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Abstract
The ultrasonic vibration-assisted 6063 aluminum alloy ring upsetting with different lubricants was performed to explore the
effects of ultrasonic vibration on specimens during upsetting. The influence of ultrasonic vibration on upsetting was analyzed on
the basis of the stress-strain curves which were obtained from different experimental conditions. The friction coefficients on the
specimen/tool interface under different experimental conditions were computed according to the size of compressed specimens.
The effect of ultrasonic vibration on surface quality was also investigated by analyzing the variation of surface hardness,
roughness, and topography. Compared with the conventional upsetting, the true stress decreased by 14.26 and 15.45% when
the amplitude was 3.34 and 3.96 μm respectively. The friction coefficient on the specimen/tool interface reduced under the effect
of ultrasonic vibration, and the friction coefficient decreased with the increase of the vibration amplitude. The ultrasonic vibration
improved the surface quality effectively. The surface quality, roughness, hardness, and anti-friction effect on the top surface that
contacts directly with the vibration tool head were better than those on the bottom surface.
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1 Introduction

Nowadays, ultrasonic vibration has been widely used in metal
plastic forming, including ultrasonic drawing, ultrasonic ex-
trusion, and ultrasonic upsetting. Interesting effects occur
when ultrasonic vibration is applied in the metal forming pro-
cesses, including a reduction in the friction between the die
and the specimen, and a decrease in the forming forces, which
attracts many scholars. Yang et al. [1] applied ultrasonic vi-
bration to the die in the process of wire drawing; the results
showed that the surface quality was improved and the limited
drawing ratio can be increased. Kim and Lee [2] found that the
turning or cutting quality was improved under the effect of
ultrasonic vibration. Ahmadi et al. [3] imposed ultrasonic vi-
bration in the ECAP process and found superimposing ultra-
sonic vibration with the amplitude of 2.5 μm increases the

efficiency of the ECAP process by 25.8%. Bunget and
Ngaile [4] investigated the ultrasonic vibration-assisted mi-
cro-forming and obtained small parts with high surface qual-
ity. Jimma et al. [5] and Ashida and Aoyama [6] investigated
the influence of ultrasonic vibration on the deep drawing pro-
cess and found the limited deep drawing ratio can be increased
and avoided the crack.

It can be found that previous studies mainly focus on
the application of the ultrasonic vibration in various pro-
cessing technology. Schey [7] classified the beneficial ef-
fects of ultrasonic vibration in manufacturing processes into
two categories: reductions in strength of the material and
interfacial friction. In terms of the impacts of the ultrasonic
vibration on metal forming processes, they were summa-
rized as volume effect [8–11] and surface effect [6, 12–13]
respectively although internal forming mechanisms were
still unclear. Friction between the workpiece and the tool
plays an important role in metal forming processes. The
surface effect of ultrasonic vibration has a significant im-
pact on the lubrication condition, which leads to the reduc-
tion of the friction on the workpiece/tool interface, and
improves the surface quality of the workpiece. Therefore,
many scholars have done a lot of investigations on the
surface effect of the ultrasonic vibration.
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The surface effect was separated by Siegert and Ulmer
[14]; the reduction of the sliding friction between the longitu-
dinal oscillating die and the workpiece can be explained by the
so-called sliding friction vector effect. Lehfeldt and Pohlman
[15] examined the feasibility of exciting a ball by the vibration
on a revolving plate in experiments on the influence of the
ultrasonic vibration on friction. The frictional forces were
minimal at the contact surface when the direction of vibration
was parallel to the direction of motion. Jimma et al. [5] applied
ultrasonic vibration to the deep drawing process and showed
that ultrasonic vibration deep drawing was very effective in
increasing the limiting drawing ratio and surpassed the theo-
retical value LDR of deep drawing by ideal tools without
friction. Dawson et al. [16] found that the forming quality of
surface was improved under the effect of ultrasonic vibration.
They considered that the friction vector was changed and the
lubrication condition was improved. In the upsetting process-
es, the ultrasonic vibration shows the volume and surface ef-
fects at the same time. Some researchers completed basic ex-
perimental studies of ultrasonic upsetting. Huang et al.[17]
used the plasticine as a model material to simulate the hot
metal and found applying an ultrasonic vibration to the die
reduces the mean forming force during upsetting. He conclud-
ed that the stress superposition effect and the reduction of
interface friction contributed to the phenomenon above.
Daud et al. [18] applied ultrasonic vibration to the bottom
platen in compression tests on aluminum alloy specimens;
the stress-strain relationship could be characterized by a tem-
porary effective softening of the material during intervals of
ultrasonic excitation. Abdul and Lucas [19] found that the

forming force reduced under the effect of ultrasonic vibration
during upsetting process. Zhuang et al. [20] found the force
reduction because of stress superposition and friction effects
was still less than the actual force reduction from the tests.

