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ABSTRACT 

This study is aimed to investigate the application of ultrasonic welding to join round plastic pipes. 

Two types of ultrasonic welding machines were designed and built. One is to be used with semi­

circular resonator and another one is to be used with conventional straight resonator. The 

machines were used to weld round plastic pipes (PMMA) with the diameter of 35 mm and 2 mm 

thick. The end-angles of tube were varied from 5.7" , 3.8° , 2.8° and 0°. The welding frequency was 

28 kHz. For semi-circular resonator, it was designed to operate at vibration modes 1-3 and 

welding time between 5-10 seconds. For the straight resonator, it was designed to have small 

diameter of 12 mm, large diameter of 25 mm, 98 mm long and 6x I 0 mm 
2 

rectangular end. 

Welding speeds were varied from 25 rpm, 45 rpm, 67 rpm, and 100 rpm. Both types of machine 

were designed to have axial force in order to enhance welding area. It was found that the 

ultrasonic welding machines are able to create the welding zone on plastic pipes. Considering the 

use of semi-circular resonator to weld round plastic pipes, the majority of pipes can be welded 

weather the pipes are two-ends angled (2.8°- 2.8°, 3.8°- 3.8°, 5.7"- 5. 7") or one-end angled (2.8°- Oo , 

3.8°- 0 °, 5.7"- 0\ The welded area was visibly clear and may spread around the pipes or spotted 

on some restricted area where the resonator vibrates. The un-welded area was unclear which was 

the original appearance of machined pipes before welded. In addition, the semi-circular resonator 

design chart was constructed. The chart was able to use for design the resonator with desired 

vibration mode (between mode 1-6) and desired size of tube. The chart was verified with a series 

of experimental results from Department of Electronics and Computer Systems, Faculty of 

Engineering, Takushoku University, Japan. 

In case of the straight resonator, for both two-ends angled and one-end angled pipes, 

the welded area is found to spread around the pipes. In this case, the welding zone may be 

characterized into 2 types. First is the welding zone which spread widely around the pipes; the 

welding area may be formed in 2-3 rows discontinuously around the pipes. This type of welding 

zone was found for two-ends angled pipes. The explanation of this is because the contact angle of 

this kind of pipes is wide, therefore the welding zone can be spread widely and discontinuously. 

Another type of welding zone is formed in a thick line shape. This occurs in case of one-end 

angled pipes. This kind of pipes allow only small and narrow contact angle between the pipes. 



Therefore, the welding zone is formed only in the small contact area around the pipes. 

Consequently, single-thick and continuous line welding zone is achieved. 

In addition, some parameter that way influence the welding zone were also 

investigated. The results are as followed; considering the axial force, it was found that the 

appropriate axial force should not larger than 150 N, depending on end angle of pipes. It was also 

found that the two-ends angled usually provide multi-lines discontinuous welding zone. While the 

one-end angled provides single-line continuous welding zone. Considering the welding speed, in 

case of straight resonator and take the results from the optimum axial forces only (between 60-120 

N), it was found that the welding area is decreased as the welding speed increases for the pipes 

with angles of 2.8·- 2.8·, 3.8·- 3.8· and 5.7·- 5. 7". In contrast for the pipes with 2.8·- o·, 3.8·- o· and 

5. 7"- o·, it was found that as the welding speed increases, the welding area is also increased. 
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U'l1'l1 1 

l'iCJrHn'ff~n ~n'llunii'r-Hh.:~uvdrnnuiu.:~luirnm'jlJ 1,fu n~111Jl'itni.:~'llB.:J!'IHI1 tB 

l1lCI!!flff tl>ltlnB~Ulllll~.:Jll.!lTU ~l!lJU~B.:Jiifll'j!~BlJ~B l~BiHl~ntl~'tlN~llJ~~B.:Jnn cJt.:~ 
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.d I 'i ,~ ~ ~ ~ 
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fll'l" !~B mf BU l 101'1 BU1~tllJ~lifJWfllVH!.:! hiiilJClW'I:l!!Cl~ tli-.11 mu~ .:!1! 11>1tl'C! lJ "fl'l:lW~'lltJ.:J'j B U 

~ ~d<Q A" " Q ~ ~ i13) Ql" !'b'BlJ'YHll'ff~ fl'tl !fl\>1111 fl fll'j !'lt'ellJ\>11 Uf.J Ml 'l"lt 'b'l.! fl l.!U 11 'j.:! ~l>l!'b'B lJ1l~ml tllJCl~ftlU!'ll 11>11 U flU flCll U 
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Jl I I I !)/ I I 
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d ..:i Ql ... 1 .:f.c::t ' ~ ' ~ v 9) 1 "" 
1.2.2 1Vffl ffflll1~ 1u JJ "J" 'Yill ~~ww m "J" 1 'lf'tl ll'YI vvm1ff ~ n~ 1UtJC'Im 1 ttf'U fl 

~4 ~ t ~.d.:!(" "1"" 1.2.3 1i'Wffflll1f.JWillW'J"'tlU1'lf'tllJ'IIeJ~'YI'tlWC'Il ff~ fl'YI1'lf'tllJ~1UfJC'I~1 1 ttf'Ufl 

' " 'JJ 

1~'0 1M' fll ni N 1 u 1:0ui.l ff'tl~ fl~ u~timnlUl'll91 m1 ~u n" 1 ~ t~tl "J" ~ ff~fi 1'11llll'fi ~ 11 . . 
'JI I I I 

·nu1:0uiHi~1n.hnufinll1VVfl!ilu 2 ~hu ft'tl thul'i 1 fll'l"'tl'tlflU1JU1W~ff~Ntfl1'tl~1;f'tlll'l'ieJ 

WC'11ff~n~1UfJC'191~11 ttfUfl UC'!~ri1u~ 2 fium"J"'YI1lft'tl.:J 11luii'lleJUl'II~.:J1'U iuu~"~ri1ul"i.:~tf 

1.3.1 ff~1~1fl~eJ.:J1~eJll'l'ieJ~1U~ftl'l~11ttiUfl~'U11UU ~ff1lll'J"tll11.:!1'U1~i.:JflTH~'tllJ 
uuu11 11~'0 llflr .:11.:1 f)ft lJ UC'I~uuu11 11~ijlJ 1 uuu 111fl'U 

u.u uuu'l111~eJlJflr ~1~flftl.J Hnu'l111~eJlJflr ~1'lflftlJ ~ii'llu 1111 ffiifl11l.J 1 fi'~ 

1'1'i1 nuf fflJfl11lJ 1 fi' .:1'\J'tl'l~'U 'I 1'U 'IJ'U 111'\JeJ'lM 11~tll.Jflr '11'1 flC'I:I.J~'U eJdnu fl 1HHlflUUUUC'I~flU it .. 
f t I 'JI I I I 'JI 

.:11u ffllln t~1tl~uu'l111tMeJll 1 ~djeJ-tu 'l1'UlJ'II'Ul1ll'inJ~uu 1 tl111Ufll"J" eJ'tl nu u u11 11tMeJll i vn.il'J flfl f 'l 

I , I f I 

~1'\JeJ 'lM11 ;ftl lltrmr ffnu ~1'\JeJ.:J;u .:11 u 'l" Ml tMeJllll~tn1111lu"J" flU ~11 fi' .:Jl!i 11 11;fu ll trllr:l'ff 111 eJ 

L11U'J"eJU'I'ieJ 

1.3.1.2 uuu'l11t~eJll iuuu 1unu ttlurl' nlltu~'lleJ'lM 11~'0 :J.J..t11 tl ~'lll~ff~l'l"J"eJU 

t~eJlli'IHU ~nw ~,.; 1t~eJlltYllr:l'ffnu~u .:Jlut'lfu tiu u~~u~1u~ii'1ilurl' n1Jw~~1T ti.:~ M1milu'l'ieJ 
'j/ J I 'JI 

wmff~n ~'l~eJ.:~ii'fi1;Ju1M'-tu.:J1'Ul1lJ'Ul~'tliM1fl1l'l"eJmtMeJmeJuH11fi'.:Jl11'eJ'I'ieJwmff~m!u 'l 'fi1 

., .di !V ~ .t .. .. ~ !V o ., o i !V .,j , II) !VT 
'IJU'YI 'lf1U'U~flflC'I~ lJlJ'tlll'l'tl'J"1U'UI'I'Ufi1C'I'l 'YI1 l1ff1l.J1Hll'lfeJlJ'YieJ ~~ ~{J'jij1J 

1.3 .2 i 'U fll 'l"'YI~CleJ'lt'fteJfffllllV'YI~l'lft'lleJ.:JI9i1utlHi N 'l l11eJfl1llJliJ'U hJ1~~u~ 
' ' " ' " , 

tl"J"~Qn~1tnn1tMvll~1u~"~'~~1 hufl ium"J"ttMeJll-tu.:~1uli1ilu~11 fi'.:~ l11'eJ'I'ieJwmff~m!u ;u.:~1u 
. "' 

Viii'iunnfinm uC'I~'fi1utl"J"~1'l 'l ii.u'eJti1n1119i.:Ji.l 
" . 

1.3.2.1 ;'U'l1'Ulfi g1 'Ufll'J"'YI1lft'tl~1iJ'W'I'ieJl'lC'Ilff~fltl'J"~lfl 'YI Acrylic (PMMA) 

'II'Ul~1to/'U~1ff'UUflC'Il'l 35 mm. l1'Ul 2 mm. lJfl11l.J 1 tli .:1 iri 1ftv 1Mff1l.Jl'J" tlff'llfl~tit'U"J"Vm~m.J~ .. 
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1.3 .2.2 fl11ll~~ 1 cM'1 u n n 'Ylfltlt~ ·nf~m ruu'lJ m11t~tlllfl1 ~1~t1t~lJUt~~u1J1Jl11 
!~t~ lliuuu 1unu lcM'~1u ~fl11ll~ 28 kHz !~tl~'il1 n~flfl11lln'1ll11 tuft ~t~~fi11Uflfl11ll~t'htufl 
m1ll~1~thtwrmht~fn 

1.3.2.3 1 '11llflt111 ~'U'ut~~..r 1!~t~lJU1J1JM1!~t~llfl1 n:Jmm~1cM'1u nn'Ylfl"t~~ 1li 
I t I I I Jl 1 

tfiu 1 Hllfln 3 rwt~~'il1fl!fllt~~fi1tUflfl11llo 1lin-1mntn-f1~fl11llo1~mn~u 111n lcM'1 Hllflnnti'u 

i~if1 u mw !fl ~t~ ~~ ~tl lll! 1J 1JM1!~t~ llfl j n~fl"llij nn 'Ylfln't~'lJ u"~ n't~ 1J 

ti'iu'lJ mni1nu~m1ll~~1~'l 1m~ 1 '11llflt111 ~u~ 1~'1 tftt~n-f 1~ nnrl1umnhm:re:~nu1J1Jl11t~vll 

1umw ~vit~ij'Uu1fltu~uu hJ 
1.3 .2.4 1~u~nm 1u nTH~ttlJ 

1) mruU1J1JM1!~ttllfl! n'lfl"ll 1~u::nm lu nnt~t~lJmrumJ1Jl1'1t~VlJ 
~ 91 ~91 ,j 191"" ,j ,91 .d 

flH1'1fl"lJ'il~fltl'l1'11t'l1lJ1~n'lJ!'YW '11!t1fl1tltl!'lH.llJ fllllfl'Ylq'fl 
f I Jl I 

2) t1lWUU'I.J'I11ttlfm.Ji'UU'U 1Ut1'U ):;U:;nm iu t111!tlfttlJ~'UttQi'ifl11lJ!~1 

1tt1J'UV'Ifl11 t~vwilumTn ~V'I01'11'Uflnm 1'11'~u '11'U HlJ'U m 1md '11V1J'VW~ 
, , ~ .c::i QJ J & Q.l 

1.3 .2.5 m 'lt1flfl1'U'U1'1 lum1'Ylfl"V'~'Yl~nnlm1J1J'I11t'b'ttllfl1 '11'1 n"lltm~u1J1J'I11 

!~tllJl'UU'U11!fl'U 01'11'Ufl i'!1'ijfi11~'11'h:J 20 N-180 N 
JJ I I f 

1. 3.2. 6 lJllU 1 n'Utt'lvittn '~ n 1 til u 1111 '1111 tlfttllfl'1 '11'1 n" ll u "~ u 1111 '1111 tlfttll 1 u 
d 0 0 0 0 ~ v: Q.l , " .c:t 9) Q.l QJ ~ ..d ~ 

U'U1Ufl'U'Yl 0, 2.8 , 3.8 1m::: 5.7 !'Wtll'11'lf'U'Il'Un'llJ11tln'1lJfl'U fl U"::;l.J'I1'Uln'l.JfH1''lJ1!1fl.!'Yl'il!:!flfl 

1.3.2.8 fl1llJ!~11tt'lJ'Uti'I~'U'Il'U 1 u mW'Utl'l flU !~ttll~1lll1'1!~Vllhmu 1Ut1lJ 

tl4vmfl11llt ~ 1~mm::n-ll~'il::'l'i11 '11'tfiflnJ m~t~ lJ 1 ~~~ q'fl 1 t1unn¥rrnnif1 cM'tl11llti 1n11J ~ 
25 rpm, 45 rpm, 67 rpm !W!: 100 rpm 

.. . . 
1.3.2.8 i 1:jfi'fli'il cM'r~tJ111fl11lll11lll::n'll'UtJ'Ii1uu1 

2) fl11ll ~ tJ ~~ tJ'I'U tJ 'I 1 tt tit ~tlll ff' ~ 1 n 'fl 'ill m tJ ut ~ttl.J ~ tnfl~W iJ w ffu 

~tl!~tJ'I1flu1tJmitJ 1lium1'U1fl,;1~ 

1.3.3 fl1Hil'U1fl.! 1mJ FEA (Finite Element Analysis) 

1.3.3.1 'l'ilfl11thu1ru11lfl11ll~ u":; 1 11llflfl11~'U'Utl~M11~tllJU1JU'I11t~tlllflj 'I 
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~ ~ ~ ~ 
1.4.1 fl11fffl1:1111H1'11'Yil'l1'lflf111l'YUJ!111J 

'JI I I I 

0 ~ C), Q.IG) ' tl .Qd 3) ..:9 
1.4.1.1 'Yilf111fffl1:11111 ff11'Yil.:j1'lflfl11Wl tllll"~11l.:j nl'Yiff'Yilflti1'\JtJ.:j l'VItllfl 

I - 1 1 tJ 

.u't~l.J"twlJt~ 1J tm~flfll:llllll1fi~'\JtJ.:j'l! ni~ t1Bll "1 t~ml1mti1~Qn~l ~ill .:jlll 1~ t1u 

3) 

11llU'I.J'U 

1.4.2.2 tltlflU'U'U'Iltl"~ltlti~'\JtJ.:j~tlmrufiH "1 ~~~tl1'li'tJ.:j t'lfll Transducer, 
. " " 

Resonator ~tlmru !W~tfl1tJ.:ji1tr1'~~1.:j "1 lwulll'ltlllU~ll~ll~tJ.:j1~1 tlmmmht~'il~tl'lf1t1'1llfll1 

ftlll1W 

j} .a ..d I<J) ,,.~, 

1.4 .2.3 ff'INU"~'YI~ fftl'Ulfl'Jtl.:j!'lftllJ'Yitlmtl~"m 1 & 9fll f111llU'U'U 

1.4.3 fl11fllll1W i~t~H'i U1Ufl11J Abaqus 
, 0 Q.l .a ~ d .d ,. ~ 13) 

1.4.3.1 ft'HU!'U'U'ill"tJ.:j'l11l'lftl1J l'VItlfffl1:11fi111Jtl!W~ t '111J~fl11ft'll '11!'111J1~ff1J 

I I Jl Jl I I 

.:jlll i~t~li'li't~li 1.3 li.:ju 'il~ 1 ~.Yhnnitfl n~MfJWftl'VI'\JtJ.:j"JtJm;';t~lJll 1 ~~1tl 
"' ~ 

1.4.5 fl111lfl11~'11rm 

1.4.5.1 l'ilm11tm1~li'J:mf111'YI~"tJ ·:a'i4t~mB'Yii'VI"'\JtJ.:jl'l1uti1~1-:J "1 

1.4.6 m1tJi'mJ~ .:jlfl~tJ.:jl~t~1Jvit>~1u~~11f 11 'lfiifl~llll'U'U 
"' !tl " .J 0 

3) d 1lJ ~tl "' tl"' tl 1.4.6. 1 '11~.:j'iJ1flfl11'YI~~tJ.:j 1W11~tl~'l1ll.:j 'il~lll'\Jtllqj~'YI t~ & 'VII'lllll 1'11 ~ .:j 

tfl~t~.:jt~t~1J'I'it~~1t1~~11f1 1 <!fiin t'i4t~1'11'J:Y1m1t~1~.:j1ll ~~~~ll 
I «9 '1 tl tl <> d<> ~'1 1 .4.7 fl11lrltiU'VI1f·mfll1fffl1:11 ll~ U'I.J'I.Jfl11 1~'1[1J1'1f1fl11 ua~fl111i'V11J'VI ll111ff11 

d "' ~ 
1.4.8 1'\Jtlll'Iltl.:jlllll'U'UfflJ\J'IW 

<> ~ ~ 1tl 0 ~ tl 13) I <V 1.5.1 fltl1J'VI1111tl1fl111Jl11tJ;.:j !W~ 1llfl11Jffl11'il~ (Abaqus) 'lf'lf1tltltlflll'U'U'I11 
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~a,,., "1"'" 1.5.2 lfi'H.l~l'lfellJ'Yitl~1mHl~'il 'lfl!fi~UII'U'U . 
1.5.3 lfl~tl~litl1~1il~ "']lcMUifl~tl~1~11H lfl~tl~1~nl~~tvHh tfl~tl~1~m::IHYivHh 

_, ., " "' _, .,., <v 5t " 
~1Jfl1flHY'J'Nf11llJtliiCl:::~1Jfl'j'fll1~fftytylW 11JU9ll! 

1.5.4 lfl~tl~I!Cl:: 11l'illmlJitml:::M~UillW (Image Analyzer) 

1.6.1 trllJlH1Ulf-Hlfll'ii,Yv1uu:muw!1-u11'itrni'lflfll'i1il~ "1 M 
5t " ., "i'" _, "i" "1"' 1.6.2 I1Jl!fll'itl'J'Ntl~flf11l:I.J~ '11:1.J'Yil.:J~ll!fll'i1J'i::Qfl9l 'lf~Cl~'il 'lfl!fl 

I 1 I J.1 I 

1.6.3 ,~IIU1'Yil.:Jfll'i~I'JJU ltf11'tl.:JI~tllJ~1EJ~Cl9ll11 'lfUf'Hfl'l1f'Ufll'i l~tllJiU~lUlii~U 



' q 

U't'lfl 2 

f11'J1h~~n~'H~flf1l'J 'VIl ·HJr111f11'1fitmJ11~1~~H1l'J !~till 1 ~fliif11'Jfrmnmh:u1~1'1'\J11'1 

~ r1tJ~ 'il'U ii m 'J 'li I'll'!..! 1 'il'U m ~ ~ '11 ~·:nu i~ 'il ~'I h.1 11 mfl 'l 'Q11 ff111 nn ll n u L~tJ ll~1U1l'lfli1 fl 

"Qr111 f11'1fi1mTuii'li'tJ~11mfl'litJ t'lfu i~nm i u f11'J L~tJm!tJf.l ff1lll'J m~tJll1ff~~ii~~11r1tJll1'Hr11 
~1'1flt.!lJlf1 'l i~ 11fttl~'iJUffllJlHU~tJllJff~~1nm'J 1~lltll'il1~tlll ilii~ t'lfu 19f'J1:iJf! 11fl11~U~U 

I I <J/ f I 

1 ~ flll1 i U f11'J 1 ~till~ 1V'Q r1~ f 11'1fUfl'I!U iJ f11~tlll~1 flfll'Hi'U i U Ylff'YI1'1111ll UU 111f1U M1tJf11ll 

HU1'\J11'1 1m:; iunnf1mnifu.:J i~f1mnm':iiu iu11u1frrii Hr1:;l111~tJllflr '11'1 nr1ll~1fl 1~t~L~tJll 
YitJnr1ll~1V'Qr111f11'1fi1fl ~'I nu iu 1 ufrriitm:; 1 uuu 1unu ~11~u~ tl'ltJtJ nu uu~ m:Jtu:;'\Jt~'ll1'1 

t~t~ll (Resonator) iM'ii~n'l:ltu:;~mm:;ffll !tl11uunniu (Mode) ~1'1 'l nu "Qtlmw~1'1 'l ~H 
I f I <JI I 

i <!I ::'! "' i 9) II] 9) "' "" 9)<!1 "'.. .. 9) "" <!I 
U f11'J1'})'tl ll 'iJU11Jl.! 'J:;UUl'l ff1l11Hl 'b' '11U l ~'il H 'iJ 'I fi1'J! tl'll'ltj'l:l t) 'Yl1f1 fl1'\Jti'I11Jtl'l1'1'itl f11 'J 

utJ mmu 'j 1llG'I'H~ n nn t1 fi u~i 111~'11u ~iirJw m'l'i 1m:; tl"tJ~nfl 
v ~ "" 2.1.1 fl1lll'l1llltJ'Uf.l'l~il~'JWIIUfl 

1~fllln~11fll.!1'Jlfuil:uft'u.:Jiu'lf1'1fl11ll~ 20Hz -20 kHz 1fffl'l~iifl11ll~~1111t~ 
" 

\l'lfl'hif'lj'il:;fu~'lilii~ 1'Jli1vmffo'l~fl11ll~\1'1fl".h 20 kHz -:h 'QMlfl1'1fUfl ~'11~U1ffV'11~U1J 
Uft~1~rJf1!fftr'l~fl1llJ~~lfl":h 20 Hz vurhli'lfufl (Infrasonic) ~.:ufJU!ffO ·H~rJUL'liunu 

fJr1flfl1'1fi1fl ~'111l11UG'11ffO'I~iimlll~lllf1f111 20kHz 

2.1.2 m':iU'J:;uo~i.;ail~fll"'lufl . . 
I I 'j/ 3/ I 

~ n'l:lw~'t1m1:1'\JtJ'Ifl~ufJ"11 f 11'1fufl fit~ nn iiYirr'YlNfimlu t~u l1 .:Jiln1t~'lm 'illn 
I I I I I I J/ I I J/ 

fJWffllU~'\Jtl'lfl~l.! 1~Vll1 ill fttl fl~ufiiimlll~~'l\1'1f11'J1~V111Jl.!~~'lfil ~'IUU1'Jl~'lffll11Hl i~ 

fJr1~f11'1fi1 mi 'I hlU.:JtiJ1'Hl11V~l'ill:;'il'l 1~ i1tJUl'I'\JtJ'If1Ull'J:;~n~1~'11l.! Qr1~f 11'1fUfl i~11ri 

nlll'lfl11JfJll~1VfJr111f119fitf! mnilfl11llff:;tJ1~~1UfJr111fl1'1fUfl (Ultrasonic Cleaning) 

nni~'J:;v:;l'l H 1 ~ viunm~ ~'If! ~u 1 tltm:; n~u Lfl ~tl'l11 ':i1'il'H 1 fi 1U11U'It~1 v1~mu i u i 1'1 mv ~'I 

fl11ll~~i ~'11uirn.t'ut~eii1m1uu~":;uu1'1 1'liuti'1 i~.:J1u iut~1mrr m1ll~~i ~'i):;~1i1~t~eirriv'l ili 
" " I I J/ I I J/ 

tnu so kHz t'l'i'J1:;fl11ll~nff.:Jwhilmmrr'il:;~~n~uf!~utilv.:Jtl1ll;iumn .Yh111''J:;~um1llUH 
" " 

'\Jtl'lfl~mtro.:J~'J :;r~:;'l11'1tlt~n 1 1lr1~r1'1mlHn~1l1 iul'11'1 m':i H'l'i'Ylui'*m1ll~~titJu'li'H\1 'I fttJ 
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BQiwlh.:J 1-10 MHz ~.:Jii'nmi1flCll.:J~11ii'lfmfmr uvmnflrl''fJ"~~1 tCJfUTHJ.:Jii'nm1u~u "l 1'!fu 

Ultrasonic Cutting, Ultrasonic Machining, Ultrasonic Metal Fonning, Ultrasonic Metal Welding, 

Ultrasonic Sieving, Ultrasonic Sintering Sonochemistry !!"~Ultrasonic Plastic Welding !1ju1i'u 

d. cv d a " . Q.l 

lJ"frt:ltu~'YI!lUJV'W !!'('l~'tltl!!flflfi1.:J fl'W 

2.2.1 m'ltYuiumnunu 

' " . 
~fl'hltu~m:;ff'u~u ".:J iu~ 1'1'11TW ~~1!CJfV {~1l1Viff'YI1.:J'tiV.:J~1ti1!U~fl1':iffU '11ii1 

i :i/ .,jiiJ ., i .,j i ., I ., ,j di ., ,;, 
~~ 'lffl11l.ltl mu ~.:Ju~~.:J U.fll'I'I'YI 2.1 ( ~tlfi~~1'W'tiV.:J111!'lfVlJfiH1.:Jfl":JJvvn) "fl'hltu~fll':i~'W 

I I Jl I I I I 

Yifl11l.IO~ H"J uu 111 'il~!l uw.h i1111~m:; ff'u fll:i!~Vl.l i uuu1unu -ff1umn11~ '1~ :;um4$mJ-tidju 

~ ,a Q.l ~ d .d. .dd '1')/ ~ ~ j} I d .d e.i 
~~ 111 fl'lf'W.:J1'W11':iV111!'lfVlJl.ltl11 !fl "vu 'Yifl'il~ m vm 'lfVlJ!lJU!~'W !'l'l:ilnl'Yifl11l1tl111 vi 11lJ~ 

I I I I 'JI I I sJ 

flU ff'W 1 ~ ~~ 1lJ 'il ~!lj'W flU ih".:Jli ~ ~ !4'fv l.l~~~~ lJ ~'W .:J1'W Yi'll1l.I1!,.;V l.IU 'W 'il~ihi fl'hl tu ~ !1lt.tu~'W!lj 'W 
I I Jl I I 

1:hu i my !jjtl!':i1!1Jftu'W~'W.:J1'W!ihrvivn"l.l fll'.i!'lfvl11!1J1J~~ 11~0fl11 ff'u ium.nufl'W~.:J '11imm:; t1 

1 "lll "~ " 1 <j)~ d Jt d 'lf t~ ~.:jflt).:j 11'lf'W.:J1'Wl.lfl1:i!fl"tl'W'YI 

' "1 ""' 2.2.2 fll'l~'U 'U!!'U1'lfttl 
I I I I 'JI 1 I ......... i".<:::t. 4 ' QJ " Q.l ~,:11 

fll':i!'lftll.l!'l'ltl'YI'il~ 11!fl~:itltl!'lftll.l1tl1J") 'Yitlfl"lJ'W'W ~~f!O.:Jfl1'Hl''W11'('11tl~~~'l'ltl 11 
I Jl I I I 'JI I 

'1~:;vm4fvl.l i~u1v1J~'W.:Jl'W ~.:Jth1lu nuff'u lwuu 1!!fl'W'il~ M~~~~VlJ!!fi~~~~u1 ~.:JU'WflTJ ff'u 1u 

uu 1f fffl~ .:Jthti tyri'm f 1J m:;t~v m1 v n "l.l ih1~v :JJ~ .:Jii 'ti fl'hltu ~11lu fl ~ .:J 1-:J fl" l1 1vlv ttl~ uu mnfu 
J/ I ,.. I I I I 

~u ".:J !rlunnff'W11"1ti"J ~mo1J~'W.:J1t.tl1!1luviofl"lJ v1.:Ju~~.:Jium'l'll12.1 (!jjm.Wmi1'W'IJO.:Jih 
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. 
2.2.3 fll'itfllUllliNi:UJ 

tllUfll'J~U~ijlllflfl':h 2 U'U'U Vl!al.JtlU e.J~l,mfU fll'J~UiUUU1UflU U~~fll'J 
~uuuuii~ 1 ~umff'umnJ€lflU 1111~1ff ,u-hu fll'J~'U (Transducer) i M'tfi~ fll'J ~uuuuii~Jl1v tllu 

I <Y I I 

fll'j ttlfmJI'i' 1U~" \P1 f ll 'lfU rl11 uvh, l'i'1 ~ U€llfftJfll HY'U'U€1 ,:nr 1! ~€11J (Resonator) 

l'i'1um1:u~a'~'l ~oflri 'llJl'illflJlu n1tu~m'J~'U 'il~'l'i1 iM'rh~:u~a'U€l.:J1a~~fi~nT:aiYu~ff n€1 '1M'tfi~ " " . 
fl11llf flU!~ e.J-!I'il 1 flU 'J-!!! fftJ~ 'YllU Ut'l~ !~e.Jl.l~~ tl'U iu ~ q'~ 1 ~tJ'U 1\lfl f'lf111llf e.JUe.J l'il 'il~ 11iii'l~~ 

J1 o S1 I 'Y 

11~€ll.lll1m'Ue.J-!I;'U'Il'UU~ nffll.ll 'J ot4'fe.~:u~~ nu 11'i' iu nn flfl'lllUtl~ '1 ~11i fll'J &v:uoiU'IlU i u 

U'U1Ufl'U!W~iUUU1ffflj~'IUff~'li'Ufll'Vl~ 2, I 

...----- Piezoelectric Transducer 

N N 
(Resonator) 

(Resonator) 

t~fl'l'illfl~'U 'Ill!~ '1 oMi u fll'J t~€llltflu vi t~wm ff~ mit~ flt'l :u ~ 'llf.w ~.:~ ~ ltflu Jlt~.:J ttl~uu Vi ff 

'l'll'lfll'J ~'U 'illflfll'J~'U '1 UUU1Ufl'Wtflu fl1 'J ~u iuuu 1frrii 1 ~tle.Jlffm1 1!~e.Jll (Resonator) 5 fl'IHU~ 

