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Abstract

Keywords: ultrasonic-vibration assisted forming, ultrasonic-vibration drawing, fine element
analysis, ultrasonic-vibration upsetting

The ultrasonic-imposed metal formation processes use ultrasonic energy to act on die then
using die to act on workpiece for forming operation. //

This project is scheduled to carry on the research of ultrasonic assisted forming for/}hk&

years. For the first year, the finite elemental analysis and optimization scheme were use% sf/
>
the design of experimental apparatus for ultrasonic-imposed metal formation/pkée/sée\s. his
Y

-

apparatus has been completed and tested at this stage. f

[ M
For the second year, a heating device had been designed and mantka\ tur)e/d to extend the
<\

high-temperature capacity of the above test apparatus. A series- oLéxperlments had been
conducted with this apparatus to explore the stress re /u ct (Blaha effect) of ultrasonic
assisted forming process. Experimental results mﬁllc}ﬂedjthat ultrasonic-vibration can
considerably reduces the compressive fo XI upsettlng%{ reducing effect on
compressive forces decreases while the te rature incre The strain rate does not

AN
eﬁeqt on compresswe\\fbrces Moreover, the effect of

significantly affect the reduci

0t be exp@% by a simple mechanism, such as the

position 04‘/”st>es/s or the absorption by dislocations of the

ultrasonic- VIbratJo/ﬁ energy

ons\\\cho r|ct|on u ic vibration could still reduce the compressive force of

the axial esswe tests, the experimental results indicated that

xiliary drawing of aluminum wire and ultrasonic-vibration on hot upsetting of aluminum alloy

for the third year. Good results were achieved for both applications.
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Abstract
&\

The traditional ultrasonic apparatus cannot be operated at high temperatu explaining\ the effect of ultrasonic-vibration on
high temperature metal forming has seldom been addressed in literature. This s establishes an ultrasonic-vibration hot upsetting
system. A cooling mechanism is used to solve the problem of high temperature effects of temperature and strain rate during
ultrasonic-vibration on the upsetting of aluminum alloy were explored system. Experimental results indicate that

cal

ultrasonic-vibration can considerably reduces the compressive force{}lurm ng The reducing effect on compressive forces
decreases while the temperature increases. The strain rate does no /a ect the reducing\effect on compressive forces.

© 2005 Elsevier B.V. All rights reserved. &
Keywords: Ultrasonic-vibration; Hot upsetting; Aluminum all X @
O\
AN .
materials\Blaha and Langenecker were the first to inves-
tigat e aise of ultrasonic-vibration in relation to plas-

etals [1,2]. They superimposed high-frequency
@Qyions onto the static load during the tensile testing
a

1. Introduction

Many new materials, such as tit
sium alloys and inter-metallic co
to produce. Production de
of new processes to overco

zinc single crystal specimen. In the experiment, they
served a substantial reduction in the yield stress and
during the metal for the reduction of the flow stress. This phenomenon is
ultrasonic-vibration | the so-called Blaha effect. Kempe [3] proposed three
forming. The difference betwedn convention mechanisms by which dislocations may absorb energy
forming and t i i from vibrations; they are (1) a resonance mechanism,
i (2) a relaxation mechanism, and (3) a mechanism of sim-
ple hysteresis. Nevill [4] attributed the reduction of the
flow stress to the superposition of steady stress and the
nic N\{on or metal forming processes, such alternation of stress, and proposed the stress superposi-
duction of the friction between the die and the tion mechanism.
reduction of the forming forces, and de- Lehfeldt and Pohlman [5] examined the feasibility of
e spring-back angle during sheet metal exciting a ball by vibration on a revolving plate in exper-
ing. These effects increase the forming limit of iments on the influence of the ultrasonic-vibration on
friction. The frictional forces are minimal at the contact
* Corresponding author. Tel.: +886 3 5712121 55160; fax: +886 3 surface when the direction of vibration is parallel to the
5720634, direction of motion. Jimma et al. [6] applied ultrasonic-
E-mail address: chhung@mail.nctu.edu.tw (C. Hung). vibration to the deep drawing process and show that

0041-624X/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ultras.2005.03.001
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ultrasonic-vibration deep drawing is very effective in
increasing the limiting drawing ratio (LDR) and sur-
passed the theoretical value LDR of deep drawing by
ideal tools without friction. Murakawa et al. [7,8] inves-
tigated the effects of radial ultrasonic-vibration drawing
(RVD) and axial ultrasonic-vibration drawing (AVD),
and compared them to those of conventional wire draw-
ing (CD). It was proven to be highly effective in increas-
ing the critical drawing speed by ultrasonic wire
drawing, and the RVD operation appears to be more
productive than the AVD operation.

