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Article history:

Received 5 February 2019 path programmed into the controller of a CNC milling machine. In this process, no die is used
Revised 4 July 2019 under the sheet metal for support. The researchers' findings show that by applying ultrasonic
Accepted 24 August 2019 vibration to forming processes, metallic samples are subject to plasticization, transiently and

considerably. The beneficial results of applying ultrasonic vibration to the forming processes
are due to the volume and surface effects that are related to a change in the properties of the
Keywords: material and also in frictional conditions. In this article, the Ultrasonic Vibration-assisted
Incremental Forming Single Point Incremental Forming (UVaSPIF) process was simulated in finite element
Ultrasonic Vibration software. The results of the numerical analysis showed that the ultrasonic excitation of the
Finite Element Analysis forn_]ing tool and an increase _in the vibration amplit_ude reduced the fricti_on for_ce and the
Friction Force vertical component of the form_lng force. In the following, the results of the simulation process
Forming Force Were_compared with the experimental results at a frequency of 20 kHz and 7.5 pm v1brat_1on

amplitude. The study of the results showed good congruence between the values of the vertical
component of the forming force resulting from the numerical analysis and the experimental

fest © Shiraz University, Shiraz, Iran, 2019

1. Introduction force. Li and Lang [7] reported the reduction of the
forming force in an ultrasonic-assisted wire drawing.

Researchers have shown that the application of high- They realized that applying ultrasonic vibration
frequency ultrasonic energy during tension and improved the lubrication conditions between the wire
compression tests of metals reduces the material’s yield and the mold. Ashida and Aoyama [8] conducted

strength [1-4]. The findings of Blaha and Langenecker
[5] show that the changes in the mechanical properties
during the tension accompanied with the ultrasonic
excitation are due to the activation of dislocations. This
can be ascribed to the fact that ultrasonic vibration is
preferably absorbed in dislocations whose activation
reduces the forming forces.

Huang et al. [6] conducted experimental studies on
the ultrasonic-assisted upsetting. They found that
ultrasonic vibration reduced the average forming force

numerical and experimental studies on the pressing
process using ultrasonic excitation of the mold. They
found that using this energy could prevent the
occurrence of wrinkling and cracks in the formed
specimens. The results showed that this was due to the
reduction of the friction force between the sheet metal
and the mold.

Akbari Mousavi et al. [9] used the finite element
method to investigate the effect of ultrasonic vibration
on the average forming force in the forward extrusion.

during the process due to the reduction of the friction
They showed that if the extrusion speed was less than the
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critical speed, the extrusion force and the flow stress of
the material under the influence of ultrasonic vibration
were reduced. Djavanroodi et al. [10] examined the
effect of ultrasonic vibration on the ECAP process using
the finite element method and experiential test. They
showed that by increasing the amplitude of the vibration
and the ultrasonic frequency, the forming force reduced
considerably. Ahmadi and Farzin [11] studied the effect
of ultrasonic vibration on the ECAP process using a rigid
and an elastic punch in finite element software. They
showed that the reduction of the forming force depended
on the vibration amplitude and the mold speed. Faraji et
al. [12] studied the effect of ultrasonic vibration on the
TCAP process using the finite element method. They
showed that applying ultrasonic vibration to the radial
direction of the mandrel was more effective than to the
axial direction. This can lead to a reduction in the
forming force and an increase in the plastic strain.

Vahdati et al. [13] developed the Ultrasonic
Vibration-assisted Single Point Incremental Forming
(UVaSPIF) by applying ultrasonic vibration to the
hemispherical-head tool. They found that the application
of ultrasonic vibration resulted in a reduction of the
vertical component of the forming force, reducing the
spring-back and improving the surface quality of the
sample. Pengyang et al. [14] examined, both numerically
and experimentally, the effect of ultrasonic vibration
amplitude during the SPIF of a truncated cone. They
reported that as the vibration amplitude increased, the
forming force and the surface roughness of the sample
decreased. Toshiyuki and Mamoru [15] developed the
ultrasonic-assisted incremental microforming. They
showed that the simultaneous application of ultrasonic
vibration and laser heating improved the forming limit
and shape accuracy of the formed specimen.
Sakhtemanian et al. [16] suggested a new theoretical
model based on the conversion of ultrasonic vibration to
heat. According to this model, the tool’s temperature
increased quickly in the initial stages of the vibration and
then reached a constant value. The presented model was
used as the definition of material behavior (bimetal
sheet) in the FE software. Furthermore, the experimental
results showed the reduction of the amount of the force
and coefficient of the friction under the effect of
ultrasonic vibration.

