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Abstract: Combining solid granule medium forming technology with ultrasonic vibration plastic forming technology, ultrasonic

vibration granule medium forming (UGMF) technology was proposed. To reveal the effect of ultrasonic vibration on flexible-die
deep drawing, an ultrasonic vibration with a frequency of 20 kHz and a maximum output of 1.5 kW was on the solid granule medium
deep drawing of AZ31B magnesium alloy sheet. The results revealed that ultrasonic vibration promotes the pressure transmission
performance of the granule medium and the formability of the sheet. The forming load declines with the ultrasonic amplitude during
the drawing process as a result of the combined influence of the “surface effect” and the “softening” of the “volume effect”.
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1 Introduction

With the rapid development of light industry,
automobile, aerospace, and electronic industries, the
requirement of saving energy and reducing consumption
has become increasingly urgent, and the demand for the
deep drawing of lightweight alloy components has
increased. However, these materials are characterized by
poor plasticity and therefore susceptible to tearing during
the process. The formability of the sheets can be
enhanced with ultrasonic vibration plastic forming
technology or flexible-die forming technology at
elevated temperatures.

Some scholars have discovered that the forming
load can be reduced and the sheet metal forming limit
can be improved by superimposing ultrasonic vibration
in the deep drawing experiment of the cylindrical
cup [1-3]. WEN et al [4] conducted the ultrasonic
vibration drawing experiments of magnesium alloy sheet
at room temperature and analyzed the influence of
high-frequency vibration on the deformation behaviors

of AZ31B magnesium alloy sheets. SIDDIQ and SAYED
[5] and ASHIDA and AOYAMA [6] found that wrinkling
and cracking could be avoided in the press-forming
process using ultrasonic energy because of the reduction
of the friction force between the sheet metal and the die.
Earlier studies on the effects of ultrasonic oscillations
superimposed on metal plastic forming revealed two
possible effects: volume and surface effects [7—9]. The
volume effects are related to a decrease in the flow stress,
whereas the surface effects are related to a change in the
frictional conditions at the die/specimen interface.

Most of studies on the applications of ultrasonic
vibrations on metal forming seem to reach the same
conclusions on the benefits of ultrasonic oscillations:
reduction of the forming loads, reduction of the flow
stress, reduction of the friction between die and
workpiece, and production of better and higher-precision
surface qualities. Despite these benefits, the application
of this technology remains limited. The cost of
designing an ultrasonic system and the cost associated
with the energy required to induce the vibrations are
expensive [10].
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The flexible-die forming of sheet metals is another
effective method for lightweight alloys; it can be divided
into the following processes: hydroforming [11-13], gas
bulging [14], semi-solid flexible-die forming [15], and
solid flexible-die forming, corresponding to the various
physical properties of the pressure-transfer medium.

In this study, ultrasonic vibration granule medium
forming (UGMF) technology was proposed. This
technology uses a heat-resistant granule medium, instead
of the liquid, gas, or viscous medium in existing
flexible-die technology, by superimposing ultrasonic
vibration, to achieve sheet metal forming. Based on the
properties of the granule medium, such as heat-resistance,
resistance to pressure, and good filling capacity, among
others, this forming technology has several advantages,
such as a wide range of forming temperature, casy
sealing and loading. Therefore, it provides a convenient
forming method for light alloy tube and sheet metal parts
that form difficultly at room temperature.

The flexible-die forming technology based on the
solid granule medium has been used to form the sheet
metal parts of stainless steel, aluminum alloy, and
magnesium alloy in one stage, and parts with a large
ratio of height to diameter can be gained [16—18]. The
friction between the granule medium and sheet is noted
to be beneficial to the forming process. Moreover, a large
friction coefficient indicates better sheet formability. The
good liquidity and pressure transmission performance of
the granule medium are the keys to this technology;
hence, ultrasonic vibration is introduced to the
technology.

In this study, the experiment of typical cylindrical
parts forming with AZ31B sheet was conducted based on
UGMF technology. And the influence of vibration
parameters on the deformation behavior and formability
of magnesium alloy sheet was researched in the deep
drawing process .

