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Abstract

Ultrasonic Assisted Deep Drawing (UADD) is a state of the art Conventional
Deep Drawing (CDD) process that results in improved formability and decrease
in forming force. In this novel technology, the forming tool fluctuates under low
amplitude and high frequency which is supplied by an ultrasonic package including
generator and transducer. The main objective of this research is study of various
parameters affecting the deformation behavior of the formed thin cylindrical-parts
by UADD process, based on experimental tests and numerical methods followed by
statistical approach. In this regard, a sophisticated Finite Element Model (FEM)
including surface effect and stress superposition is developed. Nevertheless, a
robust technological equipment is designed and fabricated in which the special die
as a main vibratory tool can be longitudinally stimulated by enforced vibrations
with frequency very close to the 20kHz. Consequently, experiments are performed
to determine the effectiveness of the ultrasonic vibration, as well as, calibrate
the established FE model. The simulation outputs and the relevant experimental
tests are compared based on the forming force and drawing depth results, and an
acceptable agreement is achieved. Based on the validated numerical model, Design
of Experiment (DOE) by Response Surface Methodology (RSM) is utilized to run
multiple simulations. Moreover, the effect of six parameters in the UADD process
on the maximum forming force and the minimum thickness of the formed cup is
statistically evaluated and high-reliability regression models based on the analysis
of variance (ANOVA) with 90 simulations are generated to estimate these two
output parameters. As a result, ultrasonic vibration amplitude, punch nose radius,
and blank diameter with 37.22, 21.68, and 19.03% of contribution, respectively,
were the most effective parameters on the required forming load. Furthermore,
the results illustrated that ultrasonic vibration amplitude was the most important
parameter on thickness reduction of sheet with 69.92% contribution.

Nomenclature
ANOVA| Analysis of variance STH | Shell thickness (mm)
0 Anisotropic parameter 0 K Strength coefficient (MPa)
T45 Anisotropic parameter 45 n Strain hardening exponent
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790 Anisotropic parameter 90
w Angular frequency (rads™?)
CDD Conventional deep drawing
2 Effective stress (MPa)

e Engineering strain

g Equivalent strain

FLDy | Forming limit diagram

to Initial thickness (mm)

ey Main engineering strain
RSM Response surface method

Y, Tensile strength (MPa)
t Time (s)

ty Thickness of the final cup wall (mm)
€t Thickness strain

UADD| Ultrasonic assisted deep drawing
Amax | Vibration amplitude (pm)

f Vibration frequency (s~!, Hz)
Yo Yield strength (MPa)
Young modulus (MPa)

1. Introduction

Deep drawing is extensively used as a common method
in sheet metal forming process having a variety of in-
dustrial applications such as aviation equipment, au-
tomotive, and home appliances. The tendency of con-
trolling the governing parameters in the sheet metal
forming process is due to the occurred defects like vari-
ation of the sheet thickness and rupture that makes the
process complicated and affects the quality of prod-
ucts. As shown schematically in Fig. 1, a thin blank
is subjected to plastic deformation using forming tools
(punch) to give the blank a desired shape by control-
ling the blank-holder that prevents wrinkling during
the forming operation. The aim is to achieve thin
drawn parts with higher depth while the formability
of the sheet increases.

For this purpose, various methods including hydro-
forming [1], warm forming [2], using electromagnetic
pulse [3], flexible tools [4], low-frequency oscillatory
blank-holder [5] and punch with micro-ridges [6] has
been outlined by many scientists. Nowadays, ultra-
sonic forming as booming research with superior mer-
its such as decreasing forming load as well as friction
force, and increasing formability [7] has been attracting
the attention of many researchers. Research has doc-
umented that the application of Ultrasonic Vibrations
(UV) during the metal plasticity results in the absorp-
tion of ultrasonic energy locally at the imperfections of

Blank holder —|—o
(raming e

material crystalline lattices such as vacancies, disloca-
tions, and grain boundaries, implicitly; the interatomic
agitation caused by UV favors the formability of ma-
terial [8].

In 1955, Blaha and Langencker [9] were pioneers
in studying the deformation behavior and microstruc-
tural change on zinc single crystal during ultrasonic-
assisted tension test experimentally. In this study, a
series of uniaxial tensile tests on the Zn single crystal
was performed under ultrasonic waves ranging from 50
to 80kHz. They found that the material flow stress
was markedly reduced in UV condition compared with
the static tensile test, the phenomenon which was later
investigated as Blaha effect, acoustic softening, and
volume effect [10]. Moreover, the use of UV energy
changes interfaces friction between the tool and work-
piece and leads to reduce the friction force, which the
advantage ascertained as a surface effect [11]. Con-
tinuous research in this area revealed that utilization
of vibratory tool in forming processes would increase
the plastic strain of material. This result has been
attributed to the static and dynamic load superposi-
tion [12]. Despite the aforementioned benefits of UV
application and its disclosure in bulk metal forming
processes, especially Equal Channel Angular Pressing
(ECAP) [13] and upsetting [14], few efforts have been
directed at utilizing this technique to improve draw-
ability of sheet metal in forming processes.
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Fig. 1. Schematic concept of conventional deep drawing process.
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Vahdati et al. [15] applied ultrasonic-assisted in-
cremental forming to improve surface roughness and
spring-back of the formed sheet. In further work,
Amini et al. [16] investigated UV application in in-
cremental forming to enhance the formability of an-
nealed AL1050 sheets. Based on their results UV
application with 7.5um amplitude and 20,000Hz fre-
quency will lead to an increase in plastic strain up
to 48%. Long et al. [17] studied the influence of
ultrasonic-assisted incremental forming process param-
eters namely sheet materials, amplitude vibration, tool
diameter, and feeding speed by a series of experimental
tests and multiple finite element simulations. The re-
sults of the experimental tests showed that UV energy
significantly leads to an increase in the temperature
of the formed sheet. They illustrated that increased
temperature helps to be formed, and leads to the re-
lease of residual stresses. The results of the simulation
showed that with increasing the amplitude of ultrasonic
vibrations, the plastic strain in the contact area be-
tween the tool and the work-piece increases. Pengyang
Li et al. [18] developed a 3D finite element model in
ABAQUS software to evaluate the various components
of the forming force in UV-assisted incremental form-
ing. Numerical results showed that the axial compo-
nent of the force in the oscillatory tool decreases contin-
uously with increasing amplitude of ultrasonic vibra-
tions. Their analysis of different frequencies revealed
that by selecting values above 40kHz for the vibrational
frequency, a phenomenon called rebound occurs for the
oscillatory tool, which leads to an increase in the form-
ing force. Pasierb and Wonjar [19] experimentally ap-
plied ultrasonic vibrations (16kHz) to the drawing die
by magnetostrictive transducers. The results of their
experimental tests showed that using ultrasonic oscil-
lations leads not only to reduction of the forming force
but also the uniform thickness variation in the wall
of the work-piece. Jimma et al. [20] experimentally
investigated the ultrasonic-assisted deep drawing pro-
cess. They applied UV individually and in combination
with each of the punch, die and blank holder. Their
results showed that ultrasonic vibrations can increase
the drawing depth of blank. They showed that the
application of ultrasonic vibrations to the die resulted
in a 10% increase in Limiting Drawing Ratio (LDR),
while simultaneous vibration of the blank holder and
die can increase this ratio up to 14%.