The surface effect of ultrasonic vibration was only qualita-
tively studied in the above investigations, and under different
friction conditions, the change of stress-strain relationship in
the process of ultrasonic vibration-assisted upsetting was stud-
ied byDaud et al. [13] Nevertheless, the other previous studies
are restricted to a single lubrication condition, so that further
experimental studies on the influence of the ultrasonic vibra-
tion on the friction coefficient under different lubrication con-
ditions and the quantitative research of the surface quality,
including surface roughness and topography, are insufficient.
Moreover, among the methods for measuring the friction
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Fig. 1 Ultrasonic-assisted
upsetting test system

Fig. 2 Upsetting specimen

Table 1 Chemical composition of 6063 aluminum alloy (wt%)

Element Si Fe Cu Mn Mg Zn Ti Cr Other Al

Content 0.32 0.35 0.1 0.1 0.6 0.1 0.1 0.1 0.05 Balance
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coefficient or the friction factor, the ring compression test has
been widely employed over the last two decades [21–23].
Thus, in our work, 6063 aluminum alloy ring specimens were
taken as the research object in room temperature upsetting
tests. The impact of ultrasonic vibration on ring upsetting in
different lubrication conditions was investigated. The effect of
ultrasonic vibration on the variation of the friction coefficient
under the conditions of dry friction, liquid lubrication, grease
lubrication, and PTFE film lubrication, as well as the influence
of ultrasonic vibration on surface topography, surface hard-
ness, and surface roughness, was analyzed quantificationally
to reveal the surface effect of the ultrasonic vibration in the
ultrasonic vibration-assisted upsetting.

2 Establishment of ultrasonic
vibration-assisted upsetting system and test
scheme

2.1 Establishment of ultrasonic vibration-assisted
upsetting system

An experimental system consists of a universal material
testing machine (SANSCMT5205) and a set of ultrasonic
vibration unit, as shown in Fig. 1. In the present work,
the ultrasonic vibration unit includes an ultrasonic

generator, transducer, amplitude transformer, and tool
head. The frequency of the ultrasonic power is 15 kHz
and two kinds of powers (1 and 1.4 kW) can be output.
The transducer converts the high-frequency electric oscil-
lation generated by the ultrasonic power into the me-
chanical vibration. However, the amplitude of the output
mechanical vibration is very small, so it needs to be
amplified by using the compound ultrasonic longitudinal
vibrating amplitude transformer. The tool head can fur-
ther make the output amplitude be amplified. Finally, the
corresponding output amplitudes are 3.34 and 3.96 μm,
respectively. The amplitudes were set value according to
the relationship between the amplitude and the output
power. The ultrasonic vibration is acted on the upsetting
specimens through the tool head. In addition, the ultra-
sonic vibration unit is installed on the experimental ma-
chine by means of a frame.

2.2 Compression specimens and treatment

Table 1 gives the chemical composition of the 6063 wrought
aluminum alloy used in the tests.

The dimensional ratio of the standard ring upsetting spec-
imen is 6:3:2, i.e., the external diameter, the internal diameter,
and the height are 20, 10, and 7 mm, respectively, as shown in
Fig. 2.

In order to eliminate the residual stress caused by
machining operations and ensure the consistency of the
microstructures and performances of specimens, a re-
crystallization annealing process was conducted for the
6063 aluminum alloy specimens. The specimens were
heated to 500 °C at the heating rate of 5 °C/min and
then cooled down to the room temperature in a furnace
after 4 h thermal insulation. The specimens were buried
in alumina powders to prevent them from oxidization
during the annealing process.

Table 2 Test schemes
Number Amplitude (μm) Lubricant Duration of applying ultrasonic vibration Reduction

in height

D1 0 Dry friction Applying vibration when the load
reaches to 5 kN until the reduction
in height is 3 mm

3 mm
D2 3.34 Dry friction

D3 3.96 Dry friction

PA4 0 Paraffin

PA5 3.34 Paraffin

PA6 3.96 Paraffin

L7 0 Lithium grease

L8 3.34 Lithium grease

L9 3.96 Lithium grease

PT10 0 PTFE film

PT11 3.34 PTFE film

PT12 3.96 PTFE film

Fig. 3 Ring upsetting deformation
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2.3 Upsetting test schemes

Upsetting tests were conducted for annealed upsetting speci-
mens of 6063 aluminum alloy under different vibrating condi-
tions to mensurate the variation of the friction coefficient be-
tween the tool and specimen. Meanwhile, influences of the
ultrasonic vibration on the deformed shape, friction coefficient,
surface roughness, and surface hardness of upsetting specimens
under different lubrication conditions were investigated.

