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Abstract

The propagation of high intensity ultrasonic wave in the solids can
greatly affect the material properties. In this paper, the
deformation characteristics of the ultrasonic vibration forging
were investigated. For the ultrasonic vibration forging, the
ultrasonic wave propagates in the specimen during the forming
process. A detailed analysis and understanding of the mechanism
of improvement is not possible on the basis of conventional
experimental observations because ultrasonic vibration processing
phenomenon occurs at a high speed. Hence, in order to study the
mechanism of ultrasonic vibration forging, the finite element
modeling was performed by using Abaqus/explicit. The metal
flow of the ultrasonic vibration forging is totally different from
the conventional one, and there is no “drum” effect in the forming
process, which is the main characteristic in the conventional
forging. Moreover, the stress and equivalent plastic strain
distributions after the ultrasonic vibration forging process were
explored.

Introduction

In the last 40 years, many studies have been done about the
application of ultrasonic vibration in metal working process, such
as cold and hot upsetting [1,2], deep drawing [3], wire drawing
[4], sheet metal forming [5] and so on, moreover many review
papers [6] about this project have been published. The difference
between the conventional and the ultrasonic vibration metal
forming is that the latter applied ultrasonic energy to act on the die
and then uses the die to deform the workpiece. The advantages of
the superimposed high-frequency vibrations onto the static load
during the metal forming process are: a) reduce the forming force;
b) decrease the spring-back angle during sheet metal forming and
increase the forming limit of materials [1-6].

From all these published research papers, the reduction of the
measured mean forming load can be attributed to the following
mechanisms: the stress superposition (caused by the die
vibration), absorption of acoustic energy at dislocations, reduction
of internal and contact friction, and thermal effects. And some
researchers also argued that there is a temporary softening of
material properties during ultrasonic excitation on the lower die.
In the recent research, Yusof [7] et al. investigated the ultrasonic
compression tests by experimental and finite element (FE)
methods. By adjusting the material properties and the friction
coefficient during the moment of the ultrasonic excitation in the
FE simulation environment, the stress-strain relationship predicted
by the FE modeling was in a good agreement with that of the
experiment.

For all these previous researches, the ultrasonic was just
exerting on the lower or upper die, and there is no research to
prove that the ultrasonic wave can propagate in the workpiece
during the forming process. Ultrasonic energy is mechanical
energy. When the wave transmits in the solid, it can disturb the
particles of a body from equilibrium, which gives rise to internal
forces that tend to return these particles to equilibrium. These
internal forces per unit area are known as stresses. The stresses
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associated with the propagation of ultrasonic waves are the basic
cause of the numerous mechanical effects attributable to applying
ultrasonic energy [8,9].

In this paper, during the ultrasonic vibration forging process,
the ultrasonic wave was directly injected into the workpiece. Due
to it is really very difficult to get the real-time measurements of
the forging phenomena during the application of ultrasonic
vibration in the experiment, the FE method was applied as a main
tool to investigate the deformation characteristic of the ultrasonic
vibration forging. A commercial software, Abaqus/Explicit, is
applied for the FE analysis in this study. Through the comparison
of the conventional forging and the ultrasonic vibration forging,
the metal flow, forming force, the stress and strain distribution of
the ultrasonic vibration forging process were revealed.

1. Establishment of 2D FE model
Just one cross section of the workpiece was selected to do the
analysis due to it is cylindrical and the 2D FE model created in the
Abaqus as shown in Fig.1. The upper and lower dies were
assumed to be rigid bodies, and modeled by an analytical rigid
surface. Four-node bilinear quadrilateral plane strain with reduced
integration and hourglass control elements (CPE4R) were applied
to model the workpiece. The frictional behavior between the die
and the workpiece is assumed to follow Coulomb’s model. And
the friction coefficient was set to 0.25 for a dry surface condition.
The material properties of the soft aluminum grade (1050) were:
Young’s modulus £ 69GPa, Poisson’s ratio ¢ 0.33, density p 2719
kg/m®, True plastic strain ¢” , was defined using the following
equation [7]:
gpl =£l _gel =€l _g
E
where g’ is the true total strain, g the true elastic strain,
o the true stress.
In this study, the key point to create the FE model is the
excitation of the ultrasonic vibration. Because the ultrasonic
energy is mechanical energy, a pulse pressure P, sinwt was

applied on the end of the workpiece. The method to exert the
ultrasonic wave in the workpiece has been verified correctly in a
previous study [10]. In this study, the frequency of the ultrasonic
vibration is 20k Hz, sow = 271 =125600. And other process

parameters are summarized in Table 1.