It should be noted that the reduction of the forming
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force leads to the reduction of the applied pressure on the
spindle of NC or CNC milling machine. This matter is
important in relation to the forming of high strength
sheet metals and lightweight alloys (such as AA2024,
AZ31B, and Ti6Al4V) at room temperature. On the
other hand, no attempts have been made to conduct the
finite element analysis on the effect of ultrasonic
vibration on SPIF. Therefore, in this study, the research
has focused on applying ultrasonic vibration to SPIF for
numerically investigating the resulting deformation
mechanism. Hence to simulate the experimental test and
review the presented results in reference 13, the
numerical modeling and analysis of the UVaSPIF
process were performed for the first time on the Al 1050-
O sheet. The results of the finite element analysis
showed that the ultrasonic excitation of the forming tool
and increasing the vibration amplitude reduced the
friction force and the vertical component of the forming
force in the straight groove test. Therefore, the surface
effect of ultrasonic vibration was introduced as an
effective mechanism to reduce the vertical component of
the forming force. In addition, under the same conditions
(f =20kHz,a =75um), the numerical and
experimental values of the vertical component of the
forming force were very well matched.

2. Description of the Finite Element Model

The finite element method is one of the numerical
methods used to analyze the physical problems. Due to
the widespread use of computer in engineering sciences,
the finite element software has been developed based on
the finite element method. In this study, ABAQUS 6.14
[17] was used to model and analyze the forming process.
Since the wave of ultrasonic vibration was generated at
a high speed, the finite element modeling was performed
using explicit analysis procedure.

2.1. Modeling and meshing

The parts are modeled in a 3D manner based on the
geometry and dimensions of the SPIF process
components. The finite element model consists of a 10
mm hemispherical-head tool, a clamping plate, a sheet
metal of 100x100x0.7 mm in size, and a backing plate

(Fig. 1).
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— Sheet metal

Backing plate

Fig. 1. Modeling the SPIF components

Given that, the material of the forming tool (stainless
steel) is harder than that of the sheet metal (Al 1050-0O);
the tool was considered as an analytically rigid surface.
Additionally, the clamping and backing plates were
modeled as discrete rigid surfaces. The clamping and
backing plates were modeled using the R3D4' element

(Fig. 2).

(a) Clamping plate

(b) Backing plate

Fig. 2. Meshing the rigid components of the SPIF fixture

! Four-node bilinear rigid quadrilateral element
2 Eight-node linear brick, reduced integration, and
hourglass control element
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On the other hand, the sheet metal was deformable
and modeled using the C3D8R? element. A total of
69120 elements were generated using this model. The
proper size of the element was selected based on the
convergence of the maximum Von-Mises stress.
Therefore, the middle area of the sheet (straight groove
path) with an element size of 0.625 mm, the thickness of
the sheet with an element size of 0.175 mm and other
areas of the sheet with an element size of 2.5 mm were
meshed (Fig. 3).

(a) Middle area

(b) Thickness area

Fig. 3. Sheet metal meshing

2.2. Material behavior

The plastic deformation behavior of the sheet metal
follows the Hollomon's equation (¢ = K&™). Hollomon's
equation is a power law relationship between the stress
and the amount of the plastic strain, where ¢ is the stress,
K is the strength coefficient, ¢ is the plastic strain and n
is the strain hardening exponent.

