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Abstract: This study investigated the effects of longitudinal low-frequency vibrations on the perfor-
mance of the single point incremental forming process of an aluminum alloy 1050 (AA1050) sheet.
Low-frequency vibrations were added to the forming tool’s axial movement. A finite element model
of low-frequency vibration single point incremental forming was established. Numerical simulation
analyzed the effect of low-frequency vibrations on the entire forming process. Then, the simulation
results were verified through actual experiments. The results showed that low-frequency vibrations
could significantly reduce the forming force and improve the formed product’s geometric accuracy.

Keywords: incremental sheet forming; low-frequency vibration; forming force; geometric accuracy

1. Introduction

Single point incremental sheet forming (SPIF) is a flexible sheet-forming process that
has gained significant interest since the pioneering work of Iseki [1]. It is a die-less process
where the forming tool is typically programmed to move along a computer numerical
control (CNC)-controlled concrete path to form a predetermined shape by local layer-
by-layer deformation (Figure 1) [2]. During the forming process, the workpiece/blank is
clamped with a fixture while a pin-like tool is programmed to follow a circle’s circumference.
After completing the circle, the tool steps down and toward the center to start a new circular
pass. After several passes, a truncated cone can be generated. Apart from the conventional
press-forming process, SPIF can directly form various part geometries from computer-
aided design models and computer control codes without complex dies. This process is
energy-saving and has immense potential for rapid part prototyping while only requiring
small quantities of materials.

Figure 1. Single-point incremental sheet forming (SPIF) for truncated cone.
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During the past few decades, researchers have focused on investigations into the
formability, forming force, geometric accuracy, and surface finish in the SPIF process.
Minutolo et al. [3] researched the SPIF process’s formability using the maximum forming
angle. Jeswiet et al. [4] discussed the forces that develop during formation of the pyramid-
and cone-shaped parts from aluminum alloy 3003-O. To measure these forces, a cantilever-
type sensor was mounted on the forming tool’s spindle. The axial force was larger than
the combined forces in the sheet surface’s plane. The wall angle was a crucial factor, as
the forming force increases with increasing wall angle. Duflou et al. [5] experimentally
investigated the relationship of the forming forces with four selected process parameters:
the step depth, tool diameter, wall angle, and initial sheet thickness. It was concluded that
the forming forces increased as the step depth, wall angle, and sheet thickness increased.
Filice et al. [6] studied sheet metal’s stress state and deformation mode using SPIF technol-
ogy. The results showed that the material in the deformation area is subjected to a large
hydrostatic pressure, influencing the overall deformation ability of sheet metal.

When measuring a part’s strain distribution after the SPIF process, the part’s second
principal strain is close to zero; that is, the circumferential strain is zero. Forming of the part
is primarily derived from wall stretching and normal thinning. Ambrogio et al. [7] found
sheet thickness and part depth to be the most significant factors affecting the geometric error
using analysis of variance. Durante et al. [8] described a model for evaluating the roughness
with respect to the amplitude and spacing associated with the forming angle, step size,
and tool diameter. Fiorentino et al. [9] proposed a method to reduce the geometric error by
compensation. This method is an iterative algorithm based on an artificial identification
system. Experimental verification was conducted using different tool paths and materials
in non-axisymmetric parts. Hamilton et al. [10] investigated the influence of tool feed
rates and spindle rotation at high speeds during forming on non-contact-side roughness.
Moreover, a model for orange peel prediction in SPIF was established, providing guidelines
for improving external surface quality.

Friction in the SPIF process has also received extensive attention from scholars. In
general, friction is not conducive to sheet metal forming, so, to reduce friction, SPIF is
usually carried out by applying a lubricant between the sheet and the forming tool.

However, when the tool rotates at a high speed, the large amount of heat generated by
rotational friction between the tool and the material is beneficial to the metal’s formability.
Using this method, Park et al. [11] successfully formed a magnesium alloy sheet (hard-to-
form material) without any lubrication (dry friction state). In their research, a large amount
of heat (up to 200◦) was generated due to excessive friction between the rotating tool and
the unlubricated sheet, which significantly improved the plastic deformation ability of the
magnesium alloy. This method was called friction stir incremental sheet forming (FS-ISF)
by Otsu et al. [12].

Recent studies have proposed various auxiliary incremental forming systems to satisfy
industrial requirements. Malhotra et al. [13] developed a novel accumulative double-sided
incremental forming strategy where the forming begins at the deepest feature and gradually
shapes up the features by taking advantage of rigid-body motions. Xiao et al. [14,15] have
developed a heat-assisted incremental forming process (Hot-ISF) by adding a halogen
heating system to process hard-to-form materials. They formed a good quality aluminum
alloy 7075 and carbon-fiber-reinforced polymer sheets. Other proposed methods include
electric auxiliary SPIF [16] and laser-assisted SPIF [17] that avoid defects by changing the
magnitude and action mode of the forming force. These strategies improve geometric
accuracy, increase material formability, and reduce the forming force.

Vibration-assisted forming (VAF) is a well-established technique. It is advantageous
because it can reduce the flow stress, lower the friction force at the die-specimen interface,
and improve surface quality. Ultrasonic vibration forming (UVF) has elicited consider-
able attention recently and has been applied in drawing [18], forging [19], extrusion [20],
welding [21], and other methods, due to its significant softening and hardening effects on
metallic materials. Recent research on ultrasonic SPIF has emerged. Amini et al. [22] inves-



Metals 2022, 12, 346 3 of 25

tigated the effect of longitudinal ultrasonic vibration on the performance of SPIF processing
of an AA1050 sheet. They found that the ultrasonic vibrations could decrease the forming
force and significantly increase the metal sheet’s formability. Li et al. [23] analyzed the
influence of different frequencies and amplitudes of ultrasonic vibrations on the forming
force by finite element simulation. Ultrasonic vibrations could reduce the forming force
and improve the formed parts’ surface quality. Long et al. [24] investigated the impacts of
various processing parameters, including the sheet material, ultrasonic vibration power,
feeding speed, and tool diameter, on force reduction and temperature variability. The
material with higher yield stress showed higher force reduction and temperature variation.