1 I I JJ I 

~ QIGI d.~~GJ ~ 

UHJfll'Jff'U !'WU'U1Ufl'U'YHfl~'U'U !'U Piezoelectric Transducer ~flff'lrll'UlJlt:J'I111!'lf€llJ 
.Ji ~ .d ~ ~ cvdSI Q.l 4 .Ji 

U'U'Ufl 'J '11'1fl~l.l fll'Jff'W '1 UU'W 1UflU 'il~f.1 fl!U~U'W!l.IU 'JU fl1 'J ff'W '1 UU'W 1'J ffllmtJ111!'lfe.Jl.lfl 'J '11'1 fl~l.l 
" " 

vl€l'Vlt'llff~ flfl{llJ ,~ ff1'W fll'J !~€llJ '1 UUU 111 flU ntfl'Ufll'J !~€llJU 1111-i 11 U U~ ~lHl'W 'ii~Jl€1-:J!fl ~€1U ~ 
~~€1 '1M'tnmt~m~t~:u 1~u'J€111 
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' 'JI " f 

':itHJ!~tllJ'IHl.:JU~ ft:: hw~iJa fl'lltu:: i~m:Uvu nu ~huu fll':i frfl'll1U~.:J~111j'U~V.:Jfrfl1111-lli111J~Yi 

1" 4 .d ~ liJ.IliJ" .d " 11':itJfl!'l1tJlJ'YI!lflJ1::fflJ!!ft::1u'U t u t~lJlfl'YI~~~1tl . 
IV ~ v v~ .q 

2 .2.4 'tHiflfH':i'llel.:Jfll'H'IHl:JJA1EHHt(;l":i1 tCU'Ufl . 
fll':i1~VlJ1ff~fiN "] ~1ti(JM1~1ictrufl tll~t111aflfll':it11~u'Ufll':i~'U'Yil ·:mmiju 

fi111J~vurd v.:J'il1 nm .:J 1trt1~Y11u 111t~f:J1I m w1 u m':i t~vlJ ~ .:J ih1'11~v lJti!mi 1d .:J ~1u nn ~u 1 u 

!!'U 1!!fl'U !!ft:: 1 uu uTi' rriJ ftlJ Nff~~u .:J1'U~Hu1nw ~~e:J.:Jfll ':i h1'tfi1l~'U ~':i v m~v lJ ~ .:Je:Jl'il1l::iJ 

ll':i.:Jfl1111m fi111J~ 11~e:J~1tt1l':ie:JV1-:J~'UliJ'U~1 'Jhu1l1'1n~':ie:Jtll~e:JlJ~~'U ~.:Jfll'Vl~ 2.2 ~.:Jttff~.:J 
1 fl ~ v .:j ti 11 u 11 rl' qJ qJ 1 w fl11lJ ~ fi t~t.if 1 n u 1 fl ~ v .:j!! 11 ".:j rl' qJ qJ 1 w fl11lJ ~ 1 il u n1 ':i ~ u 

(Piezoelectric Transducer) l!ft::H1l~tllJ 

(Ultrasonic Generator) 

• • \ .., "' 1111'11eltl (Resonator) 

2 .2 .s thu1l":i::m,u11iln'llu·n::uu 

J:hu1l':i::nvu'lle:J.:J!fl~e:J.:J1~e:JlJ~1Uf:Jftl'1~11cuum~'1 "1 i11 'il1fl.fll'Vl~ 2.2 

1l':i:: fltl1J~1U !fl~e:J.:Jti1lU~ftUIU11W fl11lJ~ (Ultrasonic Generator) !fl~tJ.:JU111:1-:JftUIUI1W fl11lJ~ u u u u . " Q.t" .:!f .c:IQI 0 Q.ld 

(Piezoelectric Transducer) !!ft:: 111l'l1tllJ (Resonator) lJ11ftflfll':i'YI1-:J1'U11-:J'U . . 
2.2.5.1 1fl~tl.:Jfll!U~ffqJqJ1Wfl11lJ{j (Ultrasonic Generator) 

,.;1111!1~ ti1tU~f111lJ~ Ul:l::'ll U1UftUIUI1W f1111J~ ff .:JftUIUI1W fl11lJ~ i 11 ~ 
u u u u 

1-Ylu icuijt~fl'YI1 fl (Piezoelectric) ~.:JtJVlu!fl~tl.:JU11ft.:JffUIUI1W fl11lJ~ (Piezoelectric Transducer) .. " " 

1~mfi~V.:Jti1tu~rl'tyty1Wfl11lJ~iJm::mum':i..;1-:J1'U~.:Jill'Vl~ 2.3 



. ..,. "" 
1~{)1flllU~ 1'11UJO 

... 
1..:1{)1'UtmJI'I1UJO 

. . . 

111YamhH 

'UtJlfHJWO.IlW ...... 

Piezoelectric 

Transducer 

ct 0 .::!1 0 ~ Q.l d 

fll'YfYI 2.3 fll'i'Yil..:llU'Utl.:!lfi'Hl.:Jfl11'U~fftytyltufl111lfl (Ultrasonic Generator) 

10 

• .J " " 
(Function Generator) UCI~tfl1'il.:J'Utntlrl'tytyltu (Amplifier) CJm1.:J 2 ~huilffllll'ifiUtlflflU l~ l11'il 

mm11l'ilQi'W'Jt~l~t11tl'W n1J~i1vn-;h !fl~t!.:Jfhru~ffqjtyltumlll~ (Ultrasonic Generator) 

2.2.5.2 !fl~'il.:JUUCI.:!rl'tytyltufl111l~ (Piezoelectric Transducer) 

ljt'fl'WU'i~flt!utllrlty 2 ~hu 1flt1 h~!~f1'Vl~fl (Piezoelectric) UCI~!I'I~'il.:J 

'U t11tlrl'tutu1tu1i'.:Juff~.:J iuml'l~ 2.4 !fl ~t!.:JUUCI.:JffUJUiltu fl111l~vl1l1U' l~UUCI.:JffWUJltu 1'11111~'! M' 
u . u u u u u 

' ' ' ,., , 
dJu fll'J rl'u UCI~!I'I1'il.:J'U tlltlffUJU.Iltu 1J ~'Utll ti!WllUi11J~ fll'i ff'W i M'm .:J~'W 1 ~ tlljl1 a fl fll'i'tll.:J l'W1i'.:Jil ... ... .. 

Piezoelectric Transducer 

(Booster) 
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I) !VltltCJf~!~fll'l~fl (Piezoelectric) 

1ff~uYlt~1CJr~l~fl'Yl~fl!CJf'niJmf~1~fl'ut~~tl~Hu~imnmrmi''IJiil . .. . . 
"' "' , -I"' -I "' • -I "' .. _I !fl1tl'llJtl 'Ufll'J !uClfJ'U!!uCl'lfftyqpru 'YlllJ11llflff11u 'J~fltl'IJ 2 111tl 3 tl'lflunfltl'IJ 

(Binary and Ternary Systems) '\ltl'lffl'J!CJf'Jliimf ~'lii~~k1ttluth'UHfflJ~fflrlty . . 1 r ..:::), <d 'j} cv <V .ct .a <"'"i lr) 
t~tl!ll'V'Il~t:ltll'ltl'lffl':il'lt1lflfl'U~ flt:l !Cl~!CJft:l'J tfi!'U~ tl'll'll!'U~ (Lead Zirconate Titanate) 

M1m7vn~ltl"l i1 PZT fit~ 9i'1t~VN'\Itl'liff~tYlfJ tCJf~!~fl'Yl~n~1-M'nuiui11l~uu ~'Iii 
" Q.l 0 Q.l <d 

11 Clflfll'J 'YlNl'U ~'I'U 

M"nmnh'll'U'\IV'I!YlfJ tCJf~!~fll'l~fl ~'l!!ff~'lium'V'I~ 2.5 fiv trlv1ff~ 

cJt'lii11CllfJ "")11U1fJ!CJfCl~flih'1M't~'UCl-.U'I~W11tJU Curie iufftn'U~~iiff'UllJlVHh Dipoles '\ltl'l 

" " Domains l1''111lJ~1l~i1 tl'l9i'1tl'U 1uilfrl11'1'\ltl'lff'UllJ tvHhHCl q''Yl~'\ltl'l Dipole Moment '\IB'I1ff~U 
" rev I 1 t.c::!o191 I 

1l~!'Yllfl'IJHCl11lJ'IJtl'l Dipole Moment 'IJtl'I!!~Cl~11'U1fJ!CJfCl!11Cll'U l11 11!!ff~'l Dipole Moment ~t:l 

m .. i1m.J1 Ul~ 1 ~iifi111J!,j' lJff 'I !!Cl~!! ff~'IHCl'IJtl'l!flv1 CJf~!~fl'Yl ~ fl 1 ff~ ~ ffllJl Hl!! ff~'l NCl'IJtl 'I .. . 
d..,( .c!(QI wV Q.l f I .d .d. o,91 

1l~lJu1~~Cl1J !1Jtl1ff~~flfl~tl~mti!!H !!Hfl~tl~1l~Clm~ti~11H1~1111'1 Dipoles CJf'l1l~lJNCl'Yl1 11 

" . " 
Dipole Moment 'IJV'Iiff~l1''1111J~Cl~Cl'l flT:i!ll~tJ'U!!llCl'l Dipole Moment 'IJB'I1ff~U1l~iiNCll'hiM' 

. " 
fi111J11 u 1!! tl u 'IJV'I111~~ ue~~ fl11lJU~ mil 'I'll tl'lfi111J~ Nff'm1Vi 11m vi 'I trv 'I~ 11-1 1 n~ m1 

tll~fJ'UUll Cl'li 'Ul'll'lf!Htl'U ,j' 111 tr1iinui ffff'U 111 hHht'li'l l 111u in-~ fi111J11 'U 1UU'U'IJV'I111 ~~~ 
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J/ I I , ')/ 

t1 mm1.:~ffil.:J1l~ 1n~m1 !Uft uuuu a'! !VllJlJ1fl;iu uadi r-1m111 H''llu 1~'1Jil.:J 1 fffj ii'llu 1~ u~ U11lJ1 n;iu 

911lJYiffYI1.:J'Uil.:JffU 1lJ i 'VJVI1 fi'1UfJW fflJ~~ifw.:~!'J1i.:~th!mtflu 1 CJf~l~fl'Yl1fllJ11 i'u1~ 1u'Hummnu 

11lJiUO'l'Yi1 Piezoelectric Transducer ~1flufll'JI~illJfi'1u 

2) ff1U'IJU1Utltyqpw (Booster) . . . 
l Ql j/ .C::SIQI a II Ql .C::S 

'IJU 1~'11 il.:Jff1U 'IJ UlUffty tyl W ~ ll.! Vl91 iJ fl1J lfl 'J iJ 'l ff 'l f-l1U fll'J ffl.! 1:1~ lJ 

'llm~htq} ua~ii'llm~l~fla'l1ufi'1u~~mimh!~illJ !~il~1l~'IJu1u1'1fuillJU~~~m'Jti'uuH~u 
nilu~mi11'111t~mJ ~~~~ff~~ 1umw~ 2.4 

I 'JI I I I I I 

t1 fl~u~ 1 nwt ~e:JlJ1l~ tfi~~ulif11tm11 ~Yitfi~ m 1 tl'u ~nlJ 111lJ~ m 1 tl'u 'lle:J~i 1t~e:JlJ 1 ~w 

1l~tn~ W fl11!11U'l~tfl~flUJu 111il~lU1U~~'IJe:J'lfll'JJu'IJe:J.:JM1t~illJ ~flil 111lJ~'Ile:J.:JflUJu 
'JI I I J/ I 

UU!il'l iu mw fl1'j !~illJ 1 ~Ufil'JtlU iuuu1UflUUU 111lJ~fll'jfflJ 'h.iiimllJ~flftty!W'J1~ ilii11l~ 

l~illJ~111lJ~ i~'JilU!~e:JlJ~!i'Ju~~~l1UilU tiu 'Je:JU!~e:JlJ~ ifi'm flfll'J !~illJiUUU1UflUe:Jl'il1l~fl'IJU 1~ 

~~ H tiu~'U e:J~ tiu fl11lJ~ ~1 '* u ~1 u mw 'l1'U 1 1i uif ~~ 'il~U 'J ~ Q n~1 '*11 1t~e:J lJ~trJuu 11 1Jfl r n:J na lJ 

t~mtl~uu fll'J ti'u 1 uuu1uflu 1 H'trlu m1tiu iuuu1i'ffiitfu 111lJ~ m'Jti'utrlu~ .:~~111:lu nim1:11fl 

~~~~e:JlJ~tfi~~u 1 e:111 "1 'Yie:~w a1ff~ n1l~trlu ~~~~e:~ lJ~In~\11 n~ 111 11l1~m 1 ti'mJe:~.:~'l11t~e:~lJclt ~ 
tllJ'vl'mftiu tl1lJ~'Ue:J~fluti'u ~~~~ff~.:J 1umw~ 2.6 -erd~ttie:~.:J\llfltl1lJ~fll'Jti'uiifl1llJtllJ~u.fiti1J 
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. . 
.., .. "' 

flT'HJ'U I 'tU.lVIl13 

I I 'JI I 

fll':i':i~'lJ hn.J~fll':iff'U'\Jtl ·H11t~·eJ:J.J'I!'Uvll1~1~w mmu.:n11t~'eH-Hfl'U 2 ff1'U 91llJU'U1 

l'ff'U~~uff~~ ium'l'i~ 2.6 mhu1J~l'U1'U '\Jl'\JV~f!U m':i ~urwv~~l'U i~~l'U'H-ct~ ~~9i1vd1~nwu 11 
"' 

'JI I r I I I t 

Ql (!.1 .:g 91 Q.o' ~ '1 'j} Q.l d d '1 9) "' '1 j)l.q 9) Ql c:l1 . 
~~'U'U'il~~v~vvnu1J1J'H1t'lftJlJ mmn~fflJfl1Jfl1llJt1l1 'lft'l'itJ 'H ~~nuff'U'Vl 'HlJ~~N "1 ~llJ 

. 
2.4 m ':i ~Hl nu11 m~h t.if ell.! 

. . 
.., "' "" 2.4.1 'tl11'llell.Jfl':i~1~flill.J 

m':i ku '\JtJ~rht ~tJ1JU1J1Jf1 ~ ~ 1~flfllJtUu fll'j ~u iuuu 15' rrli '1~f11llJ~tm~~u·h~ 
I I 'JI I I I 

nnff'u (Mode) ~1~ "1 nu 1~ofl1llJ'H'U1Utl~5'rrli'\JtJ~r11t~tJ1Jl!ulill-mtJdNv~~Vm1lJUlifi'v~'1~ 
m:;fi'u ul:'l:;~v nJ u1111 fll':i ~'U ~~Ju fll':i tit! nu 1111 fl11lJ'H'U 11md' rrli'\Jv~r11t~tJlJi~tflu # ~~ 11flu . "' 

I I I ! 'JI 

l~V '1 M'mlJl:;fflJn1J'\J'U 1~'\JV~Yivli 'il:;u 1lJ1l~VlJ m 1 ~ 1tltJ ~r11t~v lJ'V11~ fltJ lJti1t~v{'1 u n n fffl'l:l1U 

I I I ! 'JI I I 

fltllJ 1~ t1 '1 11' n n t1t1 nu 11 1JM1L~t11Jlfl ut1 -enli ~ 1 v~ u 1 'Vi 11:; ·:hl11t~t11J 'il :;nJ~ vu '\J u 1 ~ 911lJ f rrli'\J t1 ~ . . 
' l!:S 0 ~ 

'Vlti'Vl'U 1lJ1l'll'tllJ 



14 

cv ~ ~ ,'J)e:dQI & Q.l .d & J 
111 ! 'If tllJ '¥111 ~ 'If '\.U.Hl fl'IHlJ ~ fl H 1 ~ fHllJ ~ ~ U ff ~ ~ hHll'V'I'¥1 2 . 7 fll'HYfl111 'W 

ti111'W~h11tr~d~luv~iJrUeJlJ()'mltJeJijfJUH1'lJli~~H "1 ~~if fttl ijf111lJ11'W1UU'W 2.801759xl0
3 

3 

kg/m rh 1lJ~~fffl11lJti~11Q'W (Yong Modulus) 4.0452 GPa Uel~ij()~l':mhuih:lftl~ 0.42726 

1 u fl1 ':i 111 ~ 1fJ w trllli~'ll v ~1 tr~ ~'111111l11'111 1 ~vl1 ~ flri 1111 1-u' 1~ <ilu l111 ~1 ~ v fll ':i 

Cl d 'J) Ql .dl d. <V ~ .d 0~ d 

1~fl11lJ!':i1'lltl~fl1HY~'¥1tl'Wflel1J'lltl~flel'W'¥1~1'W1ff~'W'Wl1lJ:IJ 45 'b''W'¥1~fftl1J:IJ'll'W1~ 

16.85 x 20 x 55.5 mm.~~Uff~~1umw~ 2.8 '¥11lfftl1J~1mfl~tl~ Sonates iu Sitescan 230 ~'1Uff11~ . 
1umw~ 2.9 U'¥1'W~lf111:1J!j1~th'W~11l1fl!fljtl'l Sonates 1utrlJfll':i (2.1), (2.2) um~ (2.3) 

Density= 
m 

p=­
v 

Yong's Modulus= E = 4pc1

2 

(2.1) 

(2.2) 

(2.3) 
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f 'J/ I I 

fll~n 2.8 ~1N1'Ul11?HHl1Ji'llfJUH1'1JV~1fffjnli''Yi1H11~t!:U 

tl1~l~1l1tlff:Ufll'i (2.1), (2.2) u":; (2.3) 1l::l~thhJ'li''lunufi1'U1t!Hl4mn 
'\J'U 1~u"::fl11:u~~ m m:: tr:u~ e~ I 11 n:uii .:~ m 1vl'lf1t~t!t!tlU 1J1J '1 u m w 11 1t~t!:Ufl ~ .:11.:1 nmJ iu m 1 

ff~ NU1J1J~1"tJ..:J1l::ff~1'1 '1mltl1JW:; 2 :U~ lliH11~tJ:Uiifi111J~tlff~11fflJtJ1;jtJ'e)\:J1J1tl'i 11~ 2. 7 
" I I I I 

"'~ & .. 311 I "' ., "' ' ., "' ' ., -1"' 
~'U tJ -:J'ill flP-11:'1'\J tl'l fl11:1.H1 tl 1ll tlfll 'i '1'1\"HHl \l ! 'l! '!J 'i !l f1 HJ'Yl Hl':Ul'Yll tl'U'IJ 'U l~fl11 :Ul1' 'U ll1ll11 tl'U!ll M'U 

i'11llJ~tll1' "1mh~ 1-!l "1 fiu trlen Vi ti1J~i '11' 11~ tll'i iu ~mihJu fl'U'\Jt!'IU~":;'\Ju 1~~1'11llJ~tl~ 1-:1 "1 
SJ I I I 

nut!u1J:; '111't11m111~liiml'nul11n"l '1um1~1"e~.:~1u 1 11mm:u~.:~hh11l11il~ 1J::'Yi1 '111'11ml1H1u 

1111 um:u"~"'~ I 11~1tl 1 ~tl~1"t!'~ '1 11'111t~e~:uii'IJ'Ul~'IJV'Ifl'l'iim~tt~t!i'l11:Ul1'U 1 (rid) t11~e~uu11"'~ 
~ I d '1 & ~ )/ a d .a 
91'111~ 0 tl'l 350.50 'Utll'ii'l'tl111'U hr 11h uml1ff1111l~11m.:~ Finite Element Analysis (FEA) 'll'V 

Abaqus 1~m~e~nli' Shell Element U1J1J S4R5 rdt~'l'illtlU1J1J~1"t!'~H11~VlJlUiifl11lJCJf1JcM't!'U 

u"::'1i'11m '1unnri1'U1Wrvhmfu"l ~'ltll'i t~t!tl Shell Element uuutf1l:: 111'r11191t!1J~~~q'~ti1e~ 
U'YI1Jfl1J Element U1J1Jg'U "1 U"::i-!!'111'1 11mml1ft1'U1W Uff~..:Jr.m 1'11'11~'\Jfl'ltlU iu~fl11lJ~ 

S/ I I t , 

li'i'i1J'Il'1~~N "'] ~1'U1'U 50 tl11l1tl'!!'U~1lUW11'111lJ~'IJV'I1l1:U~tll'iff'U-Yi1'11'lJ~ 1-6 L'Yht!'U 

rdtJ-:J1l1tlfll'j iu h.t 1 'H:U~~ff ..:j fr:hif 1l::Vltl~t)fll'j LWtlLW:: tl11l1l::ttl'U, 111:UI~l'Ui'1111J1tl'U 1ll 'I 'lu 
" 

I I sJ I I 

~ tn1w:: m1 ff'u 'IJtJ 'IH 1t~t~l1'!! u 'il ::~ 'il nw 11 u 'Vi 1:: n n ff'u '1 uu u 1f l'l'iin trlJ:IJl\91 1 iltufl tt'ltJ d1.:~1~ u1 

t!uttlu i l1lJ~tllni'ul1cl-:J "']1unnffmnll 

Tuk
Rectangle
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' 
2.4.2M1t;$m..t1uuu1unu 

11'11 ~tllJ (Resonator) n n 1 ~tllJ 1 'U I! 'U 11! nu 1 ll u n n ff ~ ~lU fl ~'U fll'i iu 1 'U 
1 r r 1 " 1 

U'U1Ufl'U L ~HJi4flh.Jmol11t~tllJ!lJU~~~~tllJ l1'11~t1lJ i'WU'U1Ufl'UU1J1J~'U jl'Ul1'1 1 UlhHllfJUUU 

" ' I O i """' C1 i 'j/"' "l t!UlWlf'U Step, Conical, Exponential, Hyperbolic, Fourier WJl'U1~W'U'il:; 'H'H1!'b'tllJU1J1J Step 
" ' ' 

1~uiiml'nm:itltlf1UtJ1J~'UjlU~~u'ff~~ium'Vll12.10 trl'Hi'tJM11~tllJU1J1J Step u":; Conical 

a 
I 
f--D, 

S m Anti-node 
oscillation 

' ' 

K =nodal point 
of oscillation 

.flTYfn 2.10 M1!'lie-JlJU1JtJ Step tm:; Conical [1] 

b 

• = Connecting thread ~ Ampl itude 

i:llJf111~i'*t~mhu1tu'U'Ul~'l.lti~M1!~tllJiuuu1Ufl'UU1J1J Step 'il:;li' 3 fflJflU 

fttlfflJfll:i~ (2.4), (2.5) ff1'UfflJf1l:i~ (2.6) 'il :;tllumnh:; mrurhmllJU11'1.1ti~M1!~tllJUuu Step 

tm:;fflJfll'i'l.ltl.:t Conical ii 1 'fflJfll'i fltl 'fflJf1l:il1 (2. 7) 

/3= ~2 
~I 

v 
l =k·-
0 2·! 

(2.4) 

(2.5) 

(2.6) 

(2.7) 
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k=I 

j3 = -ei ~l'n tY TU II tllJ tJ ft ~ ~ 

~2 = UtllJU~~~~UCllU'Utl \ll11l~tllJ 
~~ = l!t!l.Jtli!~~~tlmv booster (i,jnm'I~tytrfu~'JtltJ~tl) 

" . ~ ,::1)1 ' Ql 

~= 'YfU'YI~1'U~HJflU booster 
" . . 

..!( .dj./ ... 1 QJ .a 
~ = 'Yi'U'YI~1'Uu1:11Ul11l'lftllJ 

d d 

v = fl11lJl'J1lffU~ . 
J = m11Jo 

tr1'Ufi1fl11lJU11'U6·nht;'i6lJ (/0 ) \l~i~mwn'Um'Yi~ fLI i'Wnntl'I~lJ1tufi11~utr1lJnmml11M' 

fl"Wilfl~tJ'Ui~ ±2 ii"ftllJ1l'J fi1fl11lJtl11'tltl ·:n11t;tllJUUU Conical i~nnvJiwn11~ fl.2i'Ufll'J 

tl'J~l.Jltufi1 
" . . .. , , ~ "' "' , 1 "' ... "' 

'YltJ11fJ'Ul'l9l'UlU'U 'Yi'U j1'U'\Jtl ~fll'J l'lf6lJmtlfJ1:191 'I 1 CJ!''U fl fll'J't:Jtlfll! UUl11l'lf6lJ 

fir ~1~n"1J tm~ 11'1t;'f)lJ 1 wt'U 111n'U~t~'U ri1mhfity iwn'U 11ivif ri1'Ul'Yifli1 flfll 1 t;t~lJ 111 m1 
t t f f I 1/ 

l;'ftllJ t~tlmrulii~~l'\..ll;'ftllJ u"dl'YI1i'nl:I'Utl~1i'1!!tl'J~1~ C1 lin~.mnUfll'Jl~tllJ~1UtJMl'I11CJ!'iJfl'!!'U 
q I • 

i~fffl111\11 n -n-u 11iu~~1'U lJ1l~tll~'Ull'U 1'YI1~ 1 -u fll'J 'YI~l:ltl~ 



. 
ct 

U'tTYI3 

~ft11~11'1l'ufl (Ultrasonic) LilurJ~ULilu~~~J.itiju6uV~11U~6:JJ'IfllV ~~iimnhmHnu 
,. . 

mh'luvfi'l1mu 1'lfu iu~~ff1'11m1:u ;uff1U 1f1~6~1imrm 'Y!Nf11111'W'YIV [2] [3] ~1U1flri''lffl'lt'l'V~{ 

[4] i'YIUlfl'lt'l'V~{ f11Hllfl1l:JJ1.'l' :; t!Wl f111:JJ~l:JJ !fl~t! ~Ut!l~~l~ C"]11ft ~ f1111~6:JJ 11Ju~u 

~1u 11i u~ fimnu~1flu m1 1~e:J :u~ 1u~ Ml f 11 'll'Ufltrlu '11 it ml4t~trluuu 1uu 1'YI1~'11tl~ 

~1ui1iu ~~nu1~6:JJ~1U~ft~l11'1l'uf1 i~iimnhm1'*trl6 il.im'U:ul'd' L'li6~111flm ~mum1!~e:J:JJ 
~1U~ft~~11 'll'UfllY'Uii.u'6uf1fwil~u1ni~~u f11 ~~ 1.11m1 m~e:~:ui1.1~~~1~nu ~~ '11~6~1~ m1~u.Yh 
il.ii~ Lill1~6:JJ1'1l'11:iJf1 1ft'l1:; 11fi'1 [5] 11ft ~ i'lft11.'l'~n !Uu~u 11ft:;ti'~il.itflu~uw:i'l1ft1U ~1u~~ 

'!JI ' • " 

i~1111f1t) ';hiimn111'Yif1Uf1um i~iu nu 1~6:ui1.Y~l1ii~1 i fi'~Lim16nft:unw nu 11iuu~~wmm:u 

~11 :;Vl'WJm 1M' 1.11 :JJ1Hl1~6:JJvl6i'lft11.'1'~ nmw 1~6 h 1'1uut1 nlf'U 'YI Nlf,j.:J'IItl.:Jfll1 !~6:JJ '11~tl611111::: 

1.h:::~n~'l~nunu~'U Ul i~u.:J1ui\1uiinnufimnu~ n~1-:Jnu i 11 ~.:J~H1um~ii vi1m.i1-:J~1u 11iu~ 
o o I jJ 

~ ..:s cv ~ jl V 1 "" "! ?i 'l IS aOJ Q.l a 
ft'f11:11!flU1fl'Ufll 'H'lfeJ:JJ~1U~ftV111 '!.fUfl!'VW!lJU!l'U1'V!1~ Ufll1ft'f1£!11UU ~~U 

l1J IJ).d .,:9 ,.. ~<d. oC:), ~ Q.l 

T . Jiromaru et al. [6] l~i'l'fllllfll'H 'lHJlJ 1 (1'11:;; tJ(llJ!'\.HJlJ tlftlJ!'\.H.IlJtlftfttJU 'YJ~NU~.:J Uft::: 
"' "' 

d .dd & ')/ .cS i 1 ji.Q.o:::t ..c9 31 
!'11ftf1'YI:JJf111:JJ'I1U1 0.5 mm.fi.:J 2 mm. 11ft::: f111~ 100 mm. fl.:! 200 mm. ~U 'lf11if1111'lfe:J:JJ~1U 

~ftV1~1 i'll'ufi 11uunwa-uffe:J~m1:u~ fie:~~ 15 kHz 1m ::: 27 kHz l11:1J:unu ~11m~h~nuiu'lf1-:J 

0.1-3 Sec. Uft~tl'l l~fff11l1f111111~uum1iu iuu'U1Uf1U iM'1U'U f11H~,'U11'U'UU~ t11'W~tl:JJflU [7] [8] 

.o:::t ~ ~' ~ ~ " ' d , Q.l ~ d'& li'J 'j) 
11Uflf1111.'l'UU1J1JU11 f1111.'l'UU'U'U!'lf.:!'b'e:JU L~Uf111!111 ::: 'lfe:J-:!1ftfl C"j 'UV11'YJ11'Uff~11'1l'tl1'1l'~11::: ~~ 

t I Jl I Jl 

e:Jnmmm:;un~1e:J d1~~e:J 111 rlnd'unu t-ile:J:uuuutre:J~f111:JJiiu'U 1.11:unm-ile:J:u~u~1u ~~ l11 '1 '11' 

d.J'.a \1) 'J/ I ~ .dt I .d .dt ~ .dd J .., 'J/ 
f111:1Jf1Ufle:J ll'l11!1J'U m:;'l.J1'Uf1111'lftl:JJU'U'Ui '11:JJ 'Yiff1:JJ1H11'lftl:JJ'lf'U ~1U'YJ:JJf111:JJ'I1Ul:JJlf1'1J'U 11'1 

Jl I I l l 

rlmf u;u~1u-YitiJ'U i ft'l1:;tm:;wm 1.1~ n [9] ~~ni~iinu frf11:11tfi:ut~:umw nn -ffu11U'Uff6~1:::u1J 
ll:!i .d .d Q.d~ & I 0 ,., Q.d ..A 
fltl'Yif111:1Jfl 20kHz, 27kHz 11ft ~ 90kHz ~tll'l1iJ:U'YI'lfU~1'U~~'IJ'UlJ1flf111 280 C ~1U11if1111'lfrl:JJ 

tmuti'u 2 1~uul11'1M'mm1fl1~e:J:u.;f'W~1u~tuu-wmff~n'IIU1~~1myi'WM [10] 



·. 

19 

T. Jiromaru et al. [II] ifi'trnll1!~em1urmAen.J ia11~fi'·:wt~a~~119fufl~unn~uuuu 
' 

"" ., "' d .;, '1 .,~ .;, ""It) ., .k 0 .,~ .d "' 
1 'lf 'I 'lit~ u fl t1 11.1 a uu m HY'U u u u 1u fl'U hmm nl'HY'U u 'lJ 'lJ 'Ufl t 1.1 fl1 u 9>' 'I m hnn 1 'lftll..l lJ m 1 

!fl ~tl'U ~1 u "nlltu~1'1~ ( rl111 i'u nu nJ~ uu m1 iu 1uuu 1Uf1t!!~ u nu iuu 'U'U Ufl1l ~t~iu 1u1 u 
I I I f 1 'J/ 

i 1'li't~t1'~'~ i 1.1) i1fi111Jo 21 kHz i 11-lft~l..lu" nlltu ~~lluu~u naJJ ~al1 ifi'fi t~ m1 1-lft~JJuuuu \)~ i fi' 
I 'J/ I I I 

1t~m<!ft~JJ '1 my~umnni1 fl11tY'U 'luu 'U 1!!f1'U!!t'l ~ tY1lJ l'Hl! <!ft~JJ 1 a11~ i fltHiN ~e:l !Uti 'I !,fl.! !!~'I 
il . '1 o.klt)il d ..\ il 

'j~'lJ1tlfl11l.JHJ'U (heat smks) !!t'l~ fins 'U'U11'1 11ty 'li'l tfi'YifltltJ'Ufl11l..l!!'U'I!!H'UtJ'I1tHJ!'lftll..lfl1tl 

11i m1 ~'~ '1 11'1 vm~t~l.J 'U1flvv m:n fl nu ~ 'j -:!~d1~'~ flu u ~ fli fl hi hi~~~'~~ ~vm1~ 1 llu ri1u ~u'Uv'l 
~ ' 

~'U'I1'U~.:Ju'j ~ l.J1tu M11fl11l.l!!~'lu'j -:!'UtJ.:J'jtJt'Jl~tJl.l~ 
. ~ 

ll) V -=9 ..::!i ~.a Q.l ...::::.. 

T. Jiromaru et al. [12] tflfif1ll1fl11l'll'tll.ltl~l.ll'Uf.ll.ltl{H'ltlti!H'l~ Stainless Steel 'lf'U'I1'U 

'1 " .d IIJil .;, .d .I"' i 11'Ul 6 mm. 'lffl11l.ltl 15kHz !1t'll 1-3 Sec. m'lflfl 70 MPa mu t~fll'jff'U'YI!!tll..llJt'l~fl 25 11m fltl 

.a 9J ,,.~Q.I .t:!fl 0~ I ..=21 .;,It) 
f111l'lftll.lfi1U~a~11 t'li'Ufl t'lf1lltu~'1Hl'lf11Hl'flll11f1Vf1l'J'U1'lf'U'I1'Ul.ll~tl!!'U'U'lf'U ('li'l f'IU'YI1 tU 

~ ~ 

u~ 1 flu~ tJ ~'U '11'U 1l ~!llu nn ~ tl!fl m~ u thu '111 q)11 ~ v nu 11'1 ~u '11'U r1u nu) 1l1f1 m1 trnll1l'I'U 11 

d _ ,A __ _ __ ,. 4!:!l .d d ~ f -CV d ,: 
m1l.l!!'U'Im 'l!l.ltJ'YiflfftJ'U t fltlf1111'1-:! l.lfl11l.l!!'U -:!m -:!lfltJ'Ul'YI1 f1'Ufl11l.l!!'U'Im 'I'UV'I'lf'U'I1'U!V'I!W~ 

2mm. 

li)'J/~ ~.::::.. d ~" 911"" """" A. Brodyanski eta!. [13] t1'11lfl11 ~ 11ml1tu'YI\jfll'lftllJfl1tJ~a~11 "b''Ufi'UtJ-:!tl~l.lllWl..l 

~ liJ ll) 3/.d o ,-dd o Q.l j/ I Ql .t:!fl d ..::::t. J ..:::~~ 
ft 111H1J'U nJ ti'I'YI'Ul~Um U!'l'll.lfllt'l-:!'IH.!l!.!'Q.:! "l !'U1l.Jl'J"1l..lfl'Ufl11fifl'!Hlh1 fl!Jf111 'YI!f11'l'U'U'YIN1'Utl~ 

i I ~ 'J) ~ ..::::t. I Ql ..::::t. ./ 

a11 ~ 1 ~111Nf111!'ll'tll.lfi1V~a~1 1 i 'li'Ufl l'lf'U anll ru ::; m~mu.nwl m1 u~ nm ~1l 1 tJ m1 11m1~11 
d ~ !Vd Q.l Q ! d j) d.Q ,,d ~ 'j) j) 

'YIN!fll.l ll'ltl '111 mu flU! a f1lltu~m !1tu 'Uti ~'lf'U 'YI t1 flUI'I 1m ~ff'j 1'1'Yilf11'1 '1111J 'Yitlfl!'lftJl..lfl1tJtJa~1 1 
q IIU CU q 

~ . 
19>''11 fl f1'1um~u "fllltu~'YI1~ mumw ua~m ~!flU~~ Uth'Url1ft'tu rl111i' unu nJ~uu 1 11-iN 1l1f1 

' u " 

.t:!fl d'lfJ 'J) '1 " d d j) .d d ..::::t. .J 
f1Ufif1li1'U t I'll! tlfl~ 11 !11'U f111 !UatJ'Ul!'lJ~-:!'UtJ-:! 1m ~tl1 N'YI Nlfll..l'Yil'lf11V.fl1W'Yilf11'l'U'U 1l1f1f1U 

l~tll..l~1v~~~!11"ll'ufl vciw~fll1l'U 
II) 9)<!1 i ~ I ..:::.. d QJ d 

Ibrahim E. Gunduz eta!. [14] tl'lfff1ll1 l'lti'YII'It'ltl~l'lftll.l!!~'Utlt)lJ!'UUl.l'lJ1'1 !!~~tl~f1~tl 

~fl11l.l~ 20kHz !!tll.JUft~l'l 10 11m '11/nm I Sec. l!a~ilm1::;M~~ 11'1mfl~tl'l SEM (Scanning 

~ ~ ~ I & 
electron microscopy) !!~~ EDS (Energy-dispersive X-ray spectroscopy) l1J'Ulfl1tl'll.Jtl'lf1Ufiflll1 

tJnmum1m~1l1UI?i'1'UtJ'I1 m ~tYf H nn a~muu1nw~h~om~tJJJ~1UtJt'~~f1 i 'liu m~1111'1 u~u 
" q 

~ d 1 Q.f o&:::~d ll) 31 J ltJ 'j/ '1 'jl d Q.l ~ d 
tltjl..ll'Utll.J'Ul~ !W~llr-l'Utl'lfl~tl'YI 513 K tl'll.llf1'U'U !!{!~ tfllltlfl'l 11!11'UfJW~f1EJW::;'UtJ'Iml1tu'YI . "' "" ~ 1 'lftJ l..l ~ fl nu 
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. 
3.2 m1nmnfll11~ellfJ(I'VIvh-:~'II'UVI . 

Shin-ichi Matsuoka [I5] Mfim:ll!~tnnufll"JI~tllJICJf'J1llrllm~ ifl11~tl1u~fl~f1iCJfUfl 

i~wli'i1m.J~i11h::(I'TU1::·whumNlM'n11J1"Jm~tl1JlM'~~P~nu1tl trltltmvutnvununm"J~u., 
"' .. 
~u -nuvit~t.JlJfit.J AI2 0 3, Si3 N4, AIN, Si C, Ufll'11t.JUH!'lfu Si

3
N4n1JCu i~uij AIIlJUI'l1fftl~11H 

.. 'i ""' "' II) " 'I " "' .;, .J fl(!VIff11JUtl!'lftllJ t'l111~flU t\Pl i~P~V t'lfl!t.JlJtl(l~\Pl'\lt.l.:Jf11'I'ffU 23 Jlm l!Hfl\Pl 23 MPa nm I Sec. CJf.:J 

,.,_, "' "' d " il 'r "' ~ "' """d d "' "' i II) "i 
UlJIJfl1!'\ltl.:J!'Ylfll!flfll'II'lftllJ~1Uf.1(11111 t 'lfU fl!UUt.lfl1lil'l'ff11J11tlt'Jf()lJI'If111Jfl flU (1'11~ !\PI \PIV~H 

ftfl'lJW::'\Itl.:J'JtlUI~tlm::Wh:J AI n1J Si02 i~uij\911111::'ff1U~Hflm.:Jfitll'ltl.:JU\Pl.:J (Cu) 

~.:J!!ff~.:J l Uill'V'I~ 3.1 

' . . 
liJ ~ G) ' d..:::::.. .c.t C). 

Mitsuo Iijima et al. [16] !IPIU'ff\Pl.:Jrl(lfll'J X-ray tl!ff1U'\It.l.:J~~Yl!fl~fll'I!'lfti1J tlliUlV 
I I I Jl I I 

fll'JI'llftVUilJU ff11'l11::fltJU fll'JttlftVUUtJ fl.:J'Utl.:J'Jt.JV1~ti1Jlu;Ju1!tJU ~1-:J "1 Hfli11tl111 flfll'JtitJlJ 

1::'1111.:JI'If11llflnu i"11:: lu Si3N4 1tl 'llti.:JHfflJ im1::1CJf'J1lJfl (Metallic Silicon) I~UH(l'il1flfl111J 
I I Jl I f I Jl I 

!ffU~l'11Uim::f.1W11lJll'i1!'VilJ<Iiu!m l::flnffU'Utl'lfl~U f.1"11f1 i 'lfU fl f.1W11lJ iJVitn~P~<Iiu Vi I ,Ooo· C U~ 

11n~~\Pl11(lt.J1J!11(11'1Jt.l.:J Metallic Silicon 1llu l , I40"c ~.:Jtll'ilff~111~11 Si3N4 !~t.llJ~\Pl i~P~u Metallic 

Silicon luri1U'Uti.:J ALz03 rhn~P~ Metallic Aluminum U~\)fl!Wfl~ I ,000" C !~tl.:J'illfl~~11(lt11J!11(11 

'Uti.:Jtl::~iJI'UVlJ'll"J::lJltu 6oo·c ~.:Jm'iln~1.J1tl11 ALz03 \Jfll~tllJ i~P~v Metallic Aluminum n~u1tl 
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·h)tr~hni1'lf'U Metallic Silicon '111t1 Metallic Aluminum 1~W.Hlf-l~'fl1l1flfll'H~·'U'Utl~fi~'U 

fJ"'flr11ctrufl1~tlt~tllJ Si3N4 fiu ALp3 ilf~'fltl'U 1~ 
Mitsuo lijima et al. [17] i~ilmn:;t:Jm~mJ 1~tltln1Jlttfl" lfl'\Jtl-3fll:i1~e!JJ fl"~tl-3tfl'fl 

,~1l1flfll'j X- ray tYJJ~~j1'U ~ft~ l11l~1~'U 111111 fttl fll'j 1~tllJtl1ttfJ"'flr 1 i CJfUfltYllJl'j tl~1l~1~ti)J 

itY~~U'flflfh~fiu ill 1W~1~t11~'Ufll:i~'U~'Ui~ ltl'Yl~~tl~!~tllJ Si
3
N4 tl1J ALp

3 
fl~1llflfl1HY-31Ml 

' ' .. 
'j tJ tiU'fl fl'Utl-3 ~'ill .yj 1 ~tl lJ tl'U 131 fl fl ~ tl-3 tlHi ~'IJ til tl ~ -3 -n 11M tl n 1J 1 tl'\111 1'U flU l tlci~ 1 1l 'U ~'U fttl 1 'U 

m ~ u 1u nn 1 ~tl JJ 'fl ti'U! ~ JJtl u 11 ~1fi ~ m:; tYUl {flu~~ 11 tYl:; 'lh ~ fltl u i 111i1fi~,r u 11 ~ n11 ru ~ 1 ~u fl-3 ff 

'1111 ~-3fll'flil1tl'U~1'lh~tYl'U~-nliM~'U-3l'U~~tl'U u'UtYllll'HH~tllJ Si
3
N4 tl1J ALp31'1i'ltl1tltl'U l~ 

ttlur-~mht~u 

' ' jl jl .c::::l .c::::l d Q.l ~~ I 

~l'U'\JN (Lateral Force) 'Ylfl1llJtl 19kHz llflUtYtl~1'11u:i~tYl'U AI, Cu u~~ Ni l'l':i~flCll-3n'l111~ 

'jtJ m~ti)J t~tlnm ~n~~u~1u 1 utt u1~~ 1m~ 1rifi11JJ~ 1 uuu 1u t~u -n,i 11'1n~fl11 )Jrt~ulllnvw~u~ 
. ' ' 

4 lfl 3/d 1 "'1 g) I t ~ ~ I 

1'lftlll !~'Yl11~1 2-3 Sec. 'U flHU 'lfUf-l'U AI fftl'fl'fl':i -3 fl"l~:i~'\111-3 :itltll'lftlll tltu '11 fllJ'j ~'1111~fll':i . . . 
1~t1JJ1viJJ,r'UlJlfl'l'ltl~u~-n11 11' AI ~~~ltt u~~ i~nlttt~tiJJ~u~-3m -:J,r'U i'fltltl-3lfl'flu1nm'l'li'fl'lltl-3 

1tltll~tllJ1l~1lf'U AI tYtl'fl1~'11iNnm-:J:itltlt~tllJ~~mttu~~U'Ylmi1t'li'l l u1uf'bm!l'UCJ~ Si3N4 

Mitsuo Iijima et al. [19] l~'l'ltlltlllJ1~CllJ Silicon Nitride (Si3N4) i'fltti1ii1i1U:i~tY1'U 
I .,j 31 ""' .,j 31 i "' "' ~ 1'1_ IIIJ 31 

tYtl'fl:i~'l111-3flmn CJ tlt'lftiJJ'fl1tll'Ylfi'Ufl m:; 1'lftiJJUU1JfJ~'fl'j 1 CJf'Ufl fl~nl'm'fl~ti-3JJf111JJ!'lJ'U 1 u 11>1 

11)31 ~ .,j ""131 .,j ... 131 
~~~~ l~f11llJl!'\J-3UH'\JV-:JHltl!'lfVll 33 MPa ('Yl'flffV'l.Jl!'lJ1J'fi-:J '11Hltll'lfCllJ'\J1'fiCJClflulflfl'U) 'lfl1~1 