Table 1 Upsetting and ultrasonic vibration conditions

Dimension of the workpiece (mm) ®20X30
Upsetting speed, V (mm/s) 40
Frequency, f(kHz) 20
p(t) sin(125600t)
Displacement of the upper die, S 10
(mm)

2, Verification and evaluation of the developed 2D FE model



The accuracy of the FE model is very important for the
numerical simulation. Therefore, the validity of the developed 2D
FE model should be evaluated before we use it for the further
study on the ultrasonic vibration forging process.

As a general rule, if the kinetic energy (ALLKE) of deforming
materials does not exceed a small fraction (typically 5-10%) of its
internal energy (ALLIE) throughout the most of the simulation
process, moreover, if the two energy histories curves are smooth,
the developed FE model can be considered to be valid. Fig. 2
shows the internal and kinetic energy histories of the deforming
cylinder workpiece in the ultrasonic vibration forging process. It
can be seen that the two curves are smooth. At the beginning of
cold rotary forging, both the values of internal and kinetic energy
are zero. With the increasing of the forming time, the value of
internal energy increases gradually while the value of kinetic
energy just increased a little and the value is closed to zero. In
view of the rule, the developed 2D FE model of ultrasonic
vibration is reasonable theoretically.

/PO sin wf

Fig.1. 2D FE model of ultrasonic vibration forging.
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Fig 2. Energy histories of the deforming cylinder workpiece.

In order to verify the validity of the proposed 2D FE model
experimentally, the simulation were compared with the research
data obtained from Ref. [7], as shown in Fig. 3. In Ref. [7], the
dimension of the workpiece was ®8 X 8mm, the height reduction
was 4mm, and the simulation was done in Abaqus software. The
ultrasonic vibration was exerted on the lower die with the
frequency of 20k Hz and the amplitude of 10pm. Here, in our
paper, the simulation conditions for this comparison are the same
as these in Ref. [7]. Moreover, the stress-strain relationship for the
case of ultrasonic wave transmitted in the specimen during the
forging is also presented in Fig.3. It can be seen from this figure
that the simulation result of the stress-strain relationship for the
ultrasonic vibration forging when the uitrasonic is exerted on the
lower die is in good agreement with they reported in Ref. [7].
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However, from this figure, when the ultrasonic vibration was
exerted on the lower die, the path of the maximum oscillatory
stress follows the path of the static stress-strain curve and that the
path of the mean stress is lower than and parallel to the static
stress-strain curve; when the ultrasonic wave propagate in the
workpiece, the path of the maximum oscillatory stress will be
parallel to, but can be higher than the static stress, referred to as
overshoot. So, the way of the ultrasonic vibration excitation can
affect the deformation process, and in the next section we will
reveal the deformation characteristics of the ultrasonic vibration
forging using this valid 2D FE model.
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Fig.3. Comparison of the stress-strain relationship.

3. Results
4.1 stress field analysis

When the ultrasonic wave transmits in the material, it can
create an additional stress field. Fig.4a shows the stress
distributions when the wave propagates in the specimen. The
velocity of the wave propagates in the specimen is
v=JE/p =5037.6m/s, and the period T =1/ f =5¢-5. So, in a
cycle, the wave can propagate S = vT =0.2518m, and the height
of the specimen is only 30 mm. At the time of +=5.8E-6s, the
wave just reach the end of the specimen, and then it is reflected
back and superimposed with the incoming one. At the time of
t=1.16E-5 s, the first reflected wave reach the other side of the
specimen, and then it is reflected, repeat again and again. Fig.5
shows the stress history for the points 1, 2, 3 defined in Fig.4a
during the time of 2T. For point 1, which lies near the wave
inputting side surface, the stress changing law just likes the input
wave with the amplitude of 16.6MPa and the period of 0.25¢-4 s.
For point 2, which was in the middle of the specimen, in a cycle,
there are several stress peak due to the stress superimposed. For
point 3, at the end of the specimen, the stress is almost zero since
the stress free for one side of the bar.

Fig.4b shows the typical stress distribution for the conventional
forging process. Due to the friction force existed between the
specimen and the die, the cylindrical workpiece exhibits the
“drum” effect, which is the main characteristic of conventional
forging process.