With the development of vibration-production technology, low-frequency vibration
can be superimposed with micro-amplitudes in sheet metal forming, called low-frequency
vibration forming (LFVF). The softening and hardening effects in UVF also appear in LFVF.
LFVF has lower costs, and can tolerate a greater forming force, than UVF, and is more
suitable than UVF when used in practical industries requiring large forming forces. Many
scholars have focused on developing LFVF technologies. Maeno et al. [25] developed
a vibration-assisted plate-compression process to prevent a sharp increase in the load
using a servo press. Elastic recovery between the die and plate automatically fed the
liquid lubricant into the gap due to vibration, significantly improving the lubrication and
markedly decreasing the compressive load.

Ali et al. [26] applied a pulsed blank holder force at 0–10 Hz to the blank deep drawing
process, proving that a quality product could be acquired without tearing or wrinkles
using a pulsed blank holder force at an ultra-low frequency (<1 Hz). Matsumoto et al. [27]
superposed torsional oscillation with a maximum frequency of 1.5 Hz to reduce the axial
forging load in the cold upsetting process. Meng et al. [28] proposed a vibration-assisted
plastic-forming method and assessed its influence on the clutch hub-forming process,
showing that applying vibration can effectively reduce the forming force and improve the
part’s surface quality. The drop in forming load was proportional to the vibration frequency
and amplitude, and the load decreased by up to 25%. Halicioglu et al. [29] demonstrated
a prototype of a servo press with a programmable ram motion. A soft ram motion with
20 strokes/min enabled high velocity forming with large thicknesses and improved the
material’s surface quality.

Wang et al. [30] introduced an electric–hydraulic chattering experimental setup for
cold extrusion. With chattering in the bottom die, the deformation resistance decreased, and
the material flow proceeded easily. The load reduction in vibration-assisted deformation
processes is due to changes in friction conditions in the deformation zone and material
structure. Meng et al. [31] investigated the effects of applying LFV in three directions (i.e.,
transverse, normal, and rolling) on a commercial steel sheet’s mechanical behavior and
microstructure during tensile deformation to provide a fundamental understanding of LFV.
The transverse application of low-frequency vibrations had a vibration softening effect,
and vibrations in the normal/rolling directions resulted in a vibration hardening effect.
Residual softening occurred in all cases during the yield period after removing the vibration.
The maximum load drop after the vibration treatment in the transverse direction was more
significant than in other cases. The low-angle grain boundaries increased significantly after
the transverse vibration treatment, and the interior of the grains showed a notable trend
toward forming subgrain boundaries.

As discussed above during the SPIF process, lubricants are applied on the sheet surface
to reduce the contact friction between the forming tool and the sheet. As in the FS-ISF
case, to form the hard-to-formable material, limited lubrication is known to be beneficial.
Generally, in the process of no lubrication, the sliding friction coefficient between the
tool and the sheet increases, and the sheet fractures prematurely due to excessive heat
generation. However, even in a non-lubricated state, if the vibration is applied to the
tool so that continuous sliding contact between the tool and the sheet does not occur,
the continuous sliding contact between the tool and the sheet is broken every moment.
Therefore, the increase in the sliding friction coefficient is suppressed, and the formability
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of the sheet can be increased in the SPIF process. The effect of imparting vibration can be
remarkable when the lubricating oil is not applied between the sheet and the tool. This has
the effect of cleaning the working environment by not needing to apply lubricating oil in
the SPIF process.

This study focuses on applying LFV to the SPIF process. A mechanism transferring
low-frequency vibrations to the forming tool used in the SPIF process was designed and
manufactured. The system comprises a forming tool connecting device, a motor, and a cam
system. Then, an LFV-SPIF finite element simulation model was established. By simulating
the entire forming process, the deformation mechanism of a sheet under low-frequency
vibrations was analyzed, and the effect of low-frequency vibrations on the forming quality
of the formed product was revealed. Finally, a series of experiments were conducted to
verify the simulation results through the built LFV-SPIF system. At the same time, this
study evaluated the effect of LFV on the change of friction conditions in the dry friction
state, which created the possibility of not using lubricants in the SPIF process.

2. LFV-SPIF Process and Materials
2.1. LFV-SPIF Process

Based on SPIF technology, in this study, an LFV-SPIF system was developed where
low-frequency vibrations were applied to the forming tool. The LFV-SPIF system (Figure 2)
comprises a forming tool connecting device, motor, and cam system. In this vibration
application setup, the motor provides a stable processing force. The designed cam device
converts the motor’s uniform speed rotary motion to a uniform reciprocating motion in
the Z-direction. Through calculation, along the circumference of the cam’s central axis
14 equal divisions are made to establish 14 peak points so that the designed cam device
can convert the natural frequency (90–1700 rpm/min, controlled by the controller) of the
motor into 0–100 vibrations per second vertically. Consequently, the forming tool could
have an arbitrarily adjusted low-frequency vibration of 0–100 Hz in the Z-direction. In the
LFV-SPIF system, forming tools with different diameters can be arbitrarily replaced. The
CNC control can freely adjust the amplitude from 0 to 100 µm.

