming tool is 5 mm and maximum amplitude without loading corre-
sponds to 15.9 µm within the rated power of 100 W. The springback detection system
mainly includes high-speed contracer, controller, and PC. PC sends instructions to the
controller, the controller controls the sensor for data acquisition, and the collected data is
finally transmitted back to the PC for display processing.

The forming experiments utilized AA-5052 material whose chemical compositions
and mechanical properties are shown in Tables 1 and 2, which are provided by manu-
facturer. The aluminum alloy sheet was cut into rectangle shapes with a dimension of
270 × 190 × 2 mm. The sheet was installed by fixture, and processing path is symmetrical
to obtain symmetrical sample to facilitate analysis of experimental results, as shown in
Figure 1. The experiments were carried out at both conditions with and without ultrasonic
vibration to discuss the influence of ultrasonic vibration on the incremental forming pro-
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cess. Table 3 shows the experiment parameters, and the processing path is illustrated in
Figure 1b.

Figure 1. The experimental setup of the ultrasonic-assisted incremental forming process (a) Incre-
mental forming process machine (b) Processing path.

Table 1. Chemical compositions of the AA-5052 material.

Material Mg (wt %) Si (wt %) Cu (wt %) Zn (wt %) Mn (wt %) Cr
(wt %)

Fe
(wt %) Others Al

(wt %)

AA-5052 2.2~2.8 0.25 0.10 0.10 0.10 0.15~0.35 0.40 0.15 Remainder

Table 2. Mechanical properties of the AA-5052 material.

Material Young’s Modulus (GPa) Poisson’s Ratio Yield Stress (MPa) Ultimate Tensile Strength
(MPa)

Maximum
Elongation

AA-5052 69.3 0.33 65 244 20%

Table 3. The designed parameters for the ultrasonic-assisted incremental forming experiments.

Test No. Tool Diameter (mm) Layer Feed (mm) Power (%) Ultrasonic Amplitude (µm) Feed Speed (mm/min)

1 5 0.3 0 0 800
2 5 0.3 40 1.3 800
3 5 0.3 70 6.3 800
4 5 0.3 99 15.9 800

2.2. Measurement of Springback and Surface Property
2.2.1. Springback Effect

The high-speed contracer was adopted to carry out the detection research on the
springback influence of symmetric rotating body, and the detection of springback is divided
into the following stages:

Stage 1: measuring the springback data of unraised the tool to raising the tool to
obtain the springback value after lifting the forming tool.

Stage 2: measuring the springback data of raising the tool to the released the blank holder.
Stage 3: measuring the springback data of the unraised head to releasing blank holder

to obtain the final amount of springback.
The above research work has a more detailed understanding of the springback, which

is beneficial to determine the springback compensation more accurately, and to realize
the high precision machining of the incremental sheet forming technology. Further, the
springback at different stages of the forming sheet was also explored, as shown in Figure
2. For aluminum alloy sheet, it can be divided into the forming side wall Stage (AB), the
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forming stage between the processed area and the non-processed area at the bottom of the
forming tool (BC). Besides, three experiments in each group have been conducted, and the
average value and square deviation of corresponding results were calculated and analyzed.

Figure 2. Measurement of springback effect at different stages of the forming sheet [19].

2.2.2. Surface Residual Stress

Proto IXRD residual stress meter was selected to test five points along the direction
of forming depth on the side wall of the forming workpiece in contact with the forming
tool and non-contact in order to explore the influence of ultrasonic vibration on the surface
residual stress of the incremental sheet forming of aluminum alloy sheets, as shown in
Figure 3, and each point was measured three times to improve the stability of the results
for symmetrical aluminum alloy sheet.

Figure 3. Measurement of surface residual stress.

2.2.3. Measurement of Surface Topography

The surface topography of the ultrasonic-assisted incremental sheet forming of alu-
minum alloy was measured by the white light interferometer (Bruker Contour Elite K),
as shown in Figure 4. The side wall of symmetrical aluminum alloy sheet sample was
cut off by wire cutting equipment, which was cleaned with alcohol by ultrasonic cleaning
instrument, and dried by a dryer. Then the surface topography was measured by white
light interferometer. The sample length was 48 µm and the sample width was 35 µm with
a 100X objective lens. Each surface was randomly measured three times to ensure the
accuracy of the experimental results.
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Figure 4. Measurement of surface topography (a) A white light interferometer (Bruker Contour
Elite K) (b) The test samples (c) The surface topography.