According to the experimental studies, the contri-
bution of surface effect shows a more dominant role
in improving the forming process than that of acous-
tic softening [21]. Therefore, finite element modeling
of ultrasonic forming processes, regardless of the vol-
ume effect, can provide an acceptable prediction [13].
Hence, a three-dimensional model of the ultrasonic-
assisted press forming process was proposed by Ashida
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and Ayoma [22]. By using multiple simulations, they
indicated that ultrasonic vibrations (21kHz) have a sig-
nificant effect on the reduction of the friction factor
between the edge radius of the die and the work-piece.
This reduction of friction also prevents the rupture of
the sample into the edge radius of the die in addition to
the reduced forming force. Malekipour et al. [23] stud-
ied the ultrasonic deep drawing process experimentally
and numerically. By analyzing a vibrational model
and excitation frequency, they investigated the effect
of resonant frequency variation on the forming limit,
the forming force, the frictional force and the material
flow stress qualitatively. They declined that reducing
the frictional force is a consequence of increasing the
internal energy of the blank in the plastic deformation
zone; meanwhile, Interatomic agitation favors the slid-
ing of the crystallographic planes into the structural
network of the blank.

Due to the complexity of different parameters’ com-
bination in the UADD, finding the most effective pa-
rameters in the process is vital. The aim of this study
is to investigate the effect of different parameters in
the UADD. Aside from the conventional deep draw-
ing parameters, the UV parameters such as vibration
amplitude and frequency can significantly affect the
forming process results. However, since the experimen-
tal tests at different vibrational frequencies are time-
consuming and costly, finite element simulation is em-
ployed as a powerful tool to reduce design and exper-
iment costs. Several different factors have impact on
ultrasonic-assisted deep drawing process. Simulating
and analyzing of these factors is a time and power con-
suming process. In order to have more efficient ap-
proach in the study, the design of experiment is the
best choice to reduce the number of simulations with
having the same acceptable results.

In the present study, the effect of ultrasonic deep
drawing parameters on the forming force and thick-
ness reduction is investigated. For this purpose, a cus-
tomized ultrasonic die was designed and manufactured
precisely to vibrate at 20kHz frequency in the axial
direction with the longitudinal mode shape under res-
onance conditions. Then, in the second phase, the ex-
perimental tests and simulations were performed un-
der conventional and vibrational conditions with 5um
vibration amplitude. In the third phase, by using Re-
sponse Surface Methodology (RSM) the effect of pro-
cess parameters on deformation behavior was investi-
gated.

2. Materials and Methods

In this section, a brief description of the design param-
eters and specifications, material and their properties
and experiment condition are provided.
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2.1. Material and Uniaxial Tensile Test

In this research, low carbon steel (St12) sheet with a
0.5mm thickness was used. To perform uniaxial ten-
sile test according to ASTM-E8 standard, the dog-
bone shaped specimens in the rolling, diagonal, and
transverse direction were cut using laser. The spec-
imens through the jaws (grippers) were mounted on
the SANTAM universal testing machine. It is worth
mentioning that an extensometer was used to measure
the strain of the specimen during the uniaxial tensile
test. The extensometer was linked to the SANTAM
universal tensile device software and could calculate
Young’s module value in the elastic region. The engi-
neering and true stress-strain diagrams extracted from
the tensile test for rolling direction are depicted in Fig.
2. Eq. (1) representing the Holloman hardening power
formula based on experimental results. As shown in
Fig. 2, R? is greater than 0.95 for the fitted curve.

7 = 615.59(2)312(MPa) (1)
where & and £ are equivalent stress and plastic strain
respectively. The mechanical properties of low carbon

steel (St 12) sheet in rolling direction are presented in
Table 1.

2.2. Ultrasonic Device, UADD Setup and Test
Procedure

In order to apply ultrasonic vibration to the forming
tool (die), an ultrasonic set including power supply, a
piezoelectric transducer, and a booster were connected
to the deep drawing die. To provide ultrasound en-
ergy, a 3kW power supply, with a wide range of work-
ing frequencies, 15,000 to 20,000Hz, was implemented.
This generator is capable of scanning and regulating
the resonance frequency of the vibratory system. The
high-frequency electrical power is sent to the piezoelec-
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tric transducer. The transducer consists of the piezo-
electric stacks, backing, and matching which are as-
sembled with a pre-stress center bolt. This transducer
has a longitudinal natural frequency of 20kHz and a
nominal power of 2kW. Booster plays a key role in
transferring the ultrasonic wave and improving the out-
put vibration amplitude of transducer. In this study,
316 non-magnetic stainless steel was used for the deep
drawing die. For achieving the resonance pulsation,
ABAQUS/Frequency was used through the numerical
modal analysis. Therefore, to find the resonance fre-
quency of the die, multiple numerical modal analysis
was simulated. The results show that the natural fre-
quency of the die in longitudinal mode is 20,064Hz
(shown in Fig. 3). It is noteworthy to mention that
the calculated value is very close to the natural fre-
quencies of booster and transducer, which satisfies the
requirements of the resonant state. Then, based on
the final geometry dimensions obtained from the sim-
ulated modal analysis, the ultrasonic drawing die was
fabricated. The geometrical dimensions of the die are
provided in Table 2.
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Strain
Fig. 2. Strain-stress curves obtained from uniaxial

tensile test: engineering diagram, true diagram, and
the fitted stress-strain curve in plastic region.