To determine the values of K and n, a tensile test was
performed according to ASTM?3 E8M-04 standard on Al
1050-O sheets at room temperature. For this purpose,
standard specimens were prepared by the wire-EDM

8 American Society for Testing and Materials
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machine in three directions of 0°, 45" and 90°. Then,
each of the specimens was tested using an INSTRON
tensile machine with a feed rate of 2 mm/min. The
relationship between the true stress and true strain was
extracted as o (MPa) = 140£%27. Table 1 shows the
physical and mechanical properties of Al 1050-O sheet.

Table 1. Physical and mechanical properties of
Al 1050-0O sheet

Property Symbol Value
Density p 2705 kg/m3
Elastic modulus E 69 GPa
Poisson’s ratio v 0.33
Yield strength %62 28 MPa
Strength coefficient K 140 MPa
Strain hardening exponent n 0.27

2.3. Contact definition

To determine the frictional behavior of common
surfaces, the Coulomb model was considered with a
constant friction coefficient>. The tool-sheet interface
was defined as surface-to-surface contact.

To determine the best approximation for the
coefficient of friction of the tool-sheet interface in a non-
lubricating condition (dry friction), the simulation of the
SPIF process for three different coefficients of friction
of 0.15, 0.25 and 0.35 was performed under similar
conditions. Based on the comparison of the forming
forces resulted from the simulation and experimental
tests, the coefficient of friction of 0.25 was selected as
the best approximation. Therefore, the finite element
model during the simulation processes uses this value to
define the coefficient of friction at the tool-sheet
interface.

2.4. Boundary conditions

The degrees of freedom of the clamping and backing
plates along with the side faces of the sheet metal were
fixed using the ENCASTRE boundary condition. The
rotational speed of the forming tool was considered
equal to 13 rad/s (125 rpm). The path travelled by the
forming tool included 10 equal penetrations with a
vertical step size of 0.5 mm and 10 linear paths with a

! Penalty method
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length of 50 mm. The final geometry is in the form of a
straight groove (Fig. 4).

Sheet
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Fig. 4. Tool path strategy

The simulation of the UVaSPIF was performed by
applying longitudinal vibration to the axis of the forming
tool (Fig. 5). An ultrasonic oscillation with a frequency
of 125664 rad/s (20 kHz) and amplitude of 7.5 pum is
defined using a periodic function as a sine displacement
(u = asin wt) (Fig. 6).
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Fig. 5. Application of ultrasonic vibration to the forming tool
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2.5. Confirmation of the SPIF simulation

To confirm the simulation of the SPIF, the
experimental forming was performed under similar
conditions with the finite element analysis. The
experimental setup for the SPIF is detailed in reference
13. Table 2 lists the input and common parameters of the
simulation process and the experimental test.

Table 2. Input parameters of the simulation process
and the experimental test

Parameter Value
Sheet thickness 0.7 mm
Vertical step size 0.5 mm
Tool diameter 10 mm
Spindle speed 125 rpm

Figure 7 shows the comparison of the vertical
component of the forming force (F,) obtained from the
simulation process and the experimental test for 10-fold
stage tool paths. The vertical component of the forming
force in the SPIF increases with the progression of the
tool so that the plastic strain is applied to the specimen,
and the sheet metal is deformed.

—&—Sim. (SPIF) —=— Exp. (SPIF)

180
150
120
90
60
30

Fz (N)

Step number

Fig. 7. Behavior of F, in the simulation and experimental test
of the SPIF
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As can be seen, there is a slight difference (less than
8%) between the simulation and the experimental
results. Consequently, the function of the finite element
software is confirmed to simulate the SPIF and
UVaSPIF processes.

2.6. Simulation of the UVaSPIF process

Regarding the confirmation of the simulation of the
SPIF, the UVaSPIF simulation was performed by
applying longitudinal vibration to the tool axis. The
angular frequency and vibration amplitude are
125664 rad /s and 7.5 um, respectively (Fig. 8).

u,uz
+8.422e-05
-3.478e-04

(@) Full view

) U2
+8.422¢-05
-3.478e-04

(b) Section view

Fig 8. Formed sample in the UVaSPIF

As Figure 9 shows, the force behavior in the
UVaSPIF is oscillating. Therefore, the force-time
diagrams were calculated and extracted using a smooth
function in the Abaqus software. This function uses the
moving average algorithm to calculate the new values of
the force.

