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Abstract

Ultrasonic vibration has been widely utilized in the forming and processing of metallic materials due to its advantages of reducing
forming force and improving deformation ability and surface quality. However, the effect of ultrasonic vibration on the defor-
mation mechanism of metallic material is still unclear. Based on the method of segmented resonant design, an ultrasonic vibration
tensile device was developed, and its vibration performance was evaluated in this work. Furthermore, the ultrasonic vibration
tensile tests were carried out to investigate the influence of ultrasonic vibration parameters on the properties of the 6061-T6 Al
material. The results showed that the design error of 3.3% and ultrasonic vibration amplitude of 8.7 yum were achieved. Ultrasonic
vibration reduced the stress required for 6061-T6 Al material deformation, but did not change Young’s modulus and strain
hardening rate. The stress reduction was proportional to the square of the ultrasonic vibration amplitude, indicating that ultrasonic
softening was attributed to the changed dislocation of 6061-T6 Al material. Meanwhile, the ultrasonic vibration has no permanent

effects on the tensile behavior of 6061-T6 Al material.
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1 Introduction

In 1955, Blaha and Langenecker superimposed ultrasonic vi-
bration on the tensile test of Zinc single crystal and found that
the material flow stress was reduced significantly by the ultra-
sonic vibration, which was called the “Blaha effect” [1].
Subsequently, many researchers have revealed some similar
results (i.e., reduction of flow stress, improvement of defor-
mation ability and surface quality) when ultrasonic vibration
was applied in the deformation or processing of metal mate-
rials. Recently, the “Blaha effect” has been widely utilized in
the different deformation processes of metallic materials, such
as extrusion [2, 3], wire drawing [4, 5], upsetting [6], and
grinding [7, 8].

To understand the underlying mechanism of material de-
formation with applied ultrasonic vibration, many scholars
made enormous efforts and proposed some mechanisms such
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as acoustic softening [9], acoustic hardening [10], stress su-
perposition [11], and reduction of friction coefficient [12].
The above-mentioned mechanisms could be divided into vol-
ume effect and surface effect [13, 14]. The volume effect
declared that ultrasonic vibration changed the intrinsic prop-
erties of metallic materials, which led to the decrease of flow
stress. And the surface effect indicated that the decrease of
flow stress was attributed to relative motion characteristics
of the tool and workpiece caused by ultrasonic vibration. At
present, plenty of works mainly focus on the ultrasonic motion
characteristics and the surface effect is confirmed by experi-
ments, but the volume effect is still unclear. Therefore, it is
necessary to study the deformation characteristics of materials
under the ultrasonic vibration.

Ultrasonic vibration tensile test could eliminate the inter-
ference of surface effect, which has become an effective ap-
proach to investigate mechanical properties and deformation
behavior of the material during ultrasonic vibration. Daud
et al. [15] carried out ultrasonic vibration tensile experiments
and finite element simulation to predict the stress-strain rela-
tionship of aluminum alloy. Results showed that stress super-
position was not enough to explain the influence of ultrasonic
vibration on the metal forming process. Zhong [16] investi-
gated the effect of ultrasonic vibration on the tensile behavior
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of 6063 aluminum alloy. It was concluded that acoustic soft-
ening and stress superposition led to the reduction of flow
stress of the material. Gu [17] found that the acoustic softening
and acoustic hardening existed simultaneously during the ten-
sile deformation of T2 copper. Gao et al. [18] conducted an
ultrasonic vibration tensile test of TC1 titanium alloy and
pointed out that ultrasonic vibration could significantly reduce
the yield strength and tensile strength of the material, but the
mechanism of the ultrasonic effect was not discussed in detail.
Wen et al. [19] claimed that there was an ultrasonic energy
threshold in the plastic deformation process of AZ31. Namely,
the acoustic softening was the dominant mechanism in low
energy and the acoustic hardening was the dominant mecha-
nism in high energy. Dutta et al. [20] investigated the effect of
transverse ultrasonic vibration on the microstructure of low-
carbon steel during the tensile process. It was found that
acoustic softening was associated with the reduced sub-grain
formation of the material.