10 Sec. 1~fl11ll~ 19kHz 1um:;1~CJJJ 

.et .dt 4 

3.4 fll'H1fllllfll'H'tHlli'YHllll\llfl 

~ 31<'1 .,j -=> 'I 3111) 31 .,j d 'I I 

Yuji Watanabe et al. [20] [21] l~fl"fllllfll:il'lfCJJJ'I'Imff'flfl !'11!'fl:itltll'lfCJJJJJ'IJ'Ul'flt'l1ty 

,r'U i 'fltllll'i'U ~1Cl-3~'U-:J1'Ui1~ fl11W~l~'U~t'l1~tlli~Cl tl'l.J Transducers l~tli Mlfl'flfllH~'u (~-3 
I I I r J/ f I 

i 'fltll'i1 i uu~1i1Yi tl'u u~1~m11t-lft~JJ) 11-3~'1-l ~l'U'lJ'Uu~mCJ~Yii1nn ff'Utltl nu 1" -3fl'fl1llfl~ l'U 11 u 

ifu ~'\JCJ~:itlm~CJ11~1n'fl~u u~1fl'fl'fl H~i1uHnl?l ~ -3Jwrim'll~uu '1111~uuuu~ 1~ "l ~u~ 1 llnw 
t~t1ll'fllliM1fll?ltTu ~u~-n11 '11111-:it:~m~mJ~i 11ui~u i ~triCJt'll~vu'l11 n~~ 1 11ui~u lu m-:i iln111d1~ 

u u 
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I 'JI 'jl I I 
a Q o:::t.ct d .a ~ .o:::::.. .a 

fl11lJf:l 19kHz 'I!''U.:Jl'Ulf'Ul 0.4-0.8 mm. !!~~lJ'Y'I'UYI 180 mm. x 130 mm. f:ltl!1J'U!'Vli'I'UI'If111!'1!'tllJ 

~~~f119fiifl!!'U'U1lf~ 
. " . 

Jiromaru Tsujino et a!. [22] itlffml1fl11!~tllJfJ~~f119fiil'lu'U'U!~.:JcH'tJ'U (iil'l.:Jfl11~'U 

i ., llt_l~ .,; .: liT~., .,; ?I "',. ... .d 
lJ!!'U1!!fllH!~~fl11'U~ tumU) m~1J1lJflTH'I!'tllJU'U'UlJ 'il~ t~'U'H1W 1tJV!'ll'tllJ!1JlJ 1.:j'J !~Ufl'fl'l:ll'YI 

I I 'JI I 'JI " r t I "' i .d Q.l dQI lfl$'.d.ct .a ?.d 
1'11llJf:l 27kHz !!~~ 40 kHz lJfll'H'I!'tllJYI.:JfftJ.:jfl1llJf:llJlJ'il~ t~'Y'IlJYI'\JtJ.:j:itJU!'ll'tllJ 6-8 mm.- Yl 

fl1llJl1'Wl'\JtJ.:j~lJ.:jllJ 0.3-1 mm. fl1llJ!!~.:jm ~'\Jtl~:itlm~v:u~ !~liril imi'tfitl~tl'UI'I1l:U!!~~~~H 
~lJ.:jllJ utJlJU~'il~'IJV~I'I1llJ~ 40kHz uvunilmllJ~~ 27kHz ffllJl:if:ll~VlJl~!flur:·mffl!~'il 

" 
Jiromaru Tsujino et a!. [23] l~Yllfll:ifffl'lJlfll:i!~tl:U'Y'I~lff~fl (Polypropylene) ~1tl 

v~~flt9fiifl~r~lJ'IJ'Wl~'IJtJ.:j:i-eJm~vl1iM'im:u~u 1~unn!~Vl1~1'11llJ~lJ~iilu~ 26kHz ~~~~ 
q tJ 'U ""' 

I 'JI I I I 'j/ I I 

!VllJ~lJ!~Vti"')U:i~lJlW 3-4 1'11ll1f1'h.l'iluii.:J 95kHz muhi'mll1f11i:i:ilJ'lfl~ ~lJ.:JluVitll:uwife~:uiJ 
I I I ';/ I I I I 

1'11111lflJ1Vi I mm. VinmtV!lJoUlJ!~tltl "1 !~!i)u 10 Sec. rmVit~'illflfll:i!.JftJlJfitJ:itJU!GJftllJ'il~li'U'Ul~ 

I I 'jl I I 'JI 'JI 

iunnfinmnntVI:umllJGoUUl~vu "ll1~1uril1~uml:ui1'fl~l'i'ulirhmn.Uu 'il~~.:J!Ml 

il'illflflU!.ytlJI'I11:U~~~~:ul'i'u~ 15kHz !U~uu!'!Ju 27kHz, 40kHz~~~~ 67kHz !~VmrhmllJ~ 

'JI I I 0 

40kHz u~~ 27 JrJ·:Iz ri'.:J'!!'U~·:H!'I.l~t1111fl11:!J~!~lJI'1'tJ!llm:HfltJ 67kHz !'Wemnnu~!ll'Uf11'Jlfft'! 

I I 'JI I I I I 'j/ f 

llJV!GJf'tllJ~'U.:jllJfil1~1U "1 1'11l:UG'il~l~HW!GJfVlJfilJ'IllJl~ imyoUlJrl.:jllff~~ ium'Y'Ifi 3.2 
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_10mm_ 

foo fno-+fot foo+fot+fo2 

' . ' . ' 
t:t .a ~£:!.<::!. .d ' 

ill'VfYI 3.2 'HHJl'lHllJVH'\1ff\9lfl'Ylt'YUJfl11l.ftll1mtJC"J fl1 [23] 

Shih-Fu Ling et al. [25] l~'Vit.llt.l1l.ffi11J~:JJ~Wfll'Vifll'Jl~'Vl.leJC111f11CJfufl1~tJfll'J1ri 

fft!Jt\Jl'W fl11l.f~ 1'\.! Yll'W hJih t'li' 1 l u1 'W'\JW ~ ~ ril~~~~'Vl.f tn'l ~ 111 mm u C1 ~fftyty1'W tit! nm1 'W 

. . "' 
<!f <!f <!f li] g./~ I liJ.t"' 

lfl'Jtl'll'lf{)l.f'Y!'J{)'lj~l'l~Cltl'l !~~~'fl{) !U'W 

3.5. I U1J1Jf11Hf'W1'WU'W1Ufl'W 
' ' 

3.5.2 U1J1JfllH1''Wfftl'lfl11lJ~ 
~ ..::::& <j) 

3.5 .3 U1J1Jfll'Jff'Wl'lf'ICJftl'W 

3 .5 . 1 U1J1J n u iu 1 uuu 1unu 11 ~ttlu ilim 'J ~'Y'I1J m n~ q-~trlu n ~ 11 O'l fll'J t~'V :JJ~ 1tJ 

~C111f1 i CJfUfl lflt'V'Il~tll.ftl 11111~ii~fll!W~~ 1~ fl'W U~l1~flfll'JYl1'11'Wll1}j'V'W nu fll'J J'u 1'WU'W1llfl'W 
' , 1 t 

fiunu ff'u;iu CJ'I1'W~fll!W ~ f11'J ff'Wll1J1Jtl~UCl ~ 'IJ tJ1t.I'IHJ'IffU~ ~ 1 'W~ 1 Transducer 1 UV'IH1t{;uu 

~ll'VlJUft~~ UCJ~ fl11:JJ~~1'1 C'J 'fi1:JJ~t~un 1~~'11l~t.lf1~1'VVN~'V 1 u ~'lfll'J iu 1wt'W1llfl'W~~'W 
ri1til~nniuuv1uuu1uuu vvnu1 'lf1~111fl~1'W1J'W~'Iuff~'11wn'Y'I~ 3.3 uCJ~ m'J iu 1uuu1unu 

" . ' 
<!! 1 "" U1J1Jtl'WC'J Uff~'l 'Wftl'Y'I'Yl 3.4-3.6 
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Clamping force 

Mass 

Sonotrode tip 

\Veldment -~~$2,;, 
Am it 

Machine housing 

. (;Iamping force 

~lachine housing 

-
___ 1_~ _ __,_, 

Sonotrode Y.. 

Sonotrode tip 

Transducer 

1 I t t I 

~ Q.l ~ ~ odGJ " QJ , 

fll'Yffl 3.4 ~fl'hlW~li'l 'HJ\Il'lHlll'Yl t'll'fll'HfU 'UU'U1Ufl'U [26] 



Toolho 

' I I I I 

Power 

19kHz bolt-clamped 
Langevin-type transducer 

plifier 

4l::t Q;' ..:!:{ C:! .Q'lj) ., '1 
ill'Yi'tl 3.5 ~fllltu~lflHJ.:ji'JiBlJYl 'lifll'HY'W 'UII'W111fl'W (17] 

42 

62.99 mm 

Welding 

,_,.... ___ Bl T longitudtnaf 
vibration transducer 
( 30 mm in diameter ) 

Node supporter 

Stepped horn 
(N = 3, JISA70758) 

Catenoldal horn 
( N = 3, 13, J ISA 70758) 

specimens 
elding area 

Metal bfock anvt-f 

25 

11 ~ n fll "J Yll.:jl'W 'IJ v .:j ri1 u 'l1 "J~ n v u ~ l.:j "l 'IJ tJ.:jlfl ~v .:j l~tllJ u u u '1 -*n1 "J iu '1 'W 

U'W1Ufl'U~.:j!H1'f'l.:jL'Ufll'Vi~ 3.3-3 .6 tHi~fllltu:fl~ltiO'U fit~ Transducer ~:!llmiutim11lfll'Ji'U 

u~:~:~flri.:jlJl~ Reed Yll ilf Reed !flf'lfli'JJ'UflllJYiffYll.:j~flff'J ~f'l~l~tllJfitJ Sonotrode Tip tf'ltl~ 
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, . 
~ ' ' ~ · ~ .Q 9) 
'lflHllHJ:::1N'i:::'l11l.:JU'I'l'U'ieJ.:J (Anvil) flU'I11!'b'eJ:IJ 'H'iel Sonotrode tip :IJU'.i.:Jfl~ulfl~l'UU'U 

(Clamping Force) ~~~~m11t~e:Jllfl~'il::;t~'U~~~~tbe:~:IJ~~ti'U 1upM1t~VN~'U "l Bl'il'ildj Horn 

l ~'U ff1'U 1h:: fie:! u~ .:1 'il::l'i 1'11 U' 1 ~ 'U Vl Vll t~:IJ11 ~ ~~ fl1 'i A'u, 'U ll'U 1ll fi'U ~~ 'U n ll'W ~ fll'i A'u tJ ~, 'U 

ll'U1'Ue:!Ue:Je:Jflll'i .:!fl~~l'UU'U~.:!Utl~-:1 iumw~ 3.4 lll.'l:::fll'i Ju 1 'UllU 1llfl'U~~'U nlrW~ fll'i Juv~iu 

ll'U 1'U e:JU ~.:Ill tl~-:1 i 'Ufll'W~ 3 .5 lll.'l:: fll'i Ju 1 'Ull'U 1llfi'U ~.:I lltl~-:1 1 'Ufll'W~ 3.6 ~ .:JUH~ i ~fl~ 

(Static Pressure) 'il::lJi1fl''1'1l.:J!~V1n'UnuYifl''l'll.:J'IleJ.:Jfll 'Hru fll'i !~eJ:IJiucl' f11lru::ifwu 1~..t1111 
' ' ' ' ' , 

3.5.2 uuumHY'Utlt~.:Jfl11llt1 ~.:~utr~.:~iumwYi 3. 7 u::'lttrv.:~mlllt1t.;ti:IJ<}fu.:~lu 
..::! Ql <J/ Ql <J/ <jl ' & 0 Ql Ql i d .d 0 ~ ~ 
!~tl1fl'U'W'ieJ:IJfl'U11lfl~l'UU'Ulll.'l::;~l'Ul.'ll.:J 'lf.:l'l'll:IJ:IJfl'U~.:Jlltl~.:J 'Ufll'W'I'l 3 .7 'l'l:IJ:IJ 90 'H'ielfHJfll'i . . 
i tm'i A'u i uu u1unu treJ.:J~1llTi 1:1Jnu "n1Jru::'llt~.:Jtfl~t~.:~muu:: himlivu nu ~!~~u v~nu m1 

e:Je:JflllUU lll.'l::lt.:Jl'U 

40 mm dia. 27 kHz l A, length 
longitudinal . · · · 
vibration 
rod. 

cl ~ dt d 
ftl'YfYI 3 .7 lfl'ieJ.:I!'b'eJ:IJllUUtle:J.:Jf111:1Jt:l (19] 

welding tips 
Node s:up{X>rt~rs 

50 mm dia. 15 kHz l A. length 
longirudinal. vib:rotion rod . 

3.5 .3 fll'i A'uu uut ~.:~cM'e:~u tfi ~ 111 flfll'i Ju 1 uu u 1u fi'U 1 ~u mi fl u~ 'il::; ij 'lfv .:~ ~~ fl "l 

(Slitted Part Rotor) ~.:Jll'Cl'~.:Jl'Ufll'W~ 3.9 l~tllU~V'UfiTJJuiuu'U1llfl'Ul~Ufll'JJ'UuUUU~ 111 
"QIQI ~ .d d 

'W'itl:IJfl'U ~.:Jlltl~-:1 t'Ufll'W'I'l 3.8 Ufl::; fll'W'I'l 3.10 



: 

longitudinal 
vibration 
driv' s stem 

Connect log 
~:-:------:-~ Stepped hom bolt 

PZT 
disks 

Vibration SJitted part 
convertelj/ Rotor 

I + 

fllVi~ 3.9 tlfll:IW~'IJtl'l Slit 'h-!1'11 Transducer [7] 

Corned . 
spnng 

Lock 
nuts 

27 
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I . I I 'J/ f 

f11'i !~VlJtl-:ltlfJ~fl~11 'liUf1!!1J1JtY'U!~..:J~VtHl'llJl'Hl!~VlJ~'U-:!1'U~1-:! "l 1i-:~fimh1 

l 

=t_ 
! 

. . . 

--·; ~-~--~ 
: i 
i • 
I ! 

~~--- · -' - --~--

Cl ..:!I Q.l ~" 
fll'YfYI 3.11 'JVtl!'ll'VlJ'\JV-:Jfll'Hl'UU1J1J!'li..:J'liV'U [7] 

... ---·~; ·--~y - ·- r·-·--r-·---. . ~ ; 
• 

• • . 
• 

" d ' ~ " a ' A gJ "1"' 1 ' 1 ' 111 fl'\JVlJ"'Yl f1~11lJ1!1JV..:Jfi'U 11::ll1'U11fll'i !'ll'VlJ~1UVMI 'J 1 'li'U f1 ~ Ut1'1'U lHU "' . " "' . 
U~1lJfl11::1H~'U-:11'U 1M'fi1J11ltJ!f1Un'U t!dH, 'J nfl1lJ 1~iif11'i'Yl~~V-:J!~VlJ~V'li'U [12] 1~U111fl 
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'JI ' 31 ' " 

m1 iimnrnr:h m1 ~~11'1 uu uu u~ii 1 i M'~nlJn m~ulJtJfu nu tlijfi111J'I1 u llJl n,;u ~~~ .Jiu 'I m1 111 'I 
Jl I Jl I 

fl~lJlflW:ilnn~tJ!I1J1J!flU fll'J ~~1N~U'I1Uff1'11f1Jfm !~tllJ!I1J1JU!Iff~'l ium-wfi 3.12 

. . 
"' "' I .nmn 3.12 fll'H'lftJlluuu~tJ'lfU [12] 

I 'JI I J/ 

Vlrl"VIl'lfll)ffU~'UZI'I~llJZ!flfl'l t~Uiif111ffU!'VlCJ'Itll'Ul~U1~f1~l'l'lltl'l9fU'IlU1l~ .. 
t I Jl j/ I Jl I J/ 

tl~U 'I nnn l~tlli!I1J1JU1l~iil i'l1~tlm! lffliHfflllfl~U ill iM'trllJl) tll~tllltJfU'IlUYi'I1UllJlf1~U M 

I I I I 'JI f 

Uln-:lluffmnml)1iufinci11lll!lt1'1 ii~1mhmnu~1Yirl1rltufiiif-lCJtl1Jf1l'H~tJll ~ufi 
" 

f I I t f 

.d ... (Crt. .c:::t t9. ~ Q 21 Q.l .d; 0 cv Q Q.l ~ ,... 

3 .6. 1 fl11lltl!!Cl~!ltllJ1JCl11~ fl11lltltltll1JUtl f11JUUU'Yifflfl Ullf1U1 f11J!IU 1l'lftl lJ ! ~W~H .. " 
I f I I f I ')/ f,. 'J/ I I 

m1 ff'u 'lltJ'IM 1l~OlJ1l ~ff'u Yi uu 1JU il u~ tr '111 ~vfi uvlltlil11~~ 1 ~u o vnufi111Jo r1 '~au t1'1fl11llo~ 1~ 
cu 'U cu cu 

11~ I tluu :utlfiu~ tr 'I 111 f1fi111J~ff 'I!W:Utlilu~ ~~ 1 trlu i ~fl11ll~~ 1 11~ I tlr~11ll!l~'lu H Uft~'IJU 1~ 
<IJ 'U 'U cu 

'lltJnum~tJ:ul!tJvn ·:h~i'*mllJ~~ '~ "l u~mn~fi111J~t!'~ "l 1l~iiuu1Jtlfi ~~~ 1'111J1UO'I m 1iuu~ 
j/ I f Jl f I 

Cl~ft'l i'I.Jio'liifll':i'IJUlU!WlJtlfi~~,;ufifi111JOtJ''I "l fi'I'I!U!llffllJlHll~OlJl~l'Jfl "l 'lf1'1fi111JOt~u 
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" ,,A ~ 1" ~ d ~ d ~ .d d4 

"1(1 U~tlHJH 'j ~fl"1Jl fl'IJ'UU'U 1 'UlJ'IltJ~'Y'I'U 'YI HlU!'lHJ 1JUft~fi111JU'IJ'IU'j 'l~~!'j 1Jfl 'I'YI!!l;l ~lJ'YI ff'Yil'l 

~ .d.d d " .d .% '1 'J) ' oCl 1:!:1 1 i ~ l;l"l;l~ 'lf'U'11'U'Y11Jfl111JU'IJ~1J1fl~~i'lfuHfl"'YI1Jlfl'll'U~11J 1lfi1U !'lf'U !'lf'j11Jfi11Hl 1;'111~ ~~ 'lf!!H 
I I J/ I 

n" fi t:J'U 'li'N~ 'I n11'll'Ufl vu 'l i mhuu 'j 'lflfl fi i ~uu ~u '11'U fi 1~u 'Y'Imff~fl~~ i ~,r vvn1wn fl 

~ .ef IQI .d Ci Ql Ci ~ d ,: J d liJS} 
1'111 11J fl11 'j tJ h 11 ~ !!~ l;l fl'l:IW ~ 'YI !111Jtl 'U fl'U fl tJ llJ tll 'Y'IlJU H flfi1J'U 'lf'U ~ 1 'U1J1 fl'll 'U fl ~ ~ I fl fi111J 

d ~ J \!J'J) ~.d?f Cl.' ct 'J} IQI ~.eX 
!!'II 'I!! H'lltJ'I'jtJVI'b'tllJ1J1fl'll'U~11J ! tlf!1U ff 'I'YIIU'UHM111Jfl'U1Jlfl'tl l'j 1~-ed\ff'Y'Il;l'I'I1'UI'Y'I1J'IJ'U~ llJ 

tiu i tl fimi1~'1'1JU1Ufff!Jf!J1Wfi111J~ 
I I I , 'JI I t 

i "' i Sl i "' "" "' 0 i ~~ ~"' "' "" 3 .6.3 111;'11 'UflUI'lftllJ ~lflflU 'b'l1l;ll 'UflU!'b''tllJI'Y'IlJ'IJ'U~~'Yil 11 !fl'Y'I'U'YI 'HJVI'b''tllJ 
" . . 

tm~f1111JII~'IIIH1Jlfl1iu~11Jl tl~1u rlntfum'j t~t:J1J'Y'Il;llff~nmnf1i~ri1umn hitnu 1 o Sec 

I I I I I I 'JI I 

3.6.4 ~Ul11.QiJfi'jt:JVI~tl1J fln lfl~~W11.QiJfi'jt:JtlltlftJ1J im~1111.:Jfll'j ltlftJ1J~ ~ Ifi1J1j'UdJtJ 

!!'J 'I flfl!!ft~l1ft1 i u fll'j 1~t1 111~1J~U lll;l~l~lJfl 'l~trlvnm ~1u '1 tl'lf1'1 m1 '~ fi111J!!~ .:Jm '1'\ltJUt:J v 
I I J/ Jl I 'j/ 1 

,:)f-emlinffm'llfi 11~u ~111 '11l~1u 1 fl v<ifu.:Jlufilllut'lf 'nufl11 ~ u1ft11~~ ~~n~~w 11-QiJ ~ '~ wh<ifu 'll'U fi 

llltmmn-~ fl ~w 11-Q iJ~ in~~l! Vl~ m~ hifi'l ~~111;'1() 1JI11l;l1'1Jtl'liu ~l'U ~ill'WI'lf'j 1 Ufi111V 11;'111 ~ ufi n 
I J/ I t 'j/ 

ffllJ 1 Hll11 i Ml~tllJ~ fl tl'U, ~ ~'U'Il'U fi lll'U 'Y'Il;llff~ flt!W 11 fl i1ntn~tl1~ 'il~lJlfl n11"fl11l;l't11J<if'U 'll'U n . "' ~ 

l~ Vl~lflflfi111JiffEJ111EJ l~trlt~ i~l1l;l111~tlll'j 'lfl~'Ul'Uifl'U l tJ mh'l l 'jn~llJ~W 11-QiJ~Ifl~~'U'il ~ tlQ 
I 'JI I t I 

fi ~u '11'U 1m~~ 1u1l 'jV'U fii~iu nu 1~t11J1llu11~ n 

"""' djl ~ ~ .1\IJ ~I .I "i Sl ~ 1 "" i .,j 
'il1fl'I1'U1'ilU'VItJ1'11J1'1Jl'I~'U'Y'Itl'il~ff~u 1~11 fll';iu'j~~fl~ 'b'~l;l~'jl 'lf'Wfl 'Uflll!'b'ti:!.J 
J/ I I " Jl I I 

1n-~fiH 'l uu '1~t11Jum'Jfffl111tijv iuu 1'U1JTuun~fh~'~ i~fum11JUEJ1J1Jlfl1iut~uu 'l ruu.:J~ lfl 

m1 t~fl1J~1U~ft~ f 11 Clfu flli'li'u~11ft1EJtl'J~ nn 1'lfu ff11J1HH~t:J1J1ff~~li~~11ft ulJmmfi Ntl'U 

mfl., '1~ i~nmium'JI~t~lJu-e:Ju i~'Y'I~'~'~1m!t~u un~n-1mHu~-e:J1J1n-~~nm'Jt~tJ1Juuu~u., 
'1utn1J1Hu~t~1J'1~ ,rlmh1Jltmuutfivutiu11im·n~-e:J1Juuu~u., [28] 1'lfu lim'j'YJ~l;lfl'lthqn~fl 

'i'lfufi1Jll~ti1JI'b''JliJfltl1J 1 m1~~'U 'l 1 ~tlfll'J i~11:Y~~1flCl1'1fftl~l.ij'l l tJ1 ~ 11i1'1'J'tl Ul~'tllJ 11~-e:JflU 
. " . 

1 ~tllJ IC!f'J 1 iJfl ~ 1 utiu ~t~'l1 ~ v '1 ut11 ff'v~ 1 nm ~ m v u t1 n ~ 1 nilir.:Jufi111J'Y'I Ell U11Jfffl111 m 'j 11Ift uu Yiff 

'YIN m 'J ttu 'il1flfl11 ttu i uu u 1!!fl'Uillu nn ttuu uum~u ~'l'il~ffllJ n oth '1 tltl'J ~Qfl~i ~'ll'U ~ 
~ ~ I ,.( 

~tl'lfll'jfll'j11~'U~1EJ~'tl lJ 

I , d .,A 'jl 'J) 1 oCl ~ QJ , 'J) .e9 .d d & '1 ~d 
't!UH 'jfl~11Jfl1'JI'b'tJ1J~1U~l;l~'j1 'lf'Ufi'U'UlJfl fl'jtJEJI'b''tllJ'YIIl;lfl ~'I ~1Jf1111J'Y'IU1V11J 

I I I 'j/ I I I 1 Jl 

~~fff1'1nfll'jltlft~1Jfii111~'jtJfJI~tJ1Jimy1iu hwi~nnff'ufiut~1Jtlil~flfi1-:J 'l un~nfi111JO~.:J1iu 
" I I I I 'JI I ... .., ... "' 1 "" I "' .., liJ.I ~ od "' \IJ.I"" 

'U'tl fl~ 1 flW.I'IlJfll'j 'Yiflfttl'I'IJU1U'j tiEJI 'b'tllJ ~Ufll'J l'b'tllJ~tli'U'tl'lfl'U ! ufi1Ufi111Jf:l~ 'I'IJ'U I ui'J tltl 'l 
Jl Jl I I t I 

n'l il 'U tl fl'il1 flU 'YI n'Y'Il;l '1.1 tl'l fi111JO uti' 1 i1 ~ ~ UV'U ., fi lJH l;l m ~'Yiufi tlfJ w fll'Y'I 'j ij Ul ~ti1Jfl, ~ f 1J 
1 'JI I J/ 

nnRn1111'lfutiu t'!fu m 'lflfl nm tilu~u ufinm'Jitlf-e:J1Juuuilir'l~1tiflm'JI;Ja1J iu~u.:Jl'W'Il'Wlfl 
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I J/ I Jl 

~~fm1~ur·luvhfJJfi~'\JuHJm~ ~ rt'huu 'ifntftJmlt~~JJvrtl1ff~n1~v1-*~Mlf11CJfur~uu1~~ 

fll1fffl1:ll Ut'l~~Wl'U 1lJlt!d1~~t!lrl~~1l'U ff1111HI 1'*1~1ut~~ff1l1 fl11lJl1t'IWU1~tfl'YI t~dl~ l 1 ~~111 . 
' " ' 

flt'l 1nmnh ~ff1'U i1'\Jtl\11t~m~~l1~1fl~t'l~! 11 CJfUfiUWJ~ 1~ttlufi'YI1TU i~u11u Ut'l~U~fi~~Q1 u 

n:wh~nufimn~~ 1 u 
.di ~ Sl 3/ i .Q. Q.l d I 9/ Q.l d .QQJ .d.d j/ 

'U tlfl1l1flfll'jfrfllllfll1l'tf~lJmfJ~t'l'i111 CJf'U fl~~'YI flt'l 11lJ1Ut'l1fJ~fl\llJ~l'U 111 fJ'YilfW1'11tl~ 

Bfll11fl u~1l~ff\l!fl~tllu 1 ~1nfm11~~nu i-*'111l'YI~t'l~\l~mi'lm1u u~ ~1~tiu ~m111g nm ium1 