Figure 2. (a) Forming principle of the LFV-SPIF process, (b) assembly drawing of the tool system,
and (c) exploded view of the tool system.

2.2. Material Properties

AA1050 sheet was selected as the forming material in this study. In defining its
material properties, all property parameters were obtained from testing samples made of
the same batch of sheets used in the experiment. To evaluate the influence of the sheet’s
rolling direction on the material’s anisotropy, three sets of specimens maintained at 0◦, 45◦,
and 90◦ with the rolling direction were intercepted. Their average values were used as the
AA1050 sheet’s material property parameters. Tensile tests were conducted on an R&B
tensile testing machine at room temperature (25 ◦C), with a loading speed of 3 mm/min.
The true stress–strain curves of the AA1050 sheet’s rolling directions at 0◦, 45◦, and 90◦

were obtained (Figure 3a); the mechanical properties of each direction of AA1050 are
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shown in Table 1. However, the evaluated material undergoes large deformation during
incremental forming that could generate a high strain level. Therefore, the hardening
function should provide an acceptable estimation for the stress–strain relation beyond the
maximum-observed strain or post-necking prediction. The Kim–Tuan hardening model is
a suitable choice because it provides a better prediction for the post-necking behavior of
various sheet metals [32]. Therefore, this study adopted the Kim–Tuan hardening model
(Equation (1)) to describe the stress–strain relation for the evaluated material (Figure 3b).

σ = σ0 + KT(ε + ε0)
h(1 − exp(−cε)) (1)

where KT , h, and c are the proposed equation’s parameters and (ε0, σ0) is the initial yield
point in the true-stress–strain curve. Therefore, as shown in Table 2, the values of KT , h, and
c can be calibrated using the curve-fitting tool available on some optimization packages,
such as Excel or MATLAB.

Figure 3. (a) True stress–strain curves of AA1050, (b) Curve fitting by the Kim–Tuan equation.

Table 1. Material properties of AA1050.

AA1050 0
◦

45
◦

90
◦

Young’s modulus (GPa) 68 69.4 68.8
Yield stress (MPa) 148.7 145.2 157.7

Tensile strength (MPa) 163.1 157.4 168.9
Elongation (%) 6.3 5.2 4.9

Table 2. Calibrated parameters of Kim-Tuan hardening model for AA1050 sheet.

AA1050 0
◦

45
◦

90
◦

KT (MPa) 20.88 37.51 20.85
h 0.121 0.242 0.149
c 443.66 680.12 557.37

In addition, the EBSD results of the as-received AA1050 sheet are shown in Figure 4.
It is shown in Figure 4a,c that the grain size was nonuniform. Moreover, the misorientation
angles between grains were relatively small and the low angle grain boundary accounted
for more than 15%, as shown in Figure 4b,d. These two microstructural characters were
caused by the rolling process.
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Figure 4. Microstructural features of the as-received AA1050-O sheet. (a) Inverse pole figure (IPF),
(b) Grain boundaries, (c) Grain size distribution, (d) Misorientation angle distribution.

3. Experimental Study of LFV-SPIF Process
3.1. Experimental Methods

Figure 5a shows the experimental setup of the LFV-SPIF system in which a load cell
(NTS-LRL-10kN) was connected to the forming tool for measuring the axial forming force
during the forming process (Figure 5b). An AA1050 specimen of 100 mm × 100 mm was
cut using laser cutting for forming. In addition, a slide-way oil with a kinematic viscosity
of 68 was used for lubrication.

Figure 5. (a) Photograph of the designed LFV-SPIF system and (b) load cell.

3.2. Experiment Results
3.2.1. Effect of Low-Frequency Vibration on Formability

The material behavior and formability in the SPIF process can be determined based on
the maximum forming angle. To reduce the number of attempts required to determine the
formability, the variable wall angle conical frustum (VWACF) test [33] was used to evaluate
the formability in this study. (Figure 6a) The surface roughness of the original sheet greatly
affected the coefficient of friction and the surface quality of the formed part. In this study,
the average surface roughness (Ra) of the original AA1050 sheet was 0.217 µm.

Figure 6. (a) VWACF model, (b) Experiment results of AA1050 sheets under different forming conditions.
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In addition, due to the vibration, the action mode of the forming tool on the sheet
material changed, which led to the continuous contact between the tool and the sheet
material becoming an alternating contact, resulting in a significant change in the friction
conditions between the sheet material and the forming tool. Therefore, in addition to
analyzing the effect of vibration on sheet formability, the effect of vibration on friction
condition was also evaluated in this study. According to the experimental plan shown in
Table 3, the maximum forming angle of the AA1050 sheet at the forming conditions, with or
without vibration, and with or without lubrication, were compared; the results are shown
in Figure 6b. Each experiment was repeated three times.

Table 3. Experiment plan for formability evaluation.

Exp. Vibration Lubrication Forming Angle (◦)

1 No No 74.2
2 Have No 78.4
3 No Have 78.4
4 Have Have 78.4

As shown in Table 3, among the four cases, the AA1050 sheet had the lowest formability
in the case without vibration and lubrication for which the maximum forming angle
was 74.2◦. In the other three cases, the maximum forming angle of the sheet was the
same, increasing by 5.6% to 78.4◦. As a result, although low-frequency vibration cannot
improve the formability of sheet metal, the effect of vibration effectively changes the
friction conditions. Due to the vibration, the continuous contact between the tool and the
sheet becomes an alternating contact. This suppresses the increase in the sliding friction
coefficient, leading to a substantial decrease in the friction resistance [34]. In other words,
due to LFV, it is possible to minimize the effect of friction without using lubricating oil
while maximizing the effect of SPIF in dry friction conditions.