2 Mechanism of UGMF technology

A schematic of UGMF technology is presented in
Fig. 1. The forming equipment consists of the die, blank
holder (BH), granule medium, ultrasonic vibration
system, and punch, and so on. The BH also acts as the
solid granules store, and solid granules are filled in a
closed cavity composed of the BH, sheet, and punch.
During the forming process, the punch compresses the
granules, and the sheet is gradually deformed. JIMMA
et al [2] noted that axial vibration contributes strongly to
the rise of limit drawing ratio (LDR) rather than the
radial one and that ultrasonic axial vibration may be
classified into three types: punch (type 1), blank
holder (type 2), and die (type 3) vibration as shown in
Fig. 1.
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Fig. 1 Schematic of UGMF technology (a) and different

granular medium: (b) Metal granular medium; (c) Metal

granular medium with different sizes; (d) Non-metallic granule
medium with high temperature resistance; (e) Non-metallic

granular medium of room temperature

Using the finite element method, ASHIDA and
AOYAMA [6] studied the influence of ultrasonic
vibration on the friction state of the die, die fillet, punch,
and BH during deep drawing with a rigid mold, and the
results showed that the effect of friction reduction was
the best when vibration and lubrication were applied to
the shoulder ring of the die. In addition, vibrating the die
can result in a large relative motion between the die and
workpiece. Thus, ultrasonic vibrations were imposed on
the die in this study, and the vibratory motion was
assumed to be not transmitted to the punch.

The granule medium slides at a constant velocity v,
and is compressed by the punch. The die has an
oscillatory motion of amplitude @ and angular frequency
 along the same line of vyand its oscillations velocity
vp=—awsin wt, as shown in Fig. 2. vp is larger than the
velocity of the sheet to be deformed. Given the relative
velocity between the die and sheet, the micro gaps
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between them are created and closed at every cycle of
vibration. This action changes the contact pressure
characteristics at the interface. Under ultrasonic
vibrations, the direction of the friction force reverses for
every period of vibration, thereby changing the friction
characteristics at the die—workpiece interface. Thus, a
properly designed UGMF system can enhance the
tribological performance.
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Fig. 2 UGMF technology with die vibration

This study focused on identifying the ultrasonic
vibrations effects on sheet metal formability. Ultrasonic
vibrations can change the friction characteristics of the
die/workpiece, pressure-transmitting characteristics of
the medium, and other process variables. These changes
can be exploited to design the UGMF system.

3 UGMF experimental
procedures

setup and test

Magnesium alloy has poor formability at room
temperature because of its hexagonal and closely packed
crystal structure. Nevertheless, the formability of sheets
can be significantly improved by increasing the
temperature; hence, the deep drawing of magnesium
alloy sheet is generally performed under warm/hot
condition [17,19-21].

To analyze the effect and mechanism of ultrasonic
vibration during the deep drawing process, AZ31B
magnesium alloy sheet was selected, and a set of tooling
by superimposing ultrasonic vibrations on the solid
granule medium drawing technology was designed. The
tooling was designed to meet the following requirements:
1) The design should be able to form the cylindrical
workpiece of AZ31B magnesium alloy sheet under
heating condition; 2) The design can attain the maximum
relative velocity at the die/workpiece interface, and the
die can bear the resultant force of the forming load and
blank-holder force (BHF); 3) The setup should be
designed for an ultrasonic transducer, which operates at a
natural frequency f of 20 kHz with four different
amplitudes; 4) The setup should be designed with the
maximum output of a 1.5 kW ultrasonic generator at
frequencies between 19.5 and 20.5 kHz, such that the die
can be continually excited at different temperatures and
loads; 5) The setup should produce longitudinal mode

shapes at a natural frequency of 20 kHz to reduce the
energy loss caused by the mechanical coupling of the
ultrasonic excitation system and die.

To fulfill the aforementioned design requirements, a
preliminary design (Fig. 3) was conceived. The main
parts of the UGMF system are: 1) the ultrasonic generator,
which is connected to the ultrasonic transducer, 2) the
horn, which transmits the vibrations from the transducer
to the die, 3) the ultrasonic vibration system is installed
in a bracket, 4) the heating device, which consists of
eight uniformly distributed heating rods in the BH, 5) the
guide rods, which can effectively improve the positional
accuracy and moving stability of the components, and
6) the BHF provided by the spring. Two rubber cushions
are installed at both sides of the die flange to avoid
frictional heating caused by rapid vibration.

Transducer

Bracket

Horn
Rubbber cushion

Die

Blank
holder ™=

Guide
rode

Fig. 3 Preliminary design of UGMF system

The wultrasonic vibration system includes an
ultrasonic generator, transducer, and horn. The horn is
used to boost high-frequency vibration and excite the die;
hence, the vibration at the horn tip has a critical role in
the UGMF process. The horn made of 40Cr is excited by
the piezoelectric transducer in a longitudinal direction
(Fig. 4). Given the high amplification ratio, a two-step
horn design is employed to minimize the stress.