In addition, Jiang et al. [21] performed a series of ultrasonic
vibration tensile experiments of titanium foil and found that
the reduction of flow stress was inversely proportional to the
applied time of ultrasonic vibration. Xiang et al. [22] demon-
strated that the reduction of flow stress was mainly affected by
the stress superposition, acoustic softening, and Hall-Petch
strengthening when superimposing ultrasonic vibration in
the tensile process of high-volume fraction SiC,/Al. Wang
etal. [23] applied ultrasonic vibration to 5052 aluminum alloy
during the tensile process, in which not only acoustic soften-
ing was found at the moment of the applied vibration, but also
residual acoustic softening was observed when the vibration
stopped. Mao et al. [24] carried out the ultrasonic vibration
tensile test with the three kinds of aluminum samples to in-
vestigate the mechanism of acoustic softening. It was conclud-
ed that acoustic softening was attributed to the interactions
between the dislocations activated by ultrasonic vibration
and precipitates. Although many studies analyzed the influ-
ence of ultrasonic vibration parameters on the deformation
mechanism of materials, almost all of them were conducted
with the ultrasonic amplitude measured in a no-load state. In
the actual tensile process, the rather larger tensile load could
reduce the actual vibration amplitude and further affect tensile
performance, which was insufficiently considered in the
above-mentioned studies. Moreover, the effect of ultrasonic
vibration on the final material properties needed to be further
studied.

Based on the method of segmented resonance design, an
ultrasonic vibration tensile device was developed. The ultra-
sonic vibration amplitude real-time monitoring system was
applied, and the vibration characteristics of the device were
evaluated. A series of tensile experiments were performed to
study the effect of ultrasonic vibration parameters on the ten-
sile properties of 6061-T6 aluminum alloy. In addition, the
underlying mechanism of acoustic softening was discussed.
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2 Ultrasonic vibration tensile device

The ultrasonic vibration axial tensile system contains an elec-
tromechanical universal testing machine and ultrasonic vibra-
tion tensile device, as shown in Fig. 1. This configuration
ensures that the propagation direction of the longitudinal
acoustic wave is identical to the direction of tensile force. As
depicted in Fig. 1 b, the ultrasonic vibration tensile device is
composed of a support structure and an ultrasonic resonance
system. The system includes a piezoelectric transducer, a front
horn, a specimen, and a rear horn. They are assembled in the
respective sequence by screwed connections. The support
structure provides a fixed position for the ultrasonic resonance
system to load the tensile force. The ultrasonic resonance sys-
tem is developed to meet the requirement that the specimen
vibrates at its natural frequency during the tensile test.

The piezoelectric transducer converts electric energy into
ultrasonic mechanical vibration, then the front horn amplifies
ultrasonic vibration and delivers it to the specimen, the rear
horn receives the mechanical wave and reflects it, thus
forming the stationary wave with multiple nodes and anti-
nodes. In this case, the center of the specimen is located at
the node position, and the maximum acoustic stress can be
achieved. The commercial piezoelectric transducer can excite
amechanical sine vibration with a frequency of approximately
19.6 kHz. To ensure that the resonant frequency of the ultra-
sonic resonance system is consistent with the excitation fre-
quency of the piezoelectric transducer, the method of seg-
mented resonance design is introduced to calculate the geom-
etry dimension of the front horn, specimen, and the rear horn
respectively, where the resonant frequency of every part is
19.6 kHz, and the resonant length is half of the longitudinal
wave of the used material.