3.2.2. Effect of Low-Frequency Vibrations on the Axial Forming Force Fz

The axial forming force Fz is a vital indicator for evaluating the forming conditions. To
study the effect of low-frequency vibration on the axial forming force Fz, Table 4 lists the
forming parameters used in the experiment; the vibration parameter (frequency, amplitude)
had four levels and other normal parameters were fixed. In addition, the axial forming
force Fz under different vibration variables was studied using a truncated cone shape with
a diameter of 70 mm and a depth of 15 mm, as shown in Figure 7a. The profile toolpath
was used in this study (Figure 7b). As the step depth and feed rate were fixed at 0.5 mm
and 400 mm/min, there were, in total, 30 circles that needed to be formed, while for all the
cases, the forming time was the same.

Table 4. Process and vibration parameters.

Parameter Value

Vibration
parameters

Frequency
(f/Hz) 0 30 60 90

Amplitude
(A/mm) 0 0.01 0.03 0.05

Process
parameters

Initial
thickness

(mm)

Forming
angle

(◦)

Tool
diameter

(mm)

Feed rate
(mm/min)

Step depth
(mm)

Spindle
speed
(rpm)

0.5 30 10 400 0.5 0
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Figure 7. (a) Cone shape, (b) Profile toolpath.

The measured axial forming force Fz during the SPIF forming force is shown in
Figure 8a in which the axial forming force Fz showed a gradual and increasing rate of
change. As shown in Figure 8b, a step within 18 s means that one circle has been formed,
and a large instantaneous peak occurs at the step, indicating that the tool has an interlayer
feed movement from the first layer to the second layer. The entire Fz increased its limit near
the 10th circle, and the forming process entered a stable stage where the influence of the
sheet’s forming zone was approximately nonexistent, and its deformation only depended
on the sheet’s characteristics (yield strength).

Figure 8. (a) Measured axial forming force Fz of AA1050 during SPIF process, and (b) the detail
forming force behaviors at one forming circle.

Figure 9 shows the results of the measured axial forming force Fz during the LFV-SPIF
process, with an amplitude of 0.03 mm and frequency of 90 Hz. As with SPIF, the Fz in
LFV-SPIF showed a stepwise increase law, with each step representing a layer’s forming
process. The changing trend of Fz in LFV-SPIF was similar to SPIF, indicating that although
low-frequency vibrations change the action mode of the forming force, it does not affect the
changing trend of Fz as the number of circles increases. At the same time, each sinusoidal
change cycle represents the forming process, stabilizing near the 9th–10th circle.

Figure 9. (a) Measured axial forming force Fz of AA1050 during the LFV-SPIF process, and (b) the
detail forming force behaviors at one forming circle.
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In addition, the mathematical smoothed forming force Fz of the two processes were
compared—by integrating low-frequency vibrations, a significant axial forming force
reduction can be obtained in the SPIF process. As the frequency increased to 90 Hz, the
axial forming force of the AA1050 was reduced by 45.6% (Figure 10).

Figure 10. Comparison of axial forming force Fz for AA1050.

Because the forming force in the forming process was stable around 10 circles, the
analysis efficiency was improved by extracting the forming forces of the first 10 circles
for comparative analysis (Figure 11). From Figure 11, the changing trends of Fz under the
three amplitude and three frequency conditions were similar; the average values of force
during each circle were used to obtain the changing trend of Fz for the different amplitudes.
It can clearly be seen that as the amplitude and frequency increased, the vertical force Fz
decreased continuously.

Figure 11. Axial forming force of each circle under (a) different frequencies, and (b) amplitudes.

3.2.3. The Influence of Low-Frequency Vibrations on Geometric Accuracy

The sheet’s geometric error primarily comes from the springback caused by the sheet’s
uneven residual stress distribution after unloading the fixture and tool. In particular, the
sidewall’s inward springback deformation causes the geometric error of the part in the
normal direction (Figure 12).

Figure 12. Definition of the accuracy error.

To study the impact of low-frequency vibrations on the accuracy of parts, the Atos Q
12M 3D scanner was selected. The device can determine the overall shape measurement
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and automatic splicing of the parts, with high scanning accuracy and fast speed. Accurate
point cloud data of the parts can be obtained.

Following the same experimental plan for the forming force part, for all cases, four
measurement positions were selected on the wall area at intervals of 3 mm from the
bottom surface for each formed part, and the gap between each position with the target
shape was measured (Figure 13). Finally, the average value of these points was calculated
(Tables 5 and 6).

Figure 13. Comparison of the measured section for formed shapes of the AA1050 sheet at differ-
ent frequencies.

Table 5. Measured normal error at different frequencies (A = 0.03 mm).

Frequency Error 1
(mm)

Error 2
(mm)

Error 3
(mm)

Error 4
(mm)

Average Error
(mm)

0 Hz 0.466 0.559 0.575 0.571 0.543
30 Hz 0.307 0.453 0.616 0.604 0.495
60 Hz 0.209 0.342 0.462 0.441 0.364
90 Hz 0.168 0.266 0.367 0.392 0.298

Table 6. Measured normal error at different amplitudes (f = 90 Hz).

Amplitude Error 1
(mm)

Error 2
(mm)

Error 3
(mm)

Error 4
(mm)

Average Error
(mm)

0.01 mm 0.196 0.345 0.375 0.351 0.32
0.03 mm 0.168 0.266 0.367 0.392 0.298
0.05 mm 0.162 0.274 0.365 0.351 0.288

Figure 14 shows the normal error measurement results under different frequencies
and amplitudes. As the frequency and amplitude increased, the springback decreased.
When A=0.05 mm and f=90 Hz, the part’s normal precision was the highest, which was
47% higher than the conventional SPIF process.
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Figure 14. Normal accuracy error at different (a) frequencies and (b) amplitudes.