The die made of C12MoV is excited by the horn
in the axial direction (Fig. 5). Given that the vibration
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at horn tip
Fig. 4 Schematic of horn and vibration
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Fig. 5 Schematic of die and vibration

amplitude is boosted by the horn, the die is to transmit a
longitudinal wave at the base of the horn and attains the
desired amplitude in the deformation zone. The
amplification ratio of the die is 1, and the shape is a
cylinder with a flange in the middle position. The figure
also shows that an axial wave transmitted into the flange
attains zero amplitude at the clamping zone, which is the
nodal position.

The material parameters of the horn and die used for
the design are shown in Table 1. A wavelength of
259.2 mm is exhibited at the desired frequency of 20 kHz.
To attain the maximum displacement amplitude in the
deformation zone, the length of the horn and die should
be equal to the half of the wavelength. Other main
geometric parameters are iterated with the aid of the
finite element method as discussed in the next section.

3.1 Finite element analysis

Finite element analysis was conducted to optimize
the UGMF system. To obtain the longitudinal vibration
model and reduce the energy loss caused by the
mechanical coupling of the ultrasonic excitation system
and die, the natural frequency of the horn and die should

U,U2/mm U,U2/mm U,U2/mm
0.001 1.000 1.000
0.001 0.887 0.833
0.001 0.773 ~ 0.667
0.000 0.660 0.500
0.000 0.546 0.333
0.000 0.433 0.167
-0.000 0.319 0.000
-0.000 0.206 -0.167
-0.000 0.092 ~0.333
=0.000 ‘g-(g; -0.500
-0.001 -0. -
~0.001 -0.248 Byl
~0.001 L 0262 | ~1.000

0 X 0 X
(a) (b)

Table 1 Material and ultrasonic vibration parameters used in

horn and die
Densi Poisson Elastic  Wave Wave
Material Ik ~rrt1¥§) ratio, modulus, speed, length,
PIKE E/GPa c/(m's") Jgmm
40Cr 7.85%10° 0.3 211 5184.5 259.2
Crl2MoV  7.7%10° 0.3 207 5184.9 259.2

be close to the excitation frequency given by the
transducer. To determine the remaining key dimensions
of the system, modal analysis and harmonic response
analysis were conducted using the finite element code
ABAQUS with the material parameters listed in Table 1.
Three different mode shapes of the horn were
analysed within the range of 12000 to 21000 Hz, as
shown in Fig. 6. A longitudinal mode shape was noted at
20045 Hz among the mode shapes in Fig. 6(b). The
longitudinal mode shape of the die at 20168 Hz was
obtained in the same way as shown in Fig. 7, which is
required for sheet forming. The longitudinal mode
shapes may enhance the tribological conditions at the die
cavity—workpiece interface. The longitudinal mode shape
is beneficial because it reverses the friction force and
forms gaps for the deep drawing processes. Figure 7
shows that the tip surface vibration displacement of the
die cavity gradually decreases from the center to the edge,
which indicates that the center zone of the die holds the
maximum energy. The longitudinal mode shape at
20141 Hz of the assembly of the horn and die is obtained
as shown in Fig. 8, which is needed for sheet forming.
The next steps in the optimization of the tooling
included determining the displacement amplitudes at the
deformation zone because of the superimposed
vibrations and checking if the stresses in the structure are
within permissible limits. Ultrasonic excitation was
applied on the surface of the horn where the transducer is
connected. At this time, the actual displacement
amplitude was unknown, and four input displacements
were used in the harmonic analysis. These input

Fig. 6 Horn displacement U (longitudinal displacement U2) nephogram of model analysis: (a) f/~12802 Hz; (b) /~=20045 Hz;

(¢) £=20620 Hz
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Fig. 7 Die displacement nephogram of model analysis
(=20168 Hz)

X
r—o
Fig. 8 Assembly displacement nephogram of model analysis
(=20141 Hz)

displacements were 2, 3, 4, and 5 um. The displacements
were applied as a cosine function (Eq. (1)) to mimic the
ultrasonic vibrations.

u=acos ot (1

The response of the die was calculated for the
specified values of w. The harmonic response analysis
was conducted using the element code ABAQUS.