Huang et al. [9] investigated the benefits of applying
the axial ultrasonic-vibration of forming tools in an
upsetting process; he used plasticine as a model material
to simulate the hot metal. According to that study,
applying an ultrasonic-vibration to the die reduces the
mean forming force during upsetting. He concluded that
the stress superposition effect and the reduction of inter-
face friction contributed to the above phenomenon.

Conventional ultrasonic apparatus cannot be oper-
ated at high temperatures, so relatively few investiga-
tions have addressed the effect of ultrasonic-vibration
metal forming at high temperature. This study, estab-
lishes an ultrasonic-vibration hot upsetting apparatus
to overcome this difficulty. The effects of temperature
and strain rate during ultrasonic-vibration on the hot
upsetting of aluminum alloy are investigated using this
apparatus.

2. Ultrasonic-vibration hot upsetting apparatus

2.1. Hot upsetting machine

Hot upsetting is based on a pro
uni-axial deformation of a cylindrical
parallel rigid platens. In thi
signed microcomputer ser

a server motor to control the v
The maximum lo g ity i

can sustain a maximum temperature of 600 °C
vacuum pressure of 1072 Torr. The system was de-
signed with a free moveable die and a vacuum furnace
and so was ideal for performing experiments at a high
temperature in a vacuum.

During the ultrasonic-vibration hot upsetting experi-
ment, heat may be transferred to the mechanical appara-

tus affecting the %
pper and lo @« ¢s also require a cooling system to
prevent damiageto the part. The heating of the dies pro-
ceeds mainl thermal radiation, so the rate of heating
was 1@ an the rate of liquid cooling. An auxiliary
hea @ system was designed on both the upper and lower
o make compensate for the heat to increase the

ID controlled are used to control the temperature. This

© temperature compensation can maintains the tempera-

ture between the dies and the inner furnace within
+1°C.

@gﬁracy of the temperature control. Three independent
:

2.3. Ultrasonic-vibration system

The ultrasonic-vibration system includes an ultra-
sonic frequency generator, a piezoceramic vibration
transducer, a resonator and an ultrasonic forming die.
The ultrasonic frequency generator has a maximum
capacity of 2 kW and provides power for a piezoelectric
transducer to generate ultrasonic-vibration. This gener-
ator includes an automatic frequency-tracking control-
ler, which is able to maintain the system resonant
frequency at 20 kHz + 300 Hz. A booster then amplifies
the amplitude of vibration and transmits it to a horn.
The ultrasonic-vibration system was fixed by flange
located at the booster’s vibration node. The step horn,
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which is resonant in a longitudinal mode, was uniquely
designed for use in upsetting. In this investigation, finite
element simulations software, ABAQUS, was used to
determine the dimensions of this stainless steel horn.
The results of the tests showed that the simulated and
experimental resonant frequencies were very close to
each other.

3. Ultrasonic-vibration hot upsetting experiment
3.1. Experimental procedure

The ultrasonic-vibration hot upsetting experiment
proceeded as follows. First, the ultrasonic-vibration sys-
tem and vacuum furnace were set up on a hot bench
controlled by a microcomputer server. Second, the spec-
imen was placed between parallel dies. Then, a 20 kg W
preload was applied to the specimen. The heating con-
troller was turned on. When the temperature reached
the designated temperature, it was hold constant for
10 min before the rest of the experiment was performed.
Whenever the loading reached 70 kg W during an exper-
iment, the ultrasonic-vibration was superimposed.

