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Finite Element Analysis on Ultrasonic Vibration

System with Elevated Temperature

Student: Yi-Chun Hsieh Advisor: Dr. Ching-Hua Hung

Department of Mechanical Engineering

National Chiao Tung University

Abstract

In recent years, the ultrasonic vibration assisted manufacture is
widely used in plastic forming. The vibration brings about the friction
between mold and workpiece, therefore, the surface temperature of the
workpiece is raised. It can improve the material formability and reduce
the forming pressure. If some manufacture processes such as embossing,
welding, cutting or grinding process were combined with ultrasonic
vibration system at high-working temperature, products with both high
precision and high quality.can be obtained.

In this study, an ultrasonic vibration system with high working
temperature was analyzed by finite' element software ANSYS. This
analysis considered the piezoelectricity of the transducer as well as the
material properties of the horn at high temperature. The temperature
distribution was first calculated by thermal analysis. After that, this
temperature distribution was input as an initial condition for modal
analysis and harmonic response analysis. The resonance frequency and
the vibration amplitude were obtained during the analyzing process, and
the relationship between frequency, amplitude and temperature were also
observed. Finally, the simulation results were compared to experimental
measurement, to confirm the validity of the numerical analysis. The finite
element model can be used in the components design of the ultrasonic
vibration system with elevated temperature.

Keywords: Ultrasonic Vibration with Elevated Temperature,
Piezoelectric Transducer, Finite Element Analysis
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D @ 7 = # (Electric Displacement)
et A 7 % #(Permittivity)

E : % 3% & (Electric Field Strength)
T: J&* (Stress)

c 384 ¥ #(Elastic constants)

S : J& % (Strain)

GRS E S N R SR N SoE
e B3+ ¥ #(Piezoelectric stress constants)
& F TR BPETR R AT ik
c @ 5 i (Velocity)

E 4§ ~ 2 #(Young's modulus)

p * % & (Density)

v i jf >t (Poisson ratio)

Ak & (Wavelength)

[+ #F & (Frequency)

m & & (Mass)

x * 4% (Displacement)
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k : 5814 7% fix(Elastic Coefficient)
© ¥ % (2rf)

¢ : R ¥ #(Damping constant)
M : ¥ tg i+t (Amplitude ratio)

Oy - # 4 FyT 22128

¢ : 4p = % (Phase)

r @ #g ¢ (Frequency ratio)

¢ ¢ e R vt (Damping ratio)

O & ¥+ (Quality factor)

Ao © 4§ % (bandwidth)
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EE e B B @ T 4 T A T IR 5
[13,19] :

(1) B d F 3 p s

- \/E—(l_") (X 2-7)
o (L+v)1-2v)

(2) st £ 2 f R p B3 gt ¢
= £ (3% 2-8)
ye

HP ¢ 3

"=

dE R Gilioap B BMAE v B R

o4

PRI G E R R B SS

c=Axf (3¢ 2-9)
O G W AR AR RS B R R F Rk A
F\ T—é ﬁ“‘f{i’w }‘i ‘VE:* ﬁj'— E /ﬂ - Z_ & % o o -\ 2 9 e '.‘J"'\ %EJ z{; "‘i
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AT R AR E R AT R AR RS TR ET LA L

w
%

%o E PRI G o

231 KA R A

#e ik & 47(Modal Analysis) i+ g 4 § - 8 7 A 45— B
AR IURET ZREE L T OUEG RS SRR AT
AYTHETETE LB F CREBE PSS GETA o F B
dOARHT 0 T kSRR pE o BBk B A2 4o [20,21]

mi(t) + ke(t) = F(£) = 0

(7% 2-10)
BHe mi®E ~x a8k m s Rk
EERAE S G
_ |k ‘
T\ (5% 2-11)
R]} it ODE f2 5 :
x(t) =c,sinwt + ¢, cos wt (;\; 2_12)

-

b

Bofs 2 47 Bt U e AT 3 R AR R chp U S B R

(gr

'