The frequency response of the die ranging from 18
to 21 kHz was calculated, and the response curve of
point 4 (Fig. 7) was obtained, as shown in Fig. 9. A
damping ratio of 1% was applied in the analysis. Thus,
for the input displacement of 2, 3, 4, and 5 pm, the horn
exhibited longitudinal displacement amplitudes of 6, 9,
12, and 15 pm, respectively.

16.2

14.2 +

122}
102+ /\InquS pm
\
B /N=4 nm

Input=2 pm

A
o
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o
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Fig. 9 Resonance plot showing displacement at surface of horn
for four different displacement inputs

3.2 UGMF experimental setup

Figure 10 shows the developed UGMF

experimental setup under heating condition. According to
the simulation results, the optimal dimension parameters
of the horn and die are listed in Table 2. The OptoMET
laser scanning vibrometer was adopted to measure the
amplitude of the die by superimposing ultrasonic
vibration. The frequency and amplitudes of the die under
no-load condition at different levels are shown in Table 3.
The measured values are basically consistent with the
simulation values.

+°

Fig. 10 Setup of UGMF system under heating condition

Table 2 Dimension parameters of horn and die (mm)
Lo Ll (po (pl 50 La Lb 61 (pw (pn h r
129 62 54 31 3 125 62 8 78 25 52 3

Table 3 Measured amplitudes at different levels

Level I I il v
Frequency/Hz 20188 20186 20172 20170
Amplitude/um 6.7 8.1 11.6 16.5

The WDD-LCJ—-150 electronic testing machine
provides the forming load to the bracket of the forming
unit. The heating device consists of eight uniformly
distributed heating rods in the BH and four contact
thermocouples, which are used as the real-time
temperature measurement system. The closed-loop
temperature control system precisely controls the
forming temperature and ensures that the sheet metal is
heated homogencously. In this study, the variable BHF
control was used in deep drawing, and the stiffness of the
spring was set according to the critical BHF [22].

The water-based MoS, was applied evenly on both
surfaces as high-temperature lubricant beforehand, and
the sheet was placed between the BH and die. The
selected medium consists of SiO, granules with the
diameter of 0.12—0.22 mm. When the sheet is heated to
the specified temperature by the heating unit, the
ultrasonic vibration system starts to work. The punch
with diameter of 20 mm then compresses the solid
granule medium at the speed of 60 mm/min, and the deep
drawing begins.
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4 Results and discussion

AZ31B sheet with a thickness of 0.8 mm is selected,
and the chemical composition of the alloy is presented in
Table 4. The mechanical properties are obtained by
uniaxial tensile test using an InspektTable100 universal
testing machine, as shown in Table 5.

Table 4 Composition of AZ31B magnesium alloy (mass
fraction, %)

Al Mn Zn Fe Si Ni Cu Mg

299 039 093 0.007 0.09 0.004 0.005 Bal

Table 5 Mechanical properties of AZ31B sheet (with a strain
rate of 0.01 s™1)

Forming Yield Tensile Strain Plastic
temperature/  stress/  strength/  hardening strain
°C MPa MPa exponent, n  ratio, r
20 188 259 0.15 1.36
200 54 74 0.12 1.31
250 42 52 0.10 1.27
300 38 45 0.08 1.2

The solid granules will be agglomerated during a
deep-drawing process without vibration, whereas the
agglomeration can be completely broken after applying
ultrasonic vibration because of the enhancement of
liquidity and force transmission performance of the solid
granule medium under ultrasonic vibration.

4.1 Influence of temperature on forming under
ultrasonic vibration excitation

When the amplitude of ultrasonic vibration was
11.6 pm and the initial diameter of the sheet was 55 mm,
the limit drawing heights 4 of the workpieces at different
forming temperatures 7' were obtained, as shown in
Fig. 11.

The effect of temperature on the forming of
magnesium alloy sheet is extremely obvious under
ultrasonic vibration excitation (Fig. 11). Within the range
of 180—300 °C, the limit forming height % gradually
increased with temperature if 180<7<260 °C, and
decreased with temperature if 260<7<300 °C. The
deformation resistance force is reduced with the energy
of ultrasonic vibration; hence, the sheet is easy to
produce plastic deformation. A fracture occurs when the
drawing force exceeds the maximum resistance force.
Thus, the best forming temperature for the magnesium
alloy under ultrasonic vibration is 240—260 °C, whereas
that of static drawing is around 290 °C [17]. Under
ultrasonic vibration, the temperature remains as one of
the main factors that influence the formability of

magnesium alloy. Moreover, ultrasonic vibration can
efficiently lower the optimum forming temperature and
energy cost.