~~~11 tm~m .:~n~~m~l'h~t11~m~~lJ ~\ltu~vu 1 U'il1lJ'lfU11'\J~\I~'U\11'U u~tl'mJW:i:fl11~'U'\J~\IM1 
!~tllft\'1'UtlJ'U fll'j ~'U 1 'UU'U 1Ufl'Ul'f~iu ~ ~~ 11l11 : ~fll'j i ~ili t111 ~~~lJ~ 1flfll'j ~'UU 1J1Hi'I~~'U ,rH 

'JI I I I 'J/ I 

Ut'l:i:;'U~l'U vit~~lJ i 11 v~hu imy~ff,m~!tl'U flU ~~~lJ~~~~ t1 ~ fl~U'U '1 'U fllj fimn11iv11i fll'j l<j'ftllJ 

" ' " l'it~Vit'11ff~ n~1VfJt'l'il! 11 CJfur~i! ~~,r 11 1~1lttlu m1~W~m11innt~~l1~1 VfJ"~ f1T CJfut1<\iu 1 ufi n 
~ <k 
'\J'U'H'U\1 



. 
"' lJ't1't1 4 

' ' 
<!! """ "1"" ~ "'•'1" "" nl'J !'liVlJ'YHllff~ fl~1tJfJ(li'I'Jl "b'Ufl !UUfl'J~1J1U fll'J'YI'Yil 'Yil'l(llff~fl1H!VlJ(l~(lltJ 

~~nu ~n ~u1 nru ~'1111~vuifuH'trnu H1~u ~1u 1m~u1 nru imi'1fiv~ 1 ~vmff'vfl1llJ~vmnnm'J 
~~ciul'l~ ~ ~ lU nurl'u'UtHH1!~VlJ !!(I ~U'J ~!fftJ~'YllU!1J~ tJU!~U fl1llJ~ flU fJlJ mwiu fll'J! ~tl lJ 

tl1v fJ(l\91~11"1l'i1flvl'lliiri1u1.J'J~nvu~ciu~vun111nm'J!~vuuuutu '1 Q1.Jmw~Hiu 

' 9J ' ' 

fl1 'J !tjftl uti 1tJQ m1 ~ 11 "ll'i1 m! u .Yh i tl1 ~tJtllfftJfll'J tlU'UV ~H1!tjft:llJ (Resonator) tl1 tJ 

m1u~ ~ ~ '1 ~ \! nri ~m'll 1nfi'u fim11'1 nu iu 'll ~.Yh '1 11'~1ifu H'tr'll v~1trfJ!fll'l m1 !fftJI'l ff fiv '1 11'1nl'l 

fl11lJ~t:l'U !!(l~!~t:llJ~I'lflU i'U~f!\91 11'1tJ1.Jfl~~U~lU ~J:i~miU!~!~U ff1U 1fi'~'O~ ilitrllJlHI!~VlJtl1tJ 
I I 'iJI 'iJI 1 

1 "" n I C> li) " "' " n I"' ~ "' '1 " " ~ C> '1 C> ~ Q li) " '1 " ~ <!j fJMl'Jl "b'UfllJM'l !1'1 1l~I'H.l~!lJrltJU'I11!'litllJ '11!'Ulf11J'liU~lU WllU11JtJ'U !l'ltltlfl!!1J1J 'YI'YI1!'lit:llJ 

!~'Ufl~ ~ 1~ fl(llJ~~utr\91~ iuml'l~ 4.1 b 11'1t~fll'J 11.J~vunu rl'u '1 uuu1unw~u nu rl'u iuuu 1f ffii 

Piezoelectric Transducer 

(a) 

.J Q.l ~ & ~ d ~ '1$1?1 Ql d. mv.'YI 4.1 '111!'lit:JlJfl'J n~fl(llJ!l'ltl!iJ(ltJU fll'Jffl!!!'U1UflU muuuu 1'Jff:U 
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~ . ~ 

1unu 11irJil~t!.:Jfll71h-~~flrli'*-qf1~-f1191ufl 1u flU t~t!l.lvltJflfll.l ~.:Juu~.:Jtrlu~tJ.:J 

!U~fJU flff'Yll.:Jfl17 ~u 111 flfll 7 ~u 1 U!!U 1l!fltJ!~U f117 ~u 1 U!! u 1 ~ ffU 111fJfllfffJM1l~tll.l (Resonator) 

Ql & ~ ~ ~ 1 I t Ql Ql Jt _J 
flfl'I:Hlt~flH1-:Jf)fllJ !1Jtl!fl1lf11HYU 1 'UH'I.l1l!fl'U U Transducer tlfl'ff .:Jf-.11Ul11fJ.:J'H1l'lftJl.llllJlJI'lH ... 

1-:J n~ :u f117 ~u 1uuu 1unu 11~0 mtl~ fJUtllu 7ufl17 Ju 1 uu u 1~ffii trltlfl1llJ~~1 t~7 .:J nlJmll.l~ ... ... 

lin 1J'Ifl~'Utl.:JM1!~t11JflllJ 1 'H 1J11 flU Ju~ i~ fil'HU11 i 1 ~.:J11~ ffll117 Olh i 111 '*iu flU !~t11JvitJ 

l'lmff~flfml.li~ 
Jl 7J I I 

u tJ mn n i1 .:J 1u 1,) fJU iJ.:) i l'i'tJ tJ fllllJlJ n u 1 :tltJ :u u11 11 '1111 ~tJ :u 1 uu u 1!! n u 111 fJ U-3fl-3 
' Jl I I 

~ fl1JW~M1l~tJ l1 Hu lJlJ!~l.l u~ 'il~ 1 t1~ fl17'H lJWiwnurYi v 1 ,rl n11 7 vm~tJ m tJlJvltJ 111 fJ11~U'lf11<il11 
sJ Jl I )J I 

i,r;U.:JlU'HlJU!~mi 17t1-:J~ 1JoitJ-31U M1tttlvmJ~11-:JftWil'ff;u.:JltJ~.:Juff11-:J iuml'lYi 4.1 a 'lf11<il111,r 

~ ~ ~ de~ iJ 0 Cl.l ~ <1& \J) 'j/ Q ~ ~ I 1J) 
'lfU -3 ltJ 'HlJU 11~!11 U~ flfl~.:JYI:U~U fllf1-3!UU:Utll~ m 91-:J'il~ 1 ~tllilJl fJ 1 Ulfl 7 t!-3:UtJ fll'j Yl~~tl.:J~tl ttl 

'H~nmnil-31U'Ut1-:Jtfl ~ t~-3! ~t1:U'il~iiri1u1.h~ nv11~ -ff1fitytJ~ 3 t~lh-3t'it~ tfl ~tJ.:JfiltU11 
~ Ql ~ 

fl~U (Function Generator), Piezoelectric Transducer!!~~ 'H1l'll'tllJ (Resonator) 

(1) Function Generator ln!l~fll!U~fl11l.l~ l!fl~~lfJfl11:U~iu~ Piezoelectric 

(2) Piezoelectric Transducer 'il~ff-3fl~U'H~tlflU~U~lltll.IUft~~~l.:J ""] iu~M1l~tl1J 

d d Ql 0 ~ ~ Ql ~ ..:9 
flll'l'YI 4.2 ll~~llll'l'YI 4.3 !! 'ff~.:)'H~flfll'j'Yil-31U'titl.:Jlfl Hl-3l'b'tl:U!!lJ1.J'H11'll'tJ:UflH1-:Jmll.l 

l!~~lt1.11JM1t~t!l1'1uuu1ttfl'\.!~ll.l~wiu 

Piezoelectric Transducer 

Function Generator 

.., "' 'H1!'tlfltl (Resonator) 



: 
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Piezoelectric Transducer 

Function Generator 

I I ,J I 

t1 Ul:J h n111:JJ t Uti ·Hll n f1THY'U lum.n f rriiir u iillf:JJ~ m nl'u 1¢1 'Inn tilt 1111 m ~ d ·H·Hl 1M' 

'Itltrt~ti:JJ'tlti.:Jlt~~ ~ 1'11:JJ~iicimlw~ ilimiit~u nu ~.:JJu fll'Itrmnif~.:J~1tll'U~ti.:Jtrmnm1'11:JJ~~ 
1 M''It~tlt~ti:JJ~m m~ ff:JJ lt"~ttlu hi 1¢i'mn~ q'~ ¢11tlf1l'Ifll'U1W tt.l!t 11mh.:J 'l 1 ~tl hh um :JJ 

Abaqus 

1 'U.:Jl'Ut~ti:JJ'V'Imff~n~Hr.J~11f 11c!riirrvT1 'l i t.lm~111'U f1l'I t~ti:JJ~~t.l'I ~f1ti1J¢11tJ 

~t.ln'IW~th!'itytl~ 3 ff1'Ufitl tfl~ti.:Jfl1tii~trtyty1Wfl1ll.J~ , !fl~ti.:Jut.l~.:Jtrtyty1Wtm~tfl~ti.:Jff.:J~l'U 
I I I )/ I 

m'Itru u~~lht~t~:JJ M1t~m'il'ildhhu t.l 'I ~ nt~11Vi~tvndt~vt~t~ n it.!Bn~u t~ dn1111im'I t~t~:JJ 1 ~vii 
"' 

McinnTn11-:Jl'U~miit~unu~.:Jltff~.:J1um'V'I~ 4.2 tm~ 4.3 

Ultrasonic Generator 111'11'11' 1~ fll!ii~ fl11l.J~ lt~~ff .:Jfftyty1W fl11l.J~ i t.l~ Piezoelectric 
'j/ d Q.l ~ c:., c1l .d QJ J. d Q.l ~ d ~ 

mnPiezoelectric fl'il:;U t.Ji:~ ·HH!}tylW! U'U f11 'J n''W tl'l'l'ltl ~ 1Vl11!'D'tl11 (Resonator) '1'1'111! 'D'ti1J fl'il:;!fl~ 
f f I, I f 'JI I ')/ 

flUff'\.! nf111l.JfiU'U'l l~tl!~ti 1J~'W.:J1'U ~tl l tJ 1 ~ tlltt111t.Jii~~ flUff'\.! tl1'ilU11 fl~ H fl'U~'Ut1Qfl1J flU 
Q.l~ Q,I"Q 9) .d. o'a..r, 

ti'VflU1J1JWJ!'D'tl11 lt~ :; fJWff111JI'l'tltl.:J Piezoelectric Transducer ~1tl 'J1ti~ ~ Wtl~'tlti.:J~t.lmwlf~fl 'U 
. " 

fll'It,;a:JJ¢11Vf.J~IIlf11CJl'iif1ii~.:Ju 

4.2.1 Ultrasonic Generator 

!flrf).:J!~tl1 i.i'U'U1~'Utl.:Jtflrtl'l n11-:J 220 mm. ~ 'l 150 mm. tl11 350 mm. mrn 6 kg hwfiltii~ 

fi"l111~~ 28kHz ~fi1ci.:J 500 w. ff1l.Jl'Hl~'il ~ tl f11nm1um'It~t!11l¢1 'il1f1 0-10 Sec. ~.:JHff~.:J1u .. 
fll'V'I'I'14.4 
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illl1~ 4.4 Ultrasonic Generator 

4.2.2 Piezoelectric transducer 

Piezoelectric Transducer YJ111U l~!U~fl'U ff'tyqp Wfl11lJ~I1h.J fll':id''U I~Vff 'l 
fit~1uir'lM11~tllJ 1h::m:J1J~':W Piezoelectric u~:: Booster ~'lllff~'l i'Ufll'Yl~ 4.5 1~vuMniY¢hti!'U 

Ql ~ ~ ' 3) 0 Q.l 

\l 'U 1 'U II~::~ 1~ V fl 'b''U ff1'U '\J N 1 'U ftl1111J Transducer 

U'J::tr'l'liifll'Yl"!'l~~~fitl 28kHz 

.d 
illl1't'l 4.5 Piezoelectric Transducer 
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I f I Jl Jl I 

..!! ..!! " " 1 "" "'1 "i <S d " <S ~ ..!! ..!! lfi 'HN!'lftl1Jf11tlfJ'lfi'J1 GJf'U.fi'VI 'lf 'U.fll'Jfl'fl'l:ll'U. ~flff'JWU'U.lJl!U'U. 2 U'U'U fltl lfi'Jtl'l 

4 ~ ~ ~ ~ ~ 4 1 !J ~ 4 ~ ~ 
l'lftllJU1J1Jl11l'lftllJfl H1'l fHllJ U(l ~ !fl Hl'll'lftllJU1J1Jl'lftl lJ 'UU'U.1Ufl'U. 'VI'l'U.lfi 'HI'll'lftl lJ'VI'lfftl'lU1J1JlJ 

m;' fl fll'Jfi Vll'U ~fl ~ ltl tl'UU ~ihi fllltU ~ '\Jtl 'lfll 'J I ~tllJ ~H tl'U flllJ'J 11 U 1J 1J '\Jtl 'l11'1t~tllJ ~'1'11 "'fl fll'j ... 

Piezoelectric Transducer 

I I I I I 
..c::.t ~ dGJ iJ QJ Ill ~ .c!i 

ilWft'l 4.6 li'I'Jtl'I'VIl'lffl1Jl11l'lftl lJfi'J ,:j1'Jfl(llJ 
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1 u m11 ~m.J~1mf1 ~ 'fl.:JL~'fl:JJ~1 ~nu M1L~'fl:JJfi ~ ·n.:J mu.J~~u 'tYfl~ml'l~ 4.6 1m~ 

flll'l~ 4.7 iiff1'W1.h~fl'fl1J~'I'1111U'1~~l.:J "1 n'W ~.:Jii11ifll'H~'fl:IJ 1f'IVf1111WiWil'W1J'W!l'W1'fl~ 
~u" 1u uil'11g'fl'W l1 1L~'fl :JJ't'l~ 1 M'ff'w'Yffnu~u .:Jl'U ~1mn~ v111 f u 1 ~~u ~u 't'l.:J 1!1 mf u 11lJ'Ulfl~ v1Lvi:JJ 

4 d .d fJ/ .Cl "ct 9) ~ 0 Q.l ~ ~ 9 QJ d 

l'IHJ:IJ'I'llfi1'fl~ Ultrasonic Generator U't'l1flflff1'1'1'lf !11lfiHl.:J'I'll~l'W '1111'lf'fl:IJ1l~ff'U !'WU'U11ff:IJ~l:IJ 

111:JJflflWd'u 1Vm~v:JJ~ l1~1l~lflflf11.:JU~ nru ~M' 11~tJ:JJ~'W!Umhu 1m1J 111'vu~mu 1nil'Lfi v~ 1 f'IV 

,., 
4.3. um~v111fm~~U~'U't'l~ 

I I I 'j/ I 

0 fJ/d.c:'J Ql..:!f. .t:S .t:SG)j/<11 

'1'1111'Ul'l'll't'l'fl'U'ijfl Piezoelectric Transducer U't'l~l111'lftJ:IJ'\J'W't'l~ ll'ltJ !'11'111 
I jl I I 9/ I I 'j/ I 

~~vm1:JJ H'tYnu;u ~1wn v 1~u 1 ~nf~Yi mm~'tY:JJ u't'l~L~vu ~'U rYi m 11~ vu ;u .:Jl'U 1m~..r 11~v :JJ 1 u n u 
0 ,., 

l~tJ:JJflf~~tJ l 11 

.:::t d " 9) 
4 .3.1.2 lfl't'lV11l'I:IJU1.:Jflflfll'U'\JN 

d Q.l ~ .:::t .d 31 .ct 0 v .dG) gJ 

:IJ't'l f1'14f.U~!U'Ulfl't'lV1'1'1 ffl:IJ1Hll1lJ'U ~1ti:IJtJ '1'11'11'U 1'1'1 !'U fl11 ff1 HUH flfl 

" " 9 9)d .d " .a Ql Ql ~ ~ fll'U '\J 1'1 1'11:1J'\J'W lflf11l.J'I'1 f1 tJ'I fl11111 'flll1:1Jl~ff:IJ flU 't'l flll f.U ~ '\JtJ 'I 'lf'U 'I l'Ul 'lftJ lJ 

4.3.1.3 !l'W1tJ.:J 

ii"fl'tlf.U~ iri' .:Jfl ~ ~1~ fl't'l:IJ ~f fl'UIJ l'U 1 'Ul'Vil nu f ffiiiJl'U'UtJ fl'\J'fl~~'U ~l'U 
'l'lTHU' 1~1 'U flU 1tJ .:Jf 1J ll't'l~Ufi~U'YiVl'l't'll'tY~fll~tJ 1'11'l111~tJ :IJflfll~tJ:IJ~'U 'll'U l IJ't1'~f11fl 
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Q.l ... I Q.l a 
4.3.1.4 ~1unmHJ'U1~tl~ 

rr1:un t~tgtl'Ut'li' 1 t1t1 t1 1 ~ t~t11l f u tgtl'U ili'tl'llll~ rr:u tiwuu 1~ fl11llt111 
Jl I J/ t I t I t I 

'lltJ.:J;fu .:J1'Utliv;fu .:J1'U ~'Uu 1~fi11:Uti11Vitll~uu, llrrlt~ '111' ~~Vi t~v:ut~yi u uu1m .:J mn.:JM11~t~:u 

lrl'lJtl 

4.3.1.5 rrll~.:J 
I J/ J/ t I 

'1 
'JJ ~ 9J ~ '1 ,.r..:::.. d. a ,:!{ 

'lfi'VHlrl''J NI!'J ~f)~'lf'U~l'U l'l'lfWil'UlJf11'J lfHHl'U~~tl~l1m'UtJ~f11'J l'lftllJ 

7 1lJO~IlJ 'U ~ 11'~11 7 ~n~~l'U,j'1~ i ,rif fflJ~ ~~ii'i ~ ~l'U f117 VI~ fft!Ul'llfi lf11llJII ~~'Ut!~rl'll~ ~:Ulll~1 
~ "' "" 4.3.1.6 l'l11'1ftl:Um~1~f1~lJ (Resonator) . . 
ih;l fl1:1W~fl1 ~1~flctlJ111~~t~tl~'fJti'1J Piezoelectric Transducer rl~U'ff1l~ 

3 3 

ium'Y'l 4.8 'Yl11llf1tl~lJ!'UtllJeJ~~tltl iifl11:Ul'I'Ul!IU'U 2.801759xl0 kg/m ri11:u~~rl'fi11:UU~l'IQ'U 
"' 

(Yong Modulus) 4.0452 GPa u~~iiv~11"huib'lfv~ 0.42726 iiffl'iimv'1urrhtim1~m:u~1fttJ 
Ql .c:::t .c:t y liJ ... I , 01 .:::t 

17.5 mm. 'Jfl'lJillti'Utlf11'Jtl~1llf1'1f1tl !1J'U111VIlf1U 51.9 mm. 47.5 mm. ~~~~ 37.5 mm. lJfl11lJlf'Ul 

rrhnu~ 20 mm. ~tJUff'UtJ~~ml:u~t~tl1tl'UfttJ 28 kHz iu 1M:u~mnfu~fil~nu 
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I I I I 

a a ~ 11u u ~ 1 
4.3.2 ltl'Hl.:JI'Iftl:JJIIUU'YII'IfflU't111'1ftlJ.I!'UII'U111fl'U 

. 
..... ... !'I 

't111'1ftlti!'UII'U111fl'U 

I I I f f 

.:t ..:!1 ..:!1 ~,'j} ~ Q,l .C:l 1 
.flll'I'YI 4.9 lfi'HJ.:JI'IH:llJVI 'b'f1U't111'1fellJ 'Uil'U11lfl'U 
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tfl ~-eJ~t~mmuu~i ~fiu M'11~vu hmw 1unun~11mw thu i '11\lifllllufiu m~-eJ ~ 

l~fl1JU1J1J~i ~fl1JM11~fl1Jflr ~1-3flC11J ~-3 l~-elf1Jlfl1J1Ull1 ff1Ufl11mw~u~ fl~H1llfllf1 ~-el~l~-el1J . 
U1J1J~i~M11~fl1Jflr~1-3flC11J 1~ufi ftflfli~ 11-ellfHJ{ 1fl~-eJ~U11ft~ffWWlfll~~U'ff~~ium'V'I~ 4.9 

~. u u 

d dd Q.l 0 3/.dQI.J" 
l!(l~fll'V'I'YI 4.10 "15~lJ'11(lflfllH11~1Uim~'I1Ul'YI~~U 

" 
4.3.2.1 ~flflii~ (~lU'j-eJ~) 

I ' J/ I I 

iumwYidjUfll'.i l~-eJ1JiUUU1UflU ~U-31U~-el-3'11lJU tft-eJ iH1fl~IIU11~-el1J 
" " " " ~luuu 1tffu l" -eJU 1~ ~nnii-3~-3t~uYi'~i 1l"-eJ~~u -31U uC~~'Iiu i M';$u-31U i H'11lJU l"-eJU 1 ~ uuumfl-eJ{ 

!~U~urh~.:t'IIU1fl 12 V, 50 A. 'liu~nni~iM'11lJU~!!HU~"J'l ~f11llJ!~1l"-eJmh~ "']ttl-eJ~leJ 
" m~u-cr '11j-eJm ~~u !vHh~1~fiu 1~vi~'ff1V'V'I1Uttlui1ri ~n1~~ "nnii~n'llm~tffU~1ftuunm~ 

~ ~ 

30mm. 