3.2. Experimental conditions

used in this study were aluminum alloy A6061 that wa
6 mm high and 6 mm in diameter. The compression dis-
placement was set to 4 mm (equivalent to-a 66:7% com-

under dry conditions without lubri
sonic-vibration hot upsettlng, the

4. Experimental results and discpssio

\m,a%@ and tem

trasonic

4.1. Effects o
on upsetting

re

; g%t experimental results of load-dis-
nt curves for the conventional upsetting (CU)

)
ble/1
Material and hot upsetting conditions

gb%\gnen material Aluminum alloy (A 6061)
Tooling material Stainless steel (SUS304)

Size of specimen $6.0 X 6.0 mm
Lubricant N/A
Reduction (R) 66.7%

True strain rate (&)
Temperature of specimen

0.003 1/s, 0.03 1/s
25°C, 100 °C, 200 °C, 250 °C
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S
51000 // //
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00 /% train At yany 03\§

=~ Sinin r\z\te 0.03, AU’U

0 AVEAY \,. !
(a) Dlsplacemep&

250

0 | @j/\//
150 -
100 ﬂ/

( J >
—— Strain rate=0.03
/>M 0 S.p/.. - .<\»§\\. P S S S e S S S S R

( 1§placement mm

Compressive force, kgw
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&

Fig. 2. Load— ent curves for CU and AUU at 25°C: (a)
compresswe/;ﬁ);%\gsﬂlsplacement curves for CU and AUU; (b) reduced
compressws@s—dlsplacement curves.

was 0.03 1/s. Fig. 2(a) shows that for CU, the compres-
sion ratio was 67% (with a displacement of 4 mm) under
a compressive forces 1511 kg W for CU, but for AUU, a
compressive forces was 1296 kg W was required to yield
the same compression ratio. The compressive force was
therefore 215 kg W lower for AUU. These results indi-
cate that ultrasonic-vibration effectively reduces the
material flow stress. Fig. 2(b) shows reduced compressive
forces—displacement curves. Under ultrasonic-vibration,
increasing the compression ratio increases the reduction
in the compressive forces. Restated, ultrasonic-vibration
strengthens the effect of the reduced compressive forces
when the compressing ratio is increased.

Figs. 3-5 show the load—displacements curves of the
CU and AUU, with a constant true strain rate of
0.03 1/s at temperatures set to 100 °C, 200 °C and
250 °C, respectively. At all tested temperatures, the load
decreased when the ultrasonic-vibration was applied.

Fig. 6(a) and (b) plot the relationship between tem-
perature and ultrasonic-vibration. When the compression
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Fig. 3. Load-displacement curves for CU and AUU at 100 °C.
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Fig. 5. Load-displacement curves for CU and AUU at 250 °C.

displacement was 4 mm the compressive forces of AUU
at 25 °C and 100 °C were very close to those of CU at
100 °C and 200 °C. Accordingly, the reduction in flow
stress caused by increasing the temperature by 100 °C
is comparable to that caused by applying ultrasonic-

A

——T=200, CU
(b)
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(a) Displacementy —)
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- P
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o
u‘ //
2 800 ///5///
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g /W/
400
© / = ——T=100, CU
/) —=—T=100, AUU

isplacement, mm

tween temperature and ultrasonic-vibration in
ad-displacement curves of CU at 25°C and

100 °C, AUU °C; (b) load—displacement curves of CU at 100 °C

and 20@1% at 100 °C.
@on. However, when the compression displacement

less than 3 mm, the effect of ultrasonic-vibration

\\v@(ceeded than that of increasing the temperature by

&

100 °C.

Fig. 7(a) and (b) indicate that the increase in temper-
ature reduced compressive forces for CU and AUU at a
true strain rate of 0.03 1/s. Fig. 7(c) plots the load—dis-
placement curve of the compressive forces reduced by
ultrasonic-vibration at various temperatures. The reduc-
tion in compressive forces caused by ultrasonic-vibra-
tion was distinguished at 25 °C. The magnitude of the
compressive forces reduction caused by ultrasonic-
vibration decreases as the temperature is increased.

4.2. Effects of ultrasonic-vibration and strain rate
on upsetting

In this part, the true strain rate was set to 0.03 1/s and
0.003 1/s in CU and AUU, respectively, at temperatures
from 25 °C to 250 °C. Fig. 8 shows that the strain rate
did not influence CU and AUU at 25 °C. In Fig. 9, when
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250 °C; (b) load—displacement curves of AUU at 25 °C, 100 °C, 200 °C an:

200 °C and 250 °C.

rate was

°o
material’s flow stress
vibration was applied.
Fig. 10 show
displacemen
0.003 1/s. The

of 0.003 1/s.

