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ABSTRACT

Estimation of Defect Size using Single Beam
Shearography and Empirical Equation

By Choi, Jung Gu
Advisor : Prof. Kim, Koung Suk
Dept. of Mechanical Design Engineering,

Graduate School, Chosun University

In 1970's, a stress intensity factor in fracture mechanics had led to the need
for quantitative nondestructive evaluation(QNDE) of a defect by NDT, which
means that it is quantitatively determined with the characteristic of a defect
such as position, size, shape and kind. Based on this factor, the reliability and
life of a structure can be evaluated. With the advancement of science and
technology, the demand for greater product quality and reliability has created
a need for a highly efficient nondestructive testing method. Previous methods
have been developing new techniques from contact to non-contact, from
point by point to whole field, and with real-time. Among previous methods,
UT and RT are well designed and rapidly developed for the inspection of
inside defects.

Laser application techniques have been applied for displacement
measurement technique based on interferometer, laser based ultrasonic
testing, Holography, speckle correlation interferometry etc. Particularly,
speckle correlation interferometry can get the surface displacement on large

area with real time, high resolution and non-contact basis, which gives the
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advantages in vibration analysis, deformation analysis and non-destructive
testing. With computer science and image processing technology, film-based
speckle correlation interferometry evolves into ESPI and Shearography, which
substitute the film~based by the digitalized with CCD camera, frame grabber
etc. Its basic idea was developed almost at the same time by Macovski,
Ramasey and Scheafer in U.S.A. and Buttersand Leendertz. Phase shifting
method developed by K. Creath makes ESPI more useful, which can
automatically extract a phase from interference pattern and demodulate the
surface displacement of a target. But ESPI has a vulnerable point that is
sensitive to environmental disturbance for application to industry. That is a
rule of general application in this field. The other side, Shearography is used
widely for non-destructive inspection because of less sensitivity to
environmental disturbance and simple interferometer.

This paper proposes the out-of-plane displacement extraction technique
from results of Shearography by numerical processing and measurement

results of ESPI and Shearoraphy are compared quantitatively.
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Fig. 2.1 Formation of speckle pattern
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Fig. 2.3 Superposition of two continuous wave
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2. Out-of plane ESPI

Fig. 2.4% WdY SAS A% dEHA DAHAAZN EAZ AF ZAEHY
subjective speckled 3A3tE E A F(objective beam)d} CCD Fhdle} A}
o] Uniform field FelZ A ZAIHE FZF(reference beam)oZ UE
ATH[7]

24 H3 Ao objective speckle pattern® #FZF3} 7HAste] A 29 A
FHES, ¥y A 2HEHEE A8k, EAVE ¥@ Fol| objective speckle
o

FEFa ZAs] ¥E Fo M AP S I gk 2HEFE T
il

He Wd A5 9 242 djde) A zRE P40] Ha, $olEriEE
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AL EAFY FEFHoZ R @2-11)e2 78 5 Ut
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T ARAGAS} EAVL ol FE AL 54 WAZA 4L FA =9, old o
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Reference beam (ERr)
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—
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Fig. 2.4 Out-of-plane displacement sensitive interferometer
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Image plane

Fig. 2.5 Optical path change as the object

deformation

2}l ojste} £ 949} Ydoje] H @ A g2 oFIAUET W o

% Aol
o] FEuists pgozA Exo W g2 7 & Ut AQB} AQBY I

BEAE giolg Y

= AQB— AQB

o (2-12)
=[ A M+ MQ + GN+ NB]-[ AQ+ QB)

9 Aol AM=AQ, @B=NB°IEE 4 (2-12)& 31 o] "rh
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di=MJ+ QN

(2-13)
4] (2-13)lM MY, QN & T3t9
TME:dCOSH,:_n—:_&
o - (2-14)
Q& N=dcos ,=~ n,* d

4 (@-10914 29 7137 22 Ae WAAH 7, o A B

7t
o @& 77 "Eeth 4 (2-104) 93 4 (2-13)F FAsd
Al=( _;1'0_ —7’;3) 7;: (2-15)

olgel A W g el o BAHE H @ B ¢ AYA g5 2 2ol
E@4h

2p=-2E Q=2 (=) - U (2-16)

A(2-16)2 718erd Azase) gdez Yegd 4@Q-17F 2ol & £ 4
om), og7]olA ik iAo Hatolct.