In experiments, the upsetting velocity always kept 1 mm/
min. All of tests were performed at the room temperature. The
ultrasonic vibration was applied when the load reached to 5 kN
until the reduction in height was 3 mm. Each experiment was
repeated five times in order to guarantee the reliability of the
experimental results. The test schemes are shown in Table 2.

2.4 Measurement method of friction coefficient

During the ring upsetting process, the deformation of ring
specimens has relationship with the friction condition of the

specimen/tool interface. There is a critical value of the friction
coefficient; when the friction coefficient is less than the critical
value, the internal and external radii of the compressed spec-
imen increase simultaneously. When the friction coefficient is
greater than the critical value, there is a neutral layer within the
ring. During deformation, the material within the neutral layer
flows inwards and makes the internal radius decreased while
the material outside the neutral layer flows outwards and
causes the increase of the external radius, as shown in
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Dm=22.502, Dt=21.259, Db=21.251,
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dm=8.134, dt=9.014, db=8.829

Dm=23.315, Dt=23.025, Db=23.003,
dm=10.642, dt=10.603, db=10.312

1) Specimen D1 4) Specimen L7

2) Specimen D2 5) Specimen L8

3) Specimen D3 6) Specimen L9

(b)The cross-sectional profiles

Fig. 7 The cross-sectional profiles of the specimens for static upsetting
and vibration upsetting under dry friction condition and paraffin-
lubricated condition. a The characteristic dimensions of the final
profiles. b The cross-sectional profiles
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Fig. 3, where Rn is the radius of the neutral layer and Ro, Ri,
andH are the external radius, internal radius, and height of the
original specimen, respectively. ro, ri, and h are the external
radius, internal radius, and height of the deformed specimen.
Varying with process parameters, the radius of the neutral
layer can be larger or smaller than the internal radius [24].

The theoretical relationship among the radius of the neutral
layer Rn, the friction factor m, and the original size can be
obtained based on the energy method.

When Rn = Ri, the friction factor on the specimen/tool in-
terface reaches the critical value mf which can be expressed as
Eq. (1).

m f ¼ 1

2 1−Ri=Roð ÞRo=H
ln

3 Ro=Rið Þ2

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Actually, Rn and m are not constants in the course of ring
upsetting, if the deformation of ring upsetting is divided into
lots of identical small deformations and assumed that each
small deformation is under the action of a predetermined fric-
tion coefficient m. By the time, Rn can be regarded as
invariable.

When m ≤mf (Rn ≤ Ri), the Rn is calculated by Eq. (2).

Rn ¼
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When m>mf (Ri < Rn < Ro), the Rn is determined by Eq.
(4).

Rn ¼ 2
ffiffiffi
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When the upsetting reduction in height is h, the internal
radius ro and external radius ri can be calculated based on
the volume constancy condition.

ri ¼
Rn

2h− Rn
2−Ri

2
� �

H
h

� �1=2

ð5Þ

Table 3 The λ of compressed
specimens under dry friction
condition

Amplitude (μm) λt λb λ′t λ′b

0 0.893 ± 1.92 × 10−3 0.891 ± 2.86 × 10−3 1.279 ± 1.92 × 10−3 1.279 ± 2.01 × 10−3

3.34 0.906 ± 1.92 × 10−3 0.901 ± 1.48 × 10−3 1.228 ± 3.49 × 10−3 1.250 ± 2.35 × 10−3

3.96 0.918 ± 2.28 × 10−3 0.908 ± 1.92 × 10−3 1.177 ± 2.35 × 10−3 1.228 ± 2.33 × 10−3

Table 4 The λ of compressed
specimens under paraffin
lubrication condition

Amplitude (μm) λt λb λ′t λ′b

0 0.906 ± 1.87 × 10−3 0.906 ± 1.14 × 10−3 1.126 ± 1.92 × 10−3 1.126 ± 1.99 × 10−3

3.34 0.933 ± 2.17 × 10−3 0.908 ± 2.68 × 10−3 1.100 ± 2.05 × 10−3 1.115 ± 2.03 × 10−3

3.96 0.943 ± 2.55 × 10−3 0.925 ± 2.95 × 10−3 1.049 ± 3.37 × 10−4 1.084 ± 2.66 × 10−3

Table 5 The λ of compressed
specimens under lithium grease
lubrication condition

Amplitude (μm) λt λb λ′t λ′b

0 0.968 ± 2.86 × 10−3 0.968 ± 3.03 × 10−3 0.887 ± 1.78 × 10−3 0.887 ± 4.12 × 10−3