2.1 The horn

During the ultrasonic vibration tensile process, the horn
plays an important role in the performance of the ultrasonic
vibration tensile device because it not only transmits the
acoustic wave and amplifies the vibration amplitude but
also builds a fixed connection between the specimen and
the support structure. To eliminate the design error as
much as possible, the front horn and rear horn have the
same geometry. A composite conical horn, consisting of
a cylindrical section and conical section, is adopted to im-
prove a magnification factor M, as shown in Fig. 2. The
resonant frequency equation of the composite conical horn
can be calculated as [25]:

N-1 N-1
ka )‘sz)—kaz (1)

tan(kx;) = tan (tan1 (
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Fig. 1 Schematic of experiment setup: a electromechanical universal testing machine, b ultrasonic vibration tensile device

where £ is the circular wavenumber, k = 27f /\/E/p , fis
the resonant frequency, E and p are the elastic modulus and
density of materials respectively. N is the ratio of 7| to 7.

The magnification factor M of the composite conical horn
can be expressed as:

N-1 1 .
M = N cos(kx;)— <tan(kx1) +T k_xz)'sm(ka)J (2)

2.2 The specimen
The specimen shape used in the tensile test is shown in Fig. 3.
The geometry of the specimen is a dumbbell profile with a

circular cross section, which is similar to conventional speci-
mens. But the length of the specimen must be designed

Fig. 2 Geometry of the composite conical horn

appropriately to have the same resonant frequency as the pie-
zoelectric transducer. By integrating the dynamic equation of
one-dimensional longitudinal wave in bars with the specific
boundary conditions, the resonant frequency equation of the
specimen is determined as follows [26]:

tan(kys) — L380xs) + acos(kys)
7 assin(kxs) + agcos(kxy)
a; = cosh(fx,) (3)
ay = k sin(fx,)/ 8
ay = cosh(0Bxy)[Btanh(Bx,)—a tanh(axs)]/k
ay = sinh(fx,)[Btanh((x,)—a tanh(axs))/k

where the constant a = cosh '(rs/r3)/x4 and 8 = V/ a® + k>.
According to GB/T 228-2002 standard (equivalent to ISO
6892:1998), the gauge length of the specimen is defined by:

X3 = 51"3 (4)

Fig. 3 Geometry of the specimen
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Table 1 Material properties

Element Material Density p Elastic modulus £ Poisson’s ratio v
Horn 316 L 7930 kg/m* 200 GPa 0.29
Specimen 6061-T6 Al 2770 kg/m® 71 GPa 0.33

The radius and length of the arc transition section of the
specimen can be calculated as follows [27]:

B (rs—r3) r%ﬂ% cosh_l(r5/r3)*(r5*r3)2 (5)

Vg =
ST A cosh (rs/ra)2(rsrs)

(rsr3)°

;%*r% cosh ! (r5 /r3)2(rsr3)

r2-r3 cosh™l (rs/r3)

2.3 Ultrasonic resonance system

Modal is the natural vibration characteristics of a mechanical
structure or part. Each model has a specific resonant frequency
and vibration mode, which can be analyzed by the finite ele-
ment method (FEM). In this work, FEM can not only verify
the accuracy of the theoretical method about the horn and
specimen but also analyze the vibration characteristics of the
ultrasonic resonance system, thus reducing the design error
and cost of the device.

The materials used for the horn and specimen are
316 L stainless steel (316 L) and 6061-T6 Aluminum
alloy (6061-T6 Al) respectively. Their properties and
chemical composition are listed in Tables 1 and 2. It
is defined that »; = 25 mm, », = 10 mm, r; = 3 mm,
and s = 5 mm. According to the Egs. (1-6), the ge-
ometry dimensions of the horn and specimen are calcu-
lated and their longitudinal resonant modes are obtained,
as shown in Fig. 4. As can be seen from Fig. 4 ¢ and
d, the resonant frequencies of the horn and specimen
are 19275 Hz and 19543 Hz, respectively. Little error
exists between the simulated and theoretical values (f =
19600 Hz), which verifies the feasibility of the theoret-
ical method. However, the geometry dimensions of the
horn need to be further modified by FEM to reduce the
design error.