30

25°F

20

15

10

Limit drawing height #/mm

240 260 280 300 320
Temperature/°C

0 ; ;
180 200 220

Fig. 11 Limit drawing height 4 of workpieces at different

temperatures

4.2 Influence of ultrasonic vibration on
microstructure of workpiece

Wire electrical discharge machining was used to
obtain specimens from the flange and die fillet of the
workpieces. After being polished and corrosively treated,
the microstructures of specimens with different vibration
conditions at 260 °C were compared using a scanning
electron microscope. This aspect of the microstructure is
a key factor in understanding the volume effect. The
micrographs of specimens that were cut from flange and
fillet are shown in Fig. 12.

Figures 12(a) and (b) show the micrographs for the
flange of the samples superimposed with the amplitudes
of 0 (i.e., no vibration) and 11.6 um, respectively. A few
small twin crystals appear in the grain boundary; the
grain size decreases and the evenness of the grain
increases when the amplitude is 11.6 pm, which is
different from that with no vibration. The die fillet
microstructures of the samples are superimposed with the
amplitudes of 0 and 11.6 um, as shown in Figs. 12(c) and
(d), respectively. Compared with those of flange, the
grains of the die fillet are evidently elongated along the
direction of deep drawing deformation. What’s more, the
grain of sample with the amplitude of 11.6 pum is refined
and uniform compared to that of no vibration.

The above phenomenon is a result of the limited
vibration energy absorbed by per unit area during the
deep drawing process. The integral flange area is large
and the compactness of the sheet in contact with the die
in this area is determined by the BHF. While the
ultrasonic energy is mostly concentrated in the die fillet
(as shown in Fig. 4). The sheet warps and closely sticks
to the die in this area, which effectively absorbs the
vibration energy. Finally, the vibration energy speeds up



Miao-yan CAO, et al/Trans. Nonferrous Met. Soc. China 27(2017) 163—171 169

N
DL\ él
L Ty -
A GH
(B Por A
Fig. 12 Microstructures of specimens under different vibration conditions (260 °C): (a) Sample of flange with amplitude 0 um;

(b) Sample of flange with amplitude of 11.6 pum; (c) Sample of die fillet with amplitude of 0 pm; (d) Sample of die fillet with
amplitude of 11.6 um

the breeding and migration of the dislocation, increases
the dislocation density, and produces the softening
phenomenon, which reduces the drawing force,
augments the eclongation, and even improves the
formability of the sheets.

4.3 Influence of amplitude on AZ31B formability

To study the influence of the amplitudes of
ultrasonic vibration on the formability of AZ31B sheet,
the deep drawing experiments of cylindrical parts with
the amplitudes of O (i.e., no vibration), 6.7, 8.1, 11.6, and
16.5 um, were conducted at 260 °C. The obtained LDR
values under different conditions are listed in Table 6. As
the amplitudes increase, the LDR first rises then falls

Table 6 LDR values with different amplitudes (at forming
temperature of 260 °C)

Amplitude/  Spring stiffness/ .
um (N-mm™) PF of spring/N LDR
0 68 612 1.90
6.1 68 612 2.20
8.1 68 612 2.24
11.6 68 612 2.32
16.5 68 612 2.00
0 68 748 2.12
8.1 68 748 1.88
11.6 68 748 1.8

under the pretension force (PF) of spring, which is 612 N;
11.6 pm is considered to be the best amplitude under
these conditions. However, the forming performance of
the sheet metals declines with the oversized vibration
amplitudes (a=16.5 um) because the “hardening”
phenomenon gradually occupies the dominant position in
the volume effect, thereby inhibiting the twin crystal
precipitation from the grain boundary. With vibration
amplitude increasing, the LDR values decrease instead of
increase when PF=748 N. The ultrasonic oscillations of
the die reduce the optimum BHF, and the reduction in
BHF increases with the vibration amplitudes.