4. Research on Numerical Simulation of LFV-SPIF Process

Compared with the general SPIF process, when LFV is applied to the forming tool,
the continuous rolling contact between the tool and the sheet becomes low frequency
alternating contact, changing the forming force’s size and action mode. Simultaneously,
as the sheet material absorbs low-frequency vibration energy, the material’s deformation
performance changes. In this study, to study the forming mechanism of SPIF process under
low-frequency vibration, based on the cone shape shown in Figure 7, ABAQUS/Explicit
was used to numerically simulate the entire LFV-SPIF process and to analyze the changes
in stress, strain, and forming force during the forming process. Then, ABAQUS/Standard
was used to simulate the unloading process, and the effect of low-frequency vibrations on
the sheet’s springback and residual stress was analyzed.

4.1. Finite Element Modeling

As shown in Figure 15, the LFV-SPIF model was established, comprising sheet metal,
forming tool, holder, and die. The sheet material is a regular quadrilateral, with a length
and width of 100 mm, and an initial thickness t0 of 0.5 mm. The clamp is simplified into an
upper holder and lower die. The holder has an inner length and width of 80 mm and an
outer length and width of 100 mm. The forming tool is a cylindrical, hemispherical tool for
which the ball head’s size is ∅10 mm. Because the deformation of the fixture and tool is
negligible during the forming process, the tool, holder, and die are set as rigid analytical
bodies without material property definition to improve the calculation efficiency. A shell
element with a four-node reduced integral (S4R) divides the sheet model’s mesh, and the
mesh size is set to 2 mm × 2 mm [35]. In addition, the Mises yield criterion is used in the
finite element method (FEM) simulation. Table 7 shows other simulation conditions, such
as mesh generation, material model selection, and contract conditions.

Figure 15. Geometry model of LFAV-SPIF.
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Table 7. Simulation conditions.

Meshing Sheet S4R
Tool, Holder,

Die Analytical Rigid

Material model Sheet

Material: AA1050
Elastic modulus = 69 GPa

Density = 2700 kg/m3

Poisson’s ratio = 0.33

Tool-sheet
Contact condition Holder-sheet Surface-to-surface

Die-sheet

Boundary

Tool 3 degrees of freedom (DOF) constraint with the
displacement in the X, Y, Z-direction

Holder 1 degree of freedom (DOF) constraint with a load force
in the Z-direction

Die Fixed

Friction coefficient
Tool-sheet 0.05 (SPIF), 0.02 (LFV-SPIF)

Holder-sheet 0.15
Die-sheet 0.15

4.2. Forming Path

During the LFV-SPIF process, the tool performs periodic reciprocating actions along the
axis while moving the toolpath (Figure 16). From Figure 16, the low-frequency vibrations
during the tool’s machining are uncomplicated harmonic vibrations with frequency f and
amplitude A. The tool starts from point O and sinusoidally moves axially. td is the forming
time, and D is the vibration displacement. During one cycle, the tool and the sheet material
start to contact and squeeze downward at point O during processing. When the maximum
amplitude is reached, the tool moves upwards. The tool and the sheet material are still
in contact until point M begins to separate. The tool continues to move upwards to the
maximum amplitude, starts moving downward to point N, and recontacts the sheet metal
to complete a cycle. At the MN segment, the tool is separated from the sheet material,
accounting for half of the entire cycle. Therefore, in theory, the tool is in contact with the
sheet during only half of each vibration cycle.

Figure 16. Sinusoidal motion of the forming tool.

The loaded forming path excludes the tool’s vibration, and the period amplitude must
be defined to introduce low-frequency vibration. Because the research object of this article
is a truncated cone, the tool’s trajectory formed layer-by-layer is circular (Figure 7). The
amplitude of the movement in the X and Y directions of each layer is set as a periodic
amplitude, expressed by a Fourier series, as in Equation (2).

a = A0 + ∑H
h=1[Ahconhω(T1 − T0) + Bhsinhω(T1 − T0) (2)
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where H is the number of terms in the Fourier series, ω is the circular frequency (rad/s),
A0 is the initial amplitude, T0 is the initial time, T1 is the independent variable time, and
Ah and Bh are the cos and sine coefficient, respectively. The tool’s displacement in the X
and Y directions can be realized using the Fourier series, as in Equations (3) and (4).

X = Rdcos2πT1 (3)

Y = Rdsin2πT1 (4)

In the formula, Rd is each circle’s radius, and T1 is each circle’s movement time.
Combining the trajectories in the X and Y directions, the tool’s trajectory in each layer can
be obtained. The low-frequency vibration tool makes a short-displacement low-frequency
alternating motion relative to the sheet; therefore, the tool’s Z-direction movement can be
expressed using Equation (5).

Z = Asin[2π f (td)] (5)

Here, A and f in the equation represent the amplitude and frequency of low-frequency
vibration parameters, respectively. When f = 90 Hz and A = 0.03 mm, the circular fre-
quency’s value is 565 (= 2πf). To make a truncated cone with a diameter of 70 mm and a
depth of 15 mm, the movement time is 150 s, and the relationship between displacement
and time in all directions is extracted (Figure 17). Following the profile toolpath, the motion
trajectories in the X and Y directions are circular, and the motion in the Z-direction is
maintained constantly downward, macroscopically.