Fig. 11 plots the differences of compressive forces vs.
displacements of AUU at strain rates of 0.03 1/s and
0.003 1/s. At 250 °C for both CU and AUU, the strain
rate significantly affects the compressive forces. Further-
more, when the displacement exceeded 3 mm in 25 °C
and 100 °C, the difference of compressive forces be-

‘ .
e strai @
indicated that, at”|

% 120

50 °C: (a) load curves of CU at 25 °C, 100 °C, 200 °C and

50 °C; (c) re ice-displacement curves for AUU at 25 °C, 100 °C,
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Fig. 8. Load-displacement curves for CU and AUU at 25 °C; the
strain rate was 0.03 1/s and 0.003 1/s.

comes negative because the ultrasonic-vibration opera-
tion proceeds for a long time, increasing the system’s
temperature, reducing the efficiency of the power trans-
formation of the system.
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Fig. 10. Differences of compressive forces vs.
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are as follows:
of the fricti

(3) therinternal friction effect; and (4) the superposition
of steady stress and alternating stress. Overall, the effects
of ultrasonic-vibration on metal forming are very com-
plex. Apart from the reduction of flow stress, the friction
between die and work-piece and the raised temperature
of the material must also be considered. For example,

A @sﬂdered.
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Fig. 11. Differences of compressive forc . disp, e/ents of AUU
in strain rate of 0.03 1/s and 0.003 1/s:
('
the friction effect is stron n drawing or deep
drawing is perf -
This

the effect of ultrasonic-
hot upsetting. During the experiments,
ibration frequency was 20 MHz, which

00p [10]; therefore, dislocations would

abs litt ergy of vibration due to the lack of res-
ance ordingly, di ions would not make
ch effect on flow reduction. However, as
sh

in Fig. 2(b),(during ultrasonic-vibration, the ef-
fect of compressi ces reduction was increased with
the increase i thg compression ratio. If the reduction
of flow stress ed by ultrasonic-vibration was attrib-
uted o to—the superposition of steady stress and
altern@ stress, then the compressive forces reduc-
tio st be a constant. Therefore, mechanisms

an the superposition of stresses should also be

\V Fig. 7(c) shows that the magnitude of the reduction
in force caused by ultrasonic-vibration decreases as the
temperature is increased. The causes may be as fol-
lows: (1) The material’s creep characteristic will gradu-
ally come to dominate at high temperature. The
deformation mechanism therefore differs from that at
room temperature. The ultrasonic-vibration energy ab-
sorbed by the material is reduced, weakening the effect
of ultrasonic-vibration. (2) Ultrasonic-vibration in-
creases the interface temperature between die and
work-piece, and reduces the effect of the reduction in
friction.

The experimental results indicate that the strain rate
does not further reduce the material flow stress associ-
ated with ultrasonic-vibration. Currently, the developed
ultrasonic-vibration system is limited to a relatively
short operation time; only two strain rates were used
during experiments; therefore, the connection between
ultrasonic-vibration and strain rate effect has not been
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well explored. A detailed study will be required in the
future.

5. Conclusions

This study established the ultrasonic-vibration hot
upsetting system. By adopting a cooling mechanism,
the system overcomes high temperature operation diffi-
culty. The effects of temperature and strain rate during
the ultrasonic-vibration upsetting of the aluminum alloy
were investigated. Based on the results of this study, we
conclude the following:

(1) During the hot upsetting process, the difference
between the temperatures of the furnace and the
work-piece was significant. Therefore, a device to
heat the die was required to eliminate the differ-
ence between the temperature of die and the
work-piece.

(2) An axial ultrasonic-vibration can reduce the defor-
mation resistance in hot upsetting.

(3) The effect of ultrasonic-vibration on hot upsetting
cannot be explained by a simple mechanism, such
as the effect of interface friction, or superposition
of stress, or the absorption by dislocations of the
ultrasonic-vibration energy.

(4) The magnitude of the reduction of forming stress
in ultrasonic-vibration hot upsetting decreases
the temperature increases.