Table 1

Mechanical properties and anisotropy coefficients of low carbon steel (St12) sheet metal.
Properties Value
Thickness, ty (mm) 0.5
Young modulus, E (MPa) 210,000
Yield strength, Y (MPa) 198.944
Tensile strength, Ys (MPa) 314.896
Strain hardening exponent, n 0.312
Strength coefficient, K (MPa) 615.59
Lankford anisotropy coefficients
To 0.93
T'45 1.12
T90 1.34

* ro, r45, and rgp are the r-values along Rolling Direction (RD), Diagonal Direction (DD), and Transverse

Direction (TD), respectively

* Holloman law: & = k(&)™
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Table 2
The geometric dimensions of die.
Parameter Value (mm)
Punch diameter 17.0
Punch nose radius 4.0
Die cavity diameter 20.0
Die entrance radius 4.0

Fig. 4 shows the details of different parts, assembly
and tuning the resonant frequency. The main vibra-
tory set (transducer, booster, and drawing die) as the
core of the technological equipment was assembled us-
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ing double-screw bolts and then, from the flanged por-
tion of the drawing die was fastened to the upper base.
In order to prevent the transfer of ultrasonic vibration
to the structure of the technological equipment and to
reduce the waste of ultrasonic energy, the flanged por-
tion of drawing die as a nodal plane with zero displace-
ment was acoustically isolated. Pillar-shaped spacers
fixed blank-holder on the die. Therefore, a 0.6mm fixed
gap was between the blank holder and the working sur-
face of the die. Later, the punch with axial constraint
against the die cavity was fastened on the lower base.

Clamping zone

Ultrasonic die
- Longitudinal mode
- Frequency = 20064Hz

Normalized displacement

Horizontal distance (mm)

ODB: Job-1.0db Abaqus/Standard 3DEXPERIENCE R2017x Sun May 19 03:57:29 Iran Daylight Time 2019

vS(ep: Step-1
Mode 1: Value = 1.58921E+10 Freq =
Primary Var: U, U2

20064.  (cycles/time)

Deformed Var: U Deformation Scale Factor: +1.000e+00

Fig. 3. Simulated modal analysis result for the drawing die (ABAQUS 2017 - longitudinal mode with natural

frequency 20064Hz).

Load-cell
¢
Transducer | <
:
i Booster <
- -
E
Die o m
i
i Punch =
= :
!
‘ ]
Samples
Generator

Pillar-shaped spacers

Blank-holder

Piezoelectric transducer

Fig. 4. Technological equipment of ultrasonically assisted deep drawing process: parts, assembly and tuning

the resonant frequency.
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In this study, experiments were carried out using
a computer controlled universal testing machine (Fig.
4). In order to determine the experimental resonant
frequency, the die was assembled with a booster and
transducer. Then plugged into the technological equip-
ment and tested by the ultrasound generator. Af-
ter applying the transducer vibrations, the 20,016Hz
resonant frequency was obtained under experimental
and no-load conditions, which correlated well with the
results obtained from the modal analysis (shown in
Fig. 5). To measure the static and average forces, re-
spectively, under conventional and ultrasonic vibration
conditions, a load-cell was installed on the device. The
stroke value of the process was also extracted through
the device encoder. For conventional and ultrasonic-
assisted deep drawing tests, the blanks with 34mm and
39mm diameter were detached from sheet metal by
laser cutting. The tests were performed at a constant
speed of 10mm/min at room temperature. It should
be noted that in this study no lubricants were used on
the surfaces of the die components. Before perform-
ing the main tests, the vibration amplitude at the die
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tip needed to be determined. So, an accurate GAP-
Sensor with the model number of PU-05, which is a
type of proximity sensor with 0.3um resolution, was
used to measure the vibration amplitude. Moreover,
AEC-5505 converter was applied to convert tool tip
displacements into electrical signals.

2.3. Description of the Finite Element Model

In this study, ABAQUS/Explicit was used. This com-
mercial finite element code is capable of analyzing so-
phisticated forming processes. All parts, including die,
sheet metal, punch, and blank holder were modeled in
a 1:1 scale. Due to axisymmetric design of the die set
and to reduce computation cost, only a quarter of die
set was analyzed (shown in Fig. 5). The blank part
with shell shape was set deformable and the other parts
including punch, die and blank holder were considered
rigid.

The mechanical properties and stress-strain curve
of material are based on Section 2.1. In the modeling,
the Hill-48 yield criterion was used as Eq. (2) [24].

flo) = \/F(agg —033)2 + G(033 — 011)%2 + H(011 — 092)? + 2L0o35 + 2Mo?, + 2No?,

Ultrasonic
vibration (f,a) ——=

1}

Initial blank

T

i -

| ]

Vi

Fig. 5. Finite element model geometry of the ultrasonic assisted deep drawing process (ABAQUS 2017).
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F, G, H, L, M, N are the constants of the Hill
yields criterion obtained by the Egs. (3) to (7) [24].

1( 1 1 1>
Fe=c(ogyt = — o (3)
2\R3, Ri R

1 1 1 1
G==( + = — = 4
2<R§3+R%1 R) @

me’ (6)
Myﬁ (7)
:% (3)

To apply mentioned relations in ABAQUS, the

anisotropy coefficients are as Eqgs. (8) to (11) [24].
Rii =Riz=Ro3 =1 9)
Firz = \/(27“43(:01?(71“())730@0) (10)
o = | 0D (1)
Rs3 = % (12)

It is generally accepted that the advantages of ultra-
sonic waves in metal forming are a combination of the
acoustic softening phenomenon and the surface effect
[25], so in order to take into account the acoustic soft-
ening, the uniaxial tensile test with superimposing UV
was performed. As shown in Fig. 6a, a special setup
was designed and constructed to extract softened ma-
terial data in different vibrational amplitudes. The set
is designed in such a way that the specimen can oscil-
late longitudinally. The result of modal analysis shows
that the highest amplitude of vibration takes place in
the gauge length. The stress vs strain curve in three
different amplitudes is presented in Fig. 6b. It is clear
that due to the acoustic softening phenomenon induced
by ultrasonic energy, the material flow stress decreases
with increasing vibration amplitude. Hence, for sim-
ulation in each vibrational amplitude, the behavior of
the respective softened material is included.