¢———a’ [cos 6;cos G 4+ cos 8 ,cos 84+ sind sin §,—sind sin 4]
2-17
A FAelA CCD FHdigtE X E

Ftoetele) EHAEE A & g,x00° B
(2-19)¢} Zo] £ 4 yA Hrh

sxoz ixstm, EA CCD
2= ot} wakd] 4(2-18)L 4
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A¢=%E- dl (1+ cos 8,)cos 8,4+ sinf,sinf,] (2-18)
EA 7t £56A a9Ey (d)9s 4o 3¥, 6,07 H1, A@2-18)
A A(2-19)¢F Zol & £ eon, EAQ HAWA(HE A@2-2009] 4

(2-10)2.2 T &4 HPALS ddTe=s 7 5 UA B

46 = “E g (1+cos0,) (2-19)

- A -
d.= 27 (14 cosf;) 44 (2-20)
2l (2-20)014 & & UKol WYY DAAE ol &3t EA HePEY A

24w 2R57 Qs ZAFEE AU A7) ol AHAAY ()
g% oxE Folok @t
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3. Shearography

Shearographyol A AL&-5HE A AE vtolA<EMichelsom)zHAg A BEE I
g7t 2o] A}2 "}, Fig. 2.6 digital Shearographye] ¥ 2 HHAZA Z
%3} 988 3= reference mirrort FZEFH AYHUAE W=+ Shearing
mirror2 FAEA) o] Hof At} reference mirrors HAol57IHE 83
7] Y& PZT7} &&ro] Fo] 9len, shearing mirrord] 7]27]9 ZHd| ugt
A (shearing, &x)°] WatAl Bt} CCD JhuigtdlA oluA = F=2F3} £
Feo] FHo2 vetyA =HH, ddPde odE&std A WHEs AAEHA "o
ShearographyollX] A&3te T HYBZE= A 8 Ad ¥ FoTh
Z, Shearography= 5 ZHAlel9l Exo] ZAUiuidgats SAsA HE=E 973
7 e o g A FAEF AT 540] AUtk Shearographyel

2

r
it
oft
=
Lo,

tt.(8119]

Laser

Reference mirror
h PZT

20 2L ELLLLIILLLRPLLLLL P I EELLLLE

Object y (Shearing mirrar)

Beam 2
7 splitter / Tilt mirror
A

CCD camera Corrrrrorrrees ]

fe—+!
Shearing (&x)

Fig. 2.6 Shearography interferometer
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Fig. 2.7 24 99 el A psh ol sl A prh ol5d A Q
A EAe HYPo] WE FEWIE Yel)AoH, Fig. 2-7(b)= AEFHo) 23
5 Ao 23 verd,

Optical path
from reference mirror
Optical path
from shearing mirror
P
—Q . s
PI
QI d-\'bd
X
CCcD
y z image plane
After Before

deformation deformation

(a) Optical path trace

Before deformation

After deformation Reference image

—\‘1 P’Ad Shearing image

CCD plane
(b) Superposition of wavefront by shearing

Fig. 2.7 Optical path trace in Shearography
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Fig. 2.7(°01 & P9 @7 &4 ¥¥ go) s} AP I goz o|5%

B Ssts 4 (2-18) oa T 2ol & 4 ot

A

49 p= 2T (d (1+cos6,)+d sin ] (2-21)

4 f%[ (d . +2d N1+cos8;)+(d ,+4d )sinb ] (2-22)

H@2-2D3 A(2-22)0A dd= HLE AeE ol8std eIt Zol AT

+ 9o,

_od, & , 0%, &% 9 ("Dg D i
dd=ZE N T 522 2 VT ooy =D (2-23)

Ae% 8 I8 A goz BUw, 9 A @-23)904 27 ool ity

FAT £ Aok a3 2 dFi=1,2,3 o dsted A2-20% Zo] & 5
el (2-24)

WA, 4 (2-21), A (2-22)9] 4, dpge A(2-25)8h 2(2-26)F ol &
& sk,

d¢ p=%75[d2(1+c036,-)+dxsin0,-] (2-25)

A¢Q=T%¥[(dz+ %iz&JUrFamﬁi)+(dx+ %i’&asmei]

(2-26)
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Shearographyoll A= Aw&ke] 213 Fig. 2-7b)olA H P A @9 FHL
2 A% F A AAAE FAHEY, B4 ZAEE A0l g,x 00 BUH
do AEE FAT F goH, 4@-21e2 & F k. EAY dd ¥y

(oye g@-and He-100z T B4 4399E GUgeRA T

+ A A
Ap=14¢ A¢P:%%‘%a (2-27)
od, _ A . 1 -
= (2-28)