(5) The strain rate does not markedly affect the reduc-

tion of the flow stress in ultrasoni /'rbi\%%n hot
) )

upsetting.
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Abstract - /y\\)

In ultrasonic-vibration drawing, wires are drawn while ultrasenic wb\.\tl n is applied to a@g die. Prior studies provide experi-
mental proof that ultrasonic-vibration drawing reduces drawing'resistance, mproveslubiigr; nd prevents wire breakage. In the future

ultrasonic-vibration drawing is expected to contribute to t of ifficult-to-draw materials and operations, such as shaped wires,
ultrafine wires, and the wire drawing operation in semidry 0{ ion. However,; @ detailed analysis and understanding of the mech-
i i i xperimental 968 vations because the ultrasonic-vibration processir
phenomenon occurs at high speed. Therefore, We at to\understand th pro¢9§smg mechanism of ultrasonic-vibration drawing usi
the finite element method (FEM). ABAQU /f( sed ce and stress—strain distributions in drawn wires were
analyzed. From these studies, we quantlta fgclarlfled oved drawing characteristics, such as decreased drawit
force.

© 2003 Elsevier B.V. All rights reser

will be viewed as an effective means of resolving the issues
discussed above.
Several studies have been conducted on this subject. Mori

pounds, or difficult-to-draw operations, such as processingthe use of the axial direction ultrasonic-vibration drawing
of shaped wires used for glass frames and ultrafine wires formethod. Sansomi®] studied on tube drawing by the radial
use in wire bonding are often requir§t, 2]. On the other direction ultrasonic-vibration drawing method. Murakawa
hand, from the viewpoint of the reduction of environmental et al.[7] realized chlorine-free skin-pass drawing of stain-
burden, the use of chlorine-free lubricant in the process, less steel wires by the application of the radial direction
furthermore, semidry or dry process has been demandedultrasonic-vibration drawing method.
[3]. Some studies were attempted to analyze the mechanism of
Ultrasonic-vibration drawing has been considered as aimproved drawing performances, such as reduced drawing
means of accommodating these high-level drawing pro- force and improved lubrication characterist{89]. How-
cesses. This drawing method involves the application of ever, detailed and quantitative experimental analyses have
ultrasonic vibration to either the axial or radial direction not been performed because of the difficulty of real-time
of the die during drawing. To date, it has been proven that measurements of drawing phenomena during the application
this drawing method contributes to the improvement of of ultrasonic vibration.
lubricant conditions and the decrease in drawing fgdde To overcome this difficulty, we carried out a quantitative
It is expected that the ultrasonic-vibration drawing method study of the mechanism of improved drawing characteris-
tics in ultrasonic-vibration drawing using FEM analysis. We
used a program (ABAQUS) for the FEM and analyzed the
* Corresponding author. Tek:81-480-33-7614; fax+-81-480-33-7645.  drawing force and the stress and strain distributions in the
E-mail address: jin@nit.ac.jp (M. Jin). wire.

0924-0136/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0924-0136(03)00699-X
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titatively understand the mechanism of improved drawing speed condition (i.eV; = 2rxaf = 93.6 mm/s) at wh@a

N

&
1
As a result of the study, it has become possible to quan-is equal to that obtained for CD under the critical dra@
h\/ \

\

/
N

characteristics such as reduced drawing force. the maximum ultrasonic-vibration speed is rougr@%ab/
c

to the drawing speed. On the other hand, i of
RUD, the relationship between drawing spe drawing
2. Results of experimental evaluation of relationship force is similar to that obtained for A ever, the

e c

between drawing speed and drawing force in past critical drawing speed conditionV/¢) i =
study [8] 2raf/tane; it was 890.5mm/s at di

S

Fig. 1shows the ultrasonic-vibration wire drawing mech- ~ Generally, speaking, drawi
anisms for (1) axial (ultrasonic) vibration drawing (AUD) and RUD ultrasonic-vibrati ,‘@W is substantially small
and (2) radial (ultrasonic) vibration drawing (RUD), and the compared with thabqenég . The drawing force
relationship between drawing speed and drawing force basededucing effect increases” with decreasing drawing speed.
on data that were obtained experimentally for conventional Unfortunately, thes %\eﬁ{al results represent

ista under ultrasonic=vibration con-
ultrasonic-vibration frequency)was 15 kHz, the amplitude  ditions. In ItrasoniC-Vibf&}%@equencieg used

(a) was 1um and the drawn wire diameted,{) was 6.0mm.  in drawi tus a generam ers of magnitude

reduction ratioR was 6.6%.
The results indicate that drawing force was independe
of drawing speed in the case of CD; i.e. it was constal

ore, we think that the asured drawing force indi-
t/es%\avverage value of ac dynamic drawing force by
e ultrasonic-vibration . The difficulty of real-time
surement of dravw@ ce remains unresolved.