Figure 17. Time-displacement curves of the forming tool.

4.3. The Effect of Low-Frequency Vibrations on the Forming Process

Following the forming parameters shown in Table 4, this study investigated the effect
of low-frequency vibrations on equivalent stress, equivalent strain, thickness distribution,
forming force, residual stress, and springback using ABAQUS/Explicit.

4.3.1. The Effect of Low-Frequency Vibrations on Equivalent Stress

First, the simulation results of equivalent stress after SPIF and LFV-SPIF processes
were compared. From Figure 18a, to study the changing trend of equivalent stress in
the two processes, the equivalent stress clouds of the 10th, 20th, and 30th layers in the
two forming processes were compared. Compared with the SPIF process, as the forming
progressed, the equivalent stress distribution of the parts in the LFV-SPIF became more
uniform, and no obvious stress concentration occurred. Simultaneously, as the frequency
increased to 90 Hz, the equivalent stress reduced by about 13% (Figure 18b).



Metals 2022, 12, 346 14 of 25

Figure 18. (a) Equivalent stress of SPIF and LFV-SPIF. (b) Comparison of the equivalent stress
between the SPIF and LFV-SPIF part.

The effect of different vibration parameters on the equivalent stress was investigated
by maintaining the frequency (f = 90 Hz) or amplitude (A = 0.03 mm) and changing the
amplitude or frequency to obtain the influence of different amplitudes and frequencies
on equivalent stress (Figures 19 and 20). The effect of low-frequency vibrations on equiv-
alent stress is significant, i.e., as the frequency and amplitude increases, the equivalent
stress value considerably reduces. When the amplitude A > 0.03 mm, the vibrating tool’s
alternating force reaches the sheet’s yield limit, and the deformation is primarily plastic,
where the elastic deformation is restrained, uniformly deforming the material under a
lower force. When f > 60 Hz, the effect of stress superposition is significant. Simultaneously,
the material’s dislocation slips, and rheological effects are high, the crystal grains are more
refined, and the material’s plastic deformation ability increases. Hence, the equivalent
stress value under this working condition is low.
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Figure 19. Influence of different amplitudes on equivalent stress.

Figure 20. Influence of different frequencies on equivalent stress.

4.3.2. The Effect of Low-Frequency Vibrations on Equivalent Strain and
Thickness Distribution

As with equivalent stress, the numerical simulation results of equivalent strain of the
LFV-SPIF (f = 90 Hz, A = 0.03 mm) and the SPIF processes were compared. Figure 21a
shows the equivalent strains cloud diagram of SPIF and LFV-SPIF processes represented by
the 10th, 20th, and 30th layers. The equivalent strain values and distributions of the two
forming processes are similar in the early stage of the forming process. However, as the
forming continues, for LFV-SPIF, a phenomenon of concentrated strain distribution occurs,
and the equivalent strain value is large (Figure 21b).

Figure 21. (a) Equivalent strain of SPIF and LFV-SPIF. (b) Comparison of the equivalent strain
between the SPIF and LFV-SPIF part.
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To study the effect of different vibration parameters on equivalent strain, the frequency
(f = 90 Hz) or the amplitude (A = 0.03 mm) were maintained unchanged and only the
amplitude or frequency were changed. Figures 22 and 23 show the effect of different
amplitudes and frequencies on equivalent strain.

Figure 22. Influence of different amplitudes on equivalent strain.

Figure 23. Influence of different frequencies on equivalent strain.

From Figures 22 and 23, as the amplitude increases, the equivalent plastic strain
increases. Compared with other cases, when A = 0.01 mm, the equivalent strain limit is
lower, and the uniformity of material deformation is higher. Vibrating tools can promote
a more uniform deformation of the sheet. When the A > 0.03 mm or f > 60 Hz, the
instantaneous depression of the vibrating tool increases, the material’s strain rate and
deformation energy increases, and the equivalent strain extreme value increases accordingly.
Simultaneously, high frequency causes a more uneven local contact between the sheet and
tool per unit time, resulting in uneven strain distribution and local strain concentration.

Comparable results can be found from the sheet’s thickness distribution after forming.
Figures 24 and 25 show the thickness distribution of the formed part under different
vibration parameters. As the forming angle is constant for all the cases, depending on the
sine law, the difference in the thickness distribution of the formed parts is not obvious.
However, as the frequency and amplitude increases, the sheet’s thickness distribution
becomes more uneven. During the LFV-SPIF process, local springback continues. As the
frequency and amplitude increase, the contact area between the tool and sheet metal and
the deformation rate increase, causing concentrated stress and uneven deformation. In
particular, when the amplitude increases, its influence is more significant.
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Figure 24. Thickness distribution under different frequencies.

Figure 25. Thickness distribution under different amplitudes.

4.3.3. The Effect of Low-Frequency Vibrations on the Forming Force

The ABAQUS/Explicit algorithm was used to obtain the X-Y result curve of the SPIF
forming force in all directions (Figures 26a and 27a). Among them, the axial forming force
Fz shows a gradual and increasing law of change equivalent to the experiment results. As
shown in Figures 26b and 27b, Fx and Fy show a sinusoidal interleaved periodic fluctuation
change law, and the amplitude of the sinusoidal change gradually increases and stabilizes
near the 10th circle. In addition, the mathematical smoothed forming force Fz of the two
processes were compared. As the frequency increases to 90 Hz, the axial forming force Fz
of the AA1050 is reduced by 26.9% (Figure 28).

Figure 26. (a) Simulated forming force during the SPIF process and (b) the detail forming force
behaviors at one forming circle.
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Figure 27. (a) Simulated forming force during the LFV-SPIF process and (b) the detail forming force
behaviors at one forming circle.