Punch, die and blank holder were modeled using
shell elements with type node 3-D bilinear rigid quadri-
lateral (R3D4), while the blank meshed with 4-node
shell elements (S4R). The mesh size evaluation was per-
formed regarding the amount of kinetic energy dived to
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internal energy. The size was accurate when this ratio
approached the least amount and can be ignored. In
order to apply ultrasonic vibrations to the simulation,
a low-amplitude and high-frequency displacement were
added to the static motion of the die corresponding to
Egs. (12) and (13) [26]. Hence, a VDISP* subrou-
tine was developed in FORTRAN compiler and imple-
mented in ABAQUS.

u = v(t) + Amax sin(wt) (13)

w=2nf (14)
where Apax, w, and ¢t represent the maximum vibra-
tion amplitude, angular frequency, and time parame-
ter, respectively. The constraint type between punch
and blank, blank and blank holder, and blank with die
was surface-to-surface contact. Thus, Coulomb friction
model and penalty method were adopted between the
interfaces of the tool. Table 3 provides the interface co-
efficient of friction considered in this simulation. The
friction coefficient of 0.15 and 0.25 reflects the dry fric-
tion conditions, which is similar to the experimental
values in this study [5].

Horn

Tensile
specimen

Horn

(b)

Amplitude=5 pm

700
5=620.8(s"")

0} aee=mT

so b T o Amplitude= 20 pm

--- 6=500.24 (%)

400 --

00 b7 - -7 Amplitude= 35 um
" ',/ =350 (")

0.1 0.3 0.5 0.7 0.9 11

Stress (MPa)

Plastic strain

Fig. 6. Ultrasonic assisted uniaxial tension test: a)
Design, construction and experimental setup, b) Power
formula fitted for stress vs strain curve in three differ-
ent amplitudes.
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Table 3
Coefficient of friction between surfaces in simulation [5].

Interfaces Friction coefficient
Punch/blank 0.15
Blank holder/blank 0.15
Die/blank 0.25

2.4. Failure Criterion

As the failure criterion, the maximum thinning (¢y),
was checked. The maximum thinning was calculated
by the thick strain e; from forming limit diagram
(FLDy), Eq. (14). Where t( is the initial thickness
of the blank and ¢; is the thickness of the final cup
wall. The principal engineering strain e in the plane-
strain condition was obtained based on the empirical
equation provided by the North American Deep Draw-
ing Research Group [27]. It is estimated as shown in
Eq. (15):

tp = toelst)

o = LDy = (2834 2510 (557)

(15)

25.4 0.21 (16)

That FLDy is the main engineering strain under
the plane-strain condition, n is the strain hardening
exponent, ey is the main engineering strain, and tg is
the initial sheet thickness. Engineering strain in plane-
strain condition can be written as the true strain by Eq.
(16). Assuming constant volume, Eq.(17), and ¢, =0
(plate strain condition), the true strain in the thickness
direction is determined by Eq. (18) [27]:

gg = In(1 + ep) (17)
cog+e,+e=0 (18)
Et = —&p (19)

Ultrasonic deep drawing
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Finally, with respect to n = 0.321, the fracture
thickness is 0.304mm, which is the most thinning value.

3. Results and Discussion

In this section, the results of experimental tests related
to the reduction of the drawing force and the increase
of the draw-ability with the frequency of 20kHz and
5um amplitude of ultrasonic vibrations are presented.

3.1. Experimental Results

Fig. 7 shows the formed cups in both conventional
and ultrasonic vibrational conditions. Initially, blanks
with 34mm initial diameter were fully formed under
conventional conditions without rupture. Therefore,
this size of the initial blank diameter could not disclose
the UV energy effect on the increase in formability.
Hence, the size of the initial blank diameter increased.
Subsequently, a conventional deep drawing operation
for blanks with an initial diameter of 39mm was per-
formed, and as shown in Fig. 7, the formed work-piece
broke at 8mm depth. Therefore, metal blanks with an
initial diameter of 39mm were used for deep drawing
tests with ultrasonic vibration. High-frequency vibra-
tions were applied continuously from the beginning to
the end of the deep drawing process, and the cup was
completely deformed without any cracks and no tear-
ing, resulting in a 12.2% increase in the drawing ratio.

Fig. 8 shows the average forming force related to
39mm blank. As can be seen, due to the tuned out
condition of the system, the forming process with ultra-
sonic shows no decrease in forming force at the begin-
ning. When the force decreases, the maximum amount
of forming force decreases by 6% for continuous vibra-
tional conditions.

Traditional deep drawing

Initial blank diameter: 39mm

Initial blank diameter: 34mm

Fig. 7. Increased sheet formability in the presence of ultrasonic vibrations for blanks with an initial diameter
of 39mm and vibration frequency of 20kHz and 5um amplitude.



Journal of Stress Analysis/ Vol. 6, No. 1, Spring — Summer 2021

12000

10000

8000

6000

S
PR ————

Forming force (N)

4000

i

2000

0 2 4 6 8 10 12 14
Stroke (mm)
Fig. 8. Forming force in conventional and ultrasonic
deep drawing (frequency 20kHz, amplitude 5um).

In order to validate the finite element model, the
results of simulations for blanks with an initial diam-
eter of 39mm under conventional and UV conditions
(20kHz and 5pm amplitude) were compared to the ex-
perimental results. The validation of the FEM was
based on the formed cups configuration and forming
force results. Fig. 9, 10, and 11 provide the configura-

Rupture position: Thickness reduction
exceeds its allowable value at 9.9mm depth

BTt b

**3 Under than 0.321mm
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tions and forming forces for deep drawn cups, numer-
ically, and experimentally. The thickness distribution
contour (STH) of the CDD and UADD processes is
shown in Figs. 9 and 10. During conventional deep
drawing, the blank was ruptured with 8mm depth,
while the corresponding numerical simulation results
showed a rupture at 9.63mm depth (Fig. 9). Accord-
ingly, there is a 17% difference between the simulation
and experimental test results which can be attributed
to the measurement method accuracy and neglecting
the wrinkling area of the sample flange. The results of
deep-drawn cups with ultrasonic vibrations are shown
in Fig. 10. In this case, the minimum thickness is
greater than the minimum permissible of 0.321mm,
which approved the finite element simulations predic-
tion. Moreover, the blanks are completely deformed
without any rupture. The obtained forming force of
finite element simulation and the experimental results
are compared in Fig. 1la and 11b. Based on these
plots, the overall forming force prediction from the FE
simulation and experiments have same trends.