IIMF, Iranian Journal of Materials Forming, Volume 6, Number 2



Finite Element Analysis and Experimental Study of the Ultrasonic Vibration-assisted Single ... 35

270,

225,

Fz (N}

135,

[
008 501 002 .03 .04 705 .06 T07 .08 0.0 ) [
Time (s)

Fig. 9. Oscillatory behavior of the forming force in the
UVaSPIF

3. Results of Numerical Analysis

3.1. Effect of ultrasonic vibration on the friction force

To extract the friction force in the SPIF and
UVaSPIF, each of them must be simulated in two non-
friction (u = 0) and friction (1 = 0.25) conditions. The
difference between the values of the horizontal
component of the forming force (F,) in two non-friction
and friction conditions is considered as the friction force.
(Fig. 10) shows the behavior of the F, relative to the time
in the SPIF and UVaSPIF in both "non-friction" and
"friction" conditions during the fifth movement of the
tool path (depth = 2.5 mm).

4 — SPIF (friction)

WA —— 7.5 micron (friction)

— SPIF (frictionless)
AN AR NS sl —— 7. micron (frictionless)

0.0d8 0,039 0.050 0.051 0.052
Time (s)

Fig. 10. (. — t) diagram in the SPIF and UVaSPIF under
friction and non-friction conditions

According to (Fig. 10), it is determined that the effect
of applying ultrasonic vibration on the reduction of the
F, in the "friction" state is greater than that of the "non-
friction" condition. By increasing the friction
coefficient, the contribution of the friction force
increases in the forming force. (Fig. 11) displays the
difference between the (F, — t) curves of (Fig. 10). In
other words, (Fig. 11) shows the friction force behavior
(Fy) relative to the time for SPIF and UVaSPIF under
common conditions.
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Fig. 11. (F; — t) diagram in the SPIF and UVaSPIF (a = 7.5 um)

As can be seen, the friction force has been reduced
by the effect of ultrasonic vibration compared to the
SPIF. To investigate the friction force behavior on the
10-fold paths, the ratio of the friction force in the
UVaSPIF (F; ) to the friction force in the SPIF (F;) was
extracted (Fig. 12).
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Fig. 12. Behavior of the ratio (%)
As can be seen, the friction force in the UVaSPIF
(Fr,,;) is, on the average, 79.4% of the friction force in
the SPIF (Fy). In other words, the application of
ultrasonic vibration to the forming tool reduces the
friction force by approximately 20.6%.

3.2. Effect of the vibration amplitude on the friction
force

To study the effect of the vibration amplitude on the
friction force over the 10-fold paths, in addition to the
7.5 um amplitude, the vibrational amplitudes of 2.5, 5
and 10 microns were applied at a constant frequency of
20 kHz. Then, the ratio of the friction force in different
amplitudes of ultrasonic vibration (Ff ) to the friction
force in the SPIF (Fy) was extracted (Fig. 13).
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of ultrasonic vibration

As can be seen, increasing the vibration amplitude in
the UVaSPIF will result in a further reduction of the
friction force.

3.3. Effect of ultrasonic vibration on the vertical
component of the forming force

Figure 14 shows the behavior of the vertical
component of the forming force relative to the time in
the SPIF and UVaSPIF during the fifth movement of the
tool path (depth = 2.5 mm).
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Fig 14. (F, — t) diagram in the SPIF and UVaSPIF (a =
7.5 um)

As can be seen, the vertical component of the
forming force has been reduced by the effect of
ultrasonic vibration compared to the SPIF. To
investigate the vertical component of the forming force
behavior on the 10-fold paths, the ratio of the vertical
component of the forming force in the UVaSPIF (F, )
to the vertical component of the forming force in the
SPIF (F,) was extracted (Figure 15).
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Fig. 15. Behavior of the ratio ( ;”’)

As can be seen, the vertical component of the
forming force in the UVaSPIF (F, ) is, on the average,
77.2% of the vertical component of the forming force in
the SPIF (E,)). In other words, the application of
ultrasonic vibration to the forming tool reduces the
vertical component of the forming force by
approximately 22.8%.