Figure 28. Comparison of the axial forming force Fz of two forming processes.

Because the forming force in the LFV-SPIF process is stable around 10 circles, the
analysis efficiency is improved by extracting the forming forces of the first 10 circles for
comparative analysis (Figure 29). From Figure 29, the changing trends of Fz under the
three amplitude groups are similar in which the average value of force during each circle
is used to obtain the changing trend of Fz for the different amplitudes. The amplitude
positively correlates with Fz when it is greater than 0.01 mm. When the amplitude is less
than 0.01 mm, the vibrating tool’s force on the sheet is small. According to the Mises yield
criterion, the sheet has more elastic than plastic deformation, and the material has not
completely plastically yielded. When the vibrating tool moves to the second half in each
sine cycle, theoretically, the vibrating tool should be separated from the sheet material
instantaneously. However, the sheet material’s elastic energy is released, and the springback
keeps the sheet material and vibrating tool in continuous contact, increasing the average
value of Fz. When the amplitude is greater than 0.03 mm, the vibrating tool’s direct impact
exceeds the material’s yield strength. The deformation of the sheet is mostly plastic, which
inhibits the springback due to elastic deformation. The vibration tool realizes the actual
separation from the sheet metal in the second half of the cycle, decreasing the average of Fz.
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Figure 29. Axial forming forces Fz at different amplitudes.

Figure 30 shows the results of the axial force Fz at different frequencies. Consistent with
the research method for the amplitude part, the forming forces of the first 10 circles were
extracted for comparative analysis. The changing trends of Fz under the three frequency
groups were similar. When the frequency is greater than 30 Hz, it positively correlates with
Fz. As the frequency increases, the vibration energy absorbed by the material increases.
When it propagates near the dislocation grain boundary, the material’s lattice dislocation
density and rate will significantly increase, and the crystal grains will increase. It will be
more refined, and the material will become softer macroscopically; therefore, the Fz will
decrease as the frequency increases.

Figure 30. Axial forming forces Fz at different frequencies.

In the LFV-SPIF process, the most important reason for reducing the axial forming force
is the superposition of stress and material softening caused by low-frequency vibrations.
Similar to ultrasonic vibrations, low-frequency vibrations are mechanical energy where
dislocations in the metal structure absorb vibrational energy, promoting the movement of
the dislocations and making plastic deformation easier [31].

Figure 31 compares the experimental and simulation results of the axial force in the
steady state under different frequencies and amplitudes. Note that, compared with the
experimental results, a 20% error exists in the simulation because FEM can only reflect
the stress superposition effect of low-frequency vibrations. The acoustic softening effect
related to the material’s internal structure is challenging to simulate using finite elements.
Therefore, the correct material constitutive relationship should reflect the acoustic softening
effect of low-frequency vibrations on the material.
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Figure 31. Comparison of experimental and simulated results of axial force under (a) different
frequencies and (b) amplitudes.

4.3.4. The Effect of Low-Frequency Vibrations on Forming Accuracy

During the SPIF forming process, when the tool is unloaded, due to its local dynamic
loading characteristics, some uneven deformation and elastoplastic layering are caused,
causing the part to release a certain springback after the forming is completed. The
incompletely released deformation exists partially in residual stress to temporarily maintain
a balance. This balance is easily broken when the part is removed, reducing forming
accuracy. Based on the ABAQUS/Standard implicit analysis, the residual stress and
springback in the forming process were numerically simulated, and the influence of low-
frequency vibrations on the forming accuracy is discussed.

As shown in Figure 32a, the workpiece can be divided into a bending transition zone a,
inclined plane deformation zone b, and bottom stabilization zone c, along the deformation
path. At the same time, the unit body of the side wall is extracted and the residual stresses
in three directions (1, 2, and 3) are defined (Figure 32b). Among them, direction 1 (σx)
represents the wall direction parallel to the generatrix of the truncated cone, direction
2 (σy) represents the circumferential direction tangent to the circumferential direction of the
truncated cone, and direction 3 (σz) represents the normal direction perpendicular to the
plate. The wall residual stress σx, circumferential residual stress σy, and normal residual
stress σz correspond to S11, S22, and S33 in the ABAQUS simulation results, respectively.
Because the shell elements are used, and S33 does not change much, no comparative study
was conducted on S33. Therefore, this study focuses on the principal stresses σx and σy.
The positive value represents the tensile stress, and the negative value represents the
compressive stress.

Figure 32. (a) Location division of residual stress of parts, (b) Definition of residual stress direction.

When low-frequency vibration technology is introduced into SPIF, the material’s
rheological mechanism and deformation uniformity will change considerably when the
sheet is deformed, and the residual stress changes accordingly. The definition of the residual
stress direction of the low-frequency vibration single-point incremental sheet-forming part
is consistent with the definition of the direction in Figure 32. Figure 33 shows removing the
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holder and die, modifying boundary conditions, and importing the dynamic simulation
part as the initial state into the static analysis step for springback simulation of the LFV-
SPIF process. After that, the wall and circumferential residual stress distribution cloud
diagram of the part after springback is released and compared with the SPIF. Low-frequency
vibrations can effectively reduce the parts’ residual stress

Figure 33. Residual stress distribution of simulation parts. (a) SPIF (S11). (b) SPIF (S22). (c) LFV-SPIF:
90 Hz, 0.03 mm (S11). (d) LFV-SPIF: 90 Hz, 0.03 mm (S22).