"' .t ~ 4.3 .2.2 !m-eJ~Uu(l~ffWWlfll 
" " 

'Yi111U' 1uu"~ ff'tyty1ru 1 vJvh m ~!!ffff~u 1 H'ttlu m ~u fffl 'j ~ ~1v 1 vJvh 

1M'iluumfl-eJ{~ 4.5-12 v. m~uff sA. ii Relay i~ff'tytylru~lvJfi-eJut'li'1u-eJtfl-eJ{rrl-eJiM'm"j'Yil~1u 

'\l-eJ~1J-eJ!fl-eJ{'lnmufJ1J~I1m!~fl1flUfl1J Ultrasonic Generator 'Yil~lU'V'Ir-ellJflUflleJ1~'ffi'YI'lit~eJ1 

uff~~ium'V'I~ 4.11 
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4.3.2.3 U1Jl'l 

tV'W~h'W1h~nvu~'lf1ttiM'mn1lJ'U'UV'I;''U'Il'Urf~mnmmuitJlm'.it~tlll 
. " . 

fiiim-3tl~~l'U'ti'l.:~ T~u~~i.:~ 1'W~'huM'Il.:~fi.:~urr~.:~1'Wml'lfi 4.9 

4.3.2.4 M1!~tlll1'U!!'U1Utl'U 
"' 5I I d' 5I d 
ll!rf'UJ:-llfl''UUflftH~l'UHlfl 12 mm. 

" 
" f " " ~ ' .. 1 Q.l ..:!i ~ .d d ~ j) " QJ 

!t'f'Umfl''UUflftl'l~l'U 111tu 25 mm. fl11W.Il1 98 mm. lJftltf'l11!"lftlll!lJ'Ut'f!'l1fttfllJ:-l'UJ:-ll'\J'Ul~'I1'Ul11~ 
" u 

6x 10 mm.
2 Yll'HUl~ff 'l~l'U fll'.i ~'U Uft~'\J(Jl£JUtlll11il~~fllH~·'U Yi1 1 M'tfi~'.itltf!~tlll!V'U~~m.:! 

u1 nw ~M1!~tlll1lllfrrr~m,IW ~'\Jtl.:!M1!~tlllfi'.:Jut'f~.:J t'Uflll'l~ 4.12 

. . 
q Q.l ~ Gt 

illffYI 4.12 '111!"lftlll 1'U!l'U1!1fl'U 

I I 'JI f t I 'JI 

Yi l'll'U'\Jtl'l!i'llti'I!,;V 11fi'-n! 'U 1 'U!i'llti.:J!,;tlllU~ ft~!! uu~.:~tJlv.:~ 1 ~ti'lltJ.:Ji~fi.:J~tl, 11l1 . "' .... 4.4.1 !ft'HN1Y!'j::;tJ::; 

l~t'U m1im~fl~ fll'.i t~Ufi'1'\Jtl'lrfU1 'l!~tlU'.i~fltlU fll'.i fi l'U 1W '11l!!'.i 'lfWI~m~.Yh 
q 

" . ' " 
~v.;'W.:Jl'U 1'fwtl'l1-e~.:Jii-e~1~ln~tf1'W n-e~{d'1viJfill'l1lll!!li'W~l rrt~'~~~'YlrruvllH1~~l'U1'U 3 l'lf'l 

~-e~Mli'I fll'I'Yl~fttl.:Jt~-e~ ft~ftli'l11llf:l~l'lm~~m'iltfi~~'Wfi'.:~11rr~'l t'Uilll'l~ 4.13 
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' ' .:I ~ .et Q.l ~d. 

.flWfn 4.13 tfl'HJ'llHnm::v:: (!1-eJ'j!lW) 

' "' .... d 4.4.2 lft'H)'l1~fl1UJ!'H'Hl1J 

. . ' "' "' ~ i d <Jl'tl!fl'jtJ-:J Photo/Contact Tachometer ~'l!!ff~H 'Uill'V'l'Yl 4.14 

' . 
~ ~ Q.o' d 

.fll'Yil'l 4.14 1fl'HJ'l1~fl1ll.m1'HJ1J 
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., ' ' . 

4.4.3 fll'i1vr~uthem!~au 
Q.l ~ d 4 " ~ ~ Q.l d'.c:i 

flln~W'U'YI'HHJI'lfe.l1HJ~1-Jf hh UtnlJ11f111~11'VIH1ff~fl'1ff~1 'b'tl hJmmu 

Dewinter Material Plus 4.1 ~'lff11J1HtUtlflfi111JU~fl~H'Ut!'liWff 1~ttfll'.i'ldiY'luti1'U'Utl'lfllW~ 
' t1 " • 

lhl1111f111~ l-tliiiir~ Htl'U, ,r .;r~ I U'U~'U u ll1 ff11J11 fll~tltl fllJ11ll'U lflhti'Utl'lW'U Vi lfltlltl'U 

.tdtl.d--=t Q.l ,%d ! .Jv..:1 .a , ~ 
1Utl1 ICJf'U ~Ill tJ I 'YI tiU flU 'Vi 'U 'VI 'Uti 'l il1W'VI'l111J~ CJf 'l~ tl'llJ fl11 fftl U I 'VI tiU'IJ'U 1~'\Jtl 'lil1W fltl'U!W tJ f1111J 

" ' ' ' , " ' 
\)fl~t!'l wuli '.it! m'!ft~ 11 fitl111111f111 ~lfl!u '1 #I u 1 n fll'i cw flel 1 t1 111 fl~'U'l1'Ut'lft~ 11~111u u 11tru 1t! u 1'l 

1 o , J/d j/ I Q.l 'J} ~ ~ 9) 

~tlfl111'U~ 111J'IJ'U1~ f1111Jfl1H 10 mm. UCl~f1111Jtll11'VI1flUiff'UHJU1'l'Utl'l'b''U'l1'U !WeJilf 
. ' " , ' 

f11e!Ufl'Jll'YJ m t1 m'lfe~ 11fi1fi~~'U u5 'l mi'lu1 m!u ~l11 fl11 ffu fl'U il1W~11J m e!UBNU'lfi ih11'U~ '1 lf 

VJnmwii'IJ'U1~rvhnu~'l~1tJV1'lUff~H 'lumw~ 4.15 li1mw~ffl!fl'Uiff1uull1 '1ul11m111m 1~lfm 
, ' ' 

wuli'it~tl!'lft~ll#l1tt1'll1 umlJIPitJ '11.1 

.fu'l1'U~'loM''l'Ufl11'YI~Cltl'llllmitJ'Viel1ff~flflel1J'b'11~ Polymethyl methacrylate (PMMA) 

iicl'fllltu~ l ff hili if ff11J11 ttl HUff 'lffeJ'lJ:.h'U '1 #lii'l 92% lJf1111JU~ 'lUfli 'l UC'I~'VI'U 'VI1'U IPit~~'Uth 

ellfllfl'l#l~ iim111fl'l'VI'U~e!f11111!t~u~1Jlfl ff1'U ff1JU~fl11 lll'U~'U1'U i wvh~u1u nm'l 1,1e!'l111fl 

fflJU~I~'U'Utl'l PMMA fltl fi111J 1ui'liff l~tl ilfff11Jl1tttl'l!fl~lliuu'U11tltll~tll1l#l~1tl iitl'~11fl11 
, 

Cll 0 d Q,IQ~ ~ d ~ Q.l .,.,s Q.l 

~~CJfU'U1 0.3% llfJtufflJU~I'b''lflC'Ifltl 1Jfl11tl~~1 48% fl11'YI'UUH~'l 7,000 psi fl11'YI'U!!Htl~ 

11,500 psi fl11'YI'UU1'lfl~ 10,500 psi f1111J'VIH!Ui'UU'U1UHfl~ 310,000 psi I!Cl~f1111JU~'l~~h 

120 R iiYJtuff1JU~#l1'U~tu11i.]lJfltl ii~tulfi,]lJ~Iffti!U~UHfl~tl~ 66 psi 187 OF UC'I~~UHfl~tl~ 
264 psi 170 oF ~f.U111.]lJfll1'1~'l1'UU'tJtt~~~ -94 OF UC'I~lJ1fl~~~ 176 oF ii~~11CltllJ111Cl1 212 oF 

~ ~ j.l..::t " • d' 91 j/ 

'b''U'l1'Uflfl'IJ'U1U'1111J'IJ'U1~1ff'U~1fi''Utlf1Cll'l'IJ1'l'Uelfl 35 mm. 11'U1 2 mm. ~1'UUC'Ilti'Utl'l 
" " " , 

nt~l11fl11flil'lUlfl ilfii1Jll'U'U1~1Pi1'ltl'U 4 'IJ'U1~ fltl 5. 7", 3.8 o, 2.8° IICI~ 0ofl'llJll~l'U'Utlfl!!Cl~~1 
' J/ ' ' Jl ' 9) , "' , " Q.l bJ" d ~ .d.IIC::l Ql Q.l .d 0 , "...::.. d ~ d 

~1'U 'U !fit! 11ff11Jl1flff11Jfl'U 1~ UCl~lJW'U'YI~1fflJ~ff'VIU~'YI1 111fl~fll'.ilffti~'YI1'UlJ1fl'IJ'U flll'i'YI 
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Jl I I I J/ I 

4.16 ll'fffi..:Hlfl'I:IW~'tltJ,:j~'lJ,:j1'W!~tllJfi1~1'Wfl11'YI1HitJ,:j ~h'W.flll'lfi 4.17 !!'fffl,:j~1t1UVI;'W,:jl'W\11 ,:jfi 

A 

. " . .::1 Q.ll~ 'j/'1 0 ~ 0 

ill't'ft1 4.17 ~1tltn.:J'lf'W,:jl'W1J1Jfil'W 'W 2.8 Hri~:I.JlJf!llJlJtlfl 0 . . 
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f J/ I Jl 

~l'.iHll 4.1 'Ulll~!H1~~1'U1t.l~'WI1t.!'YI~~V'Ifi1~l1'111ll~ 

.. ... 
,UV! .., "' " '.iftl.IVIlUUelfl (mm.) l!Ul (mm.) ~l.ltnfl (B) 

o I "' 
illU1U'YieJ (,U) 

17.5 2 5.7 110 

~l.l~mlu 17.5 2 3.8 110 

17.5 2 2.8 110 

17.5 2 5.7 60 

" 
17.5 2 3.8 60 

Jll.IVIlUUelfl 
17.5 2 2.8 60 

17.5 2 0 160 

Y Jl f I I I I 

fll 'J1l'l~t.l 'llt.lll'lf)l'J !~() lJ!! 'I.J'I.JM1!~Vllfl ~ '11'1 f) (I lJ !!II~! ~'U ll!! 'I.J'I.J M11 ~'UlJ, 'U!! 'U 1!!fl'U 
'JI I I I I r 

" "" " , 111 ,., , d l1J . I ..:::I ~ d ~ <j/ <jl ~ d. .d 
'il~~'U'I1l'l'lf'U'I1'Ullll~l'U 'U t1'Ul.:J'YI tllllfll'Hfi~'U'U'YI11Hl~lt.l'lfltlll'Umllill'n'YI4.18 !!~~fll'n'YI 

q 

Jl f f I t I 

1 ,.q <j/ liJ , 31 d. .:::I .:!1 ..::t ~ 91 .:!1 91 ~ QJ 4 1 " ~ ~ 

4.19 11'lf'U.:Jl'UlJll~l'U'U'Ufl !1'\Jl.:J'Yillfll'J!fi~'U'U'YI11Hl~l'U'\J1lll'U !!(11!ft'tJ'Ul11!'lf'tJlJ(I'I 11ftmHY 
Jl I J,l I 

nu~u 'll'U '\JV 'I.J'\JV'IM1!~e> ll~ l'U'\J11UV'\J'U 1 unu'\Je> 'I.J'\J v .:~ ~t.l 'llt.llJll~ l'U 1 u -nv~ n1 v.:~ 'ill m1m 

e.t IV 4 4 
4.6.1 fl'HU111!,ellJfl'.i-31.:lmtlJ 

1 ~ , fV ~ 4 " d QJ ~ e: .d.:::~ 
t.l fll'J 1 'lf'U ll~ 1tll111 'lf'U lJ fi'J .:J 1-:Jfl(j 1J ~ 'U.:J 11.J (j ti'U 1111 'lftl 1J UII~! l'U 'I tl.:J'lf'U .:Jl'U 'Y11J 

'J/ Jl Jl I 

f' ff}j~ll! 1 'U!Yhfiuf' fflJ~ ll!l! Vfl'\JV.:J~'U.:J1'U U~11H~'U.:J1'U 'I.J'U 2J1'U ':i V.:J ml.:J'ill flU'Utiltl'U'J!~ 
I f I !JI f 'JI I 

M11~Vll11:i~flu iM'l11t~tJllffllHt'I'YiH1~'W.:J1'W~.:Jt11-nYi 4.18 'il1niru.Uutn~t11t'Vil.lu:i .:Jfl~~1'Wt1.:J 1M' 

ft11~ .:j~'I.J~11!ft~1~'J~ti~~'I.J~1l ~~~'Ufl1'U1WU'J .:jfl~~ll!tl.:J f)~ft1'YI'If1 M1fi~V.:JtiH1'U 

1 u nn'YI~(IV'I'il~ 1~'!11t~tJlJf11.:J1.:Jfl(jlJ tl1ll~~ 1-3 niv.:J'illfltU~l n~'\JV.:J~ 1 

nwu~fl1lll~u"'~'fl~e>.:Juv~H "l l11fl~e>.:Jm:il1'1t~vll~ tl1ll~~ .:~n11tl'il~~v.:Jt11~vumlll~~ 
ft .:~;fu ttmf'ui~vu 1 '\J i u m':i 'YI~(IeJ'I n·nli M1t~e>lm1 '11'1fl(llJlJI911u1l:i i u nn 'YI~(IV'I 1~uti m .:Jfl~ 
" 
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.. .. 
1 'H JJ Yl 01 'l t¥u ... ... v .... v ' ' mw 'lfWll'U~JJYil'U 'lfUH'UlUJYil'U 'lf1~U'l~flYI 'lf1~l1Ul . 

lu {B) 'Uelfl (8) 
v v 

(s) Yll'U'UH 

(N) 
.. .... 

2.8 2.8 1-3 20-180 0-10 tnfl~JJ")H 

v 
3.8 3.8 1-3 20-180 0-10 i:HHYil'U 

5.7 5.7 1-3 20-180 0-10 .. 
tnflJJJJ'H'U~ 2.8 0 1-3 20-180 0-10 . 
v 

3.8 0 1-3 0-10 Yll'U 20-180 

5.7 0 1-3 20-180 0-10 

. .. 
CU' .41!1 v Q. v Gil 

1161J'H11 'If{) Wll 'U l 'U fl1J 11 {)1J'If 'U~ 1 'U 3J JJYil 'U I 'U 

f 'J/ 7J I I 

1 u flU I~VlJ 1u11u 111nu 'il ~ tl1.;u-:nu 1H1J'U (1 nn~~ 11(1~ 1i1vu '11 11 ~v lJ(l~lJl 
ou 

'J/ f 'J/ I 

tllJ~fffiu-ifu ~l'U~~UffYI~ 1 'Ufll'Yifi 4 . 19 'ill flU'U'U'Uifl~tJ1!YilJ11 HnY~Ji' 1u'li\~ 1Y~ ~ ~tl~~1J~1'1HJ~ 

ffU1 ~OV'U11(l~'H~~ fll~ !~VlJ 1'f1vfi TU 1\J 'Hl!l ~ ~flY!Ji'l'UoUl~ ;~!1(119J l lJfl1l lJ! ~ 1~ V1J 1 "lf~u ~llJ 'H 3JU 

fl ~ 1J l ~ V1J l'l V ~ flY! ffil'l 'lf1 "If! fl ~ tl ~Vi H l'U 1 'U m W 11 tl~ fll 1 l'IYI (1 tl~ fll11 ~tllJ 1111 1J 'If 11 ~tllJ 1 lJ 

UlJ1UfllJ !~tl'U,11~1-Hlum~l'IYI(ltl~ ~~11ffYI~ 1U91111~~ 4.3 
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1 " ' f ' 

flmn 4.19 ft'n1lw~nu11'l~u-:m.JmruLfl1e~"L~e~:uu1J1JM1L~e~:uhmu1unu 

.. .. 
<'t "" v , "" v " v v 

fl'.iW 'lf'U.:.JTU34a.Jmu u 'lf'U.:.Jl'Ulll!VIl'U fl111'i1'Hl1J ll'i.:.lfiVIVIl'U'IIH . 
(8) ueJn < e > (rpm) (N) 

.. .., 
2.8 1Jlfl~lll1.:.Jff6.:.1 2.8 25,45,67,100 20-180 

v 
3.8 3.8 25,45,67,100 20-180 mu 

5.7 5.7 25,45,67,100 20-180 . ... v 
2.8 0 25, 45, 67, 100 20-180 1J1 fl34ll 'Yi 1-H VI l'U 

3.8 0 25,45, 67,100 20-180 

5.7 0 25,45,67,100 20-1 80 

~ ~ i <Q 11)9/ I d ~ Q.l I 3}~ .%. d 
~1U'Q"IPI11 CJJ'Ufll~!!fl UHfl~ 11m fl1 1:U!'n'Jel1J !Hl~lJ:U'IleJ'l'lf'U'll'U eJ'Uff'lH"i'Hlfl~l'I'UYI 

'JeJU!~eJ:U~!!\PI fl ~h 'l tl'U 'l1:UU'l# 'l~!fl~~'U'IIW ~l1 1 fl1 'J YI~M'l iuu\?i" ~ m tU cJt 'l 11 ~ i $\111 J:-1" lJleJi 1J1U 
S) f I 'j/ f 

u"~1Lm1~M'iu1Jnl?ie~ hi ri1ufi 1;i~'11ft'nli11~ '1tLllmi1i~fl1 1 :Utr l :uuf.11 unu ~~e~:u fie~ l1uli 



• 
' 

: 

. 
"" 11't1't1 5 

I I Jl 'JI 

f11) Ylflfl~\1'1'11\lfl ~ lJ~ 1!~ ~{ (FEA) !!fl::: Y4fl fll)Ylflfl~ \1"1~\llfll ~ \1 !;'$~ lJll \1 ff~\1!!1J1J\Pi\l~ ~I uu 

I Jl I I I 'JI 

ht l.lfl ur~::: illliu 'ii:::Li1mlffll hmvn::: i Ml.l~ m1 ff'llfiffl.lmm i Ml.l~li I-6 rvin!llfi''luffrN iwn'Y'I 

d !,Jo cvcv.:!i ~ .:i ~ ~ t .d .d t 

Y1 5.1 Yl\lllff11111Jl11!'lf~lJfl1\11\lfH'llJ'\Jll1~11ll\l '1 'iJ:::!fWlfl1'JfflUl1J1J~l\l '1 'V!f111lJtl!\llll:::~ti\ILLfl 

r~::: i l1llflfl11 Jmfll '1 I u fi'l,fll ill tn1~t~nuuu'l11!~tll.lfl~ \11\lflfll.l!!~fl:::~hi'l~~\l-.11m1fi1ll1tu 

.Q 1 ~ d& \li g) o SJ I cv .a .J ~ i 
!fl~fl11lJQ\101fl ill fl1 Hl'fllllll 'iJ \1 I f!Yll fl11 ff11\lfl1 ll'l'lf10~ ~fl!!1J'l.Jl11!'lf~lJfl 1\11'1 flfllJ'\Jll flO 

fffl'll.ll'il1flfl11~ lflti\1Yll\lfl~l.l~1!~tl{ '\Jti\IM1!~tllJ'HfllO""J oum~ u~1ftlll1tu i l1l.lfl mnfll ur~::: 
I I 'JI I 

fl11l.l~ -n~~'l.J ffll~\1 'il lflUllth llll~ omilll m wlfi'lu fffl\1 illm'Y'Ili 5 .2 1 flom 1l'lfi'lmh1 . ., 
_( S} .::!1 .c::1 I cv ~ 
u 1::; fl ti1Jf110llflllll till fl till flll'\J tl\1 N(lfl W '\Jtl\lfl1llJfl !!(! :::fl1llJl1lll (F. d) ff1llll flll ~ \lfl till flll 'U tl \1 

"' 
Y4fl fltu '\J tl\lfl11lJ~llfl :::1 fliim ~ o (F.r) ~ \lfl1llJfflJ~ll1iout~'l~\lfftl \Ill flll ff1l.l11 nl ~ill fl11 •Jh o 

"' 

d d 1 cv cv tl ! dcv ~ j/ 

'illflmll'lill1UY1 5.2 'ii:::!'Hll11fl1llJfflJ'Y'Ill1i'\Jtl\l F. r Ufl::: F. d lllllJflfllltu:::l'Ulllffll ... 
9) 9) I _.a j/ ..d ~ I ~ ,J'liJ 'J) o 

1 fl\1 i f!otffllmll'lill1l1l.l~tJ: '~"1 u:::tl~!l1'Utllff'U mll'lout~'l1l1ll~Yl~l fl1llfflltl NflfllHYflllllll~Yll 

m1 ff~utliouti''l.JY4r~~ I t1 'il1flfl11Yl~r~t~'l~fl1llJ~~,'~'l ur~::: i 'HlJ~ m1 ri'll~ 1'~"1 out~'lli1t~~lJu'l.Ju 
.J .J ~ ' li)Sio d 

fll\11\lflfllJ CJf\lfl11Yl~fltl\l~\lflfi11!~'1'11Yl Watanabe Lab, Department of Electronics and Computer 

.I d•'l & ; II) S1 i S1.,. ~ 
Systems, Faculty of Engineering, Takushoku University u1:::!Ylfti1J ~u CJ>'\I'Y'I1J1l!~Nfl flfl!fl0\lfl1J 
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, I f I 

m~111trl1''lM1t'iftllJ t11t111111~tiivn~~ A 1ui1TVlYi 5.2 tU'U~~m)flUUU ci1'l111fl~~ A 11~uvhi11 F. r 

nh1u 3.5 kHzm !l(l~ F. d kHzm tvhfiu 1 

(
r +r.J F.r = 3.5kHz.m = F a 

2 
' (5.1) 

F.d = 1.05kHz.m = F(ro -lj) (5.2) 

... 
F f111lJtl (kHz) . 

i " r frrum~o (mm.) 

d f11llJ11'Ul (mm.) 

ri frr1Mlu1wufl~M1l~tllJ (mm.) 

r Q.l -'=1" Q.l ~ 
0 

1fl'lJ~l'U'Utlfl'Utl'l111l'lffllJ (mm.) 

d .d ~ I " t 

11lfl'fflJfllH1 5.ltm~'fflJfl1Hl 5.2 1lJtllll'l'Ufll r = 30 mm. 11~'ff1lJUOUfl'fflJfl1111lfll r 
0 ., . . 

1"1 " "'" ~ ~ ~ ... "" U(l~ F 11 ~tl'ff1lJ1Hlllfl'fflJf111 t~ r = 40.588 mm. 1m~ F = 99.166 kHz ~'l'U'U1111'lftllJl'l'ff1lJUtl 

i~'ll'Ui~f1111i'\J'U1~ fttl r = 30 mm. tm~li'\J'Ul~f'l11lJ11'U1 d = r- r = 10.588 mm. 1~'ll'Un1J 
i 0 i 

.cl IIJ 'JI .I .;, L .cl 
f11llJtl F = 99.166 kHz 11~ t111ull1J'lJfll 'HY'U 11lJ~'Yl 5 

"' 



. 
mn1fi 9.8168 kHz 

.. 
mum 45.63 kHz 

.. 
fi1Uitl 70.988 kHz 

... .. .. 
l'lHHJl'llJ'\fh!l~ r = 26.7 mm r = 29.7 mm. 

i 0 

. .. 
fl1Uitl 1.647 kHz 

.. 
mnm 24.913 kHz 

.. 
fl1Uitll00.175 kHz 

49 
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5 -+-Mode I 

----Mode 2 
4 

Mode3 

53 
N -e- Mode4 

~ 
";::'2 
~ 

~Mode5 

-+-Mode6 

0 0.5 1 1.5 2 2.5 
F.d (kHz.m) 

Sl 1 f J/ I 1 Sl Jl I 

.:Jfu.:~1umm~~u t'tlf111'YI~"eJ'~ iu~nn:JYi 4.2 vnr:hii.:Jit.t.:~lt.tYitfimeJm~mJ 5 .:Jfu.:~1t.t 111fl.:Jit.t.:~lt.t Yi 

' Jl • ' • 

hitff~ tf1'Uel'ltf11'eJ'IUel ~ VH t1 A~ lllflU fffl1:11U h1'1111eltf!~ell1Yifflli1Hll~elllt~lll'Yi1 fl11 



--~ .. 
-- --

- --·· .. · - - ----·- --- --. - .... - ... 
. -- - . - . - . - -- -- . .. . .. 

. -· - ~ . . 