3.34 0.974 ± 2.49 × 10−3 0.968 ± 2.88 × 10−3 0.968 ± 3.21 × 10−3 0.916 ± 2.56 × 10−3

3.96 0.976 ± 2.01 × 10−3 0.974 ± 1.58 × 10−3 0.992 ± 1.69 × 10−3 0.941 ± 1.76 × 10−3

Table 6 The λ of compressed
specimens under PTFE film
lubrication condition

Amplitude (μm) λt λb λ′t λ′b

0 0.988 ± 2.12 × 10−3 0.988 ± 2.49 × 10−3 0.986 ± 2.36 × 10−3 0.988 ± 3.01 × 10−3

3.34 0.996 ± 1.87 × 10−3 0.990 ± 1.22 × 10−3 0.996 ± 1.98 × 10−3 0.988 ± 2.03 × 10−3

3.96 0.998 ± 1.64 × 10−3 0.994 ± 1.30 × 10−3 0.998 ± 2.11 × 10−3 0.990 ± 1.65 × 10−3
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The size of the specimen after the first deformation is
regarded as the original size of the second deformation, and
then, the ring size after the second deformation can be calcu-
lated according to Eqs. (5) and (6). So repeatedly, a series of
m, h, and ri can be obtained. The theoretical calibrating curves
between the internal radius and the upsetting reduction in
height under different friction factors are gotten from these
data, as shown in Fig. 4.

According to the internal radius and height of the deformed
ring, the associated friction factor m can be directly derived
from the theoretical calibrating curves. The friction coefficient
μ can be obtained based on the relationship between μ and m
in Eq. (7).

μ ¼ m=
ffiffiffi

3
p

ð7Þ

3 Experimental study on the surface effect
during ultrasonic vibration-assisted ring
upsetting

Figure 5 shows the stress-strain curves of upsetting under the
dry friction condition. Obviously, after applying the ultrasonic
vibration, the material produces softening and the stress de-
creases immediately at the moment of applying ultrasonic
vibration. Siddiq and Sayed [25, 26] indicated that ultrasonic

energy was preferentially absorbed in highly localized regions
such as dislocations, voids, and grain boundaries. An addi-
tional stress field is induced by the ultrasonic vibration, which
makes the dislocation movement be easy and accelerate it.
Consequently, the material is easily deformed and the flow
stress decreases.

The decreasing range of the stress is related to the vibration
amplitude. When the amplitude is 3.34 μm, the stress de-
creases by 3.03 MPa at the time of applying ultrasonic, the
decreasing rate is 14.26% compared with the stress under
static upsetting condition. While the amplitude is 3.96 μm,
the stress decreases by 3.38 MPa, the decreasing rate is
15.45%. And the stress under the vibration is always lower
than the static stress. Due to the limited experimental condi-
tion, only two kinds of small amplitudes were applied in the
upsetting process. The amplitude ratio λA = A2 / A1 is only
1.18, so the ratio of stress drops λΔσ =Δσ2 / Δσ1 under dif-
ferent amplitudes is smaller, 1.12. Where the amplitudes A1 =
3.34μm and A2 = 3.96μm,Δσ1 andΔσ2 are the stress drop at
the time of applying the ultrasonic vibration of which ampli-
tude are 3.34 and 3.96 μm, respectively. When the upsetting
reduction in height is 3 mm, the stresses of specimens D1, D2,
and D3 are 129.12, 124.36, and 124.19 MPa, respectively.

Figure 6 shows the stress-strain curves of static upsetting
under different lubrication conditions. It can be found that the
upsetting loads under the lubrication conditions of paraffin,
lithium grease, and PTFE film lubrications are slightly lower
than those under the dry friction condition; the stress
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Table 7 The friction coefficient
under different lubricating and
ultrasonic vibration conditions

Amplitude
(μm)

Dry friction Paraffin lubrication Lithium grease
lubrication

PTFE film
lubrication

0 0.445 ± 5.35 × 10−3 0.237 ± 3.96 × 10−3 0.133 ± 2.87 × 10−3 0.081 ± 4.24 × 10−3

3.34 0.404 ± 2.96 × 10−3 0.219 ± 2.98 × 10−3 0.104 ± 3.03 × 10−3 0.078 ± 3.35 × 10−3

3.96 0.393 ± 4.11 × 10−3 0.214 ± 3.06 × 10−3 0.098 ± 2.89 × 10−3 0.072 ± 2.88 × 10−3
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decreasing rate is 5.37, 6.28, and 10.89%, respectively.
Compared to the upsetting load under the dry friction condi-
tion, the decreasing rate of the upsetting load is larger than
14% when applying the ultrasonic vibration. The average de-
creasing rate of the upsetting load is 7.51% under different
lubrication conditions. The result shows that the upsetting
load cannot lower significantly only by improving the lubri-
cation condition. The influence of the lubrication condition on
ring upsetting is lower than that of ultrasonic vibration.