The mass reduction method is one of the effective methods
to modify the mode of structure [28]. In particular, the
screwed connection is applied between the horn and

specimen, so the longitudinal resonant mode of the horn can
be changed by setting a circular hole, which is located at the
end of the horn. Figure 5 displays the effect of the length of
hole %, on the resonant frequency of the horn, where the di-
ameter of hole d; = 10 mm. The resonant frequency of the
horn increases quickly from 19369 to 19734 Hz when the
length of the hole varies from 5 to 30 mm. Furthermore, when
hy =20 mm, the resonant frequency of the horn is 19617 Hz,
which has a small error with the design frequency.

The flange is used to fix the horn and transfer the external
load during the tensile test. Although the flange is located at a
node position, it inevitably leads to the drift of the resonant
frequency of the horn. The frequency drift can be controlled
by carefully designing the dimension of the flange. The thick-
ness /1, and diameter d, of the flange are optimized by FEM,
as shown in Fig. 6. The smaller frequency drift and the larger
stiffness are achieved by choosing the thickness /#, = 7 mm
and diameter d, = 70 mm, where the resonant frequency of the
horn with flange is 19650 Hz.

For further improving the accuracy of the design pro-
cess, it is necessary to obtain the vibration characteristics
of the ultrasonic resonant system. According to the actual
dimensions and material properties from manufacturers, all
components of the piezoelectric transducer are initially
modeled. Then the transducer, horn, and specimen are as-
sembled to become an ultrasonic resonance system. The
modal analysis of the ultrasonic resonance system is per-
formed, and the longitudinal resonant mode is acquired, as
illustrated in Fig. 7. The longitudinal resonant frequency of
the ultrasonic resonance system is 19671 Hz, which is con-
sistent with the theoretical frequency. With the known res-
onant frequency, the harmonic response of the ultrasonic
resonance system is created. A displacement of 10 um is
imposed at the interface between the transducer and the
horn. The relative vibration displacement and stress of
the ultrasonic resonant system along the specimen axis
are presented in Fig. 7. Obviously, the center displacement
of the specimen equals zero and its stress value is the larg-
est, which satisfies the design requirement.

Table 2 Chemical compositions of materials (%wt)

Material C Si Mn P S Ni Cr Mo Fe Cu Mg Zn Ti Al
316L 0.06 0.2 32 0.028 0.03 10.03 16.3 2.0 Bal. - - - - -
6061-T6 Al - 0.59 0.11 — - — 0.24 - 0.12 0.24 1.02 0.07 0.03 Bal.
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Fig. 4 Geometry dimensions and resonant mode for the horn and specimen

2.4 Vibration performance of ultrasonic vibration
tensile device

On the basis of the designed results of Section 2.3, each part of
the ultrasonic vibration tensile device is fabricated and
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Fig. 5 The effect of length of the hole on the resonant frequency of the
horn
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assembled. The impedance test of the ultrasonic resonance
system is performed using the PV502A impedance analyzer,
as depicted in Fig. 8. The admittance chart and impedance-
frequency curve are relatively regular. The dynamic resistance
(R =32.1 Q) is at a low level, indicating that the energy
dissipation of the ultrasonic resonance system is small, thus
improving the converted efficiency between electric energy
and acoustic energy. There is an error of 3.3% between the
measured value (f= 19014 Hz) and the simulated value (f'=
19671 Hz) of the resonance frequency. It is because that the
actual material properties are different from the theoretical
value during the design process.