AWAE IR o B g )= A2 IR 2 f e £

qL P
P oo

WAL o 3 U F ATt ANSYS € £ 7 B LR g R
7 i A 472 2 [22] 0 - s 472 2 A * Block lanczos
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method » = = 7 #* %:“,f‘:fgﬁ_,fs SLE G IER IR G o et andOb e R 2
(Damped method)E- > ¥ ftiofy Ak 5 2P fxRAF 5 o 2 °t 1B
7 2L # 42 (Unsymmetrical method) ~ *# F# /% (Reduced householder
method) ~ =% % ¥ ;* (Subspace method) & » 3p #c#s 4 2 (Power dynamics

method) o
232 HEFBRAITRIEZEG 4

#7 & 5% (Harmonic response) &_%t %% f#’%@ be It FE g g g‘ v 4

2Ll ¥

NG R
Bt o

F_L

5

L
™

3R T P B R 0 A @ e 6 0

,A«

R enBd 40 o pU B G AT 25 BN B T - R S Y
Jeini s s ot oo § KBRS B4 E gzl d gy HiES
R 5 [20,21] ¢
mx(t) + cx(t) + kx(¢t) = F, cos ot (5% 2-13)
B maifFE x5 08 kS EE G SR ¥ o

TRERES B HfRG

x,(t) = Acos wt + Bsin wt (5% 2-14)
LR

=\~ (4 2-15)
x,(£) = X cos(at - ¢) (% 2-16)

F2-167 P X GdRtg >~ ¢ SApid > ¥ ORE
21



X 1

M =-== 9.
Sy =) +(2&) (3¢ 2-17)

L2
gt T (3 2-18)

BN 2-17 % > p GRS H FLFER M o H P

F
%= X 2-19)
_0)
vy (% 2-20)
T Tk 3 2:21)

4 2-17 % > M i =t (Amplitude ratio) » dy; 5 BFF 4 Fp) T 2 =

o miL 2-18 2 4pi & QPB4 2 ek B> 4o 2-10

i 7T o
Ehap L)
\ N5 /N
,,\ \\\ /;,\\ \\
/
\\\//f \///
F2-10 : b4 & 5 tp w1 [20]
B IR O] (EO.05)PF 0 B4R 2 RaT =] A T
X X 1 ‘
s 1 Sls | TawT 222
[5” jmax (55! ]a)—w 24: Q (} )

2229 5 Q5 5F F1F (Quality factor) » H & L X RpF2_ IRt
be o @ dRbE I B AE R 2 B 4 > Ao 2-11 0 B A5 AcAR A5 A o @ JER &
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¢=3

Bandwidth
- -

Bl 2-11 @ 48 & SR B2 L # 4 2L 47 $20]

Bl ¥ Ri(TF ) Ry(F ry)2e BREE 547 5 (Bandwidth) » H 3= kgt =

Wi E L Qe - X fii X # 4 gh(Half power points) & b FF 2

R
L2 __- 223
5, 2 232¢ (3 )
d ;8 2-17 8258 223 v {7
2
r’ =R} =[ﬂJ =1-2& (3¢ 2-24)
a)l’l
2
r,’ =R, =[&J =1+2¢ ;4 2-25)
a)ll

2042 o AT I ;T 2 AT N 205 2 o, BAF L T 2
JAZ o d 42248858 205 v 7

2 2 _( 2 2)0)2 - 2 X 206

w, — o _(a)2+a)l)(a)2_a)l)_ R," =R o, =4lo, (;{ - )
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Ao=0, -0, =20, (3% 2-27)

d 3% 2-22 850 227 ¥ F

S (X 2-28)

1
28 w,-o

Q

IR

d 3% 228 FEACIRRMLBAE T2 B A AFT Y ﬁz‘%ﬁ“’ 5519 7|
Prde kSR LY SR o~ IR PR S A AT o
4 PUA % oA ANSYS ¢ o 0 5 S A 47 e Rk [22]8 K @& 7 PR
= 2 fi#;% (Full method) ~ % #if %5 /# (Reduced method) 4 % i 4 #¢ j2