- ---· .,_ ~ .. .... _ . . -~ .. ' .,..,. ... -· . ·. 
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. ., .. · 

- --- ----

h1 m ~ 'Y11HHH !~tl 11 u llll 11 1!~tll.Jf11 ~1~ mm~'li' t1 ~ 1 tlfl~!l'l~ tJ -:lfi1!Ufl 1'11111~ ~ l1'1lll~ t1 
I I I I I Jl 

1111'11111~ hi' 28 kHz .Yh i M~Ul1'111ntl 1'*1 '1111flm~ti'tr¥i"J'~ "l 1tl t'l'l~1::1'11111oli9i't~.:~m~1l::"J' .:~;ill 

lfl'Ufl1111l1'1lll~ti'\Jtl.:i!l'l~tl~ Ultrasonic Generator 1 '1111flf111t'f'W~i'*1tlt~diwlh~ 1 '1111fl~ 1-3 " . 
)/ Jl I I 

n·hu'U fi.:~u 'U m~ t1t1 nu uu 11 11~t1 11 i-Ht'li'1 tiu m111~~~l'i 1, tl m n i 'U mn'lf!rt tJ.:J~ .:~ i '*tfirmui1 '1111fl 

., "" f111ff'U'Yl 1 
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J1 f I I I I 

vit~ t'hufhr¥Hii~tn~1t~m;';mJ 'i!dh:in'l:lw::~'U !Uti.:J'illfllflw:in'l:lw::t~11'1lti.:Jvit~Vif-imm1nii.:~mn 
I J/ I I t Jl 

111rio'U m1 t~tl 11 u~::um.:~r1f .:~Vi i~tn~1om~o11mt1 tflmm11l'illfl~ 1mh Vii -*i:u fl11l'l~~o.:~fi.:~u 

5.2.1 tlflil'UJ'Ufl'iU'l'ifl~vllU,YH . . I o 'J/ j/ 4, jl ~ 3/ 'i ' 
'ill flfl~fll1 l'l~ ~ 6 .:Jl'I1J 11 fl1 1fll11'U~!! H fl~~l'U 'Ill.:! l'l 'li.:ll'U!'litl 11'il::~tl'itl~ 'U tl ~ 

i 'U'lh.:J~ ~'U .:Jl'Uel.:J ffllJlHUfl gti'U ~ i 1J' i.:~if 11lfl i -*m .:1 flflfi'l'U ,j' 1.:1 lJlfl!fl'U i U~'U 'il'U 'il:: i~ffl1111 () 
,j .dill " ' , "ill ' "" ,j , "' " , " " " " "" ill • I !fl~fl'Ul'l1~ ff.:Jf-.1~ 111lJ!fl~1tJUI'litl11 !W:: 'Ul'll.:J~Hfl'U'IJ11111lfl 'li1!1.:1MI~l'U'IJN'Ut1Uifl'U 1U 

., . 
~'U .:~1'U 'il::ff'w:rffn'U i~ut.i'U l'lt~ ri .:~ r-~~ 111' nn ff'11 N'ffn'U i~~ ~'il:: ,~,fi~nlm;';m.Jt"!f'U n'U 'illnm1 

I t I I 'JI 

!Uti.:! 'ill fl fll 1 l'l~ ~ tl.:l, '*11111~ fll 1 ff'U 'IJ t1.:J'I11!;'ftl11 !W tl.:l t1111~Vi 1 I vil'W'U ~'I,~ 
"Ill"' ~,. .;,..,; ill"..,;., ill ' .,..,; 

ff11111 m 1 ~1111lfl!lJ'U t 1111~ fll HY'Utl'U 'il:: 1fll tltl!'litl11~ fl'I:IW:: 111'\.J U\91 'illfl fll 1 l'l~ ~tl.:l111!'1!'tl11 .. 
I I I f jl 'J/ 

t1111fli1 I !!ff~.:Ji'Uflll'l'n 5.3 1tltl!~t111Yitfifl~'UU-.1.:J !!1J1Jfl'j::'illtl\91111!ff'U1tl1J1.:1 u~::!!1J1Jifl'U~~ 

jl I I 'JI r t 

~'U.:Jl'U!fl~tl'U'fil'l~tllln'U'i.:J1111'll•ifl 'lh i1i'tfifl1tltl!~tllJfln'illtl1 tl1J 'l viti Uff~.:J iwnl'l'fi 5.3 a II~:: 
t I Jl 1 t t I I 'JI 

5.3 c ff1'UlJ11111 flfi'l'U!~ fJ1 fll1 1 f1 ~ti'U Vi'IJtl.:J~U .:11U!1m!~tlll!fl ~ti'U Vj i ~i~~ 1 tJ tl!~tl11'fitfifl~U ~ .:1 

~ ,. .;, .di ,, ..,; "' "" .d ., ,j .;, ., , 
!lJ'\.!~\91~111 t 1111\91fll1ff'W'Y1 'lfo 'Wfll'H'lHJ11111tl1J1!1Wl1111!'lltll.H'i"U \Pl.:J!!M1.:1 'UflTYi 5.3 b U~:: 5.3 d 

5.2.3 tini't'lt~'lleJ'i!1t~l 

11m~ i '*i '\.!flU 1 ~tl11 i ~!A'U I 0 Sec fit~ nm~tfl~tl.:J Ultrasonic Generator 

.. 
5.2.4 ~flil'lt~'lltl'ilnJ1Jlfl1fU'llU . 

d ' ~ ~ ~ ~ d~ ! 'JI 'jl 

'il::m'\.! 111tl m 'l!'tl11 !flfl'IJ'U l'I.:J fftl.:Jm w f1 tl 111 fl1111l'I.:J fftl.:J~Tu u~::111fl1111~1'\.! . . ., 
d. .::!i jl I ll) lliJ 'J) d. f liJ j/ 1 d. Ql 3) o o 

1flfJ1 t1.:1UlJ1l'il:: 111 1~H~fl'J1J'fJflf11W U~ffllJl'Jt11Jtlfl1fl1lf11WlJ11111fll'I.:Jfftl'lfll'\.! (2.8 -2.8 !!":: 

3.8·-3.8.)111 iM'tnmt~m~t~llm::'illmfl'U~flt~n 'l 1t~1J'Vit~ ~~t~.:~11l'illfl11U lff':uN'tY'Ilt~.:~~'U~~~nfl':it~tl 
f I j/ I I 

1~t111flmn fi.:JUfffl.:Ji'Uflll'IVi 5.3 (a) u~:: 5.3 (c) ffTU1J1J s.i -sf l!'Ui~tn~:~tlm;';ti1J!Utl.:J'illfl . 
11U lffllNff'IJti.:J~'U.:Jl'U \911 .:J1J1 nw ~tnmt~m~tlllUUtltl u~:: nn tflgti'U~'IJti.:J~'U .:Jl'U.fllU Mm .:~n~ 

I I • 'JI I I 

~l'U'Ii'H i~~!Uti.:J'illfllJ11U11 mJlJlflillJ116'U 'l ff1'U mw lJ11111flfi' l'U!~ U111U lffll Nff'llti.:!Vl'U YiYitfifl 
f I t Jl I I 

"' d , "' d "" i, " " ill ld • i " "' dill "~ 1tlfJ!'litl111J'UtlU1Jlfl U~::fll1 1fl~tl'Ul'l'lltl.:J'li'U.:JlU.fllU ~m .:Jfl~fll'U'IJH 111~ l'll 111tltl!'l!'tl11l'l 1~11J'U 

~~\91111 t1111~fll'ji'U'IJti.:J'I11!~tJ11i~tflfl'jtJU!~tl11 tfltl1tJ1Jvitl mw~!fl~1tlU!~tl11 fit~ lJ11 2.8· 4 
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0 0 ~ d ~ .:::i 19) 9/ fJ} ll]'j}'j) I o 0 Ja .dj/ 
tnl~ 3.8-0 t'UtJ ·Hllflllfll1t!'l'cHl'U'YifllU ~UHfl~~l'U'IJl.:J !~1J1.:1 'c1'1'U:IJll 5.7-0 fll1t!'lfltl'U'YI'Ut!U 

I I I I ... "' 1 )/di d Q.l ~ 0 .Q d 0 ll] " 0 1 " fll1tltlflU1J1J'\11t'lftlll '11ll!'l11lltl~l.:lfl1Jtmt!.:Jfl1t'U~!'I11lltl Ultrasonic Generator 'Yil !~Ulfl 'Yil '11 

1 '11ll~ flll ~u ili~l.:~fiu~rhu 1w i~ '111flM1t~t!ll~i'*mlll~ ilimm~'cl'll'il~'l'il 1M'tfi~m1'cl'~Yivu 
1 r '1J 1 

mi1J'Iltl\lfl~'U1.i .:Jflfl~tltflltl\1 Ultrasonic Generator '1'11 1 M'vw 11 fllJ'cl' .:~<\iu '\1ltlfll1 'cl'tlltffUfllHY'U'il1fl 
'I 'U 'U cu u 

'j)IQ.I~, ~ Qlt!f & fJ) .d Q./Ja fJ)o 

'Utl~ tJ ~\I'U'U 'U fl11 t'lftl lJU 1J1J'\11l '1ft! llfl1 .:11.:1 flflll'il~~ tJ .:1~ 11'il 'crt! 1J !'111llti'Utl.:l'\11l"litl lJ llfi1'YI1 fl11 

uful'l11ll~11f~Hnu111t;m.J 1~u Ultrasonic Generator 'il~~t!.:!'c1'1ll11t1Ul1J!'I11ll~11f~Hfl1J 
I I I 'JI I I I ')I 

mlllO'IJt!\IM1l~t!ll~lll 1 11ll~mnruuu ~.:J'il~l'h 111'1~1 11ll~mnru Yiin"'t~u.:~ 'illniltymYitfi~<\iu 

1l~n1u i ~-h fl111~t! llU uull' 11 ;v llfl t .:11.:1 flflll~!'l11llQ.:! t11 n u~ n 'c1'1ll11 til ;t!ll i ~~ 'lfu nuu~i n v u 
I I '1J J) I I 

t~tJllYi i~u\1 ili~vw iu\llu1iui1~'1 i~tJ t! fll!UU'Ji~'YI~fltJ.:J;ium 1MliYi'c1'1ll11tl 1'*'11'Ufl1JM1t~mJ 
I I I I I I )I 

1 uuu 1!! nul'i1 l U Ufl~~lU~t! nn l~t!ll 1 ~uYi ili~tJ.:JtU~U'U 'IJ'Ul~M1t~t!ll tlJtJ'IJ'Ul~'IJV.:J<iu \ll'U 

t 11~ uu i'll l~mrlml llfl ~tl.:Jl iitJ ll ~ iill' 1!;t!ll 1 uuu 111 fl'Ulll'YI~fl v .:11 ~v llU 11 ng i1'crlll 11 t1 '1'11.:11 u 
" i~~ ~.:~l'lflfll1'YI~"tl.:~~tJiui1 

l'lfl'illflfl11 !;tlll'Vit!'Vlfll'cl'~ flflflll 1 ~u1 ~l!'l ~ti.:Jt;tlllll1J1JM 1t;V:JJ1 'Ull'U1Ufl'U ~.:IU'cl'~\1 

i mi 1€1 UH'IJ€1.:1;-'U \ll'Uftl'Vl ~ 5.4-5 .9 'ill flfll'Vl'il~ ff .:Jtfl ~ tlt 'U ~'U ~ ~'Vl fll'cl'~ flt~tl :Jj~~ nu ~ .:J'ildi 

~fllltu~i'cl' Ufl~tti'Utff'U m~'il1Ufl1 lU1 ~U1€11J'Vitl ri1'U~'U~~ilitfi~1€1Ul~ti:JJ 'il~~~fl'l:ltu~'lju 
ni V\1111 mtlunnllru~t~ll'IJ tJ'IYitJ~ ~1-u nu ni1-:~m nm rieu n11 t~tJ ll 111 nfll'Vl1tJm ~v :JJ~ i ~ 11 ~~ li u 

·:h 1tJU!~tllJ~l~tJ1'illlU.:I Mttlu 2 ll1J1J fiv ltJU!~tJ:JJi'UHfllltu~~m~'il1Ufl1fl1NtJtlfl i uttl'U'11fi1U 

. ut11 (2-3 tttl1) iuu9if!~um1vm~vmTmfi~ iunnlltu~ttlu'lf1.:~ 'l ili~vniv.:~fiu ~.:~u'cl'~.:~ 1 umw~ 
& Q.l ~ ~ i d '~ Q.l1 ... 

5.4, 5.6!lfl~ 5.8 Clf.:Jflfllltu~'IJtl.:lltJU!'lftllJU1J1J'U'il~W1J 'Ufl1Wfl111J1fl'Yitl'YI\1~1 'UUfi~~1'Utlfl (:!Jll 

2.8°- 2.8° :IJll 3.8°- 3.8° llfi~:IJll 5. i- 5. i) 
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" fl1llJI"HHlU 25 rpm 

" fnllJI"lTHllJ 67 rpm 

a 
fl1llJI"l1"lellJ 100 rpm 

f f f I I I I 

4 <v • <v ~ d~ .<l!!i 'j) t:9 ~ cv ~ Gl 
fll'YfrJ 5.4 ~1tl£Jl.:J~fl'l:ltlt::'UtJ.:JHH.II'lHllJ'YllfWI 'illfl fll'J l'lftllJ~1tllfl 'Hl.:!!'lftl :IJ!!lJ1Jl11!'lftllJ tl! 

o<v o.d _ d l <v 

lll!111fll!]J:IJ 2.8 fl'U 2.8 'Ylf11llJI'J1'JtllJI'Il.:Jf1'U 
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" fl1UII'H'HllJ 25 rpm 

" fl1UII'lTHllJ 45 rpm 

" fl1UII'l1'lotJ 67 rpm 

"' fl1UII'l1'lolJ 100 rpm 

illfi~ 5.5 i1o~l\l~fl1H:U~'11-el\I'J-eJU!~'m.J~1flf11llflflTJ1~-ell.IJl1Ulflj-el\11~-ell.IUtJ1JM11~t!l.l1lJ 
0 Q.r d. d • Q;' 

UlJ111fllAlJl.l 2.8 fl1J 0 l'lfl1llJ111'JtJ1J~l\lfllJ 
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a 
fl1UJI11'Hl1J 25 rpm 

a 
fl1UII11161J 67 rpm 

a 
fl111JI11'l61J 100 rpm 

.fll't'i~ 5.6 i 'Wdl\1~ fllltu::'tltl\I'HH.II~fllJ~Infl1llflfll'J l~tllJ~ 1f.Jlflrtl\11~tllJU1J1J'I111~tllJ iu 
OGI o.d d t Ql 

UlJ1Ufll!lJl1 3.8 flU 3.8 'Ylfl11lJ1'J1'Jtl1Jfl1\lfllJ 
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i 
-·~ 

fl1ll.l!~THl1J 25 rpm 

.. 
fl1ll.l!'i1'Hl1J 45 rpm 

.. 
fl1ll.l!'i1'iel1J 67 rpm 

.. 
fl1ll.l!'i1'ie>1J 100 rpm 

fll'Vt~ 5. 7 i·;mul'l ~ fl'loiW~'UeJ 'l 'Hltl!~eJ].J~ !fl~Hll fl fll1 !~tllJ~1tllfl~'tl'll~tllJU1J1Jlf ';l!~tl lJ iu 
0 Q.l 0 d . d I CLI 

!!'U1Ufl'U~lJ 3.8 flU 0 'Ylfl1llJ!111tJ1J~l'lfl'U 



: 
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fl1UJI'h'l81J 25 rpm 

.. 
fl1Ull':i1':i81J 67 rpm 

.. 
fl1llU':i1':i81J 100 rpm 

0 Q.l 0 d d ' Q.l 

!1lJ1!1f1lJ]JlJ 5.7 f11J 5.7 Ylfl11lJI'J1Hl1Jf\Nf1lJ 



i 

~ 
\ 
t C) ;. 
\. :/ ' 

"""· . 

,..~· 

f 

l 
1 

·~ 

\ 
l 
1 

i 

) 
~:.~~,.: .. 

.. 
fl1HJ!'iiTHl1J 45 rpm 

mnu11'Hl11 100 rpm 

I t t t t t 1 
Cl Cl 1 Q.l ..::!! d.<::!t. ~ " .a ..:9. Q.l .a , 

fll'Vffl 5.9 'fl1'e:JVl ·H'I flllW!'tlti.:J'HJVl'lftl ll'Vllflfl1l 1 f1 fll'H'lftlllfl1tllmti.:Jl'lffl lJU1J1Jlf11'lftllJ l.l 

oQJ o.d. d 1 QJ 

Ul.I1Ufll.I)JlJ 5 .7 fl1J 0 'Vlf111lll'HHl1Jilll.:Jfll.l 

59 
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I Jl I I 

tr11'11fJ 'lleJ .:j m1 tn~ m1 1 {/mJ 1 u ~ flll ru~i'h n~ 1!1 mnhil:J.J ~ff'llvniv ii t{/v :J.Jii m nn n 1 11' 
Jl I I I I 

lJ:I.J!Vhtl'U ~.:jff:J.J~tlfl'U 1'U'W'U ii n11.:j t~mih fll'J !~e:l:J.J~.:j!fl~ fl11 ff'U m ~ \11U 1 'U!!'U 1fl1H~ 1U ff .:j ~~ 1 11' 
"J iJ _,j .d "' "J IIJ i/.:1 I IIJ G _,j dd I _,j• iJ -k "' 
l~'JeJU!'Ife:l:J.J'Vl fl1~1l1U'fl1 tlJt~~ eJUl.:j 11 fl'fi1:J.J'JeJU!'IIeJ:J.J!!1J1J'U:J.Jf111:J.J'fle:l!'Ue:l.:j'UeJUCJf.:jeJ11J!fl~\11fl 

t I I I I Jl 

~n11w ~f:h nil' .:j'IJeJ.:jYivii hitrihm:J.Jv tm~ m 1m ~\11 tJ'IJeJ.:j'VI~~~l'U ili9imuv~ 1 v m~v :J.Jiitf1~1iu ~ ~ 

ii~flllW~ti'lu~~ hi9im~u~ 1um.:~~u~ 
1 e:lf.JL~e:l:J.J~ m1 fl1:1W~~'V11J1fl'U 'Je:ltll ~e:l :J.J~U~ flllW ~lfl'Uttf'Ut~U1i'~! \I'U ~~~~ lJf111:J.Jl1'U 1 

1 ' , , • 

"' , d ~ d ~ & , d.o:::t I .d. d. <J) d. 

~.:j!!ff~.:j 'Uill'VI'Vl 5.5, 5.7 ~~~~ 5.9 'Je:ltll'lfe:l:J.J!!1J1J'U\I~!fl~'IJ'U 'Ufl'JW'Vl'Vle:l:J.Jfl111Jlfl!'VIU.:j~1'U!~U1 
Jl I I Jl 

(lJll 2.8·- o· IJ:J.J 3.8·- o· u~~lJ:J.J 5. 7·- o·) t'YiTuu ~'lff1111fJ'IIeJ'Ifl11tnmum{/v:J.J1uft'm:Jru:d:iul\ltn~ 

\11 fl m ru 1J1 m1 e:l l'W tl'l~ l'U1~U1 ~~ff:J.J~ tl'J :::11 iHihYiv \l ::: ff:J.J~tltl'U i'U ftflllW~~ fltlml ~v~nfu 
I i/ I I Jl I I 

1tl1J1.:j (1'!-:Jutr~'l 1um'VIii 5.1 O) 1'!-:Ju'Ut~mn~fll'J ilu~~ff:J.J~tril1l:::tr~ 1.:j'Je:Jm{/v:J.J ~~~u~:::9ie:Jl'UeJ'I 

~~ tn~ 1 v v1 ~v :J.J~ 111 t\i u ~~ 9i mil v '~ 1 eJ1J 1.:1 



. . -~ ·.' .. ~ . :. ·:·• :~ ·: ,. ' . 
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. ·. ___ ._· . . . _.-. ~:_:.~~~2~_::;~-':·. :_-~: ~:- ··~. .. ~- ? :_·_:::;:·.' ... --
- . ~ . 

. .. 
fl1UJI11'Hl1J 25 rpm 

.. 
fl1UJI11'Hl1J 45 rpm 

·: -< --~-=>:·. ·~ ·:::_ -.. ~ _: -~~~,~~~~=~::~ ~- :~::~~:::.: :. ~- ~:-~- :J;~~~~E~;{:;_/~-: .. -·:.;_} 
-c '. -~--: :;·:~· .. - = : > • ;; .-~- ~~ -; .:-::;'.~~1~~i::::?~£'~,:~··;::""-..... · ~:- ,-::.' '-.. 5£":-:-~·::.~+ ~-.._:-;--7.:: ":~: ~ .. __ .,. 

muujTHllJ 67 rpm 

' t ' t ' 
41::( CV I Q.l ~ Q~ ~ , Q.l ~ i i 

ill'YfYI 5.11111tlfJN~fl'I:IW~'Utl~HJU!'lftllJ'I'llfW1~1flfll'JL'lftllJ~1fl'l111'lftllJ111J1J l !l!l!1!1f1'U ~fJ 'Hl'lJ 

1 ocv od. d 1 IV 

'l'ltllJlJ 2.8 fllJ 2.8 'l'lfl1llJL'J1'Jtl1J111~fll! 

<1 

fl1UJI111fl1J 25 rpm 

<1 

fl1UJI111o1J 45 rpm 

<1 

fl1llJI"i1"ifl1J 67 rpm 

:::. ·: :·-- ·: - ~-~---_.\:· :\:~:(~)~~~};E=~t';;_~-.;(?.~~~~ -:;~r:-;\Jr· ~,~~:?X::··:; __ ,:~~:.-­
_· .... ·-:-·. ~ -~_·; ~·- ~~-~~~~2--{~:;;;£?~~~~~;:~~~-~.;f;~ ~~~ -.-. ~-~~:~~:~~~.~---~~~¥~~~:~-·::·~-~·-., 

<1 

fl1llJI11"ifl1J 100 rpm 

fll't'f~ 5.12 i1tl~1~~fl'I:IW~'Utlntlm~tllJ~tn~~1flnl'lt~tllJ~1fiM1t~tllJ111J1Jit.JiltJ111fltJ i~fl'ltllJ 
' o cv od. G 1 IV 

'l'ltllJll 2.8 fllJ 0 'l'lfl11lJ!'J1'J{)1J\911~fllJ 
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.. 
tnUII':iT'HlU 25 rpm 

.. 
fl1ll.JI'J1'H'IU 45 rpm 

.. 
ft1ll.ll'i1'if!U 67 rpm 

mnu11'if!U 100 rpm 

ill~~ 5.13 ~1eHhHif11;JW~'Ufi~HlV!~BlJ~!fl~'il1flf11'J!~B:I.J~1U111t~'eJ:IJUUUhlll1..!1l!fll.! l~t.l'JBU 

fiB]JlJ 3.8" nu 3.8" ~fl11lJ!~1'Jfl1J~1~n'U 

fi1UJt11'if!U 25 rpm 

.. 
fl1ll.li'J1'Jfi1J 45 rpm 

fl1ll.ll11'ifi1J 67 rpm 

~D~~?>:t·;::~:.~·.i;~~tFJ£t~l~l:£f~l1"\~~~li"1~~~~~~]:;!~~~~~(:;ff~:::~~:~:,';·::~~ 
{ _,:::_~ ·:::~i:.~/:O:y7{I;~?~~;t£~~}~~~i!I~~f~:1~;;:'fi~.i~i]f~~ ~i~~:i{:~-E~~·:''.:··~:: ~ 

muu11'ifiU 100 rpm 

I 0 Q.l 0 d d I Q.l' 

'YlfllJl.l 3.8 flU 0 'Ylfl11l.J!'J1'Jfi1J\9ll~fl'U 
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a 
fi1UJI'J1'Hl1J 25 rpm 

a 
fi1 UJI'i1'J6'U 67 rpm 

a 
fi1UJI'J1'J6'U 100 rpm 

I 0 4-' c d. C::: f Q.l 

l'l tl lJll 5.7 fllJ 5 .7 l'li'l1llJI'J1'Jtl 'lJI'Il'l fl 'U 

muuh'Jau 45rpm 

_. -.. ~ ~~-~ :- ~- -~.;- _~ -~_:- .: :~·;k;~~-~~~ :~ii~~~~~.~~~-?~~:;;.~~~~~~~:~ :~!;- -~~;~~1~: ·:.· .:~- '- '- ' ~-

: _ ·._ ~ -~;~~--:.· ~ { -..-~,--:~~z~;·;.~~~rlJ~~~.~~~~~;:.':~E~~~:.i~:;~:-;~;~~0:~-- ~>:~~: ~- · ·;.. 
a 

fi1UJI'J1'Je:I1J 100 rpm 

t (I Q.l 0 .d d f Q.l 

l'l tl lJll 5 .7 fllJ 0 l'lfl1llJI'J 1 'Jtl 'lJ I'I l'lfl'U 
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t~m'htihm~Ufl ~ ~ .:l 'il~ lll 'l lf lHJ.:ltliu fl1 5 l fi~~ 'U"tHJ.:lU 'U 15 mH~mJ ~~1 ~tJHl'U'fi~HHh.:loH~Hl 'U 
~.:lUff~.:l'l'UillV'l~ 5 . I I -5 . I 6 

~~ul'11nu itfl) 1~l1'111~u ~5u m~ulJ ~,:j !~u uum~mJ~fi ~flu n I tJitfl 1 1~l1'~1v 
itJ1umlJ Dewinter Material Plus 4.1 .flltJtl'i'lJlm~l'U ASTM E562&E1245 l'lflfll'J'Yl~fftl'UV'l'U 

Cl.I<V6' rJ'd 4 a.. cl 'J)9J ~ 
ft111JfflJV'l'U1i'J~1111-:lV'l'U'Yl5tltH'lftllJfl1J ft111J!) 15tl'U 'IJ'U l~'Utl.:lU'J .:lfl~~l'U'IJH Ufl~~lJ'Ufl.:l'lf'U.:ll'U 

i1fl1llJ~lJ~ui' ~.:lUff~.:lttlunnvJ1umV'l~ 5 .17-5.26 ~.:lffllJUilUtJflfl'ilUW ltlluil'Yliiml'llfl.:J~1 
" mh~l.:l "' ~~~.:j'i)~()n1JltJ~() hlil 

• 45 rpm 67 rpm x IOO rpm 

400 

8 
E 

300 -- -- --- -- -- - -- - - - - ----- - -- - - --- - ---~ ---- --· --- · - -- -- -
... 
0" 

(/) 
~ 200 
ri 
~ 

"11~ 

;:; 
100 ~ 

""" -~:;= 

;I 
~11;::: 

0 

0 20 40 60 80 100 120 140 160 18 

91 91 
m ·Hlflfll'U'\!1-:l (N) 

' 31 ' ' ' " tl q ~ q ~ d f)) " d f .c1 ~ Ql 

illffYI 5.17 V'l'U'Yl'Utl.:l'JtltH'lftllJ'YIUHfl~~l'U'Ul.:l Ufl~ft111J1'J1'Jtl1J~l.:l "J fl'JW'Ufl.:l'lf'U.:ll'U'UlfUJlJ'Yl.:l 

' v d 0 0 

fftl.:l~l'U'I'l 2.8 -2.8 
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• 25 rpm • 45 rpm 67 rpm x 100 rpm 

200 

""' a 
E 

150 .... 
0" 

ifJ 
'-" 
;;::; 
(0) 100 -'Iii!" 

-- - - -- - - --- - ------ - - - - - - - - - - - - -- - - - - - - - -- - - - -- - -- - - - -• 
5 
(0) ,.. 

-11~ 50 
;:f 

.. '11;;::: 

0 

0 20 40 60 80 100 120 140 160 18 
31 31 

11:i'lflflfll'W'I.Il'l (N) 

~ J'.d ~ .d 'j/ 'j/ d ' ..::! ~ ~ 
ill'Yfrl 5.18 'Yl'W'YI'IJtl'l:itlti!'IHllJ'YIIt:i 'IMl~l'W'IJl'l lnl~fl1llJ!'jJ'jtJ1J~N"l f))f.U'IJtJ'I'lf'W'Il'WUlfllJlJ'YI'I 

" d. 0 0 

~tl'l~l'U'YI 2.8 -0 

• 25 rpm • 45 rpm 67rpm 

400 

""' a 
8 300 .... 
0" 

ifJ 
'-" 
;;::; 
(0) 200 -'Iii!" 
5 
(0) ,.. 

-11~ 100 ;:f 
"''11;;::: 

0 

0 20 40 60 80 100 120 140 160 18 
31 31 

11Hflflfll'W'I.Il'l (N) 

' J/ I I I J/ J/ 
of::~. .cs d .C:t .d 'j/ 'J) d ' .d .ct. Q.f 

illl'i'YI 5.19 'Yl'W'YI'IJtJ'I':itltl!'b'tllJ'YIItHfl~~l'W'IJl'l lt'tl~fl1llJl:i1':itJ1J~N"l mW'I.ItJ-:J'b''U'Ill.!UlfllJlJ'YI'I 

" d 0 0 

~tl'l~ll.!'YI 3.8- 3.8 
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• 25 rpm • 45 rpm 67rpm x 100 rpm 
250 

-§ 200 
..... 
0" 

IZJ ._. 
~ 150 
GO 

•'lfG=> 
s 
GO 

100 1/"D 
-11~ 

;I 
"'If;: 

50 

0 

0 20 40 60 80 100 120 

" " tlHfl'flfll'U'Ul'l (N) 

'J) .d. 0 0 

ffeNfll'U'YI 3.8 - o 

I _ • 25 rpm • _ 45 rpm 67rpm X 100 rpm II 
···-·- -·--·· ------ ---·--! -E 

150 
E 
..... 
0" 

IZJ 100 ._. 
;;::l 
GO 

·'(f~ 

5 50 GO 
1/"D 

-11~ 

;I 
""~;:::: 

0 

0 20 40 60 80 100 120 140 160 
" " U) .:J flflf!TW '\Jl.:J (N) 

.J J'.d ~ d 91 ~ d ' ..::1 ~ ~ 
flTYfYI 5.21 'Vl'U'YI'IJ'iJ.:J'j'iJtfl'l!Vll'Yit!'j .:Jfl111ll'U'\Jl'l t!Cl ~ fl11W'j1)tl1J\91l.:J"l mtu'\JtH'll''U'll'U111fllJll'YI'l 

!il .c:l 0 0 

fftl'lfll'U'YI 5.7 -5.7 
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~ 

• 25 rpm • 45 rpm 67 rpm x 100 rpm 

200 
,.-._ 

E 
E 150 .... 
0" 

~ 
~ 100 
~ 

-.r;r. 
5 
~ 50 If" 

"11:;::: 
;I 

"'!I;:: 0 

0 20 40 60 80 100 120 140 160 

!!5.:Jfl~$JTuoU\:J (N) 

.d J'd ~ d 'J) 'J) d I d ~ ~ 
flWfYI 5.22 'Vi'U'YI'tltJ~1tltll'JftllJ'YIU1 ~n~~l'U'tll~ lnl~fl1llJl111tJU~1~"1 mtu'tltJ~'Jf'U~l'UUlfilJlJ'I'l~ 

9) d 0 0 

fftJ~~l'U'YI 5.7 - 0 

~~ ~00 r· 28 28 ° 28-0 3.8-38 X 38-0 X 5 7~5; --~ ;7-l 

§ 300 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -· - - - - - - - - - - - - - -

.... 
0"" • • en 200 '-' 
~ 
r.:> 

"'I! if' 
5 
r.:> 100 II"> 

"1!~ 
;I 

"'11;:::: 
0 

0 50 100 150 200 
'J) 'J) 

li'J~fl~~l'U'tll~ (N) 
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• 2.8-2.8 • 2.8-0 3.8-3 .8 X 3.8-0 :IC 5.7-5.7 e 5.7-0 
400 

,......, 
s s 300 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -•-- - - - - - - - -.-- - - - - - - - - -
... 
0"' 

rzJ 
'-' 
ri 200 ~ 

-~Cf> 

5 
~ .,.. 