3.4. Effect of the vibration amplitude on the vertical
component of the forming force

To study the effect of the vibration amplitude on the
vertical component of the forming force over the 10-fold
paths, in addition to the 7.5um amplitude, the
vibrational amplitudes of 2.5, 5 and 10 microns were
applied at a constant frequency of 20 kHz.

Figure 16 shows the behavior of the vertical
component of the forming force relative to the time for
different amplitudes of ultrasonic vibration in the fifth
movement of the tool path (depth = 2.5 mm).

Fz (N)

0.0%8 * 009 S 5.050 * B051 - 0ls2
Time (s)

Fig. 16. (F, — t) diagram for different ultrasonic vibration
amplitudes

As can be seen, increasing the vibration amplitude in
the UVaSPIF will result in a further reduction of the
vertical component of the forming force. To study the
behavior of the vertical component of the forming force
in the 10-fold paths, the ratio of the vertical component
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of the forming force in different amplitudes of ultrasonic
vibration (F, ) to the vertical component of the forming
force in the SPIF (E,) was extracted (Fig. 17).
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Fig. 17. Behavior of the ratio (%) for different amplitudes
of ultrasonic vibration

According to (Fig. 13 and 17), Table 3 presents the
comparison of the reduction percentage of the friction
force and the vertical component of the forming force in
the UVaSPIF for different vibration amplitudes.

Table 3. Comparison of reduction percentage of F;,  and F, ,
in the UVaSPIF for the different vibration amplitudes

Vibration Reduction Reduction
amplitude percentage of percentage of
(”m) Fful (%) qul (%)
2.5 2.7 3.9
5 11 134
7.5 20.6 22.8
10 24.9 27.8

Therefore, it can be concluded that the vertical
component of the forming force is reduced by the effect
of reducing the friction between the vibrating tool and
the sheet metal. In other words, changing the friction
conditions between the vibrating tool and the sheet metal
(surface effect of ultrasonic vibration) results in a
reduction of the vertical component of the forming force.

4. Experimental Test

To apply ultrasonic vibration to the forming tool, a
King generator with a power output of 1000 W at an
operational frequency of 20 kHz was used. The
ultrasonic generator converts low-frequency input
voltage (220 VAC, 50-60 Hz) into high-frequency
ultrasonic power (1000 W, 20 kHz). Experiments were
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performed using a CNC horizontal milling machine at
the University of Kashan (Fig. 18).

Designed System for
Ultrasonic Vibration Trassmission

Vibratory Formisg Tool

Fisture for Incremental Forming

Fig. 18. Arrangement of the UVaSPIF components

In this study, ultrasonic energy was applied
longitudinally to the forming tool so that it would
vibrate. The principles of the design, analysis,
fabrication, testing, and employment of the vibrating
tool in the UVaSPIF are described in reference 13.

4.1. Experimental results

A Kistler piezoelectric dynamometer was employed
to record the vertical component of the applied force (E,)
with the help of the Dynoware interface software. (Fig.
19) shows the mean values of the vertical component of
the forming force in the SPIF (without vibration) and
UVaSPIF (with vibration) over the 10-fold paths.

= Exp. (SPIF) Exp. (a=7.5 um)

180
150
120
90
60
30

Fz (N)

1 2 3 4 5 6 7 8 9 10
Step number

Fig. 19. Comparison between the mean values of F, in the
SPIF and UVaSPIF (a = 7.5 um)

As can be seen, the ultrasonic excitation of the
forming tool has reduced the mean values of the force
applied to the tool axis. To study the procedure of the
changes in the vertical component of the forming force
in the 10-fold paths, the ratio of the vertical component
of the forming force in the UVaSPIF (F, ) to the vertical
component of the forming force in the SPIF (F,) was
extracted (Fig. 20).
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Fig. 20. Behavior of the ratio (%)

As can be seen, the vertical component of the
forming force in the UVaSPIF (F, ) is, on the average,
74.4% of the vertical component of the forming force in
the SPIF (F,). In other words, the application of
ultrasonic vibration to the forming tool reduces the
vertical component of the forming force by
approximately 25.6%.