Ultrasonic amplitude is an important parameter to evaluate
the performance of ultrasonic vibration tensile device. The
amplitude is measured by fixing the ultrasonic vibration ten-
sile device on the electromechanical universal testing machine
and the tensile load is applied to make each part of the device
contact closely. Then output amplitude of the front horn is
detected by an eddy current sensor (Micro-Epsilon EU0S),
as shown in Fig. 9. Ultrasonic vibration waveform is
displayed by the oscilloscope and the peak of waveform cor-
responds to the ultrasonic amplitude. Different amplitudes can
be obtained by changing the output power of the ultrasonic
generator. When the output frequency of the ultrasonic gener-
ator increases from 18900 to19100 Hz, the standard sinusoidal

@ Springer
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Fig. 6 Optimization of the resonant frequency of horn: a the effect of flange dimensions on the resonant frequency, b optimized result

waveform can be observed on the oscilloscope, indicating that
the device reaches a resonant state. Moreover, the amplitude
increases linearly with the output power of the ultrasonic gen-
erator, and the maximum ultrasonic amplitude reaches 8.7
pm.

3 Experimental details

As mentioned above, the specimens were prepared with a
gauge length of 30 mm. The tensile speed was fixed at 1
mm/min to allow that there is abundant time to apply ultra-
sonic vibration. To comprehensively understand the effect of
ultrasonic vibration on the tensile properties of 6061-T6 Al,
the ultrasonic vibration tensile tests were carried out with the
different deformation stages, vibration time, and ultrasonic
amplitudes. Details of the experiments are listed in Table 3

Fig. 7 Distribution of relative
vibration displacement and stress
of ultrasonic resonant system at
longitudinal resonant mode

H: Modal
Total Deformation 2

Frequency: 19671 Hz
Unit: m

Max: 1.2193

Min: 0.0073422
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0.94998
0.81531
0.68065
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0.27667
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0.0073422
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and the excitation frequency of the ultrasonic generator was
19000 Hz during the whole test.

The ultrasonic vibration was applied at the different de-
formation stages, as shown in Fig. 10. In test no.1, the
conventional tensile process without superposing ultrason-
ic vibration was conducted to compare the ultrasonic vi-
bration tensile test. To study the effect of duration time of
pure ultrasonic vibration on the tensile behavior of the
material, ultrasonic vibration was exerted to specimen be-
fore the tensile test no.2, and then the tensile process was
similar to the conventional tensile test. During test no.4, it
is difficult to determine the yield stage of 6061-T6 Al ac-
curately, so ultrasonic vibration started to be imposed in
the elastic stage, and then it was unloaded in the plastic
deformation stage. The true stress-strain data was acquired
from the measured software and the micromorphology of
the fractured cross section was observed by a scanning
electron microscope (COXEM EM30).

Relative Vibration displacement
Stress (MPa)

0.16 0.24 0.32 0.40

Distance along specimen axis (m)

0.08

0.000 0.050 0.100 (m)

0.025 0.075
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4 Results and discussion

4.1 The effect of ultrasonic vibration on the different
deformation stages

Figure 11 compares tensile stress-strain curves of 6061-T6 Al
without and with ultrasonic vibration at different deformation
stages. It can be seen from Fig. 11 a that the ultrasonic vibra-
tion is applied at the stress of 75 MPa and stopped with the
stress of 265 MPa. During the deformation stage with ultra-
sonic vibration, the stress-strain curve is paralleled to that of
conventional tensile, but the stress-strain curve diverges from
the intrinsic trend. The slopes of the two stress-strain curves
are 16991.5 and 16848.9, respectively, which indicates that
ultrasonic vibration does not change Young’s modulus of
6061-T6 Al material.