N
@
3. FEM sm Iatic\b\n//rﬁethod of ultrasonic-vibration
drawing <

ws the FEM analysis model used in this study
1 shows the conditions used in the analysis.
US standard”, a commercially available analysis
code, was used in the analysis. The analysis is based on a

Wire
(a) Ultrasonic-vibral
700 g fa
4>
650 D 3 RUD
S U N =
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o UD A
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,_;c_an L A RUD V“l == Die )

500 ‘ T
.5 A :
= 450 [£ [
—
Q 400 1 1 | | I 1

Fig. 2. FEM simulation model of ultrasonic-vibration wire drawing
0 200 400 600 800 1000 1200 1400 method.
Drawing speed V; mm/s Table 1

(b) Experimental results of relationship between drawing FEM simulation conditions
speed and drawing force Wire

Elasto-plastic deformable body

. S ) ) : ) . Die Rigid body
Fig. 1. Ultrasonic-vibration wire drawing mechanisms and relationship Simulation model

) . . Axisymmetric model
between drawing speed and drawing force in CD, AUD and RUD FEM program ABAQUS standard
(Section 2.

easurement systems.
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Table 2 F A A A AT T T 7 //7&
1 AAM! i il Il f (
Material properties and drawing conditions 5 06 - JUHREREEEEEEEE I 5 061 MJWJWWVMUM);@ \//\\
05 -/)/ - 05 ‘/
Wire drawing speedV() 30-9000 mm/s B Ba ;l 1~ 04l \¥ [/
Wire material Aluminum (A1070-H) 8 o3[ 1 8 o ? Vs J
Young's modulus ) 69 GPa S el 1 & il (\ O A
Yield strength &y) 55.43MPa g 1 ] 8 \ /’ ]
Poisson’s ratio i) 0.33 £ 0.1 N 1 B 0.1
i s PR U N N = v
Density 3.6g/crh 8 oo oo - (ﬁ\m L
Die material Sintered carbide Time sec sec
Densit 14.8glcrh =
Y g (@ Va=30 mm/s V= 1000 mmv/s
Diameter of wire @ 6.0mm —
Diameter of die @ 5.8mm Fig. 3. Drawing force diagrf alyzed by FEM (amplitude
Reduction R) 6.6% 1pm).

C
N
Length of wire drawing () 16 mm \w
Friction coefficient () 0.05 fluctuated rio ultrasonic vib%%a when

Vg = 30 is below the cri icg> rawing speed.
Table3d N Fig. 4b)shows details’of the fluct QP}Kwperiod for drawing

Ultrasonic-vibration conditions

i _ force. When drawing speed-is greater than the critical
Vibration direction Frequency, Amplitude, a drawing speedyg'= 300m /S,\@%hown iRig. 4(c), the
(kHz) (0-P) um) ing force P, was approximately the same as the value
250 ANXOi;f drection ;‘4"36 1“01”06 for CD, 620 23.5 N/mm?). This means that
RUD Radial direction 14.9 i’ 10 ion caused by ultrasonic vibration

ving force fl
minated. @
inally, siy&a@jﬁalyses to those above were per-
two-dimensional axial symmetry model. Analys er- formed in th of RUDFKig. 5 shows the results. As
formed for CD, AUD and RUD. In the si tion, Q%)e the drawing force fluctuates within
materials used for drawing were defined as an elast lasticthe range of 280N = 10.6N/mn¥) to 580N ¢ =
body and the die as a rigid body. ) N with a period of ultrasonic vibration of ¥s
Table 2shows material properties 30 mm/s. Next, drawing forc® fluctuated within

i © = 151N/mmd) to 620N ¢ = 23.5N/mn?)
4 = 300mm/s. However, drawing force was almost
the same as that observed in the case of CD, i.e. 620N
(0 = 23.5N/mn) at Vg = 1000 mm/s.
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4. Results of analysis and discussion B oaf R L\H H “‘
a NI & aso LI

4.1. Relationship between drawing speed and M g B o lgfn . Sec[’ 1080

drawing force (a) V,; = 30 mm/s (b) Details of the

fluctuation period for
Fig. 3 shows the result of calculation of drawing force o6 2o TV drawing force