2.2.4. Measurement of Surface Hardness

The surface hardness of the contact side wall between the aluminum alloy sheet and
the forming tool was measured to investigate the influence of high frequency impact and
discontinuous contact of ultrasonic vibration on the surface properties of the forming sheet.
The test points are shown in Figure 5, and each point was measured three times to improve
the stability of the results. The Vickers micro-hardness tester model is MH-6. The loading
load during the test is 200 g, and the loading time is 10 s.

Figure 5. Measurement of surface hardness (a) The Vickers micro-hardness tester (MH-6) (b) The test
samples (c) The surface hardness.

3. Results and Discussions
3.1. Springback Effect

Figure 6 presents that the springback value of the forming side wall Stage (AB) changes
steadily when the ultrasonic is applied or not applied in the forming stage. The average
and square deviation of the springback values were shown in Figure 7. There was a decline
in the average value of springback with ultrasonic-assistance compared with that without
ultrasonic, and the maximum reduction of springback was shown in Stage 3 and in Y
positions from −25 mm to −12 mm after the application of ultrasonic-assistance.



Symmetry 2021, 13, 1217 6 of 10

Figure 6. Typical contour data and springback values of three stages (a) Without ultrasonic and
(b) With ultrasonic-assistance.

Figure 7. The average and square deviation of the springback values.

The BC section generates the maximum springback value after lifting the forming tool
or releasing the blank holder, and the similar conclusion was obtained by Zhang et al. [20].
In previous studies, Zhai et al. [15] investigated on the forming force during ultrasonic-
assisted incremental sheet forming process and obtained that the forming force increases
with the increase of feed depth, and the axial forming force is reduced after applying
ultrasonic vibration. Incremental sheet forming process of sheet is a comprehensive me-
chanical phenomenon, especially in complex forming process, which is often accompanied
by complex strain paths, so the springback deformation behavior is difficult to predict. To
a certain extent, the application of ultrasonic vibration can reduce the springback effect.

3.2. Surface Residual Stress

Figure 8a shows the distribution diagram of residual stress on the side wall surface of
the contact between the ultrasonic-assisted incremental sheet forming of aluminum alloy
sheets and the forming tool. It can be seen that the residual stress on the side wall surface
is mainly tensile stress, and the stress increases with the increase of depth.

To further analyze the effect of the ultrasonic vibration on the surface residual stress,
the residual stress was measured at the test points corresponding to the side wall, which
was not in contact with the sheet and the forming tool, which is depicted in Figure 8b. It
can be observed that the residual stress on the surface of the non-contact side wall with the
forming tool is mainly compressive stress, which decreases first and then increases with
the increase of depth. On the whole, the compressive stress of the plate without ultrasonic
vibration is lower than that of the plate with ultrasonic vibration. The uniform distribution
of residual compressive stress caused by ultrasonic vibration can improve the fatigue life
of the workpiece and reduce the scrap phenomenon caused by stress corrosion cracking.
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Figure 8. The distribution diagram of residual stress (a) Surface residual stress of surface contact
with the sheet and the forming tool (b) Surface residual stress of non-surface contact with the sheet
and the forming tool.

3.3. Measurement of Surface Topography

The surface topography formed in incremental sheet forming of aluminum alloy
sheets with or without ultrasonic vibration is shown in Figure 9. It can be observed the
horizontal waviness of the surface in Figure 9a–c, which is one of the main characteristics in
incremental sheet forming. The formation of waviness is closely related to the continuous
extrusion between the forming tool and the sheet, during which the plastic flow of the
material is generated on the contact surface. In particular, the furrows effect from the
flow on both sides of the forming tool results in this morphological feature. However, the
waviness feature becomes weaker with the continuous increase of ultrasonic amplitude,
which is mainly caused by the waviness feature of the contact surface gradually disappears
due to the high-frequency impact of the forming tool applied ultrasonic vibration.

Figure 9. The surface topography with different ultrasonic amplitude during ultrasonic-assisted
incremental sheet forming of aluminum alloy sheets (a) Ultrasonic amplitude 0 µm (b) Ultrasonic
amplitude 1.3 µm (c) Ultrasonic amplitude 6.3 µm (d) Ultrasonic amplitude 15.9 µm.