Fig. 9. Comparison between formed cups with simulation and experimental approach under conventional deep

drawing (CDD) condition.

STH
(Avg: 75%)

v More than 0.321mm

Fig. 10. Comparison of the formed cup of the experimental work with finite element simulations, ultrasonic
deep drawing (20kHz vibration frequency and 5um vibration amplitude).
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Fig. 11. Comparison between the forming forces ob-
tained in experimental work with finite element sim-
ulation. a) Conventional deep drawing, b) Ultrasonic
deep drawing (20kHz frequency and 5um vibration am-
plitude).

Fig. 11b shows the forming force during the UADD
process for the formed cup. The load cell shows an av-
erage decrease in the forming force due to the presence
of ultrasonic vibrations. However, the load cell was
not capable of measuring the oscillatory force. The FE
simulation implementation can accurately exhibit the
oscillatory forces caused by the presence of ultrasonic.
Table 4 shows the numerical and experimental forming
force values for CDD and UADD. The results show 6%
and 8% force reduction in the experimental and simu-
lated ultrasonic-assisted deep drawing, respectively.

Table 4
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3.2. Simulation Results on the Deformation
Behavior of Thin-wall Products

Fig. 12 shows the thickness distribution contour (STH)
in constant vibration amplitude of 5um with different
frequencies. As can be seen from this figure, the mini-
mum thickness is located in the circumference of the
cup bottom. The best thickness distribution is ob-
tained for a vibration frequency of 35kHz. Fig. 12c
contours show that by increasing the frequency beyond
35kHz the thinning increase due to the rebounding in
the ultrasonic process. The rebound decreases the sep-
aration time of die and blank. Thus, increasing the
frequency in the range beyond 35kHz, despite the in-
crease in force, thinning also occurs for the formed cup.

Fig. 13 illustrates the effect of the vibration ampli-
tude on the thickness distribution of the drawn parts.
Hence, at a constant frequency of 20kHz, the simula-
tions were performed in four cases of different vibra-
tional amplitudes. The results indicate the application
of a 10pum vibration amplitude compared to other con-
ditions provided the optimum thickness distribution.
However, increasing the vibration amplitude above this
value increases the thinning in the radius of the bottom
cup. This process continues until the vibrational am-
plitude of 35um (shown in Fig. 13d) causes the greatest
thinning in the radius of the cup bottom. This value
is close to the maximum thinning of sheet thickness
(0.321mm). Therefore, increasing the vibration ampli-
tude, although significantly reduces the forming force,
causes a severe decrease in the formed cups, and this is
not beneficial to the process, hence the choice of opti-
mum vibration amplitude and frequency improves the
process. The parametric study of the process is also
presented in the next section to further investigate the
effect of vibration amplitude and frequency.

3.3. Numerical Study Procedure

In this study, to reduce the costs and time of the ex-
periments, Response Surface Method (RSM) was im-
plemented. RSM is one of the powerful mathemati-
cal and statistical methods to predict process outputs
(response variables) by considering independent design
parameters (input variables).

Comparison of experimental and simulation results of maximum average forming force for conventional and ultrasonically assisted

deep drawing process.

Maximum average force (kIN)

Process Experiment FE simulation Error (%)
Conventional deep drawing (CDD) 10.7 10.22 4.5
Ultrasonically assisted deep drawing (UADD) 9.8 9.43 6.6

Force reduction (%) 8.4 8
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Fig. 12. Effect of vibration frequency on minimum thickness: a) 20kHz, b) 30kHz, c¢) 35kHz, (d) 40kHz.

Table 5
Input factors and related levels in ultrasonically assisted deep drawing process.
Factors Symbol Levels
Lowest (—1) Middle (0) Highest (+1)
Blank diameter (mm) BD 34 36.5 39
Punch nose radius (mm) PNR 2 4 6
Die nose radius (mm) DNR 2 4 6
Clearance (mm) Cl 0.55 0.775 1
Amplitude (mg) Amp 5 20 35

Frequency (kHz) Fre 20 40 60
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Fig. 13. Effect of vibration amplitude on minimum thickness: a) 5um, b) 10um, ¢) 25um, d) 35um.

Table 6
Full factorial design and simulation results in ultrasonically assisted deep drawing process.
Process parameters Simulation results

Run BD PNR DNR Cl Amp Fre Maximum Minimum

number (mm) (mm) (mm) (mm) (um) (kHz) drawing thickness
force (N) (mm)

1 39 6 2 1 35 60 8555.81 0.361

2 39 6 6 1 5 60 8675.37 0.426

3 36.5 4 4 0.775 20 40 6728.06 0.459

4 36.5 4 6 0.775 20 40 6040.18 0.460

) 34 6 2 0.55 35 60 6818.50 0.389

6 39 6 2 1 ) 20 10837.6 0.412

7 39 2 2 1 35 60 6736.95 0.371

8 34 2 2 0.55 35 20 5705.52 0.398

9 36.5 4 4 0.775 20 40 6728.06 0.459

10 36.5 2 4 0.775 20 40 6228.64 0.460

11 36.5 4 4 0.775 20 40 6728.06 0.459

12 34 6 2 1 ) 20 9150.58 0.446

13 34 6 6 1 5 20 8153.21 0.468

14 36.5 4 4 0.775 20 40 6728.06 0.459

15 39 6 2 1 5 60 9856.61 0.416

16 36.5 4 4 0.775 20 40 6728.06 0.459
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Continuation of the table