(Modal superposition method) °
2.4 # * 348 1 5 —ANSYS

BAFTT Y o M R g T B ANSYS & 7 HCAL L R A

R
L

-ng

ek 37 0 F1 % EH 2 A7 2-10~ 38 2-13)i 7 Fof3 - A g &

Fa4r @Ik R P LR (58 2-15 5 8 2-17 &) o
WEFAFTELTRTABS S B ESE 2 B ApT (5% s

oA BT AAE- BEHETH L S0 FHBRT HAL G 4

TRE ST EAL B F 2 FRFEB OREAITR - BT A

mr
A}

TG ARE R TR B S P TR P R
WAt - BT ? ZYRIRTR AR &E8) 5 £

P12 48 & & 37 # it £ ANSYS Multiphysics i& {7 § ' % & 47 o
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241 HHMH A

ANSYS #_d £ & ANSYS, Inc.# % > ¢ John A. Swanson ** 1970
£ > #H R 7% Swanson Analysis Systems, Inc. °

ANSYS, Inc. ? # k- 8 R4 3 €5 0w L o7 enficim L L7
#eAE it - ANSYS Multiphysics 48 £ 54 it # 327 #-BH4mE ~# T
F-BhmE T-EBE-FBE-RTEE RIEE E > ANSYS
Multiphysics #3F ANSYS #73 eha {7 i » ¢ 37 SHrdr - £ i@
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T IR AR e A 17 0 397 & ANSYS Multiphysics » % = o m ANSYS
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BASLRE T B R RN EERES AT B
B R F R M Pl B R LS T E RN

B dik ) VB EEE UBEA Y RN ET Eugig]g, o
243 Rk

ANSYS #4845 #9100 f6r + ehai % 48] > * kKRR 27 o

B o0 AT L A i ¥ BT BAgREs k SIE L AT

3

THY T FRIER FF o FEEAE AT N8 & H(Coupled field) s~

P WAEFR A PRS2 E A B R MDA F

2w

PLANEI13 ~ SOLIDS ~ SOLID98 ~PLANE223 ~SOLID226 ~ SOLID227 -

HAZ 34T  PLANEI3 22 PLANE223 & %] 5 — [ - ffenz &

5]
=1
el
d
ol

w757 % ; SOLIDS #2 SOLID226 4 %] 5 — P2 = PFen= M- & 48
A4 > SOLID98 2* SOLID227 % 4 = ‘&= F;

FLp oY ahdg g RS A LS P AIRGE fechz AR F R A 2 2

o §8 % 2 ~ % (Hexahedral mesh) » & Jp (&6 245 chie fL 48] > B 7

‘“gig cHER » L R A ER }mﬁﬂ?iswiﬁéﬁox@mm—]‘
T AR AT U E et G R Bgandt B A Z E e G

ek FSBEccnise ) ¥ 0BT~ FFe G MR Fraal® 3L
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Feds & Suend RAE 3 ;g TFME AL BB s W
{7 i A4 &R KRE o AT P ik A & (Hewlett-Packard,
8751A > B 3-5 )| £ 2 50+ -] (Magnitude) > #* B &_FFe o 17 R ¥R

Bz g LI s st BB 20 2 log B0 A AMELE &

K2 BB 5 I o £ 3-1 3 LR BEK BRIP4 -
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R3-1RREARERA
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» ANSYS & {7 4 45 o B 3210 & 4R ez ¢h ) & & 5 pboebAs
A AEFETIRE Y A SRPEFEIAFTL TR LT F
PLA 2 B2 IR R -

Py g aird il L AEE £(A202)2 RT AT
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#3345 R k2 R

(b)

B % Yuz = ek Al(b)dREs k ke =

% & (kgm’) | < %% (GPa) | i
#E T (A2024) 2780 69 0.33
%R T 5 (PZT-8) 7600 0.29
i # 3 (Ti64) 4430 113.8 0.342
JE 15 4 B (SS304) 7900 200 0.3

mRTHMAST L PZT-8 > #1i % et S 4c[ 124 ™ » ¥ fie & 5%
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814 ¥ #ic(Elastic constants) :

(137 69.7 716 0 0 0
69.7 137 716 0 0 0
[SE]: 71.6 716 124 0 0 0 CPa (£ 3.1)
0 0 0 3365 0 0
0 0 0 0 314 0
0 0 0 0 0 314]

R T+ ¥ #(Piezoelectric stress constants) :
0 O 0 0 0 104

[d]J=l 0 0 o0 o0 104 0 |C/m® (% 3-2)
-4 -4 138 0 0 0

¥4 2 et (Dielectric Relative Permittivity Matrix) :