The beneficial impacts of the ultrasonic vibration on metal
forming processes mainly include surface and volume effects.
Generally, the volume effect causes the material softening.
According to [13, 17, 27, 28], there were three viewpoints
about the material softening induced the volume effect, they
are (1) dislocations absorbing energy through resonance and
overcoming slip obstacles, (2) the internal friction effect, and
(3) the superposition of steady stress and alternating stress.
Nevill and Brotzen [29] attributed the reduction of the flow
stress to the superposition of steady stress and the alternation
of stress, and proposed the stress superposition mechanism.
Kempe and Kroner [30] proposed three mechanisms by which
dislocations may absorb energy from vibrations: they are (1) a
resonance mechanism, (2) a relaxation mechanism, and (3) a
mechanism of simple hysteresis. The surface effect can reduce
the friction coefficient on the tool/workpiece interface and

improve the lubrication condition and the surface quality of
the workpiece.

3.1 Effect of ultrasonic vibration on interface friction
coefficient between the tool/specimen interface

During upsetting, the friction status on the tool/specimen in-
terface has a significant impact on upsetting load and the de-
formed shape. The material that is near the contact surface is
restricted due to the existence of the interface friction and the
deformed specimen gradually becomes drum-shaped. Thus,
the drum ratio of the specimen is a sign to evaluate the size
of the friction coefficient on the tool/specimen interface, under
different ultrasonic vibration and friction conditions, the de-
formation process, and upsetting characteristics. In order to
quantificationally describe the geometrical shape of the de-
formed specimen, area ratios λt, λb, λ′t, and λ′b are defined.

λt ¼ St=Sm ¼ D2
t =D

2
mλb ¼ Sb=Sm ¼ D2

b=D
2
m ð8Þ

λ
0
t ¼ st=sm ¼ d2t =d

2
mλ

0
b ¼ sb=sm ¼ d2b=d

2
m ð9Þ

where D and S are the external diameter and the area of the
compressed specimen, respectively. d and s are the internal
diameter and the area of the compressed specimen, respective-
ly. Subscripts t, m, and b represent the top surface which
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contacts with the ultrasonic tool head, middle surface, and the
bottom surface, respectively. The characteristic dimensions of
compressed specimens are given in Fig. 7. Obviously, the area
ratio approaches to 1 when the difference between the middle
surface and the bottom surface or the top surface is getting
smaller and smaller. It also means the friction coefficient on
the tool/specimen interface approaches 0. Figure 7b shows the
cross-sectional profiles of the specimens D1, D2, D3, L7, L8,
and L9 when the reduction in height is 3 mm. The character-
istic dimensions are listed in Fig. 7.

The friction coefficients are relatively large under the dry
friction and paraffin lubrication. Thus, the neutral layer is
within the ring, the metals within the neutral layer flow in-
wards, and the metals outside the neutral layer flow outwards.
On the contrary, the friction coefficient is relatively small un-
der the lithium grease lubrication and PTFE film lubrication
conditions. Therefore, the diameter of neutral layer is smaller
than the internal diameter of the ring, all of metals flow out-
wards. Tables 3, 4, 5, and 6 show the area ratios of the com-
pressed specimens for static upsetting and vibration upsetting
under the four different kinds of lubrication conditions.

All values of λ under the four lubrication conditions are
less than 1.With the improvement of the lubrication effect, the
area ratio approaches to 1. The area ratio increases and is
closer to 1 with the increase of the vibration amplitude under
the same lubrication condition, as shown in Fig. 8. Clearly, the
ultrasonic vibration improves the friction condition on the
tool/specimen interface. The values of λ′ are greater than 1
under dry friction and paraffin lubrication conditions and are
less than 1 under lithium grease and PTFE film lubrications.

For a bigger amplitude, the area ratio is further closer to 1. The
area ratios of the top and bottom surfaces of the specimens
without the ultrasonic vibration are almost identical.
Introducing the effect of ultrasonic vibration, the area ratio
λt of the top surface is bigger than λb of the bottom surface.
It shows that the anti-friction effect on the top surface is better
than that on the bottom surface.