Process parameters Simulation results
Run BD PNR DNR Cl Amp Fre Maximum Minimum
number (mm) (mm) (mm) (mm) (um) (kHz) drawing thickness
force (N) (mm)
17 34 2 6 0.55 5 60 5789.21 0.469
18 39 2 6 0.55 5 60 6856.50 0.433
19 36.5 4 4 0.775 20 40 6728.06 0.459
20 34 6 6 0.55 35 60 5821.13 0.340
21 34 4 4 0.775 20 40 6160.20 0.470
22 34 2 2 1 35 60 6093.77 0.402
23 34 6 6 0.55 35 20 5838.39 0.406
24 36.5 4 4 0.55 20 40 6662.10 0.457
25 36.5 4 4 0.775 20 40 6728.06 0.459
26 36.5 4 2 0.775 20 40 7129.48 0.450
27 34 2 6 1 35 60 5096.40 0.413
28 34 2 6 1 5 20 7022.98 0.468
29 36.5 4 4 0.775 20 40 6728.06 0.459
30 34 6 6 1 5 60 7324.95 0.461
31 39 6 6 1 35 60 7374.57 0.372
32 34 6 2 1 35 60 7224.00 0.392
33 36.5 4 4 0.775 20 20 7023.00 0.457
34 34 6 2 0.55 5 60 7916.81 0.447
35 39 2 2 1 5 20 9498.96 0.422
36 36.5 4 4 0.775 20 40 6728.06 0.459
37 39 6 2 0.55 35 20 8095.99 0.412
38 36.5 4 4 0.775 20 60 7320.77 0.441
39 39 6 6 1 35 20 7395.01 0.377
40 34 2 6 0.55 5 20 6617.47 0.465
41 39 2 6 1 5 20 8317.72 0.432
42 34 2 2 0.55 5 60 6786.58 0.458
43 34 6 6 0.55 5 20 T7747.71 0.454
44 34 2 6 0.55 35 60 4690.90 0.410
45 34 2 2 0.55 5 20 7614.84 0.454
46 39 6 6 0.55 35 60 6894.31 0.369
47 39 6 6 0.55 5 60 8164.45 0.423
48 34 2 2 1 5 20 8020.34 0.457
49 39 6 2 0.55 35 60 8075.55 0.359
50 39 6 6 1 5 20 9656.33 0.422
51 34 6 2 0.55 5 20 8745.07 0.443
52 36.5 6 4 0.775 20 40 7463.06 0.450
53 39 2 2 1 35 20 7237.65 0.377
54 34 6 2 1 35 20 7241.26 0.398
55 34 6 2 1 5 60 8322.32 0.450
56 39 2 6 0.55 5 20 7837.46 0.429
57 39 2 6 1 35 20 6056.41 0.387
58 34 6 6 1 35 60 6226.64 0.403
59 34 2 2 1 35 20 6111.03 0.409
60 34 2 6 0.55 35 20 4708.16 0.417
61 39 2 6 1 5 60 7336.76 0.436
62 39 6 2 0.55 5 60 9376.34 0.413
63 36.5 4 4 0.775 20 40 6728.06 0.459
64 39 4 4 0.775 20 40 7295.89 0.440
65 36.5 4 4 0.775 20 40 6728.06 0.459
66 36.5 4 4 0.775 20 40 6728.06 0.459
67 39 2 2 1 5 60 8518.00 0.425
68 39 2 6 1 35 60 6035.97 0.382
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Continuation of the table
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Process parameters

Simulation results

Run BD PNR DNR Cl Amp Fre Maximum drawing Minimum thickness
number (mm) (mm) (mm) (mm) (pm) (kHz)  force (N) (mm)
69 39 6 6 0.55 5 20 9176.06 0.419
70 39 2 2 0.55 35 60 6736.95 0.369
71 34 6 6 1 35 20 6243.89 0.409
72 36.5 4 4 0.775 35 40 6002.49 0.407
73 34 6 6 0.55 5 60 6919.45 0.458
74 34 2 2 1 5 60 7192.08 0.461
75 34 2 6 1 5 60 6194.72 0.472
76 34 6 2 0.55 35 20 6835.76 0.395
7 39 2 2 0.55 5 20 9018.70 0.419
78 34 2 2 0.55 35 60 5688.27 0.399
79 39 2 2 0.55 5 60 8037.74 0.423
80 36.5 4 4 0775 5 40 7227.48 0.468
81 36.5 4 4 0.775 20 40 6728.06 0.459
82 39 2 2 0.55 35 20 6757.38 0.374
83 36.5 4 4 0.775 20 40 6728.06 0.459
84 36.5 4 4 1 20 40 7104.98 0.460
85 39 6 6 0.55 35 20 6914.75 0.375
86 39 2 6 0.55 35 20 5576.15 0.385
87 39 6 2 0.55 5 20 10357.3 0.426
88 34 2 6 1 35 20 5113.66 0.420
89 39 2 6 0.55 35 60 4690.90 0.379
90 39 6 2 1 35 20 8576.25 0.367

Based on a sequence of designed experiments, this
methodology optimizes the process to choose the most
appropriate condition by establishing a logical link be-
tween the inputs and outputs. One of the most popu-
lar methods of DOE is the Central Composite Design
(CDD) using full factorial type. This method investi-
gates all feasible cases of factors at different levels. In
this paper, the layout of the run for simulations was
performed based on a central composite-full factorial
design approach. The process predominant parame-
ters of UADD and its levels that utilized in the numer-
ical study are provided in Table 5. Pursuant to full
factorial design considering six independent factors at
three different values, number of 90 simulations were
determined and performed. Table 6 presents the full
factorial design of the process parameters along with
maximum average drawing force and minimum thick-
ness of the formed cup achieved from simulation results
in UADD operation.