In Figure 33 a,c, the sheet’s wall direction residual stress is shown as tensile-compressive-
tensile stress from left to right. The tensile stress is concentrated in the inclined plane
deformation area b. Only slight tensile or compressive stresses exist in transition zone a,
and bottom stabilization zone c. Simultaneously, the sheet’s circumferential residual stress
distribution is almost symmetrical to the wall direction (Figure 33b,d). Figure 34 compares
the residual stresses of SPIF and LFV-SPIF (f = 90 Hz and A = 0.03 mm) part in the wall
(S11) and circumferential directions (S22). After applying vibration, the maximum value of
the wall tensile residual stress is reduced by 36.9 MPa, and 30.2 MPa reduces the maximum
value of the circumferential residual tensile stress. Moreover, the maximum values of the
residual compressive stress in the wall side and the circumferential residual compressive
stress are reduced by 42.1 MPa and 47.8 MPa, respectively (Table 8).

Figure 34. Residual stress distribution of the formed part (a) S11, and (b) S22.

Table 8. Comparison of maximum residual stresses between SPIF and LFV-SPIF process (f = 90 Hz
and A = 0.03 mm).

SPIF LFV-SPIF (90 Hz, 0.03 mm)

S11 S22 S11 S22

Maximum tensile stress (MPa) 131.6 123.5 94.7 93.3
Maximum compressive stress (MPa) −161.6 −162.5 −119.5 −114.7
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Figures 35 and 36 show the comparison results of the residual stress at different
frequencies and amplitudes. The residual stress values in both directions decrease with
increase in frequency and amplitude.

Figure 35. Residual stress distribution under different frequencies, (a) S11, and (b) S22.

Figure 36. Residual stress distribution under different amplitudes, (a) S11, and (b) S22.

The reduction in residual stress caused by low-frequency vibrations can effectively
improve the springback in the sidewall. As in the experiment, four measurement positions
were selected on the wall area at intervals of 3 mm from the bottom surface for each formed
part, and the gap between each position with the target shape was measured. Finally, the
average value of these four measurements was used to characterize the normal error value
of the parts (Figure 37).

Figure 37. Method for measuring the normal accuracy error of parts.

Figure 38 shows the amount of springback at different frequencies and amplitudes
compared with the experiment results. As the frequency and amplitude increase, the
springback decreases, and the error can be reduced by 43.9% (f = 90 Hz and A = 0.05 mm)
in the FEM simulation.
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Figure 38. Normal accuracy error at different (a) amplitudes and (b) frequencies.

When the frequency is too small, its normal accuracy is weak. Once the frequency
exceeds 30 Hz, the vibration energy absorbed by the material transitions the kinetic and
potential energies of the atoms, which is then transformed into the material’s plastic de-
formation performance, reducing Young’s modulus and causing the material to have a
softening effect [36]. The residual stress in the sheet after unloading is reduced, sharply
reducing the part’s normal geometric error. It is worth noting that the trend of the simula-
tion results is the same as the experimental results, and the average error is only 3%, which
verifies the accuracy and feasibility of the FE model in this study.

5. Conclusions

This study investigated the effect of low-frequency vibrations on the performance
of the SPIF process. First, an FE model considering low-frequency vibrations was estab-
lished. The influence of low-frequency vibrations on the forming process was analyzed,
revealing the material’s deformation mechanism. Experiments were conducted to verify
the simulation results using the developed LFV-SPIF system. The following conclusions
can be drawn.

– Low-frequency vibrations can effectively reduce the equivalent stress and axial form-
ing force in sheet forming. Equivalent stress and axial forming force reduction correlate
positively with frequency and amplitude. The larger the frequency and amplitude,
the smaller the equivalent stress and axial forming force. As the vibration energy
increases, the stress superposition effect is significant. The vibration energy causes
dislocation to slip and rheological effects of the material, softening the material. When
the frequency is increased to 90 Hz, the axial forming force can be reduced by 45.6%.

– The LFV-SPIF equivalent strain values and distributions are similar to the SPIF process
in the early forming stage. However, as the forming continues, for LFV-SPIF, a
phenomenon of concentrated strain distribution occurs, and the equivalent strain
value is large. When A > 0.03 mm or F > 60 Hz, the vibrating tool’s instantaneous
press amount increases, the material’s strain rate and deformation energy increase,
and the equivalent strain extreme value increases accordingly. The high frequency
leads to more contact between the sheet and the tool per unit time, resulting in an
uneven strain distribution and local strain concentration, decreasing the uniformity of
the thickness distribution after the material is formed.

– Implicit analysis revealed the sheet’s residual stress distribution after unloading dur-
ing the LFV-SPIF process. Through comparison, it was found that the axial and normal
residual stresses are effectively reduced with increase in amplitude and frequency.
Furthermore, the residual stress reduction improves the normal forming accuracy of
the formed products. As the frequency increases to 90 Hz, the average accuracy of the
formed product can be increased by 46.9%.

– The use of LFV assistance in the SPIF process can effectively reduce the use of lubri-
cants and reduce environmental pollution as LFV can effectively change the friction
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conditions. Therefore, the LFV-SPIF process can be regarded as a clean produc-
tion technology.

6. Future Work

The acoustic softening effect and the vibration plastic softening effect refer to applying
vibration to change the processed material’s plastic mechanical properties, affecting the
material’s deformation mechanism and producing a softening phenomenon, reducing the
limit shear force during the forming process [37]. The acoustic softening effect related to
the material’s internal structure is challenging to simulate using finite elements. Therefore,
the material’s constitutive relationship must be modified to reflect the acoustic softening
effect of vibrations on the material. In subsequent research, constitutive model parameters
will be determined through experiments and applied to improve the simulation results.
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