Thus, different lubrication and ultrasonic vibration conditions
can cause the change of the friction coefficient on tool/specimen
interface and, then, impact greatly on the upsetting deformation.
The drum degree of the upset specimen changes. Table 7 shows
the friction coefficient under different lubrication and ultrasonic
vibration conditions. Compared to specimen D1, the friction
coefficients of specimens D2 and D3 decrease by 0.041 and
0.052 under the dry friction, i.e., the decreasing range is 9.21
and 11.69%, respectively. Compared to specimen PA4, the fric-
tion coefficients of specimens PA5 and PA6 decrease by 0.018
and 0.023 under paraffin lubrication, i.e., the decreasing range is
7.59 and 9.7%. Compared to specimen L7, the friction coeffi-
cients of specimens L8 and L9 decrease by 0.029 and 0.035
under lithium grease lubrication, i.e., the decreasing range is
21.8 and 26.32%. Compared to specimen PT10, the friction
coefficient of specimens PT11 and PT12 decrease by 0.003
and 0.009 under PTFE film lubrication, i.e., the decreasing
range is 3.7 and 11.1%. Figure 9 shows the variation of friction
coefficient with the ultrasonic amplitude under the four kinds
of lubrication conditions. The friction coefficient decreases
with the increasing amplitude under different friction condi-
tions. The anti-friction effect of the ultrasonic vibration is best
under lithium grease lubrication condition.
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Fig. 13 Local 2D and 3D surface topography images of the initial specimen

Table 8 The surface hardness under different lubrication conditions (HRB)

Original specimen D1 D3 PA4 PA6 L7 L9

Top surface 78.93 90.35 90.44 91.7 92.7 92 90.1

Bottom surface 89.88 87.24 92 90.75 91.7 89.2

Hardness difference – 0.47 ± 0.036 3.2 ± 0.042 0.3 ± 0.029 2.9 ± 0.04 0.3 ± 0.041 0.9 ± 0.027
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Obviously, after applying the ultrasonic vibration, the
friction coefficient on the tool/specimen interface de-
creases. The ultrasonic vibration produces a similar effect
like the lubrication. It means a stronger surface effect

occurs. Siegert and Mock [31] pointed out applying the
ultrasonic vibration led to frequent separations between
the tool and specimen. It is hard to investigate the flow
of material in the upsetting process, so the upsetting
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Fig. 14 Local 2D and 3D surface topography images of specimens D1 (a), D2 (b), and D3 (c)
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process was analyzed with the aid of the finite element
software ABAQUS [18]. Figure 10 shows the velocity
vector fields at some point. In conventional upsetting

process, the flow direction of material in horizontal is
consistent. However, the flow of material is no longer
in the same direction under the effect of ultrasonic
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Fig. 15 Local 2D and 3D surface topography images of specimens PA4 (a), PA5 (b), and PA6 (c)
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vibration. The nodes 1 and 2 shown in Fig. 10 are se-
lected to analyze the change of flow direction of material
over time. Figure 11 shows the change of horizontal
velocity of nodes 1 and 2 over time. Under the effect
of ultrasonic vibration, the direction of the relative ve-
locity vector between the tool and the specimen along
the horizontal direction no longer keeps invariably, but
changes frequently. On the other hand, applying the ul-
trasonic vibration makes the flow stress decreased, and
the contact pressure on the tool/specimen interface also
decreases. Both the change in relative velocity vector and
decrease in contact pressure on the tool/specimen inter-
face are helpful for the decrease of the friction coeffi-
cient on the tool/specimen interface.

Besides the change of the friction coefficient, the surface
effect also has a dramatic influence on surface quality, includ-
ing surface hardness, surface roughness, and surface
topography.

3.2 Effect of the ultrasonic vibration on surface
hardness

The surface Rockwell hardness of specimens was measured
by a HR-150A Rockwell hardness tester. The indenter diam-
eter is 1.588 mm and the initial and final loads are 98.07 and
980.7 N, respectively. Uniformly distributed six points sur-
rounding the centers of the top and bottom surfaces are de-
fined to measure and average the surface hardness. The distri-
bution of six measurement points is shown in Fig. 12. Table 8
shows the hardness of the top and bottom surfaces of the
deformed specimen under different lubrication conditions.

Compared with the initial specimen, different hardening
occurs on the top and bottom surfaces of all deformed speci-
mens. Under different lubrication conditions, the hardness of
the top and bottom surfaces of the specimens without the
ultrasonic vibration is almost identical. Bagherzadeh et al.
[32] attributed the increase of microhardness in the samples
processed using ultrasonic propagation to more grain refine-
ment as a result of dislocation density rise and subgrain
boundaries formation. After applying the ultrasonic vibration,
the hardening degree of the top surface which directly contacts
with the ultrasonic tool head is apparently higher than that of
the bottom surface. When the amplitude is 3.96 μm, the hard-
ness value of the top surface is 3.2 HRB higher than the bot-
tom surface hardness under dry friction; the changing range is
3.67%. The hardness values of the top surface are 2.9 HRB
higher than the bottom surface hardness under paraffin lubri-
cation condition; the changing range is 3.25%. The hardness
difference between the top and bottom surfaces declines a
little under the lithium grease lubrication condition. Mousavi
et al. [33] also found that ultrasonic-assisted forming could
improve surface condition. However, with the increase in am-
plitude, surface quality can be no longer improved obviously.