3.4. Development Mathematical Model

Design Expert (version 10) package as a commercial
statistical software was employed to establish math-
ematical relationship between process parameters and
simulation results by RSM and through analysis of sec-
ond order full quadratic regression model. The general
form of this mathematical model is shown in Eq. (19)
[6].

y=bo+ > biXiu+ Y biX7 +> XuXju (20)
i=1 =1 i=1

where y is the response function, by, b;, b;;, b;; are
constant coefficients, n is the number of factors; 22, is
the second-order variable term; x;,7;, are the interac-
tion terms. It is worth mentioning that non-significant
terms of developed mathematical model may be omit-
ted for analysis without adverse effect. Therefore, an
analysis of variance (ANOVA) procedure considering
coefficient of determination i.e. R? was performed to
assess the significant terms of the regression model.
Tables 7 and 8 represent ANOVA results of maximum
forming force and minimum thickness, respectively. In
the deep drawing process, as the punch penetrates the
die cavity, the forming force increases continuously and
reaches a peak value, then as the punch continues to
move for the final forming of the cup, the amount of
force also decreases. Therefore, due to the friction
conditions between the sheet and the tool surfaces,
it is possible that the sheet in the position of peak
force leads to severe thinning and rupture. Reducing
the maximum average forming force can prevent the
sheet from rupturing and the part can be fully formed.
Therefore, the specific value of the maximum force and
its reduction due to changing process parameters was
investigated in this study. The most effective param-
eters on the specified responses and the efficiency of
developed mathematical models can be found using
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the data in this table. It is seen from Tables 7 and
8 that for both the forming force and minimum thick-
ness the F-Value for the models are 303.80 and 128.87,
respectively. These values imply the model terms are
significant. It is worth noting that the clearance pa-
rameter does not have a significant effect on the min-
imum thickness. The presence of ultrasonic vibration
in the deep drawing process leads to a micro-gap be-
tween the sheet and the working surface of the die. On
the other hand, the friction of the inner wall of the
die and the formed cup also is reduced. Hence, vibra-
tion amplitude plays a pivotal role in reducing friction
and clearance changes do not dominate its effects. The
vibration amplitude, in addition to facilitating the ma-
terial flow into the die cavity, has a significant effect
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leads to improved thickness distribution. Mathemati-
cal relations are provided for both forming force and
minimum thickness outputs in Eqgs. (20) and (21).

Forming force (N) = 6716.51 + 596 x A
+637.12 x B —550.94 x C +227.73 x D
—834.81 x £ —240.20 x '+ 72.63 x AB
—52.46 x AC —89.85 x AE —40.98 x AF
+200.90 x EF + 155.63 x D + 443.97 x F?
Minimum thickness (mm) = +0.46 — 0.016 x A
—3.884FE — 3 x B+ 4.608FE —3 x C' —0.026 x E
—1.785F —3 x FF —1.504F — 3 x AC + 1.796FE
—3x AE —2.664E — 3 x EF — 0.029 x E?

(21)

on reducing friction in the cup formatting stage and —0.014 x F2 (22)

Table 7

ANOVA results of maximum average forming force in UADD process.
Source Sum of Degree of Mean of F-value P-value Contribution Significant

square freedom squares Prob>F (%)

Model 1.33E4-08 13 1.33E4+08  629.879 < 0.0001 *
A-BD 2.35E+07 1 2.35E+07 1443.91 < 0.0001 19.03 *
B-PNR  2.68E+07 1 2.68E+07 1645.31 < 0.0001 21.68 *
C-DNR  2.00E+07 1 2.00E+07 1230.3 < 0.0001 16.21 *
D-CL 3.42E+06 1 3.42E+06 210.21 < 0.0001 2.77 *
E-Amp  4.60E+07 1 4.60E4-07 2824.7 < 0.0001 37.22 *
F-Fre 3.81E+06 1 3.81E+06 233.86 < 0.0001 3.09 *
AB 3.38E4-05 1 3.38E+05  20.73 < 0.0001 *
AC 1.76E4-05 1 1.76E4+05 10.81 0.0015 *
AE 5.17E+05 1 5.17TE+05 31.73 < 0.0001 *
AF 1.08E4-05 1 1.08E4+05 6.6 0.0122 *
EF 2.58E+06 1 2.58E+4+06 158.64 < 0.0001 *
D? 91376.07 1 91376.07  5.61 0.0204 *
F? 7.44E+05 1 7.44E+05 45.67 < 0.0001 *
R? =0.9908, Ridj = 0.9892 and Rzred = 0.9858
Adequacy precision is 122.767

Table 8

ANOVA results of minimum thickness in UADD process.
Source Sum of Degree of Mean of  F-value P-value Contribution Significant

square freedom squares Prob>F (%)

Model 0.093 10 9.32E-03  290.99 < 0.0001 *
A-BD 0.016 1 0.016 499.22 < 0.0001 25.86 *
B-PNR  9.96E-04 1 9.96E-04  31.1 < 0.0001 1.61 *
C-DNR  1.40E-03 1 1.40E-03  43.77 < 0.0001 2.27 *
E-Amp  0.043 1 0.043 1350 < 0.0001 69.92 *
F-Fre 2.10E-04 1 2.10E-04  6.57 0.0123 0.34 *
AC 1.45E-04 1 1.45E-04  4.52 0.0366 *
AE 2.06E-04 1 2.06E-04  6.45 0.0131 *
EF 4.54E-04 1 4.54E-04  14.19 0.0003 *
E? 3.08E-03 1 3.08E-03  96.11 < 0.0001 *
F? 7.60E-04 1 7.60E-04  23.74 < 0.0001 *
R? =0.9736, Ridj = 0.9702 and Rfmd = 0.9634

Adequacy precision is 55.156
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3.5. Parametric Influence
3.5.1. Forming Force

Fig. 14 shows the effect of process factors on the form-
ing force of the ultrasonic-assisted deep drawing pro-
cess. As can be seen in Fig. 14a, increasing the initial
blank diameter increases the forming force. This can
be mainly due to the increase in the initial blank diam-
eter which leads to increase in the friction of the sheet
and die’s surface. Besides, the larger blank diameter
increases the contact of sheet surface and the blank
holder, and as a result, the blank material flow into the
die cavity becomes more difficult and the forming pro-
cess becomes harder. Fig. 14b shows the effect of the
punch edge radius variation on the forming force. As
can be seen in this plot, an increase in the punch edge
radius increases the force. Larger radius reduces the
contact of punch and the sheet and makes the shap-
ing process more difficult and increases the required
force. Fig. 14c demonstrates the effect of the die edge
radius on the forming force. It is quite clear that by
increasing the die edge radius, the forming force de-
creases. By increase in the die edge radius, the blank
flows in a smaller path and finally the required force
sheet bending is less. Fig. 14d displays the effect of
clearance on the forming force. Based on the ANOVA
analysis, this parameter has an insignificant effect on
the forming force comparing to the other factors. How-
ever, choosing the right amount of clearance can par-
tially reduce the forming force. It can be seen that
an increase in the amount of clearance increases the
forming force. Fig. 14e illustrates the effect of the vi-
bration amplitude on the forming force. The result of
ANOVA (Table 7) shows that the amplitude of ultra-
sonic vibration is the most significant parameter. A
continuous increase in the ultrasonic vibration ampli-
tude decreases the forming force. The main reason is
the existence of a continuous micro-gap between the
working surface of the die and the blank in the ultra-
sonic vibration mechanism. Hence, as the vibration
amplitude increases, the created gap increases and re-
duces the friction. Finally, the blank material flow
into the die cavity becomes easier. Fig. 14f shows the
effect of another ultrasonic vibration parameter, the
vibration frequency. As shown in the figure, there is
an optimal value for the UV frequency, and increasing
the vibration frequency up to about 50kHz leads to a
decrease in the forming force. By further increasing the
frequency, the forming force increases. The very first
reason behind this phenomenon is that increasing the
frequency of vibrations causes shorter period for the
die to come to initial state and be separated from the
sheet (micro-gap state). On the other hand, a rebound
occurs at the moment of separation between the sur-
face of the work-piece flange and the working surface
of the die.
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3.5.2. Thickness Reduction