Figure 13 shows the curves of the changes in the
punch load with stroke under different amplitudes. The

g XX X —0pum
X 0—6.7 um
5t X A—8.1um
X 4 —11.6 pm
4r 0—16.5 um
X 000og

x 0% aMdfong

Punch load, F/kN
w

0
L VLYYY R
A Dﬂo‘:ﬁ °°°°°806“:Mu
2F X n“*A AAA
Ag 4 8,
)
X0, £
1+ %0‘6
ux
LA

(=}

S 100 15 20 25 30 35
Punch stroke, S/mm

Fig. 13 Values of punch load vs stroke under different

amplitudes
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punch load decreases with the increase of amplitude, and
the load peaks with the amplitudes of 6.7, 8.1, 11.6, and
16.5 pm are reduced by 38.7%, 37.9%, 40.6%, and
38.7%, respectively, compared to that with no vibration.
In the case of longitudinal vibration for the die
relative to the workpiece during the deep-drawing
process shown in Fig. 2, the directions of vibration and
sliding are assumed to be collinear. From the theoretical
predictions based on the simple Coulomb friction law of
POPOV et al [9], the friction coefficient function
between the sliding velocity vy and harmonic oscillations
with the velocity amplitude v, of the cylinder wall in the
UGMEF process can be deduced as
M1 Ozn Vo —V, cosé I @)
Hy 2 \/vg +v2 cos® & —2vyv, cos&

where v,=aw, 1 is the sliding friction coefficient, and u
is the macroscopically measured friction coefficient (i.e.,
averaged over the oscillation period).

As shown in Fig. 14, the ratio of friction coefficient
Wy increases with the increment of the ratio of sliding

velocity to vibration velocity vy/v, with respect to Eq. (2).

My tends to be a constant value at large sliding
velocities (vo>v,). When vy/v,<0.5, the relationship
between u/uy and wvyv, is linear, whereas, when
0.5<vy/v, <1, it can be fitted well using the exponential
functions (inset of Fig. 14). In the UGMF process, given
a small value of vy/v, (<0.05), x is minimal (inset of
Fig. 14), which explains why the surface effect in the
vertical wall of the cylinder part can reduce the punch
load.

1.2 0.04
0.03
1.0}
(.02
0.8} 0.01
= 0 0.01 0.02 0.03 0.04 0.05 0.06
Jo06f
Y
1.0
04+ 0.8 | # Theoretical curve
: Fitted curve
$0.6f
304}
02r 02+
0
04 06 08 1.0
. . . Yot

0 02 04 06 08 10 12
Vo/Va

Fig. 14 Variation of u/ug with vo/v, with respect to Eq. (2)

In summary, UGMF technology can reduce the
forming load because of three possible effects. In the
force superposition effect, the ultrasonic vibration
changes the direction of the relative movement [23]. A
change exists in the direction of the friction force,
providing part of the force that assists forming. In the
surface effect, by applying ultrasonic vibration, the

flange of the workpiece and die present a periodic
instantaneous separate state. This periodic changes the
apparent friction coefficient as a result of the pumping of
the lubricant phenomenon, softening or melting of the
asperities, and separation of the surfaces, thereby
redistributing the lubricant. Within a partial vibration
period, the direction of the friction between the straight
wall of the workpiece and the die is in accordance with
the drawing direction, which facilitates forming and
reduces the forming load. The volume effects are related
to the decrease of flow stress at the fillet of the die;
hence, the vibration energy speeds up the breeding and
migration of the dislocation, increases the dislocation
density, and produces a softening phenomenon, which in
turn reduces the drawing force.

5 Conclusions

1) Ultrasonic vibration significantly influences the
friction and Iubrication mechanism at the die/sheet
interface. Under ultrasonic vibration, the liquidity and
force transmission performance of the granule medium
are enhanced. The friction between the die and sheet
metals can be reduced, as well as the deformation
resistance. Consequently, the forming performance of the
sheets is improved, the punch load is significantly
reduced, and the reduction increases with the
augmentation of vibration energy. Most importantly, this
effect is due to the combination of volume and surface
effects.

2) The optimum forming temperature and BHF of
AZ31B magnesium alloy sheet decrease based on the
UGMF process. Within the range of 6.7 and 11.6 pm, the
LDR value of AZ31B sheet increases gradually with
increment of ultrasonic vibration amplitude, while it
decreases when the amplitude increases to 16.5 um. By
analyzing the microstructure of the deformed parts, a few
small twin crystals appear in the grain boundary; the
grains size decreases, and the uniformity of the grains
increases in the microstructure of the flange area with an
amplitude of 11.6 pm. The grains in the die fillet are
elongated obviously along the direction of the deep
drawing deformation, and the degrees of grain
refinement and uniformity become highly prominent
compared with those without vibration.
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