100 "1!:;= 
;I 

"~~ 

0 

0 50 100 150 20 
'Y 'Y 

U':i~nl'l~11'1..!'U1~ (N) 

• 2.8-2.8 • 2.8-0 3.8-3.8 X 3.8-Q )( 5.7-5.7 • 5.7-0 
200 

,......, 
s 
E ... 150 
0"' 

rzJ 
'-' 
ri 
~ 

100 -~Cf> 

5 
~ .,.. 

"11:;= 
50 ;I 

"~~ 

)( 

0 

0 50 100 150 20 
'Y 'Y 

m~nl'll'lTU'Ul~ (N) 

~ ~d ~ .d 3.1 jl d 
ftl'Yfn 5.25 'YilfYl'Utl'IHHH'lftl:U'YIUHnl'll'll'U'Ul~ U~ ::: fi111J111':itl1J 67 rpm 
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0 0 0 0 0 0 ~ ~ d & ..: ci ~ 91 0 Q.l 

2.8-2.8, 3.8-3.8 ltcl~ 5.7 -5.7 'WUllJVfl1llJl'J1Hl'IJ:Ulfl'IJ'U'VfUl'l'.iV£Jl'JfVlJ11~~~11.JtHJ~'I~11Hll11'1J 

oo oo ooQ.I I~ d 
2.8 -0 , 3.8 -0 ll~~ 5. 7 -0 fl~'IJ'Vi'IJ1lllJ'tlfl1llJl'.i1Hl'IJ 

I 'JI I I f 

(25-1 oo rpm) tnu'lh~fl11l1l~ 11 'tltrVii11'l~~vfiu lhvm~vl1 1u '.i~fl'1JYi1n~t!'i u.:~nu ~'lt1f1Bl'lii'Vi" ... 
" " ""'IIJ' <S .J~ Ill"' liJ <S 'IJV-3l!Hfl1111l'W'IJN ll(t~lJl1'U'tl'l'.iVfJ'IJlfllJlfl'.i~l'l'IJ11'1 !lJV111l11WH'Il'l'lf11l11'W ~~ tlfll'l !'.iflml1111fl 

nu l'l11 ~v.:~t vi l1 ~~ l1'Vi u inn n fl11l1 1 ~ 1 Hl u 1 u nu 1 ~emu v udiu i u ~u 'll'W ~ l~'tl l1mmn11 nu 

tffmnu11!rde~.:~111flln11mnfutfffl11 ff'll e~.:~~wnuuj mu 111uj mu 1-ni.:~u mtnu i u ~'W'Il'W~.:J~vu 

!!(1~~1JI'i1lfftll11fl ll(t~ 1u'Vl N~ '.i -3 nmi'll1l11fl~'U'Il'Ul11J'U IJ1ttfl11l1l~ 1'.i V1J"l 'llfl'U 1 U '.iVtll~VlJ~ 
111'~11~ lUln'\.1 '.iVfll~VlJ~~ell~V'I ~~ll~lJV l~V'I111fll1(11 1 'W fll'.i Jutfffl11 fffl'U ]jtf'tltllfl'W l U fl'.:~tTu 
~.:Jm'.ii1fl1'.iffmn1uu'.i~ l~'Uiftfil1t~l1~v i u 

I Jl I ~ 

i u fl1'.i Vi lll'.i w 1 B 'Vl ii'Yl (I'll V-31Jl1 m n t:ilvYi \111 w 11 uu ~'IJ v.:J Yiu Yi1 v m~v l1 l11 n 
I I t f Jl 

Vi11 1 '.itu 1m 'Vi , ~ 'li1.:~'1Je~.:~u '.i .:~n11Yi ~f 1'~ '.i v ut~v l1"l .:Jli ~ 'Yiui1 111uY11 i u mw -Vii ~1Jl1U 1m11hnu Y1 .:~ 
91 0 0 0 0 0 0 .d. :: i 'j} ~ d ~ d ' ~ di v 

~el'l11l'W (2.8 -2.8, 3.8-3.8 ll~ ~ 5.7 -5.7 'Ul'lfl'.itu) 'W'W11 ~ l1'Vl'Wl'l '.i V£Jl'Jf'tllJl'llJ1flf111fl'.itul'l 'lflJ:U 

".d. 0 0 00 00 ct!~~ Q.l d. d~J~ 
1Jlfl111lH11U1 (2.8 -0, 3.8 -0 ll~ ~ 5.7 -0 'IJl'lfl'.itu) l'l'I'Wl'WV'I\Ilfl~fl'lJtu~'.iVtll'JfellJl'llfl11'1J'Wlfl11 

l~'W fJtllfll'Vi'UeJ'I'.i tl£Jl~ell1 1 'W V fHl~lJl1l1-cl 'lflel trlvfi11 l'.itu 11 'Wll~fl1llJ~ ell~el'I'Utl'l'.ieltll~V lJ 111 fJ 
I I I I 'JI t 

fl11l1~Vl"UV'I'IJV-3'.i Vfll~Vll l'lllltl~'l ~ fllltu ~ '.i Vtll~eJl1fitf111~'W ]j~fl'IHU~ln'Ulff'W ~Vl'UV'I ili]j 

"JeJeJ'IJ111 fl'-:~l'i1e!Vl'l~llff11'1i'Wfll'Vl~ 5.16 ~fi11:Ul~1'.iel'IJ 100 rpm ll~ ~ 5.12 ~fl1l:Ul~1'.i'tl'IJ 67 rpm 

-chuu j nru '.i e~m~vl1~1im1:u ili~m\1 V'l'lleJ'I'.i vm ~vufie~ '.i e~ m~v l1U'.i e~ U'IJ 111 fl'.:~i 1v d1.:~~ u ~11 .:~1 u 

m'Vl~ 5.15 ~fl11l1l~1'.ivu 25 rpm u~~ 45 rpm tnu~u 1~mrlv'.ivm~vl11im1l1~mtie~.:~Yiv~11~ili 

U'.iVttf 111mll 1 i ug.:J1'W11j .:~ U(t ~ tv1vu~~.:J1 11'n1u 11Bl'lii'Vl"'IJV'I1Jl1'U1fli11'l"~v~ fllltu~'IJV'I'.i'tltt 

t~m.md1.:~1 '.i ~.:~ illl11fll'.ilWfl~l'W 1'W'IleJ'I'.ieJm~v:u~~e~ttie~-:~ u~~ ili~m\ie~.:~ mwt~e~ull1u1Jl1'Ulfl 

~1.:1 "1 nufl'.:~l'l~~Mu~11'11mm1.:~~ 5.1 

111fl~l'.iN~ 5.1 11~tltu11trlvt~e~uvie~ 111ul11fl1'.i"Ulfl1Jl1tfitr'I~1'Wt~u1tT'W ]j 
I 1 I I I , 

uu11 U'l1Yill~ il1'1vm~vuYi~vdl'tl.:J '111'm md1 tuv.:Jl11flfll'.i'IJ1fll1l1l"Wtt.:J11'1ut~u ·:ruu Yivll~ff'l1tr~ . 
' "' · 

nuiuu1nruMlf1i11'1lV'Ivivfiiil1l1 o· tviTU'W l11111'1Jjl1tuffl1NfflJ~fllltu~llfi'IJ U(t~llU'W ~~l'l'.iVtl . 
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I I S/ t I I t I 

Vll'lHn 5.1 ~l'W 1'W 'HHH~tllJ-.1'-:JU1J ufi~ti!Uti.:J!!fl:: lU~t!!Ut!.:JllJtll ~tllJ~1tllJ1l~l.:J"l 

.. a , ~ ~· , , , a "' 'll-l'lleH~'U ·HU ( (}) 'tf'UVI 'lelt.ll'tfell-JVItlllHl-.1 (%) 'lelUl'tfell-J l-JVItll'Uel-.1 (%) .. 
I .., 

2.8°-2.8° 37.50 62.50 'll-l1Jlfl't1 el'tH 

" 3.8°-3.8° 38.46 61.54 tlel-.lVIl'U 

5.7" -5.7" 9.30 90.70 
I .,i 

2.8° -o" 65 .62 34.38 'll-l1Jl flll el 'l1 'U -.1 

" 3.8°-0° 48.28 51.72 Vll'U 

5.7" -o" 25.00 75.00 
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-nu iivu i ~-a-a nu'IJ'UUt'l ~ ff~vufl ~v .:Jl~mJK"JV'Qt'l~ ~11 'll'Ufl trmi' 'Ul~-a l .. ni-avm lff~ n 

flt'l :IJ (PMMA) !! 1J mhl~V:IJ i'iJuu 1 U flU ll t'l ~ ll'U'U'I11l~V :Ufl ~ .:J1.:J f1 t'l :1J ffll'l i' 'lJ fll'H~'Cl :IJ 1 U 
,. 3 

uu 1unu 'il~-a1rYm1ti nm'i 111'vi-o'li:uu'i -ami 1W.:) llt'l ~ 1'*.:)1tJ n'U '1111~-am.Jn~ tY1tJlfl~'CJ.:)l~-a :uu'U 1J . 
' ' 1 ' · • ' ' ' " 

M1l~'Cl:Ufl ~ .:)1.:)f1t'l:U 'il ~V lfYVM 1rif-a:u!'l ~ .:)1.:)f1t'l:U 1 u f11';j 1~v:u lfl ~-aw:Jf-a mhff'CJ.:)fl ml1 i Ul1~ 'tHJ'U . ~ . . 
~ I .C. !f} I .f I ~ 

l'b''Cl:IJl1V'Ylt'llffl'lf1f1t'l:IJ (PMMA) 'IJtJl~l"ffUf-lli!JUVflt'll.:) 35 mm. '11tJ1 2 mm. 'Yl'U11 ffl:IJl';ifll 'lHJ:IJ 

. . . 
4 Q..l ~ .ct 

6 .1.1 tn'i 1 'tHlll !l'U 1J 'H 11 'tl all m -n:~ mn.J 

f.lt'l'illf1f11'il~V:uu'U'UM1l~-a:ufl~.:) 'Nf1t'l:U ~m1:u~ 28kHz m'i~tJ'IJ'tl-:!M1l~fJ:u1u 
't d 1"' " " d 1 .d t'11:1J~l1 1 file! ~'b'1-:!'IJ'CJ-:!!!Hf1~~1tJ'IJNl1 20-180 N l1t'll Uf11'il'b''CJ:IJ 5-10 Sec. !!t'l~lJ:U'U'CJ-:! 
~ ' ~ 

.oC:t, dd Ql 'j} 0 0 0 0 0 0 31 d 0 0 0 0 

'b'tJ-:!ltJl1:UlJ:U'Ulf1lNff'CJ-:!'IJl-:! (2.8 -2.8, 3.8 -3 .8 , 5.7-5.7) llt'l~ lJ:U'Ulf1~1tJ!~W1 (2.8 -0 , 3.8 -0, 

5. i -o") vi-a'Ylmff~nffl:uum~-a:u~~nu ~~ uli'm.:)nnu'il ~ ili1n~'i-am~-a:u ~-:!'i-am~v:u~~n~~uii 
timn.u ~iff !Hl~l'flu~~m~'il1Vi1 l U 1~V'i'CJ'UviV '11~VllJU ~~~l:IJ 1 '11:1J~f11'i~tJ'IJ'Cl-:!M1l~'Cl:IJ tYTU 

~U~~ illlfl~';i VU!~fJ:IJ 'il~iiti mlf.U~~'U l;j'Cl-:!'illfHlJ'Uti f1'l:IW~l~:IJ'IJV-:!'Vi'Cl~ ~l'Uf11';i f1~-:!'Ulf1:1JlflfJ'U 
f11';il~-a:u 1~vtimltu~'llv-:!'i-am~-a:u~tn~~u'il ~-a d~111:u~m'i~u'IJ-a-:!'l11t~-a:u ut'l~:u:u'IJ-a-:!~u-:!l'U 

~ . 
. tllu11tin l.im-:!n~~lu'li'l-:!n'Unmt1lui;'lhtt1~tn~nJm~ .. v:u n\'itU~'ivm~~ll~timml~~t1Ju~~ 
m~ 'ill V';i'CJ'Uvimn~'illf1Vl11i'Ylt'l'IJ'CJ-:!:Ull~'U -:!l'U Vi ii:u:um m1.:)ff'CJ-:!'Ii'N vh 11f~u Vi ff:U ~fffl~N !!t'l~ . . 

.<::::). _ d w J. C:.. I d.~ dd 'j} d & d w W <V 1 d <V cv 

'U';i l'ltu l1'111l'b''Cl :Uff'U !!t'l ~ ff1'U m tu 'b''U -:!l'U l1lllJ :IJ'Ul fl~ l'Ul~V1 'b' -:!ll f11';i ffll f.lfffl'U!!'U 'Ul1 ~~ ff:U r-1 ff 
1 I " I 1 9J 

vh 111' m'i tfl ~-au Vimvhi'u ';j -:!n~~1u'li' i.:) i~hi~ uvn'illni15n'l'Uillfl~-a-:!!~-a ll!!'U'Uu5-:!l'll-:!l'U ~~ . ., ., 
ilitffiiV'iU n fimnm'i m{$-a:u~u -:!ltJ i ~rYi V-:! 25% 'IJV-:!~l'U 1Uf11'i l1~ t'l'CJ-:!'l1-:!11 :UI'l 
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' ' 4 v 4 ~ 

6.1.2 f11'H'lfe!JIU111H11t'lft>l.J l'UU'U1Ufl'U 

~ Q.l A 1 d .d d 
mHllflf11 'H'lHJlJUU'IJlf1t'lHJlJ UUU1UflU l'lfl11lJ\l 28kHz fl11lJ!:i1'HJ'IJ 25, 45, 

1 j} • 'J) 'J) .d ~ .dd :: " 
67 UCJ:: 100 rpm illU ~'lf1~UHM1111U'IJ1~l'l 20-180 N U(l~~lJ'IJtl~'lfU~1Ul'llJ~lJ'IJ1flmfftJ~'IJ1~ 

" .. 
(2.8°-2.8°, 3.8°-3 .8°, 5.7"-5.7") u~~lJl1Ulfl~Tut~u1 (2.8°4, 3.8°-o", 5.7°-0°) u~~-:unmihrwufil1 

'Y'Imff~m~mJ~11nu ~~udh1'n11w~1ff U(l~t~un¥um~u1r.J~1 i 'lli11r.~1tJuYitJ ri1uifu~~ilitn11 
' ' ' . ~ ..:$Q.I • .t:S ~ Q.l ..::::t. 1 ..d 1 ...s 1 ~ 

:itJU!'lftllJ 11~lJ(l fl'l:lW~'lJ'U !'Utl ~11 1 fl!lJ'U (I fl'l:lfll :::t11lJ'IJtl~l'l tl'Vl f-.11'U fll:i fl(l~UlfllJlfltl'U fll:i !'lftllJ tm~ 

d ' .;. .dliJ" 'liJoJ?t "' .;. , ., .d . ., " "1.1 
11:::!l1'U1Utltl!'lftllJ'Vl t11tl111Um t11!1J'U 2 U'IJ'IJ fltl (1) :itlf.l!'lftllJ 'Uftfl'I:IW~'Vlm:::1l1f.l~1fl11~tlelfl tlJ 

t~'U'!Hnmw1 (2-3 u\11) 1umi(l:::tw11tJr.Jt~e~mtJvt~tJl1:U'mn111uanllw~t~mh~ "l ili 
I I t ~~ Jl 'j/ 

~ tJtue~~ fiu ~~a fl'l:ltu~'lltl~1 tJU!~e!lJU uu11u:::'Yi'IJ 1 u mru 'lltl~~'U ~ 1'U linn '1.11 n~ll'l-1 ~ fftl ~~ 1'U 1 tJ t1 
I 'JI I I jl I 

!~tllJ iu a fl'I:IW :::11 !01111 1fllf U 1 ~m4ff'llel~yjtl.yjt~tl lJlJfl11111 f) 1 li'~lJ!yj 1tlU ~~~m4fffi'U iuwu Vi 

I I 'j/ I "JI I I I · 

1tJm~tJlll"hn11;iu ~~iitl'm':Jw~t~u ~11 ili~tJtue~~ 1um~wuVi u(l~ (2) 1e~m~e~l1Viiian11ru:::t~utff'u 
I J1 J/ t I 

t~r.J1i11t11'U 1tJ m~tJlJU'IJ'IJ1111:::tf111;j'U 1u m w YiYi tJlinum mfi r.J\l~l'Ut~f.l1 ~ ~fflt 11 ~'IJtJ~m1 tn\91 
. q 

. " " 
1tJtl!~eJl1 1 u t1 fl'l:l ru :::11 tll11 tn\9111 1 nm t11 mmi vt'Yi v~~1'Ut~r.J1! Yi TU u ~\91 ~lJ Nff1 ~'11 i1~i:hYie~ 11::: 

t/ I jl I I Jl 

~l.IN' ffnu ~(ltJ11ttru 7 eu1~'1JtJ ~~u ~1u Vi ilii ~u 1 n~ l1 ~~,r utlle~ tn\91 n 11 ~u ~\9\~ll N'ffu 'il :::fff 1~ 1 tJ v 

6.2. I 1u fllH~tllJUU'IJM1t~tJl1fl1 ~1~flftl1~e!~fl11fl11l1l!U'U.~lff~ t~tl 1M'Mmll1~ 
"' 

1 m1' !ft f.l~ fiu fl11 fi 1'U.1W ~ '111 ~ i ~111 lJ\91 fl11 ~'U. ~ 1l1~~ tJ 'I fl11l11 n~ "!191 111 fl'IJ'U.l 191'11 tJ'IM1t~e! l1 

fl (11\9\t fl gtl'U.111 mh~f'i 1u1ru 1 'limn 11:::.Yil 1M'u tJ l1 111 ~11 nu ~u (111 (I'~ 11 ~ e1 ili~'U.t(ltJ .Yi11 11' (111 

'll1:::il'Vl Uftl'Yif)U t~()lJ(l'l~1tl ~'IJ'u ff1lf 1u'l11t~tl lJUU1Jfl1 '11'1 f)(llJ ~ 'lfl11lJel'l.l mw fi1UfllJlh:n) f.l 
q q 

t I I I I , "' "' "' , "" " i 9J ~ .odd. ' Q.l .a 6.2.2 'U. fl11 t'lfellJU'IJUlf 1t'lftllJ 'UU'U.1!lfl'U. \l'l!llJ11~ 111tltl!'lfellJYI11fl11U UU'H1t'lfellJ 
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" ' ' ' " 
6.2.3 -:nu1~uil5~fl~~v~ !$Jfumniron.n~v hltwv 111'1$11vm~mJ~hnJ\j1W<tiu i11v 

& ~ <V Q.l ~ ~ d ~ 
tll\Jft"fl'l:llrl'l'IJtl~lJll'Utl~'b''U~l'U 'lfl1:1W:;'I11!'b'tllJUU'lHJ'U '"l fl1ll.J1111 tl1J'IJV~fl11 11lJ'U'b''U~l'U !1'11 

fl1llJ~~1 '*~l'W ~ av1111'W m:;uTu nn !~VlJ 1m:;nn~mu l!fl ~v~1~VlJ nmf~~v~Yi 1 mn111'1V~ 
1mh~~u "l 'IJV~i1mht)n$11v 

. . " 
6.2.4 !fl~'V~!~-e:mu5.:nJ~lun:~m1u1~tt m1iinwrl'l'llu1l11'ffllJUt1 1~~1'U !$1"1 ~1u 

f f f I f f 

1 eiiVe~ ~ ~ .:::t ~ o. ..s 
fllfl ff'UllJ 11 eltl'V fll!UU !'11'1111'b''VlJlfl '1 tl'U 'Y1 ~ 'ltl11\I'U 'Vtl fll! UU!'YI'Vl'YilJfl1llJff1lJ11 t1'1J'V~lfl1'V~ 

d 'l ... 0 II) ... 
l'b''VlJ !'I1'Yl1~1'U !11 100% 

. . ' ' 
0 ~ 0. 0.~ ~ Q ~ 

6.2.5 fl11 'Y111'l'V~'Y11fl111'b'e:J lJ'Yii:llff\91 fl'b''U11'V'U "l l'Yie:J'Uttlti'IJ'V u l'IJ\9l'IJ'V ~~ 'Y1 fl 'U fl fll11'b''Vll 
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' .. .,. , .I"' , g,~.,. 

Vll'iH'YI n.1 nm Ufll':iu':iu lf'lfU~1UlflJUfi11J 1 HJU 

ui'uh~~ (V) 
a < 

fl11l.JI'i1'it:J1J'Ut:J~l.Jtl1VIt:J":i (rpm) !1~1/'itlU (Sec) 

6.0 25 2.40 

7.5 45 1.58 

9.0 67 1.13 

12 100 0.80 

Material Amplitude f.1. m values adopted in practice 

Polystyrol (PS) 15 to 30 

Polystyrol impact strong (SB) 2.0 to 35 

Aery!, butadiene-styrol (ABS) 20 to 30 

Stryol-acryl nitrile (SAN) 15-30 

Polymethyl methacrylate (PMMA) injection 20 to 35 

mould 

Modified (PPO) 25 to 40 

Polycarbonate (PC) 25 to 40 

Polyacetyl resin (POM) 40 to 50 

Polyamide (P A) 35 to 55 

Polyethyl enterephtalate (PETP) 45 to 55 

Polynuthyl enterephtalate (PBTB) 40 to 50 

Cellulose derivatives 25 to 35 

PVC hard 20 to 40 

PVC soft 25 to 40 

Polyethylene (PE) 25 to 60 

Polypropylene (PP) 30 to 60 



Material 
Sound velocity v0 ( 7 J Variations ( 7 J 

Titanium alloy TiAIV64 

Aluminium alloys 

A!CuMg2 

AICuMGPb 

Aluminium 

Monel annealed and quenched 

1550 steel (RT II) tempered 

Ferro titanite 

WFN hardened 

65 
mm 

64 

63 

62 
h 
I; 

61 

60 

59 

~"":"""-::=...--, 

~=---~1 

I-- I 

--
I 
i 

!-----------------

4900 

5100 

5000 

5100 

4350 

5250 

6950 

----- -----..: ,;...._ -· ---
I ---
1-----
';' 

---
--

±100 

±100 

+100 

±200 

±150 

+50 

±1§0 

r-

r-

vm/s 

5200 

5150 

5100 

5050 

5000 
5000 

4950 

4900 

---- 4850 

4800 

10 15 20 ern' 2G 

---- Alurruoium 

---- Ti tanium 

R ~ lOmm. 

A1 - 12,5 
R- 10 

1---r- -- =r·' 
C t.--- - -- -- b ··· - -~ 
I ·-···-/o ---- --- - 1 

mw~ fl.l mTrhh~l11tufl11l1tll1'1Hl ·n11t~mmuu Step [I] 
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(mm ) 
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150 
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I / 
~ v / 
~ 

_. 

% ----:: 
t::::= :......--
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I.-" - ...--~ - 1----~ -
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I ~ / / 
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v /: t::::: t::::: v v 
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~ v ....-----
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/ v ~ 
-:/ v 

+ : 
I 

2 2,5 3 

ilm~ f\.2 m1Wth~ ll lfllf1111J V11'11€l ·:n11t~€l lJ U'lJ'lJ Conical [1] 

v ~ ,.,........ 

/ [::: / .,......... 
v [:::::: _..-

--v _..-

v v 
....-- ...--

_..-v --k-::' ........ 

" 

5400 
mls 
5300 

5200 
5100 

5000 
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4450 

4350 

4200 
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ftl'ifl ft'HlU~~~J'tiil N tl ~ fi ftl'i !~ tllJ'tl el 'YHlltl~ ft fttl1J~ 'U.I eltl\'1111 ctfU r~ · 
q 

The Study on some parameters affect to ultrasonic welding of round 

plastic tube 

Adisak Bootwong Surasing arayangkul and chawalit Thinvongpituk 

Faculty of Engineering, Ubon Ratchathani University. 

& .J'.,..., "' ..; & ~ I!J I!J ~ 0 ~ 'l ... ..; 
m~f!'f1'l:l1'U lJ1\91 tlU~ ~'ff ~rH'Y'ltl fffl'l:J lf111l.lm'U 1 u t\Ol'Utl~ m~'U1~~'U'l:l-~Ml'l1 t CJf~'WrHJlt'lft>lJ . . 

1 ' " ' 

'Vi t>vHn 'ff~nmuJ 1191 e/l tlvr \PJJ'U 1tf11 t~~t ~t111'Vi t~tl1Ve:J!;l 191 ~ 1hfu r1 n !;l 11~'U 111t i'1 t~m ~'Yl\91 !;l e:J~ t 'U • 
" m~f1nmui'*vit~Yim'ff~f1f1!;llJ (PMMA) 'IJ'U1191tff'U~1ff'UVf1!;l1~ 35 mm '11'U1 2 mm iimJ'U1f1'1Je:J~'Vit~ 

~ . 
\q ~ I 0 0 o o ..; 'l 9) ~ .., l!j ~ 'l 9) d'l ..; d 
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Abstract 

This study is aimed to search to a method to join round plastic tube with ultrasonic. The 

specimens used in this study were round plastic tubes (PMMA) with diameter of 35 mm and 2 mm 

thickness. End of each tube was machined to have inclined angle of 0°, 2.8°, 3.8° and 5.7" degree in 

order to create the contact faces. The specimens were welded with frequency of 28 kHz and tube 

rotational speed of 25 rpm and 100 rpm. The axial force was applied to the tube in order to enhance 
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the quality of joint. It was revealed that the modified ultrasonic machine can generate the welding 

surface around the circumference of tube. It was observed that plastic is melted and bond at the 

welding area. In addition, it was found that the axial force rotational speed and end incline angle 

perform effect on the quality of joint. 

Keywords: Plastic Tube, Ultrasonic Welding 
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Abstract 

Although ultrasonic welding is a newly developed 

technique, it has been widely used in many industries i.e. 

automotive parts, electronic parts and plastic industries. This is 

due to its' advantages such as shorter welding time, high 

quality of joint and ability to join highly different property 

materials. However, ultrasonic welding, still, has some weak 

features such as small welding area and requires complicate 

control system. Therefore, research on this welding technique 

is still under focused. 

Normally, ultrasonic welding is used in axial welding. As 

the result, only flat-shape specimen can be joined effectively. 

This study was aimed to apply ultrasonic welding to weld 

curve-shape specimen such as round tube. The welding jig 

was designed and constructed to be able to rotate the 

specimen around . The jig was tested with a normal 28 kHz 

welding machine to weld round plastic tubes of 35 mm 

diameter. The round tube was welded with acceptable quality. 

It was observed that at the welded area, plastic is melted 

together. In addition, it was found that axial force and interface 

angle can affect the ~uality of joint. 
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' 

~fll11~9111JUU1UnuYJ1ll~11JUU1'll11~ llci1~l7n9111JLYiiif11111 

'Yi!J1!J111L~ll11'Yi anil11~1!J~IiiV~f1 l'lfitfl ~~Hm1kul ufflii Lilu 

~1L ~ll1J n17L~ll1JU1J1Jlt~1 Lilu~a~ llllnuuutl'nJ:tm::'lJ ll~"ll1 L~1l11 
(resonator) hliitl'n1:tm::fl~~1~n0111 uli'1m::~u1"11ku~1!Jfl111J~ ulil:: 

~1.luuum1ku (Mode) Yi1~ <JtlU Lot!Jfl1111YIU1Uiil::-i"flii'llll~"li'1 L~!l 11 
Juii~lilaci1~fl~Yillm11J~~Yill~li"m::Yitr.ua::vi ll7Uuuum1"ku Yi->~Jtr. 

' . 
m7L ~ llnfl111JYJ u 1 Uil::fflii'll a~-.11 L ~ll11~~ Lil tr.~ ~ ~ LhflqJ1J1 n 

1J'I'lfl111Jit'1Yill1 LRUllnnv-l~1YJfuoi1 u 1 um71lll nuuu"ll1 L ~ll1Jfl~~ 
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Abstract 

Welding is an important process in engineering applications. 

There are many conventional welding techniques available such 

as spark welding, gas welding and friction welding. Nowadays, 

ultrasonic welding is one of a popular technique used in many 

industries. Main advantages of ultra-sonic welding are Shorter 

welding time and able to join highly different melting point 

materials. Presently it has been an attempt to join circular plastic 

tubes with ultrasonic using a half ring resonator. In order to get 

the most suitable frequency and vibration mode, dimensions of 

the resonator has to be designed precisely. The main purpose of 

this paper is to present a design chart fer a ha!f circle resonator. 

The chart was constructed with a number of data received from 

FEA simulation using a commercial package (ABAQUS). The 

chart offers a quick reference and very helpful in the early step of 

design for half ring resonator. 

1. umh 

aa 91 f1 L'lfitfl (Ultrasonic) LU'14fl ~uLi{u~~iifl1111rillcib'lf1~~YI 
' " .. 