898 0 0
[e"]=] 0 898 0 (% 3-3)
0 0 58

AR A2 3T AR i@ (free-space permittivity)

2Ap¥iE o @ E T T A T ali(e) s 8.85x107° F/m o
322 FHlcaciplEe el s

. ANSYS 423 pdE = oo > H P v |d
smart size A & T B E & TF AR NE K TIFH L SRR ARD
~F B ARG %sﬁ%wmé%q‘&ﬁi%ﬁ’ i S gt € B 4riE Y
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AR RIS PSSR 34 FHFRRERAR] > FEEF
Ao AR ko @ JTaed ARAcB) 3-11 0 F OB AERARD o JTacd R
ABiTT 4%, & smartsize=5 2 {§ BT E R LT T ICP B 4 o
Flt 57§ oskendEE BT 30 L B HCRUE % 0 18D
F 'L AR 4 7R smart size=5 i (T RERH] A 0 E R AR
3-12 o

L340 R fach 7S

Smart size B 24 5 (Hz) A 37 PR (s)
8 353821 1
7 35369.7 1
6 35365.5 1
5 35362.8 3
4 35361.5 5
3 35360.7 11
2 35360.0 18
1 35359.5 72

35410
35400
35390
E 35380
QL 35370
35360
35350
9 8 7 6 5 4 3 2 1 0
smart size

B 3-11 0 fede % ) 2roF o 2 B 1% )
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% |
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AFTG P Arfe * chak L SOLID9S » & f-fi A 477 # * Block

lanczos method » g = j ¥ i& * 3t R R IR R G R R T AR
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RBF T2 A GH > B 3-18 2 s A HHE -

NODAL SOLUTION

sSUB =1
FREQ=35362.8
vz (ave)
RSYS=0

DMX =.597979
sMN =-.937978
3MX =.958796

-.997978

-.780559
File: transducer+horn

AN

MAY 14 2012
20:49:14

-.56314 . 741377

=-.128301
.089119

-306538

-.34572 .523957 .958796

B 3-15  HofE A4 2 48 4 oA A G

/ \

/\

34400

34800 35200 35600
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AN

MAY 14 2012

NODAL SOLUTION

STEEe] 21:10:38
SUB =10
FREQ=35363
IMAGINARY
oz (AVG)
RSYS=0
DMX =.480E-05
SMN =-.462E-05
SMX =.4B0E-05
b2 X
| 2 IEEEES— | =
-.462E-05 -.252E-05 -.429E-06 -166E-05 -376E-05
-.357E-05 -.148E-05 +61B8E-06 «27T1E-05 -480E-05

File: transducer+horn

Bl 3-17 : £ 3&4F F 7 (35363Hz)2 =4 A~ 1% Bl (unit: m)
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MAY 14 2012
21:11:21

NODAL SOLUTION

sSTEP=1

sUB =10
FREQ=35363
IMAGINARY
SEQV (AVG)
DMX =.4B0E-05
SMN =23878.8
SMX =.391E+08

1
e W

23878.8 .B70E+07 .174E+08 .260E+08 .347E+08

.436E+07 .130E+08 L217TE+08 .304E+08 .391E+08
File: transducer+horn

Bl 3-18 : % 3547 % T (35363Hz)2 fis 4 A i Bl(unit: Pa)
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RIBEZ LT ROR o Ak 430 B A AE D ER P WEAKIRT -
‘B - BRE BT BEREZEAGERRTE ERITER
TR BEALIR2Z Bflo KR ARE BBEERAKRETS TR

25°C > 7 % Bl4o @ 4-17 0 F 12t 4o iR R (TR AL A 1B A 47 o

% 4-3 0 §plgLEr L Frok 2 R B
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Unit: °C 0 2 3 @ 3 s AT RE
100°C 100 106 107 96 48 25
200°C 200 210 209 186 84 25
300°C 300 314 312 277 121 25