Fig.4c and Fig.4d show the stress distribution for the ultrasonic
vibration forging processes but the values of the pulse pressure
applied are different. During the compression process, if the
extrusion speed is less than the maximum vibration speed, the die
plates could be separated from the specimen, and the critical
compression speed might be defined asV =2y , a and f are

the amplitude and the frequency of vibrations, respectively. The
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Fig.4. Stress distributions during the forming process.

maximum vibration speed is just2zaf [11]. When P, = 16.5MPa

(Fig.4c), the die plates does not separate from the specimen, the
stress distribution is almost the same as the one of conventional
forging and the workpiece also has the drum effect. If the pressure
increased to 16.6 MPa (Fig.4d), the maximum vibration speed will
also be increased, so the die plate separate from the specimen. In
this condition, the stress distribution and the deformed shape of
the specimen are totally different from the conventional one. The
final shape of the workpiece looks like a reversed drum, where it
is skinny in the middle and wide of the ends. For this forging
process, the metal flow and deformation mechanism will be
discussed in the following sections.
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Fig.5. Stress history of the selected points.
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4.2 The effect of ultrasonic vibrations on the metal flow.

In order to reveal the PEEQ distribution law in detail, some
special points in the axial section of the cylindrical workpiece
were selected as the tracking points for measuring the PEEQ
values (shown in Fig.6). All the tracking points are located in the
half of the axial section owing to the PEEQ distribution symmetry

in the radial direction.
B

F
Fig.6. Tracking point in the axial section of the cylindrical
workpiece.

Fig.7 illustrates the comparison of PEEQ distribution of
tracking points along the radial direction between the
conventional forging and ultrasonic vibration forging. It can be
observed from Fig.7a that in conventional forging, the PEEQ
value along A-B line and E-F line is identical, which coincides
with the PEEQ distribution symmetry in the axial direction.
Furthermore, the PEEQ valuc decreases along C-D line, while it
gradually increases along A-B and E-F line. By comparing the
three curves, it can be also concluded that the PEEQ value of the
middle part is larger than that of the upper and lower region of the



cylindrical workpiece. The maximum PEEQ value always lies in
the center part of the cylindrical workpiece while the minimum
PEEQ value always occurs in the upper surface and the lower
surface during the conventional forging process.

In ultrasonic vibration forging (Fig.7b, the die plates separate
from the workpiece), the PEEQ values along the line of AB and
EF almost have no changes, they are around 0.85 and 0.7,
respectively. It means that the deformation in the upper and lower
surface is even, but the upper surface deformation is much more
severe than that of the lower surface. The PEEQ in the middle of
the workpiece is the smallest, along the line CD, the PEEQ
gradually decreased firstly and then increased a little sharply.
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Fig.7. Comparison of PEEQ distribution of tracking points along
the radial direction between ultrasonic vibration forging and
conventional forging.
4.3The effect of ultrasonic vibrations on the forming load
Fig.8 provides the force comparison between conventional
forging and ultrasonic vibration forgings. From this figure, the
force-displacement curve is really typical for the conventional
forging process. At the beginning of the process, the forging force
increases significantly from zero to a certain value. And then it
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gradually increases quasi-linearly. For the ultrasonic vibration
forging, when the pulse pressure P, = 16.5MPa (the die plates

contacted with the specimen), the force will also increase to a
certain value at the beginning, which is almost the same as the
conventional one, but then it increases with a cosine shape. It can
be seen that, the mean force is equal to that of the conventional
forging process. However, when the pulse pressure
P = 16.6MPa, the die plates separate from the specimen, so

sometimes the force is zero. Moreover, the maximum force is
much smaller than that of the two former forming processes.
During the simulation process, if we save the data in each period
of the pulse pressure, the final result data file will be very large
and the totat simulation time will be very long. So, just a short
interval, from the displacement of Smm to 5.08mm, was selected
to analyses the force variation. From the small figure, the force
varied sinusoidal.
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Fig.8. Force comparison between the conventional forging and the
ultrasonic vibration forgings.

4. Discussion
5.1 vibration amplitude
In this study, when the pulse pressure P, is higher than

16.5MPa, the die plates separate from the specimen. Just as
mentioned above, the critical compression speed might be defined
as ¥ =2mf . in which a is the amplitude. Fig.9 shows the

particle vibration amplitude caused by different pulse pressures
when there are no constrains at the top and bottom surfaces (for
the point E). From this figure, we can get that the particle
displacement increased with the increasing of the time, and the
increased value is equal for each cycle. However, during the
forging process, the workpiece will be constrained by the top and
lower die plates, so the particle displacement cannot be infinite.
From Fig.9, we can also get that, the bigger of the pulse pressure,
the larger of the particle displacement will be. So, when the pulse
pressure P, = 16.6MPa, the dic plates will scparate from the

workpiece, but it will not be occurred when P, = 16.5MPa.