Fig. 15 depicts the effect of UADD process param-
eters on the minimum thickness. As shown in Fig.
15a, when the blank diameter increases, thinning in
the formed cup increases. This is because an increase
in the blank diameter leads to increase the drawing ra-
tio. Fig. 15b illustrates the effect of the punch edge
radius on the thickness reduction. According to this
figure, the increase in the punch edge radius reduces
the thinning of the sheet. Thinning often occurs at
the circumference position of the punch head. As dis-
cussed earlier, an increase in the punch edge results in
the overall surface of the punch head to be less exposed
to the sheet. Hence, the nose radius of the cup bottom,
which is formatted by the punch edge, is subjected to
high tensile stress and increases the thinning in this
area of the formed cup. The effect of the die edge ra-
dius on the minimum thickness is shown in Fig. 15c.
As the die edge radius increases, the flow of the blank
material follows a less bent path to enter the die cav-
ity. Hence, increasing this value leads to a decrease in
the thinning of the formed cups. Based on the results
of ANOVA analysis (Table 8), it was shown that the
clearance between the punch and the die has a negligi-
ble effect on the work-piece thickness. To have a better
understanding, Fig. 15d shows the amount of mini-
mum thickness. The decrease in clearance also has a
negligible effect on the increase in the minimum thick-
ness. By decreasing the clearance, the ironing effect on
the walls leads to a slight decrease in the thickness of
the cup. According to the ANOVA analysis, one of the
most important parameters of the ultrasonic assisted
deep drawing process is the vibration amplitude (Ta-
ble 8). The simulation results, Fig. 15e, show that
by increasing the vibration amplitude up to 11um, the
workpiece has a better thickness distribution. How-
ever, increasing the vibration amplitude leads to an
increase in the thinning. The main reason can be the
micro-hammer behavior on the surface of the blank’s
flange in high amplitude. Applying high amplitude ul-
trasonic vibrations can reduce the forming force, but
this will not be very useful for the thickness distribu-
tion at the end. Incorrect selection of the ultrasonic vi-
bration amplitude in the sheet forming processes leads
to higher thinning values, which is a disadvantage. Fig.
15f shows the effect of the frequency on the maximum
thickness reduction of the work-piece. It is also clear
that an increase in the ultrasonic vibration frequency
up to the optimum value decreases the thinning. In
higher frequencies than optimum, the thickness reduc-
tion trend is reversed and the thinning is more signifi-
cant. The main cause of this phenomenon, as explained
in the previous section, is the reduction of the work-
piece and die separation period.
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Fig. 14. The effect of process independent parameters on the required forming force.
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Fig. 16. Final results of optimized parameters in UADD process.

3.5.3. Optimization

Optimization of process was done by RSM method.
The minimum amount of the peak of the forming force
and the maximum amount of thickness was defined
as the optimization criteria. Furthermore, the high-
est value was given for the diameter of initial blank.
Because, the goal of deep drawing process is to achieve
cups with higher height. On the other hand, the rest of
the parameters were considered in the predetermined
range. As shown in Fig. 16, the optimal values for
the two important parameters of frequency and am-
plitude of ultrasonic vibrations were obtained 42.8kHz
and 18um, respectively.

4. Conclusions

In this study, a customized ultrasonic-die with axial vi-
bration capability was designed and manufactured to
perform a series of deep drawing experimental tests,
considering both conventional and ultrasonic assisted
condition. The finite element model was subsequently
developed to simulate the deep drawing process. In
order to provide a logical relationship between the
input and output parameters of the forming process
(including the forming force and minimum thickness
of the formed cup), a central composite test design
method was used. In this way, 90 simulations with
a different combination of parameters were proposed.
Then, to estimate the forming force and the amount
of thickness reduction under different conditions, high-
reliability regression models were developed. The main
conclusions drawn are the following:

1. Results of experimental test show a 6% decrease
in the vibration conditions (20kHz frequency and
5um amplitude) and a 12% increase in the draw-

ing ratio when compared to the conventional
deep drawing.

. Based on the Response Surface Method (RSM)

experiment design, several number of models
with different parameters were simulated. The
regression models were presented to estimate
the forming force and minimum thickness of the
formed cups. The regression equations for these
two output parameters provide promising results.

. The results of the ANOVA for the forming force

indicates that the vibration amplitude and ini-
tial blank diameter are the two most important
factors. Moreover, an increase in vibration am-
plitude up to 35um generates a micro-impacts
regime, which significantly reduces the forming
force. On the other hand, due to the rebound
phenomenon, an increase in the UV frequency
leads to an insignificant reduction in forming
force.

. The obtained output parameter of the minimum

work-piece thickness from ANOVA showed that
the vibration amplitude had a significant impact
to the thickness value. The high-amplitude im-
pacts cause a significant plastic strain and thin-
ning in the work-piece, which has a major draw-
back to sheet metal forming processes such as
deep drawing.

. Optimization of process was performed by RSM

method. The optimal values for the two impor-
tant parameters of frequency and amplitude of
ultrasonic vibrations were obtained 42.8kHz and
18um, respectively.
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