Figure 11 b shows the effect of ultrasonic vibration on the
stress-strain curve of 6061-T6 Al during the yield stage. The
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Fig. 9 Amplitude test of the ultrasonic vibration tensile device

ultrasonic vibration is applied as the specimen is still in the
elastic stage and a similar trend of the stress-strain curve to
Fig. 11 a is observed. Upon stopping the ultrasonic vibration
in the plastic stage, the stress increases immediately to a cer-
tain value, and then, the stress-strain curve is consistent with
the conventional tensile. It is interesting that the stress-strain
curve with ultrasonic vibration is paralleled to but lower than
that of the conventional tensile, indicating that ultrasonic vi-
bration changes the deformation of the yield stage and reduces
the yield strength of 6061-T6 Al

Figure 11 c depicts the effect of ultrasonic vibration on the
stress-strain curve of 6061-T6 Al during the plastic deforma-
tion stage. As soon as the ultrasonic vibration is applied, the
stress value decreases rapidly by 10 MPa, then it gradually
increases with the increase of strain. When the ultrasonic vi-
bration is terminated, the stress increases quickly and then
keeps a stable growth trend. During the duration of ultrasonic
vibration, the reduction of stress is observed, which is attrib-
uted to acoustic softening. In addition, the paralleled stress-
strain curves between the ultrasonic and conventional tensile
test demonstrate that the strain hardening rate is not changed
by the ultrasonic vibration. More importantly, the stress dif-
ference of position 1 (7.9 MPa) and position 2 (8.3 MPa) are
basically equal, which indicates that there is no ultrasonic
residual effect after stopping ultrasonic vibration.

4.2 The effect of ultrasonic vibration duration time on
the tensile behavior

When the tensile specimen reached the resonant state, the
maximum acoustic stress was generated in the middle position
of'the tensile specimen [29, 30]. It is assumed that the frequen-
cy of ultrasonic vibration is 20000 Hz, which means that the

UMW
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Table 3 Experimental parameters

Test Ultrasonic amplitude A Applied ultrasonic vibration time t
no. (pm) (s)
1 0 0

2 6.5 240
3 6.5 30
4 6.5 90
5 45 30
6 6.5 30
7 7.5 30
8 8.7 30

material is subjected to the alternated acoustic stress of 20,000
times per second, thus causing fatigue damage and failure of
the material. Therefore, it is urgent to study the effect of ultra-
sonic vibration duration time on the mechanical properties of
the material.

The stress-strain curve with the different ultrasonic vibra-
tion duration time before the tensile test is compared, as
shown in Fig. 12. There was no apparent difference in the
stress-strain curve of the duration time t= 0 s and t= 240 s
before necking. While in the necking stage, the deviation of
two curves is observed due to the uniform deformation of the
material. It can be inferred that the alternating acoustic stress
caused by ultrasonic vibration does not affect the tensile prop-
erties of 6061-T6 Al

To further investigate the influence of ultrasonic vibration
duration time on the material properties, the tensile strength oy,
and its corresponding elongation &, with the different number
of cycles N (N = ff) are compared and displayed in Fig. 13.
With the increase of the number of cycles, the tensile strength
and elongation of the 6061-T6 Al material exhibit little differ-
ence. Under conditions of N = 0, the tensile strength is
337.5 MPa and the elongation of the material is 8.7%. When

Fig. 10 The schematic diagram

the number of cycles N increases to 4.56 x 10° (t=240s), the
tensile strength and elongation of the material are 334.5 MPa
and 8% respectively. It is demonstrated that the ultrasonic
vibration has no permanent effect on the tensile properties of
6061-T6 Al materials at the tested levels.

4.3 The Effect of ultrasonic amplitude on the material
deformation

Figure 14 presents the tensile stress-strain curves of 6061-T6
Al with the different ultrasonic amplitudes which are applied
in the plastic stage. The stress reduction can be observed at the
different ultrasonic amplitude levels. Specifically, the higher
the ultrasonic amplitude, the larger the stress reduction, which
indicates that acoustic softening is dependent on the ultrasonic
amplitude. Similar results were reported by many researchers.
Huang et al. [31] found that there has been a linear relationship
between the stress reduction value and ultrasonic amplitude,
and concluded that the ultrasonic energy was absorbed by the
lattice imperfection, thus resulting in acoustic softening.
However, Langenecker et al. [32] proposed that the stress
reduction was proportional to the ultrasonic energy density.
The above relation was attributed to the that the ultrasonic
energy was preferentially absorbed by the dislocation line of
the material, which lowered the energy barriers and accelerat-
ed the movement of dislocation, thus reducing the deforma-
tion stress. Based on the viewpoint from the dislocation theory
proposed by Langenecker, Mao et al. [24] further summarized
that the interaction between ultrasonic vibration and the pre-
cipitated strengthening phase was also one of the reasons for
acoustic softening.
Ultrasonic energy density can be expressed as [33]:

1
E, = Epcsz2 (7)

Ultrasonic vibration

of the applied ultrasonic vibration Force
in different deformation stages Test No.1 y

.
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]

Test No.4 v \MWWWWWWWWW————F——

Test No.5 i AN—————

g ;. No.6 : ANV

L

Test No.7 E ’V\N\N\N\[——
1

Test No.8 : MN\AAN\[
‘
‘
+ Elastic stage (Yield stagei Plastic stage :Necking stage

Force - -
Before test Test stage Time (s)

.

@ Springer



Int J Adv Manuf Technol (2021) 116:1843-1854 1851
400 400 400
—— A=Oum A=6.5um —— A=Opm —— A=6.5um —— A=0pm —— A=6.5um
- ol T 20l
o —_ §
= = 3 i
2240} \ E 240 F S 240+ 340, \
: / : / \: = 320 e 3
2 s s & » £ 220
g g § 160+ < 2160 /;
5 7 i e % 300
7 ? 280 &
/ 80 80+
0 i s:uuilx)uf}-uvaa) o i <|rn|:§115-u) 0 § : Slrainn('!';:'] ¢ o Slr“i-"'.i (%) o0
1 L 1 0 1 1 1 0 1 1 1
0 4 8 12 16 0 4 8 12 16 0 4 8 12 16
Strain ¢ (%) Strain & (%) Strain & (%)
@) ®) ©

Fig. 11 The effect of ultrasonic vibration on the stress-strain at a elastic stage, b yield stage, and (c) plastic stage

where ¢ is the acoustic velocity of material and w is the
angular frequency.

According to Eq. (7), it is known that the ultrasonic energy
density is related to the material properties and ultrasonic pa-
rameters. As seen from the above analysis, there is a certain
proportional relationship between the stress reduction 20 and
the ultrasonic amplitude A" (n = 1, 2) with the same material
and ultrasonic frequency.

The stress reduction with the different ultrasonic ampli-
tudes is displayed in Fig. 15. It is found that the stress reduc-
tion increases with the increase of ultrasonic amplitude. When
the ultrasonic amplitude is 4.5 pum, the stress reduction is 3.3
MPa. As the ultrasonic amplitude increases to 8.7 pm, a stress
reduction of 11.3 MPa is observed. The parameter fitting is
carried out to obtain the relationship between the stress reduc-
tion and ultrasonic vibration amplitude. The stress reduction is
proportional to the square of the ultrasonic amplitude, which
was consistent with Langenecker’s result. It can be inferred
that the acoustic softening is the result of the changed dislo-
cation of 6061-T6 Al alloy with the ultrasonic vibration.
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Fig. 12 Comparison of stress-strain curves with ultrasonic vibration du-
ration time t=0 s and t=240 s before the tensile test

As previously reported by Wen et al. [19], an energy
threshold existed during the vibration plastic forming process
of AZ31 magnesium alloy. When the ultrasonic vibration en-
ergy was lower than the energy threshold, the acoustic soften-
ing controlled the deformation mechanism. On the contrary,
the material deformation was mainly affected by the acoustic
hardening. These two mechanisms further affected the tensile
strength, elongation, and other tensile properties of the
material.