3.3 Effect of the ultrasonic vibration on surface
roughness and topography

AVeecoNT9300 non-contact optical surface profilometer was
employed to measure the two-dimensional (2D) and three-
dimensional (3D) surface topography images and different
surface roughness of initial and deformed specimens. The sur-
face roughness is characterized by the arithmetic average

Upper surface Lower surface

(a) Dry friction

Upper surface Lower surface

(b) Paraffin lubrication

Fig. 16 Local 3D surface
topography images of specimens
D3 and PA6. a Dry friction. b
Paraffin lubrication
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deviation (Ra). The measurement area is about 624 × 467 μm
and the magnification times is 10. The roughness was mea-
sured for three times at different positions and averaged as the
final result. Figure 13 shows the local 2D and 3D surface
topography images of the initial specimen. The average sur-
face roughness Ra is 2.39 μm.

Figure 14 shows the local 2D and 3D surface topography
images of specimens D1, D2, and D3 under the dry lubrication
condition. After upsetting, the surface roughness Ra of spec-
imen 1 is 1.56 μm. After applying the ultrasonic vibration, the
Ra values of the specimens D2 and D3 are 1.37 and 1.3 μm,
which are 12.18 and 16.67% less than the specimen D1, re-
spectively. It is obvious that the ultrasonic vibration can dra-
matically decrease the sharp ridges on the specimen surface
and improve the surface roughness, so the surface becomes
smooth. It means the ultrasonic vibration is beneficial to the
surface material flow and makes the surface material flow
uniform.

Figure 15 shows local 2D and 3D surface topography im-
ages of specimens PA4, PA5, and PA6 under the paraffin
lubrication condition. The surface roughness Ra of the speci-
men PA4 without the ultrasonic vibration is 905.88 nm, while
the Ra values of specimens PA4 and PA5 that the related
amplitudes are 3.34 and 3.96 μm decrease to 732.84 and
622.5 nm. Compared to the specimen PA4, the decrease
ranges are 19.1 and 31.28%, respectively. Therefore, under
the paraffin lubrication condition, the changing trend of Ra
is similar to that under the dry friction condition, which means
that the roughness of the top and bottom surfaces improves
greatly and decreases with the increase of the amplitude.

Figure 16 gives local 3D surface topography images of the
top and bottom surfaces of specimens D3 and PA6. The aver-
age Ra values of the top and bottom surfaces under the dry
friction are 1.3 and 1.48 μm, respectively. Meanwhile, Ra
values of the top and bottom surfaces for the paraffin lubrica-
tion 622.5 and 816.37 nm. Obviously, the top and bottom

D1 D3

(a) Dry friction

PA4 PA6

(b) Paraffin lubrication

L7 L9

(c) Lithium grease lubrication

Fig. 17 The top surface
topographies of the specimens D1,
D3, PA4, PA6, L7, and L9 (× 50).
a Dry friction. b Paraffin
lubrication. c Lithium grease
lubrication
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surface quality under the paraffin lubrication is better than that
of the dry friction. Especially, under the ultrasonic vibration,
the sharp ridges of the top surface are less than those of the
bottom surface.

Compared with the dry friction, using of the paraffin
lubrication during upsetting improves the plastic flow of
materials and reduces the surface roughness. After ap-
plying the ultrasonic vibration, the surface roughness of
the specimen also decreases, which indicates that the
ultrasonic vibration improves the friction status of the
tool/specimen interface. However, the improvement of
the top surface is better than that of the bottom surface
because the top surface contacts directly with the ultra-
sonic tool head. On the contrary, because the energy
loss occurs when the ultrasonic vibration spreads in
the specimen, the impact of the ultrasonic vibration on
the bottom surface is apparently weaker than the that on
top surface.

Figure 17 shows the top surface topographies of the spec-
imens D1, D3, PA4, PA6, L7, and L9. Clearly, the surface of
the deformed specimens without ultrasonic vibration is un-
even and the surface quality is poor because there are so many
micro-bulges and pits on the specimen surface, particularly
under dry friction. The surface of the deformed specimens
becomes smooth after applying the ultrasonic vibration and
different lubricants, and the density of micro-bulges and pits
decreases. It further shows that the ultrasonic vibration plays a
similar role of the lubricant, i.e., can reduce the surface friction
and improve the surface quality.