9 21(2-28)9| 4] & 4 glE o] Shearographys e Adske] ZHf-of wHel ¥

o)

rulo

Egad

| ARAAA He), AvFel A5 FeHA DAECIAAAD)
24¢ + Ak

-r]
Z

2:0
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A 34 AZF=

2] (2-9)olA EAe] ¥ wE 9HsE FE3H7] AMA T 4702 PRIt
EASA =Hol B9 HYAFE AR FF2Y & U Eoh EAL WIS S
FEate WHoz SUAY U s AFAEE o] &3] TRA I
HOZRE lineE FF33 o] AolE BAFo2ZA & ¥YS FE3= W
H{10], AFPAFY EXd i 2D - AHeEld o (@D
subtraction-addition method)[11], &3t $#/dol& 7| (spatial phase shifting
method)& ©o]&3% $49 FZ[12] 9 vtgd WHo=E fd4E FE34 €
o} o2 gt Wy FolA K. Creath[13]e] 93] e A& 93057
(temporal phase shifting method)& 7}4 Z&o] folsla a3
o] fAolEIy-E  AE@-7AAN 3N uHAF(L, L, )& T3
piezo—electro transducer(PZT)E #%Z 39 FZH 20 AUty JHHZE 3}y
HA 37 ol WAENE do HGE FE 5 AT Yotk HAEFINE
Zgste] WY HA3 Fo AL TozA EA HIYHNE A FE2 &
7F Aok

s
n‘.
oE
0 =
% ¥

Nl
»
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1. §JAo]=7]H(phase shifting method)

PZTE o]43 ¢Aol%E 71 ESPI®} Shearographyel] &8 A== 143A
HERE A ¥y & A4E FE37] Ag 7Hez 718 de] AR H
3 Qoo /b3 ERHY Poletn & = Uk B ATNA AT AYRE
U1Ee 49A Ao E71M(4-step phase shifting method) 22 37}2] 1=
8 FE7) 948 28 399 GANEE s he] WHAL 4 (2-20)9) 2
o] ¢4A Hrt.

I, =Io+Ip+2Igcosd

I, =Io+1p+2/1,]gcos($+1/2)
Iy=I,+Ip+2/T,0pcos($+7)
I, =I,+Ip+2/1,]lcos($+37/2)

4709 IAAE A (2-30)7 2ol 2F3te] CCD pixel®] & oA H4E& F
g Ao, & AFHEY dZH0l H3AE(phase map)E P34 |Arh,

(2-29)

. _1( 1,(x, )= I,(x, ¥) ) (2-30)

#x, 3) = tan "\ N Tz )

ESPIolA W&sAe & RNE 42-10)0 Wa AF Fo] 27 94
JEAEL Hestel WY A A ,,)T RIT AR(4,,)E BT F
}m 3 HE FHosA Ax TAWMES 4 (2-3D)3 2ol A & QA 2
o,

A6= b sefore™ D aper (2-31)

I, o] MRS 4719 WAYE 47 AT APHZI}E o]FoAE AT
APE FHE FABAF 3hn], HAolE Fol LA M WY ke ¥
Fee oak9] aglo] Hr
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2. AYZ(Unwrapping)

2EPe APAEAMAA  Ade Tal A AgEE A@-30)9
arc-tangent ¥47t & BASAE A A9 2A%) WARS ASpe
2 Wgelel & FRolth WA arc-tangent BEE 0~ 79 FI2 Bdko)
HEZ 12 7718 0~ 27 £ QAR 4% YRR WBS 9% FWPL 4

(2-32)& ol &sto] T34 dd.

¥

wnw™=® »+ QRm<N) (2-32)

o719l ¢, - unwrapped phase, ¢, : wrapped phase, N : fringe order
ojot.
284S AF AR(We AL APAT g

o
=
El
ok
£
rlu

£
N
i
e
rlr
o

Be FHEo. Z pixel AT AB#E vlusty gz A FHPIFH vlmstd
2% WFHU NS F7F B FaA7e Y2 IAR A<F(fringe order)

£ T3 Bd. #HF WY & BAAAY JEEd A mE ZxdE
(sensitive vector)& 1gjste] F3lA "Hrl & dApdie d4dels @ ZHA
A1y ES AL T2 aA(STRA, Ettemeyer GmbH., Germany)& o] &3t}
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Al 4 2 HE o7 AL Hx

Unwrapping® shearography Z3E AHA( & JEhIH, 4(2-33)&

ax
= 390 Heud 7] 98l P HAEL dn FEAuR &

AAE HA ge =% . g2 GERE § Uk or)N g ARTOE A4
g 2% #
AMAE H(2-3H)2 & F7F Atk

1 9d, -
PR =
d,= »jx—fddz—c (2-34)

7@ AUEdE quse] ARz o Fo

Z:, Shearography®l] 23]
2ZA

iS )

Ao E 72 5 A Aok a2 o] el o F dAMYFE 3lo]
HRAE et d Ce 78 & A He &A% SATH.