The effect of the ultrasonic vibration on the roughness surface is also analyzed. The
3D surface topography of samples formed with different ultrasonic amplitude during
ultrasonic-assisted incremental sheet forming is shown in Figure 9. The average values and
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square deviation of surface roughness (Sa) with ultrasonic amplitude of 0, 1.3 µm, 6.3 µm,
15.9 µm were 0.512 (±0.049) µm, 0.287 (±0.021) µm, 0.152 (±0.012) µm, and 0.105 (±0.008)
µm, respectively. Obviously, the values of the roughness decreased with the continuous
increase of ultrasonic amplitude. The reason is that the high-frequency impact caused by
the ultrasonic vibration can rearrange the surface texture, and generates a more uniform
roughness surface, resulting in the reduction of the roughness value.

Two-dimensional profiles along the feed direction and perpendicular to the feed
direction were measured to further explore the influence of ultrasonic vibration on the
surface topography, as illustrated in Figure 10. The peak of the two-dimensional profile
represents the top of the wave. It can be observed that the peak of the two-dimensional
profile with ultrasonic vibration is gentler than that without ultrasonic vibration for the
reciprocating movement of the forming tool flats the sharp ridges after the ultrasonic
vibration is applied.

Figure 10. The two-dimensional profiles with different ultrasonic amplitude during ultrasonic-
assisted incremental sheet forming of aluminum alloy sheets (a) Along the feed direction (b) Perpen-
dicular to the feed direction.

3.4. Measurement of Surface Hardness

The measurement results of surface hardness with different ultrasonic amplitude
during ultrasonic-assisted incremental sheet forming of aluminum alloy sheets are shown
in Figure 11, which indicate that the hardness of the sheet increases greatly compared to the
initial hardness (65 HV) after incremental sheet forming. The reason for this phenomenon
is the strain hardening phenomenon caused by the plastic deformation of the sheet. Based
on the equation of Vickers hardness, the indentation depths of the indenter were calculated
to be within 7.3 µm~8.9 µm with different ultrasonic amplitudes. Therefore, the results
could reflect the hardness value of surface layer of the samples.

Figure 11. Surface hardness with different ultrasonic amplitude.
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In addition, the application of ultrasonic vibration can reduce the hardness of the
contact surface with different ultrasonic amplitude during ultrasonic-assisted incremental
sheet forming of aluminum alloy sheets. This is because the application of ultrasonic energy
causes the grain to slip, reduces the energy barrier of dislocation movement, thus increases
the surface grain size, and promotes dislocation movement, which leads to the decrease of
surface hardness [21]. The forming tool in high frequency vibration is passed to the sheet,
and the intermittent contact between the forming tool and sheet after applying ultrasonic
vibration, tiny deformation and the springback of sheet takes place continuously, which
produce a great vibration stress inside of the sheet to offset the original internal stress of
the sheet, so that the ability of sheet resistance to external force is weakened, hardness
is reduced.

4. Conclusions

In the present work, the effects of ultrasonic vibration on the surface property and
springback effect during incremental sheet forming of aluminum alloy sheets are investi-
gated by means of reasonable experiments and testing methods. The main conclusions are
drawn as follows:

(1) The application of ultrasonic vibration can reduce the springback effect.
(2) The waviness feature of the contact surface becomes gradually weaker and surface

roughness decreases with the continuous increase of ultrasonic amplitude due to the
high-frequency impact of the forming tool applied ultrasonic vibration.

(3) The application of ultrasonic vibration can reduce the surface hardness and promote
the surface residual stress distribution to be more uniform to a certain extent.

Although positive effects of the ultrasonic vibration are experimentally observed, the
present work still has limitations: (1) Since the limitation of the testing device, there is a lack
of the investigation of ultrasonic vibration on forming force, the uniformity of the thickness
and temperature variation; (2) The mechanism study of variations of surface residual
stress with and without ultrasonic vibration is not investigated. Therefore, further efforts
could be focused on the effects of ultrasonic vibration on the forming force, the uniformity
of the thickness, temperature variation and microscopic changes of ultrasonic-assisted
incremental sheet forming.
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