Figure 18 shows the topographies of the top and bottom
surfaces of specimens PA6 and L9. It can be seen that the top
surface quality is better than the bottom surface quality even
though the lubrication conditions of the top and bottom sur-
faces are identical during the upsetting process. The top sur-
face contacts directly with the ultrasonic tool head; the ultra-
sonic energy is high. The ultrasonic energy loss occurs during
spreading in the specimen, so the ultrasonic energy of the
bottom surface is relatively weak and its surface quality is
lower than that of the top surface. Lou et al. [34] also indicated
high-frequency friction inevitably resulted in improving sur-
face quality and reducing the friction coefficient.

After applying the ultrasonic vibration, the decreasing
range of the friction coefficient under the lithium grease lubri-
cation condition is higher than that under the paraffin lubrica-
tion condition. The different lubrication mediums have differ-
ent ability to reflect and absorb the ultrasonic energy. More
ultrasonic energy can act on the specimen under the lithium
grease lubrication condition and the lithium grease can better
fill the surface pits under the effect of ultrasonic vibration;
thus, anti-friction effect of the lithium grease is better than
on paraffin.

To some extent, the surface qualities of specimens are im-
proved under the effect of ultrasonic vibration; this is mainly
because the surface effect induced by the ultrasonic vibration.
After applying the ultrasonic vibration, the instantaneous sep-
aration of the specimen with the vibration tool head occurs
constantly due to the ultrasonic vibration, and the direction of
the friction force on the specimen/tool interface changes

Upper surface Lower surface

(a) Paraffin lubrication
Top surface Bottom surface

(b) Lithium grease lubrication

Fig. 18 Topographies of the top
and bottom surfaces of specimens
PA6 and L9 (× 50). a Paraffin
lubrication. b Lithium grease
lubrication
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continuously, so that the friction force contributes to deforma-
tion in part time of the vibration period. Furthermore, the
micro-bulges and pits on the specimen surface reduce under
the effect of the ultrasonic vibration, which diminishes the
probability of occlusion with the micro-bulges and pits of
the tool. The shear resistance to shear off the occlusal micro-
bulges and pits reduces. Meanwhile, during the experiment,
the temperatures of both the ultrasonic tool head and the spec-
imen rise under the effect of the ultrasonic vibration. This
shows that the ultrasonic vibration can induce the local
heating effect and reduce the local soldering. The lubricant is
to easily fill into the contact surface so that the ultrasonic vibra-
tion also improves the surface lubrication condition and makes
the friction coefficient decrease. Thus, the decrease of friction
force and the effect of local thermal effect promote the plastic
flow of the material, and the surface quality is improved.

Under the effect of the ultrasonic vibration, the forming
quality of the top surface is better than that of the bottom
surface. It shows that the surface effect on the top surface
is stronger than that on the bottom surface. In the process
of vibration upsetting, the top surface contacts directly with
the vibration tool head, so the effect of ultrasonic energy on
the top surface is higher. The ultrasonic energy loss occurs
during spreading in the specimen, so the ultrasonic energy
of the bottom surface is relatively weaker. Consequently,
the surface quality, roughness, hardness, and anti-friction
effect on the top surface is better than those on the bottom
surface.

4 Conclusions

The ultrasonic vibration-assisted 6063 aluminum alloy ring
upsetting was performed. The impact of ultrasonic vibration
on the variation of friction coefficient under the different lu-
bricant conditions, as well as the influence of ultrasonic vibra-
tion on surface topography, surface hardness, and surface
roughness, was studied. The principal conclusions are as
follows:

(1) The ultrasonic vibration makes the material produce soft-
ening. The larger the vibration amplitude is, the more
obvious the softening effect is. The upsetting load cannot
decrease significantly only by improving the lubrication
condition. Under the processing parameters mentioned
in this paper, the influence of the lubrication condition
on ring upsetting is lower than that of ultrasonic
vibration.

(2) The friction coefficient on the specimen/tool interface
reduces under the effect of ultrasonic vibration, and the
friction coefficient decreases with the increase of the vi-
bration amplitude. The effect of the ultrasonic vibration
on reducing the friction coefficient is different under

different lubrication conditions. The anti-friction effect
of the ultrasonic vibration is stronger under grease lubri-
cation condition.

(3) Under the effect of the ultrasonic vibration, the surface
hardness increases and the surface roughness reduces.
The ultrasonic vibration improves the surface quality ef-
fectively. The larger the vibration amplitude is, the better
the effect is. The quality of the top surface that contact
directly with the vibration tool head is better than that of
the bottom surface. The ultrasonic energy loss occurs
during spreading in the specimen, so the ultrasonic ener-
gy of bottom surface is relatively weak. Consequently,
the surface quality, roughness, hardness, and anti-friction
effect on the top surface is better than those of the bottom
surface.
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