59




L
fe

T R P

@4-17 /_w.}i_‘g?‘l,—{——/ i@

BERBLITET RE AR EREAL G A E R

BRis 2o #b A5 B F SR TF L A4 iE 2> TV BT RO A T E R

@ﬁ@lﬂ\ *% °

43 A1 E L1785

EF U F A B (s BR R )L JRE AL
AFedre Bt > KT BEPIBEZ R R UE L ERIE Y TER
it o I i 3% 42 fk (Steady-state) (F 5 K jfz2 > 2 » 7 {FD|4Rd & oong
AT 4B 4-180 L A3+ BE A 209mm FF o 4858 & 5 100°C
ZBRLGE o m B2 IR KAHERA GARTS AR o B
4-19 53~ B Sphz R A Y OB 2 FAHAEREFTHRTPIZ
BROZfANAZ A BERBRES AR ) BB E KT 0 K

M BRERHEA L 150mm 7 b2 SRR R T KR o

60



NODAL SOLUTION AN

- MAY 18 2012
STEF=1 16:14:18
suB =1

TIME=1

TEMP (AVG)
RSYS=0

SMN =25

aMx =107

s
25 43.2222 61.4444 79.6667 97.8889
34.1111 52.3333 70.5556 88.7778 107
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Bl 4-18 : 2% % BE & 209mm > 100°C 2 g & 4 i Bl (unit: °C)
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MAY 18 2012

File: transducer+horn

Sun =l 16:05:50

TIME=1

vz (AVG)

RSYS=0

DMX =.132E-03

sMN =-.107E-03

SMX =.393E-06

-.107E-03 -.833E-04 -.594E-04 -.355E-04 -.116E-04

-.953E-04 -.7T14E-04 ~.475E-04 -.235E-04 .393E-06

il 4-20
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NODAL SOLUTION AN

» MAY 18 2012
Sy =l 16:09:28
TIME=1
SEQV (AVG)
DMX =.132E-03
SMN =.213233
SMX =.192E+08

.213233 .426E+07 .851E+07 .128E+08 .170E+08
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e £OEE 45 (um)
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399.11
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SRR AP BECEBEILT A1 8 MG R L £ RS A

15 % dod 4.5

% 4-50 % KA A7 IR R T 2 £ B4R S (unit: Hz)

Horn 25°C 100°C 200°C 300°C
209mm 35363 35140 34840 34567
205mm 35982 35751 35436 35157
202mm 36461 36223 35903 35607
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38228 B IR b ded 4-6 %gg@:@iwﬁ@?}

>3 A eficdld o TR0V R RITATERE > TE R

A -

F04-6: FhinE 2 A LA A A FIER T ZIER L

Horn # 5 (Hz) | 25°C 100°C 200°C 300°C
209mm 53 7.42x107* | 7.47x107* | 7.54x10™* | 7.61x10™
205mm 60 8.33x10™ | 8.39x10™ | 8.46x10™* | 8.54x10™
202mm 65 8.90x10™ | 8.96x10™" | 9.04x10™* | 9.14x10™*

AR B A AT 0 T TR

KA B R A5 2 M A

BloBl4-23 522+ BE R 209mm P> 7 iR & T F o dRmg2 B o

Hapoh 25 4o F] 424~ 425 0 3 BR Y L 2 JRIEE KAk 47 o

64




5
— 4 i
§ —25°C
= > : \ —100°C
* — | 200°C
| \ 300°C
0 .-/-/_’Ag\\
33500 34000 34500 35000 35500 36000 36500
3 % (Hz)

B 4-23 2% BE B 209mm > 7 f i B 2 45 S IR tp R 4 R

6
5

4

i \ —100°C
2 — —200°C
1 300°C
0 ./_/ o \
34000 34500 35000 35500 36000 36500 37000

3 & (Hz)

B 4-24 %~ BE R 205mm > 7 IR R 2HE F BH IR R

6

5
~ 4 —
e =—100°C
% 2 |

e 2(00°C

| 300°C

O // = \

34500 35000 35500 36000 36500 37000 37500

# 5 (Hz)

Bl 4-25: 3 BE R 202mm > # I if B 2 45 5 21 R 05 M (4 )




#4717 53 AS R 7 IR R T 2 e 3k T (unit: pm)

Horn 25°C 100°C 200°C 300°C
209mm 5.47 5.51 5.58 5.64
205mm 4.83 4.86 4.91 4.93
202mm 4.53 4.54 4.56 4.57
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