4.2. Comparison and examination of the numerical
and experimental values of the vertical component of
the forming force

In this section, the common results obtained from the
numerical analysis and experimental test are compared
in two situations: "without vibration" and "with
vibration". (Fig. 21) shows the comparison of the values
of the vertical component of the forming force generated
by the numerical analysis and by the experimental test
[13] in the UVaSPIF (f = 20 kHz,a = 7.5 um).

Sim. (a=7.5 um) Exp. (@=7.5 um)

140
120
100
80
60
40

Fz ul (N)

1 2 3 4 5 6 7 8 9 10
Step number

Fig. 21. Comparison of F, , over the 10-fold paths of the
UVaSPIF (a = 7.5 um)

As can be seen, the difference between the numerical
and experimental results of the UVaSPIF is less than 5%,
suggesting a proper match between the numerical and
experimental results. The factors that can be raised as the
uncertain sources include:
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e Using the approximate amount of dry friction
coefficient in the FEA

e Discarding the effect of the localized increase of
the temperature due to ultrasonic vibration at the tool-
sheet interface

e Measuring the error of the vertical component of
the forming force due to:

1. Non-perpendicularity of the experimental set-up
on the dynamometer surface

2. The effect of the friction between the force
transmission components

¢ Reduction of the ultrasonic vibration amplitude due
to the tool-sheet contact

Table 4 shows the average of the reduction
percentage of the vertical component of the forming
force for each of the numerical and experimental
analysis.

Table 4. Reduction percentage of the vertical
component of the forming force

Analysis type Reduction percentage (%)
Numerical 22.8
Experimental 25.6

As can be seen, the reduction in the vertical
component of the forming force in the experimental test
is more than that of the simulation process. This is due
to the material softening during the experimental test,
which, together with the surface effects of ultrasonic
vibration, results in a further reduction of the forming
force. Based on the numerical and experimental results,
some of the effective factors in terms of force reduction
in the UVaSPIF are as follows: frictional changes
between the forming tool and the sheet metal, surface
elastic-plastic ~ deformation, dynamic effects of
ultrasonic vibration and the changes in the material flow.
Generally, all of these factors are associated with the
surface effects of ultrasonic vibration [6, 8].
Consequently, the reduction in the vertical component of
the forming force was mainly because of the surface
effects, or changes in the tool-sheet contact conditions,
and not because of the volume effects. It seems that,
because of the ultrasonic effects, the surface elastic-
plastic deformation increased the temperature at the tool-
sheet interface. An increase in the temperature affects
the material flow. Therefore, the vertical component of
the forming force decreased.
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5. Conclusion

In this research, the simulation of the UVaSPIF was
performed in the finite element software. Then, the
numerical analysis and experimental test results were
compared and studied. The most important results of this
research are listed below:

e The finite element analysis showed that the
ultrasonic excitation of the forming tool (f =
20 kHz,a = 7.5 um) in the straight groove test reduced
the friction force and the vertical component of the
forming force by 20.6% and 22.8%, respectively.

o The effect of a reduction in the friction between the
vibrating tool and the sheet metal resulted in a reduction
of the vertical component of the forming force. In other
words, changing the frictional conditions between the
vibrating tool and the sheet metal (surface effect of
ultrasonic vibration) reduces the vertical component of
the forming force.

e Increasing the vibration amplitude in the UVaSPIF
resulted in a further reduction in the friction force and
the vertical component of the forming force.

e The experimental test showed that the application
of ultrasonic vibration (f =20kHz,a =7.5um)
reduced the vertical component of the forming force by
approximately 25.6%.

e The reduction in the vertical component of the
forming force in the experimental test (25.6%) is more
than the simulation process (22.8%). This is due to the
material softening during the experimental test, which,
together with the surface effects of ultrasonic vibration,
results in a further reduction of the forming force.
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