The difference of material and experimental error inevita-
bly lead to the deviation of the stress-strain curve. In this case,
the relative parameters of tensile properties of the material are
defined to investigate the effect of ultrasonic amplitude on the
tensile behavior of 6061-T6 Al. Figure 16 shows the relative
tensile strength oy, relative tensile elongation ¢y, and relative
fracture elongation eg, which can be expressed as follows:

Opr = Op— 0y (8)
Ebr = Eb—Ey 9)
Efr = €17y (10)
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Fig. 13 The Effect of the number of cycles on the tensile strength and
elongation
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Fig. 14 Stress-strain curves under different ultrasonic amplitudes

where o, and ¢, are the strength and elongation at yield point,
respectively. oy, and ¢, are the strength and elongation at the
ultimate tensile strength of the material, respectively. ¢,is the
fractured elongation.

The influence of ultrasonic amplitude on the Oy, €y, and eg
of 6061-T6 Al are displayed in Fig. 17. The relative tensile
strength oy, relative tensile elongation, ¢, and relative frac-
ture elongation ey do not change with the increase of ultra-
sonic amplitude. During the conventional tensile test, the rel-
ative tensile strength oy, = 45.7 MPa, relative tensile elonga-
tion ey, = 6.7%, and relative fracture elongation e = 12%.
When the ultrasonic amplitude increases to 8.7 um, the oy,
€pr, and e are 43.7 MPa, 6.2%, and 11.9%, respectively. It
can be stated that the ultrasonic amplitude does not change the
final tensile properties of 6061-T6 Al with the range of 0-8.7
pm.
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Fig. 15 Relationship between stress reduction and ultrasonic amplitude
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4.4 The Effect of ultrasonic vibration on the fracture
morphology

Figure 18 depicts the fracture surface and its micromorpholo-
gy of 6061-T6 Al specimen under different tensile conditions.
The macroscopical fracture surface of 6061-T6 Al was the
typical ductile fracture, which is accompanied by a cone
cup-shaped fracture and necking. The micromorphology of
the fracture surface demonstrates that the equiaxed dimples
and micro-voids with different sizes exist. As can be seen
from Fig. 18 a—f, when the ultrasonic vibration is applied
considering the different deformation processes, duration
time, and ultrasonic amplitudes, there is no big difference
between the ultrasonic tensile and conventional tensile about
the micromorphology of the fracture surface. The above re-
sults further indicate that the ultrasonic vibration has no per-
manent effect on the 6061-T6 Al during the tensile test.
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Fig. 18 Fracture morphology of 6061-T6 Al under the different tensile conditions: a test no. 1, b test no. 2, ¢ test no. 3, d test no. 4, e test no. 5, and f test no. 8

5 Conclusions

(1) Based on the method of segmented resonance design, the
ultrasonic vibration tensile device is developed. The er-
ror of resonance frequency between the designed value
and the measured value is 3.3%, and the ultrasonic vi-
bration amplitude of 8.7 um can be achieved.

(2) Ultrasonic vibration is superimposed to 6061-T6 Al speci-
men during the tensile process. In the elastic deformation
stage, ultrasonic vibration reduces the stress required for the
elastic deformation of the material; however, it does not
change Young’s modulus. In the yield deformation stage,
the yield strength of the material is reduced. In the plastic
deformation stage, the ultrasonic vibration reduces the
stress required for the plastic deformation, while it does
not change the strain hardening rate of the material.

(3) Acoustic softening is observed and independent of the
duration time of ultrasonic vibration when ultrasonic vi-
bration is applied. The stress reduction is proportional to

the square of ultrasonic vibration amplitude, which fur-
ther indicates that the ultrasonic softening is attributed to
the changed dislocation of 6061-T6 Al material.

(4) There is no residual effect after stopping the ultrasonic
vibration during the tensile process. Comparing the tensile
mechanical properties and fracture morphology, it can be
concluded that ultrasonic vibration has no permanent ef-
fect on the final tensile behavior of the 6061-T6 Al.
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