11Ul:trftl.ia1111'iCll~£iuLil'U.f1~U~iim11J~U1::1J1tl4 20KHz u.a:: 
' 

R11J17tlL~1Jfl111Jri'l~mnni1 100KHz 41~'ll.iLiluriw;muYill1Jtr.l!trJ 
' 

~~i'im7"1411J1ti"nuaci1~U'YiTIIL'l1!J L"llu lull91R~YJm71Jm~m7u'Yi'l'lrJ 
' m'il11m11Ja::ll1~ n11"L~ll1J Liluitr. uviLfl~ll~L~ll1J~~~91llllnmu 

91111rill~~lil,~,t, 'lu~lii~L~ll11uuulllil91f1 l'lfilfl ~•tr.mm::Lilu 
' 

anHm::Lfl~ll~L ~1111 L"'Yi1::'111~ ~1 '1fL~ll1J;'U~1U ~ii'lltr.1~ 'tail 1'1 qjlt'n 

n17L ;1l11Yl1!J lllil~fl 1'llitflii'!ill~YI i11!JU7::n17L iu R11J17tlL ~ll1J1a~~ 
' ' 

ii~~YJaa11LYJa1Yi1~ntr.mn <J'lYi'Hnii1hm7L;lla.~"ll'llu HVia~~1u 
lt'a !JUiil::R111171J L ~ll1J1a~~1~n17L ~llll U1J1J~U ')hi a11J1'i!J L ~ll1J lYl 

L'lfU L'l!71iin [5-6] Ll.ii1~~LUUn1'iL~ll11hUu1.f~YJ7llUU1UElU [7] 

t~ulin17ku~ull1JU~~il"ilil~1~fl111J~a~ . ' . 
uYi1~m7L ~ll1J uuuii'5~~,n~m7L ~ll1J 1 tr.itr.~1tr.'lltr.1~ L~ n uf.itr. ~ .f1J~ 



ii'lll41Y1111~ ']1 l4'1'11~'lff1m'l:mTlL ~a:U'Yill1R~n 1V~EJ Haa~d'l 1'l1Umf,. • 
'tY~iim'lfinH1ua::w~m:u1a ~1~qi m ~a~ (1-4]1ll4~:1J11"t1 H'tY~'h 
a~'l'lm'l:U'I'IIl1EJU'l::Lll'l1 't~iim'lflnH1W~l411l4m1"L~a:u'Yia1R~n1i . 
ii'lll41Y17aEJL ~a:uffi"' qj;i',. 1YJ EJ 1 i''l'l onmm:uih vi:u;i',."' 111EJ <Jfh 1 l4n11" 

L~a:U (8] 

m7~aria'Yill1R~nnil:u1l4il1l~Ul4 :JnUEJ:u1im7L~a:u qiahw H 

m1'1'11ai1tl7::R1l4 m1"Hm1:ufa,. m1HitaVJ Lihi,. 'l~m1 

i~n ~11 a11ll111 ifl rua-:uu~'!Jll~'l'i ll'Yi1.11R~ nVJ7~7lJEJqi ll Ltl~ EJl< 'ttl '1'11ll . 
i1ti7::R1l4~1Yi1nm1 L~ll:U lll'lUYI ni n Bl<L till~ :u1111 n m'l,t,. U: ll 
YIU'Iil<Lnl<LU '1'111l n17fll'I1EJi1'!Ja~U1lYIL~aL11.111·hl4LUl41l4 n17 

... v v t ~ :'1 i1 :; ... ' 
L"Jia:UV\1EJ~l'IYI1"1 'lll<fl 1l!:Lul4n11i1Yl ty'l'l1'lJWilal4n17L"Jia:U'I'la 

'Yilil1R~n 1Y~EJfi'l.:j~ a~ Hm1 uaV~ '1'11a 1-ifm:ufa,. ua~1l~l111 '1'11~ 

'laEJL~m.Jii uiJ~ u,-~ 1n<fLfiEJ~n'l4 ~ nHru~'!Ja~'laEJL ~a:u'Yi 1.11 a-~ nii LiiV~ 
1l1nn17L~a:U 1V~ EJ1iai1VIf1 1'llii.fltt'I4VI1"~1JVIL~a:U1l~'l'lll a:Uil~l'I1EJL'Ji'1 . . 
fl1EJnl4fl<f1EJn1Jn17L~a:u L'l'l an~1 EJL wvh arh~hnii1:Una 'tn n11" 

"~~'1EJ'lla~'Yiii1R~ntf'l4v~'l:jd'J'I4ii'l1,-,uiV~L1l'l4 111-121 m'lL~a:u LV~EJ 
1i'al'IV~fi1'lli4flMiim,-fimn'li'EJut'l::1i'l'l4m7L~a:un'!4aEh~u·,·,.i'l'lil1EJ • 
lhwlir1a-Y~iiii~nHru::qi1~ 'l ua::'l~iim,-finH1Lvla'l'l1~a'UL'llii1l::l11 . 
1'1'11~7!lEJL~a:uiiuii~u'l~ii''l4 (9-1 OJ 

n17L~m.J LYJEJ1iaa'llfl1'llitfl~~d'J'Uiin'l'llt~'l~m7iia-1:ll17t1U1:u1 
' 

tl1"::EJn'll1ia1w7um1"L~a:uria'Yit'l1R~nna:u 1l4~nHru::m7L~a:u'!Ja~ 
'l~n~1\i'i a~ 1 ii1 L ~a :u u '141J a-it '11 nui11'!J a~tl a 'ill~U l41fi i a~m71l~ 
L :Aa:u i1L ~a:unn a tin U1J1J 1 iii tnHru::LUl4fl~~1~ U '1'11l4LLil~'lJ'U1Yl'lJ a~ 

~ 

i1L ~aa.J1l::Ltl~ EJ\4 'ttl'll1a.J'lll41Yl'll a~ri aiilt1a.11 L ~a :u 1 1m'U'ii' EJ\i'~~ 'li 
'ti1n1"lvlm1a.~ia.~w,.1h::'l'l':h~m1a.~finum1a.~'I'I'U1ua::fl11a.Jfinu1ffii 
L vlmi'J'Ui1•Jh EJ 1 i m'la an uu ui1 L ;a a.~ 1 iii'll'I41Yl L"' a.11::a-mi a'U1J::l11 

n11"Rfi~ut'l::'I1YJt'la~~tJ'ltl 

FunctiOn 

Generator 

Voltmeter 

104 

tl1"::naui1EJ Function Generator, Amplifier, Voltmeter, 

Oscilloscope, Resonator ( Hom),Piezoelectric u il:: Resonator i ~ 
URYl~ (,. 1"Ufi 1 L tfa~Yl1 EJLfl~!l~ ii!l ff1l4a.J1n1J::Li'J'ULfl~a~1J !l1Yl'l11~ 

~ 

'l wvhii ~a.J"ltl'l'\1 M,t1 'ttl Ull::ff1'U ii Lhfl' ruii RVI'!J1J~"JIV\'11Yl" 1l~L ~11 a.Jri 1l 
~ . . 

Viiii1R~nnil:ufia i1L;!la.J (Resonator) ~~ia~finH1flnt~nHru::qi1~ 'l . 
Lrl a 1 im1 :ufi'tum::il4i1 L ~!la.J Uil::!l an U1J1Ji1 L :A a :U 1 iL '1'\:Ul!:R:U . 
ri <J'U fi1l::U1:u1 ~VI~~ L 'Ji'1n1J"l!Yl '11Yl il!l~ • 

.... 0 .... .. 

3. n11"i'I'71\JUtJ1Hl1i'liHI't11\JI'IiUJ'I'IIL~!l7 

m7i'U'lla~i1L;aa.~uuu\i'Li'Jl4m'li'141'14u'l411ffii Hm1a.~fiua:: 
Wfl~m'li\4 (mode) ~1~ <Jn'14 1V~EJfl11a.J'I'\'141Uiil::fff£i'll1l~i1L~1111tt'l4 . 
iir.ilaEh~B~~am1a.Jfifiia~Hm::i'U Ut'l::~!l7tluuum'li'U i~tt\4 . . 
m;aan uuu m1 :u'l'\ 'U1 ua::fffii'll a~i1 L :Aa:u~~ L i'J'U~~-.11 LU'I4L v1 a1 i 
L'l'la.J1::Ra.JnlJ'll'U1Yl'lJ!l~'l'iafi1l::lt1111L;!l:U n17flnH1\i'~~ii1Ylt1U1"::i>ml . 
L vlm,-11~m1 Yl'll1 EJ!l anuuui1 L ~!l:Ufl~n~naa.~ i:h'l'lllJ n17L :A a :uri a 

Viiil1<1'~nna:u 
.... d ...: 1 .... ...:-........ d .... '1'11L"Jia:u (Resonator) '111l:: "Ji'I4:UanHru::1~U'I'I1'Ufl7~1~na11Yl~ 

Ul1'V~~h,-tJii 2 n11"flnH1ii'ri1'1'1'UVI t i1<1'V~ LU'I4aa ih itEJ:u ti'a Iii !l EJii 
~ . . 

mua-:uu~~1~.,i~ii' fia iim1a.J'I'I'U1U'Iil4 2.77x1 0
3 

kg/m
3 fhl11Yl~R . ) . 

fl11:UUVI'I'I~'I4 (Yong Modulus) 74.5 GPa ua::iiti'vt11ff1l4U1'lla~ 

0.35 

t 

1tlii 2 ua-V~~~nHru::'lla~i1L:Aa:uuuufl~n~naa.~ LV~EJii d = m111 • 
'I'I'Ul'!J!l~i1L~a11 , r = i'ffiiLU~EJ. r0 = fffii'Uan, r1 = 1ffilmEJ1'14 

1'Um;afl~uuu~11il!l~•::.,-fl~h~nHru:: 2 ii~ LV~EJ1ii1L:Aaa.~ii 
fl11a.Jiina~1Ll1'a.JaLri1nlJ 3 mm Ulil::~11il!l~1iii'!Jl41Yl'lJa~fffiiLU~EJ~!l 
fl11a.J'I'I'U1 (r/d) LU~EJl<UUiil~~~u<ii 0 ii~ 350.50 

1'14n17flnH1ifHTtl;um:uLhL~1l1"U'I11~ Finite element analysis • 
(FEA) :Aa ABAQUS LV~EJLiianH Shell Element uuu S4R5 i~1i 
1tl;uma.~ti1'U1 rnull::Ul1'Yl~N !ilL '1'\:UYl'lJ a~m7i'l4 iim1:ufim1a.J"l11~ 
~1~ 'l ~1'141'U 50 fi1 1l1nttwV11l11nt1fl11a.Jti'!Ja~m;~ii L'l'la.JV\1-6 

Lriltt\4 Ltia~1l1nm.,-~1'14L'I'I:UV~iia~n-hii'•::EJ1nqiam;uEJnuEJ:: .. 



4. l-ll'ln1"i~ntt1 

anttrn::m7~~huJ~U.iil::m1:U~~h~ ') 4l~m7U.FJOU.FJ:: t 'I'\:U~n17 
~\u vi El~"::'1'11fi1m1:u~J -u, ·th 1~1~ FJm7u.ti~f11~~1 L ;EJ:u u. u 1 u.nu 

.,-:u:u1~7u.a•umtJm,-iuL~FJ~111~L?iFJ1 i~u..,-~~1-u,,-tJ~ 3 
~ ~ 

()( 
1'1'1:u~~ 1 

m1:u~ 1.647 kHz 

f!Tnln 24.913 kHz 

1'1'1:u~~ 5 

fi11:Ufi 70.988 kHz 

) 
1'1'1:u~~ 2 

m1:ufi 9.8168 kHz 

1'1'1:u~~ 4 

~T1!!~ 45.63 kHz 

1'1'1:U~~ 6 

fm:ufi 100.175 kHz 

Jtl~ 3 U.ff~~i1!lci1~'l!El~m,.iuu.iil::fi1m1:u~1u1'1'1:u~ri 1, 2, 3, 

4, 5 U.iil:: 6 'l!El~~1L;El:U~ii'll"U.1~ r; = 26.7 mm r0 = 29.7 mm 

•1nm'TY1•17nn 1'1'1:u~ u.iil::m1:U~'ll<J~m,-iuh1'1'1:u~Ju 'J u.i1 

~1fi1fm:u~~1imm~tn1Jfl'liiLu~FJ (Fr) u.iil::m1:U~flrnnmn1:u'I'I"U.1 
~ ~ 

(Fd) ~1:U1LiiFJ"U.iil~hnwrhhwwnu.1J1J •::1innvhbFJEJ1lnU.1J1J..i'~ 

U.ff~~tu,-1.1~ 4 
~ 

105 

4.5 -- -- ~Modc2 

3.5 1-----.l._---:c,..,4P""'~· 

-e 3 
N 
::: 
~2.5 ... 
..: 

1.5 

0.5 

0.5 I 1.5 
F.d (kHz.m) 

2.5 

•1nm1~•::Lil;w"i1m1:uff':uwuf'll!l~ Fr u.<l:: Fd Juiianttrn:: 

bi'JuL~ut.r~ t~m~nnmut'l'l:u~.,-~ 'J -.::tJciL'I'Iitm~unnmut'l'l:u~~ 
. ~ ~ 

~1nl1Lff:U!l a1"U.n17~1nn~LtJ1'Ji'~1"U."::n~11n~1"U.~1'!i!ltl~11.1 

5. i1m.h~m"i\hm1~·zhuD!lnLL1J1J 1Jl'Ji-:J1'1l. 

~1'!it~ii'-.::u..,-~~..rlmh~m7'1t1nnvhi11.1vtlnU.1J1JL1.11iL~tln~l 

~1L ;<J:u ~i.'l'ilfl1'll"UmL1J1Jfl1n~niii:u..l~lf 
""'' .... ..::1 ' ""' 10;""" ' <&.oo ff:Ul{'il11'il EJ~m-..L 'll"<J:U'I'l <Jyjiil1ff~n'llm~7ft:Ull11.1"U.<Jm '111n1J 30 

~~:: ~ & .;~ ~" " 
mm ~~-u,-u, VI1L'll"!l:U'I1'il1l~m-..'!::~!J~:U'llm~ r; = 30 mm U.iil::~!l~n17 

H1'1'1:u~~ 5 1um7L;EJ:u Lfi1l1'1'1i.i,-m.JL;<J:U~ff\l'l1 ..r~,f-u, Ln<J1'1'1:: 

L~en-.~ A h-..tl~ 3 Lilu-.~uunLL1J1J'li ..r~lf 
' ~ ' 

( r + r) Fr = 3.5kH=.m = F ~ (1) 

Fd = 1.05kHz.m = F(ro -r;) (2) 

-;J1nff:um-.. ~ 1 Lbiil::ff:Un17~ 2 Lrlmb'I1"U.fi1 r; = 30 mm -.::1..1 r0 

= 40.588 mm u.S~:: ..r~Ju~1L;El:U~ff1:U17nH~1"U.1~1i'll"U.1~ tie r; = 
30 mm U.iil::ii'llm~m1:U'I'Im d = r0 - r; = 10.588 mm 1i~1"U.ll1J 

m1:u~ F = 99166.6667 Hz -.::1..1,-um;<J:uLul'l'l:u~~ 5 'il1:U..i'<J~n17 

6 . .,-,-tlr.~l'lm"i~ntt1 
' 
m,-tinttlii"'L~'-I-hLff'IHJm1~"li1 FJ 1 'U.n171l un U.1J1J~1L ;!l:U t~FJL i 

eiil'ilf1 1'lliiflu.1J1J~1L;e:ufl~"'~niil:u t~FJu.ff~~m,:ua:uw-u.m::'l'\11" 
' 
Fr U.i.'l:: Fd tB.JLU'U...i'1U.U7~<i1ri'qJLun17eH.JnU.1J1J~1L;1l:U t~1.1ti 



~fl'i!Tl t'Jfiifi 1'11Vn71~~'1i1L~~<J<nlJ17Cl L'Ji'I.Yi'n1J~1L;<la.J~ii'll~1'il r/d 

i~u.9i o ii~ 350.50 ua::L~<Jnt~11'ilnmt~'tY1i~u9it~a.~'il~ 1-6 

~<Jm1nifrr~ u.a-'il~~' <J rh~m7'1i1luli'~1~iinYi'1v 

7. LDOi'ITHh.JD.J 

[1]Jiromaru Tsujino, Misugi Hongoh, Ryoko Tanaka, Rie 

Onoguchi, Tetsugi Ueoka, 2002. Ultrasonic plastic welding 

using fundamental and higher resonance frequencies. 

Ultrasonics, Vol. 40, pp. 375 - 378. 

[2]Yuji Watanabe ,Yukihiro Shijo, 1999. Large-scale ultrasonic 

joining tool for joining plastic sheets using a rectangular plate 

face vibrating in In-Plane-Mode. pn. J. Appl. Phys, val. 38, pp. 

5297- 5300. 

[3] Shih-Fu Ling, Jingen Luan, Xiangchao Li, Wendy Lee Yong 

Ang, 2005. Input electrical impedance as signature for 

nondestructive evaluation of weld quality during ultrasonic 

welding of plastics. NDT&E International, pp. 1 - 6. 

[4]Jiromaru Tsujino, Tetsugi Ueoka, Koichi Hasegawa, Yuki 

Fujita, Toshiyuki Shiraki, Takaaki Okada, Toshiki 

Tamura, 1996. New methods of ultrasonic welding of metal 

and plastic materials. Ultrasonics, Vol. 34, pp. 177- 185. 

(5]Shin-ichi Matsuoka, 1998. Ultrasonic welding of ceramics/metals 

using inserts. Journal of Materials Processing Technology, 

Vol. 75, pp. 259 - 265. 

[6] Mitsuo lijima, and Yuji Watanabe ,2003. Joining process of 

ultrasonic ceramic joining. The japan society of applied 

physics, Vol. 42, No. 58, pp. 2986 - 2989. 

[7]Jiromaru Tsujino, Tsutomu Sano, Hayato Ogata, Soichi 

Tanaka, Yoshiki Harada,2002. Complex vibration ultrasonic 

welding systems with large area welding tips. Ultrasonics, Vol. 

40, pp. 361 - 364. 

[8]Jiromaru Tsujino, Misugi Hongoh, Masafumi Yoshikuni , 

Hidekazu Hashii , 2004. Welding characteristics of 

27,40 and 67 kHz ultrasonic plastic welding systems using 

fundamental-and higher-resonance frequencies. Ultrasonic vol. 

42, pp. 131 - 137. 

(9]Naoyuki Okamura, and Yuji Watanabe, 1999. Ultrasonic 

joining of Si3N4 plates at 19 kHz using AI, Cu and Ni plates as 

insert metal. Japan society of applied physics, Vol. 38, No. 

10, pp. 6166-6169. 

[10] T. Matusinovic, S. Kurajica, J. Sipusic, 2004. The correlation 

between compressive strength and ultrasonic parameters of 

calcium aluminate cement materials. Cement and Concrete 

Research. Vol. 34, pp 1451 - 1457 

106 

[11] A. Brodyanski, C. Born, M. Kopnarski,2005. NM-scale 

resolution studies of the bond interface between ultrasonically 

welded Al-alloys by an analytical TEM: a path to comprehend 

bonding phenomena. Applied Surface Science. 

[12] Wojciech Wieleba, 2005. The role of internal friction in the 

process of energy dissipation during PTFE composite sliding 

against steel. Wear, Vol. 258, pp. 870 - 876. 



The effect of axial force and contact angle on the welded area of plastic 
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ABSTRACT 
This study was aimed to apply the use of ultrasonic welding to weld round plastic tubes. The ultrasonic welding machine 
was designed to be able to work with a normal ultrasonic welding transducer by rotating the tube while it is being 
welded. The specimens used in this study were round plastic tubes (PMMA) with diameter of 35 mm and 2 mm 
thickness. End of each tube was machined to have angle of2.8, 3.8 and 5.7 degree in order to create contact angle at the 
interface. The specimens were welded with frequency of 28 kHz and t11be rotational speeds of 25 rpm, 45 rpm and I 00 
rpm. The axial force was applied to the tube in order to enhance the quality of joint. The experimental result revealed 
that the modified ultrasonic welding machine can generate the welded area around the circumference of tube. It was 
found that the axial force and contact angle have some effect to the quality of joint. The contact angle of2.8/2.8 provided 
highest welded area compared to 3.8/3.8 and 5.7/5.7 degree of contact angle. In addition, the axial force between 80 N-
120 N provided high value of welded area. The pattern of welded area is also presented and discussed in the paper. 

Keywords: Plastic Tube, Ultrasonic Welding, Tube Welding 

1. INTRODUCTION 
Ultrasonic welding is a welding technique that is increasingly used in many engineering applications such as automobile 
part, electronics and plastic industries. This is due to the advantages of this technique such as it requires short welding 
time and can join very dissimilar materials. It is well-known that the ultrasonic welding can join various kinds of ceramic 
[1-4]. However, there are some weaknesses of ultrasonic welding such as it requires complicated control system. In 
addition, the welded area is mostly in a tiny spot-like shape and not spread widely on the whole surface. Therefore, many 
attempts have been made to increase the welded area of ultrasonic welding system. Tsuji no et al [5-7] applied complex 
vibration systems to improve the quality of welded area. Some investigator used insertion technique to apply ultrasonic 
welding for ceramics [2, 3, 8]. Although the study on ultrasonic welding has been conducted extensively, most of them 
are based on welding of flat elements only. So far, there is no study focusing on the application of ultrasonic welding for 
curve surface, such as tube, yet. 
This study was aimed to apply the ultrasonic welding to weld plastic tube which is a kind of curve surface. The study 
was based on experiment. The welding machine was designed to compatible with commercial longitudinal transducer. 
The experiment revealed that the tube contact angle, axial force and rotational speed can affect to the welding quality. 
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2. WELDING MACHINE AND EXPERIMENTAL PROCEDURE 
2.1 Welding machine 

The machine was designed to be used with commercial longitudinal transducer. The transducer was assigned to make 
contact on outer surface of tube. The tube can be rotated about its axis while the vibration was being applied through the 
horn. The diagram of ultrasonic welding machine is shown in Figure 1 (a) and the machine is shown in Figure 1 (b). 
The transducer can be move vertically in order to allow space for changing tube and horn. The horn used in this study 
was circular horn with rectangular tip of6 mm x 10 mrn. ln the welding process, the tip of horn was placed on the tube 
hence direct contact between welding tip and outer surface of tube was achieved. There were three rollers on the bottom 
of the machine to support plastic tube. The rollers were rotated using power transmitted by a belt from a motor. The 
spring was used to apply axial force to the tube while it was being welded. 

(a) 

Figure I (a) Diagram of the ultrasonic welding machine designed for the experiment. 
(b) the ultrasonic welding machine. 

2.2 Specimens 

(b) 

The PMMA plastic tubes were used as specimens in this study. The diameter of tube was 35 mrn and 2 mrn thickness. 
Two pieces of tube were used to form one pair of welded tube, i.e. inner tube and outer tube. The diagrams and the 
geometric parameters of those tubes are illustrated in Figure 2. 
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Figure 2 Diagram of the tubes used in this study. (a) inner tubes and (b) outer tube. 

Outer surface at one end of the inner tube was machined to have incline angle, as shown in Figure 2 (a). Similarly, the 
inner surface of the outer tube was also machined to have inclined angle, as shown in Figure 2 (b). The incline angles of 
outer and inner tubes were the same, i.e. 2.8, 3.8 and 5.7 degree. The geometric parameters of tubes are summarized and 
tabulated in Table I and the typical tube is shown in Figure 3. 

Tab! I G e eome tc parame er o fth e ou er an d ' mner tu be s use m t e stu 1y. d . h d 

Type of tube Outer radius (mm) Thickness (mm) Incline angle ( ()) 
Outer tube 17.5 2.0 5.7 

17.5 2.0 3.8 

17.5 2.0 2.8 
Inner tube 17.5 2.0 5.7 

17.5 2.0 3.8 
17.5 2.0 2.8 

Outer tube Inner tube 

Figure 3 Typical outer and inner tubes used in this study. 

2.3 Experimental procedure 
The inner tube was attached to the outer tube by sliding their angled ends to fit each other, as shown in Figure 4. The 
same angles between inner and outer tubes were used to make contact at the interface. The specimen composed of 2.8 
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degree inner tube and 2.8 degree outer tube will be referred as 2.8/2.8 contact angle tube. This system will be similar 
when refer to other pairs of welded tubes. 

Figure 4 The configuration of tubes attachment before welding. 

The attached tube was, then, placed on the machined and a certain axial force was applied to the tube using spring. The 
axial forces used in this study were between 20 N - 180 N. The tip of hom was placed in touch to the outer surface of 
outer tube with only its own weight. The pair of tube was rotated about axis while the transducer applied ultrasonic 
vibration on the surface. The rotational speeds of tube were 25, 45 and I 00 rpm. Figure 5 illustrates the experimental 
setup of ultrasonic joining for round tubes. 

Figure 5 Experimental setup for joining of round plastic pipes with ultrasonic. 

Each specimen was allowed to be welded with only one completed round of rotation. Therefore, only few seconds were 
used in the welcl.ing process. After welding, each welded tube was proceeded to investigate its welded area. The welded 
area was measure using scanning technique. The quality of weld such as the area, the continuity and the distribution were 
observed. 

3. RESULTS AND DISCUSSIONS 
The experimental results revealed that the presented ultrasonic welding machine can generate welding area around the 
tubes. Some examples of welded specimens are shown in Figure 6. The transparent area is the area where the plastic is 
melted and welded together due to ultrasonic vibration, whilst the white area is the area where the welding is not 
occurred. The distribution of welded area around each tube was copied on tape and some examples are shown in Figures 
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7-9 for tubes with contact angle of 2.8/2.8, 3.8/3.8 and 5.7/5.7 degree. In general, it can be observed that the welding 
machine can generate welded area around the circumference of tubes. The pattern of welded area is in a combination of 
line-shape, dash-shape or spot-shape, all over the welded zone. Although almost of welded areas are not completely 
continuous, they are acceptable for the early stage of study. From Figure 7-9, it is clearly seen that the welded area of the 
tube with 2.8/2.8 contact angle provide more area of weld and seems to be quite continuous. The tubes with 3.8/3.8 and 
5.7/5.7 contact angles give Jess welded area respectively. The welded area of each tube was taken to measure by using 
visualization technique. The measurement of each tube was compared to the contact area and the percentage of welded 
area was obtained. The percentages of welded area of tube with various contact angle and different axial forces are 
plotted in Figures 10 (a) -{c) for rotational speeds of25 rpm, 45 rpm and 100 rpm respectively. 

Figure 6 Example of the plastic tubes welded by ultrasonic welding. 

(a) Rotational speed of25 rpm 

(b) Rotational speed of 45 rpm 

(c) Rotational speed oflOO rpm 

Figure 7 The distribution of welded area around the tubes with contact angle of 2.8/2.8 degree, with different 
rotational speeds, the red part denotes welded area. 
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(a) Rotational speed of25 tpm 

(b) Rotational speed of 45tpm 

(c) Rotational speed of 100 tpm 

Figure 8 The distribution of welded area around the tubes with contact angle of 3.8/3.8 degree, with different 
rotational speeds, the red part denotes welded area. 

Figure 9 The distribution of welded area around the tubes with contact angle of 5.7/5.7 degree, with different 
rotational speeds, the red part denotes welded area. 
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Figure 10 The relationship of welded area(%) and axial force of tubes welded under contact angles of2.8/2.8, 3.8/3.8 
and 5.7/5.7 degree with rotational speeds of(a) 25 rpm and (b) 45 rpm. 
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Figure 10 (continue) The relationship of welded area(%) and axial force of tubes welded under contact angles of 

2.8/2.8, 3.8/3.8 and 5.7/5.7 degree with rotational speeds of(c) 100 rpm. 

It is observed from Figure 10 (a)- (c) that the percentage ofweided areas is influenced by the contact angles and axial 
forces. Regarding to the curves in Figure I 0 (a)-( c), it is clearly seen that the curves of tube with contact angle of 2.8/2.8 
degree generally lies above the curves of the tubes with contact angles of 3.8/3.8 degree and 5.7/5.7 degree , 
respectively. This indicated that the contact angle of 2.8/2.8 degree provides higher welded area compared to the contact 
angle of3.8/3.8 degree and 5.7/5.7 degree respectively. 
Considering the influence of axial force on the welded area of tubes with contact angle of 2.8/2.8 and 3.8/3.8 degree, 
their relationships are in a parabola-like shape. In case of the tube with 5.7/5.7 degree of contact angle, the curves are 
also in a similar shape except for the welding speed of 45 rpm which some results were missed. It is also observed that 
the axiai forces between 80 N -120 N provided high percentage of welded area. Furthermore, one may observe that the 
rotational speed may also have effect on the welded area. However, this is out of the present paper' s scope and more 
detail based on this concern will be presented in the near future. 

4. CONCLUSIONS AND REMARKS 
This paper presented a technique to welded round plastic pipes using ultrasonic welding. The welding machine was 
modified so that it is able to operate with a normal ultrasonic welding transducer. The experimental result indicated that 
the machine can generate welded area around the tube with acceptable quality. It was also found that there are some 
parameters affecting to the percentage of welded area i.e. tube interface contact angles, axial force and rotational speed. 
The experimental results indicated that the contact angle of2.8/2.8 degree provided highest welded area compared to the 
contact angles of 3.8/3.8 and 5.7/5.7 degree, respectively. This result seems to leads to a conclusion that the lower 
contact angle, the higher welded area is archived. However, more investigation should be done to prove this conclusion. 
In addition, the present study also found that the appropriated axial force should be applied to the tube during welding 
process to get high welded area. Based on the tested condition, it was found that the axial force between 80 N -120 N 
provide high percentage of welded area. 
It should be mentioned here that there are other parameters that may affect to the quality of welded area of tube. Some 
examples of them are welding frequency, welding amplitude and rotational speed etc. Therefore, more study on these 
concerns as well as detai led investigation on other ranges of axial force and contact angle should be carried out. 
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