(P) at two different levels of drawing speed for the case Z b . g (Vz = 30 mm/s)

of CD. In each figure, the abscissa and ordinate represent gl ]

time and drawing force, respectively. The drawing forieg ( g 0'3 / 1

was constant at approximately 620N & 23.5 N/mn¥) b b § ]

regardless of drawing speedy). There was measurement £ ol i

fluctuation within 60-80 N which is considered to be caused g AT I A

by calculation error of FEM analysis. 4R 0008 ioa 0OLS B0

Next, Fig. 4shows the results of analysis for AUD, which Time: bee
is similar to the preceding analysis. In these studies, as (¢) V=300 mm/s

shown inFig. 4(a), the drawing force was within the range of  Fig. 4. Drawing force diagrams for AUD analyzed by FEM (amplitude
450N (@ = 17.0N/mn?) to 670N ¢ = 25.4N/mn?) and 1pm).
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Fig. 5. Drawing force diagrams for RUD analyzed by FEM (amplitude
1pm).

The above results can be summarized as follo
AUD and RUD, the drawing force fluctuated with
of the die vibration when drawing spee

speed reaches the critical value,
force disappears; the waveform
that observed in CD analysi

drawing force measured by the ex-
periments is considere

fluctuating drawing force owing to the ultrasonic vibration.
Fig. 6 shows the relationship between drawing speed and
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Fig. 6. Relationship between drawing speed and drawing force in CD,
AUD and RUD (FEM simulation results).
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nd RUD. AGX%?
rawmg force mCD s

, the profi
ividing point, which i
itical drawing

@%&is 93.6 mm/s in the case of
he profileézé&g@ o that obtained for CD when

g to FEM
independent

awing force changed
critical drawing speed

he dray ing spee e critical speed or higher. On the
er hand the force tended to approach zero with
speed when the drawing speed is lower
l’speed. The drawing force tendencies for
were almost the same. However, the criti-

ship between drawmg speed and drawing force in this study
yielded the same results in this study as those obtained by
conventional experiments.

4.3. Relationship between amplitude of ultrasonic
vibrations and drawing force

| According to the critical drawing speed concept, a large
drawing force reduction can be obtained by increasing either
the frequency or amplitude of ultrasonic vibration. These
effects are seen under high-speed drawing conditions and
are beneficial in terms of productivity.

Considering the above observations, we performed FEM
simulations on drawing force waveforms for the case when
the amplitude was set 10 times higher than the previous ex-
periment (i.ea = 10wm). The reason for analyzing drawing
force at high amplitudes is that it is easier to increase am-
plitude than to increase frequency due to the characteristics
of ultrasonic-vibration devices. Furthermore, it is practical
to obtain an amplitudeaj of 10wm at a vibration frequency
(f) of 15kHz.

First, Fig. 7 shows results of drawing force obtained by
FEM analysis for two levels of drawing speed for AUD.
According to the results, the fluctuation of drawing force
due to ultrasonic vibration improved approximately 10-fold
compared with the results shown fig. 4.
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Next, Fig. 8shows the results of FEM analysi
force waveform for three levels of drawing ;

This means that the die was co
wire. In other words, the hypoth
while the die and the wi

at drawing advances

zero when the drawing speed is less than or equal to the
critical drawing speed for both AUD and RUD. Further-
more, FEM analysis predicted continuation of vibration ef-
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separated from the

the drawing force decreases substantially and approaches

&

fects up to the high drawing speedyj of 8900 mm/s
RUD.

4.4. Comparison of stress distributions in the @&
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shown inFig. 1Qb), when the vibration direction of the die  (4) FEM analysis quantitatively clarified the dependenc@%
is opposite to the direction of drawing, the stress distribution the reduction of drawing speed on amplitude. \\\;/\ )
was similar to that of CD in the case of AUD. However, when (5) FEM analysis quantitatively revealed changes\i stre$/
the direction of vibration is in the same direction as drawing, distribution in wires.
the maximum stress value decreased by approximately 91% 72
compared to CD. As shown Ifig. 10(c), when the vibration
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5. Conclusions

(1) For both AUD and RUD, it is possible to quanutapv Y 61 (
analyze the drawing force wav nn\r\%‘wanges [5] E
according to the period of ultrasonic

(2) The frequency-averaged vaI offluctuating drawing
force waveforms for AU agree closely with

by conventional
der maximum vibr