5.2 deformation mechanism

For the cylinder workpiece conventional forging, the drum
effect will always be occurred due to the frictional force existed
between the surfaces of the workpiece and the die plates as shown
in Fig.10c. If there is no friction force between the surfaces of the
workpiece and the die plates, the cylinder workpiece will keep the
cylinder shape after the forging forming process (shown in
Fig.10b).

In this study, when the die plates do not separate from the
workpiece, the formed part has the drum effect (shown in Fig.4c),



which means that the friction coefficient fis not zero. When the
die plates separate from the workpiece, the final shape of the part
looks like a reversed drum as shown in Fig.10d. As published in
some older reports (the ultrasonic vibration was exerted on the die
plates), when the workpiece did not separate from the dic plates,
the deformed parts had the drum effect even though the ultrasonic
vibration upsetting can reduce the friction coefficient [2-
5].However, if the workpiece separate from the die plates, during
the forming process, the workpiece will vibrate and hit the die
plates for 20 000 times per second, which just like that a hummer
hit the workpiece continually with a frequency of 20k Hz. So, the
final shape of the parts look like reversed drum.
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Fig.10. Schematic of the shape of the formed part after the forging
process at different condition.

5. Summary

In this study, the ultrasonic vibration forging process was
analyzed with the FEM method. Through the comparison of the
ultrasonic vibration forging and the conventional forging, several
important results were obtained just as shown in the follows.

(1) For the ultrasonic vibration forging, if the pulse press is
over a critical value, the die plates will separate from the
workpiece.

(2) If the die plates do not separate from the workpiece, the
stress distribution and metal flow of the ultrasonic vibration
forging is the same as that of the conventional forging, but the
forming loads are different.

(3) If the die plates separate from the workpicce, the final shape
of the formed part just looks like the reversed drum, however, the
“drum” effect is the typical characteristic of the conventional
forging. In this condition, the forming load is much smaller than
that of the conventional forging.

Reference

264

[1] Y. Daud, M. Lucas, Z. Huang, “Superimposed ultrasonic
oscillations in compression tests of aluminium,” Ultrasonics,
44(2006)e511-€515.

[2] J. C. Hung, C. Huang, “The influence of ultrasonic-vibration
on hot upsetting of aluminum alloy,” Ultrasonics, 43(2005)
692-698.

[3] T. Jimma, Y. Kasuga, N. Iwaki, et al,, “An application of
ultrasonic vibration to the deep drawing process,” J. Materials
and Processing Technology, 80-81(1998)406-412.

[4] M. Murakawa, M. Jin, “The utility of radially and
ultrasonically vibrated dies in the wire drawing process,” J.
Materials and Processing Technology, 113(2001)81-86.

[5] Y. Ashida a, H. Aoyamab. “Press forming using ultrasonic
vibration, ” J. Materials Processing Technology, 187-188
(2007)118-122.

[6] A.E. Eaves, A.W. Smith, W.J. Waterhouse, et al., “Review of
the application of ultrasonic vibrations to deforming metals.”
Ultrasonics, 7(1975)162.

[7]1 Y. Daud, M. Lucas, Z. Huang. “Modeling the effects of
superimposed  ultrasonic  vibrations on tension and
compression tests of aluminium,” J. Materials Processing
Technology, 186(2007)179-190.

[8] O. V. Abramov, High-intensity ultrasonics: theory and
industrial application (Moscow, Kurnakov institute of general
and inorganic chemistry, 1998), 161-187.

[9] S. V. Kovsh, V. A. Kotko, I. G. Polotskii, “Effect of
ultrasound on the dislocation structure and mechanical
properties of molybdenum,” Met. Metallovedenie, 35-
36(1973)1199-1205.

[10] Y. Liu, S. Suslov, Q. Han, et al., “Microstructure of the pure
copper produced by upsetting with ultrasonic vibration,”
Materials Letters, 67(2012)52-55.

[11]S.A.A.Akbari Mousavi, H. Feizi, R. Madoliat. “Investigations
on the effects of ultrasonic vibrations in the extrusion
process,” J. Materials Processing Technology, 187-188(2007)
657-661.