42-309 H47FeAE AT AN BAT f) = cos( 7K ) +12 8

4

F2 stm HAALd 3 oo AuBUT AT olv|Ast FAo| HYn
e o F3L Fig. 2-8°) UElAAT} Fig. 2.8(b)E Shearography? SH A2

Hejgie] AdWE dehlz Atk @2-30)% HEE7] 98 Fig.
2-8(0)& HEdn AGF2E oA Hxg AWy A4 WdE und
I ZE Fig. 2.99) YelNA ) Shearographys Yo 2 39 olnz 24
B XgolmAE T3t UAARE 7|53 HEE ouR e ¢ EdoA AT
FUE Aol dojux] e dgo] BAAEY, ADdFLE Qs FxdE 2

e duRe) 1ug , F4014 o8] et Ao
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2.5

1.5

Deformation(d:)

0.5

© o o e
= N w E

Relative deformation (2d)

~—— Real deformation

— — -Shear image
/
/
/
7—‘
/
7/
s
’/l H 1 1 1
0 50 100 150 200 250 300 350
Position (x)
(a) Real deformation and shear image
0 50 100 150 &00 250 300 3/56

Position (x)
(b) Relative deformation (Shearography result)

Fig. 2.8 Numerical simulation of Shearography
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2.5

51.5
©
E
e

a8 1

0.5

0

Fig. 2

doleioh B2 ABNE AL 4 AUTh o] o2 HAEsY] HANE BY

a) Real

| ——Real deformation
---Integration algorithm }__’ Ny - A | AR |
L
L.
I
0 50 100 150 200 250 300 350

Position (x)

Fig. 2.9 Demodulation result by integration algorithm

=
gFE FAstn o)g v AR ALdFE unEAE 23

3 AT Aedds A& FHFE Aol FARgE T3

Deformation b) Endow a Shearing ¢) Integral
Fig. 2.10 Simulation
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Al 3 F AEEA R T4
A1AE SN2
1. ESPI A&

ESPI 4834t ¢ Ettemeyer A 48 A|2"E ojgaon FAL
Fig. 3.1} Zo] 532nm 3339 Nd:YAG Laser source, ESPI Sensor, 532
nm 3% Nd:YAG Laser source A& H3o]H(Glass Fiber Couple),
PZT(Piezo-electric transducer) AoJ&3), 3443 2]FX(Image processing
system)Z TA A

2

’ Optic fiber ~ NU4:YAG Laser

i

ESPI sensor -E
O Power 10
0 O nterface 20 O
O Interlock 30 0coo O
0 49110
Ref. ShutteP al N
controller Image processor system

Fig. 3.1 Schematic of 3D-ESP! System
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ESPI A28 F Ao Futelr o] 7px] FEF-FS A8t 74 |
W 2 e |y &3 AHAE F28e AF 2 Ve oY JTLAE HAG
o] AZY RAozA F AubA BAAE I AFEUE HEY EFBAHY
FgFes HA Lok Hx 4 olA A2ZRE Fyo|ME Fdte] #ojA o] A
A HEZ QAEE 48 goz maA YroA Al #E alolA ol
ZAtE We HY SAL YA o 4y & FAA HY F, EAGTS A
A W)X CCDE vIZ Eorle F2Fo] th A& doA H ¥MAE 5
A&A @t Table 1914E ESPI A" AYS Ve

PZT AoAZAEe FZFE A4 olFA7I7] AF FAXolm, PZTA AY A&
FogA $4o] wiAA "ot zeEln AFEHCAe ZA I A E 3l
3} ARt A4 T2ae o8 IFAAHEE JAF £ Aesed EYE 4
of 2 A3 @& vehdo Frh

W

Table 1 Specification of the ESPI system

3D - ESPI System

Description Technical data

Measuring Sensitivity 0.03- 1 #m adjustable

static 1 - 20 ym per measuring step,
Measuring range any with serial measurement dynamic
0.3 - 3 ym amplitude

Measuring area static up to 1 m® dynamic up to
& 400x600 mm® (16"x24")

Working distance variable, 0.1 ... > 2.5m(4 ... >60")

automatic, manual, static, dynamic 1D-
,2D-, 3D-operation

Operation modes

Data interface TIFF, ASCII, Windows metafile

Data acquisition speed | 2.5 sec for 3D-analysis

Data analysis automatic or semi automatic
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Table 291 PZT control deviced] AY& uyelyln) zlolA FYL =3
EALY Nd:YAG #olA2A o8 532 moln £382 o 2Wolt},

Table 2 Specification of the PZT control device

PZT Control device

Description Technical data

Operating voltage Selectable 110-230 VAC, 50/60 Hz

Max. 100 W + Monitor

Typical mean power ) .
P P Consumption, depending on

consumption system configuration
Dimensions HXWXD 380x560%600 (mr)
Ambient operature 15 ~ 35C
temperature range
Storage temperature -10 ~ 50C
range
Piezo output voltage -20 7 +120 VDC
Piezo output current Max. 140 WV (max. 5ms)
Power supply output 12 VDC
voltage
Power supply output Typ. 300 mA

current
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2. Shearography A]ZH

Shearography 2842+ 59 Ettemeyer A2l A8 A|A®E o] §3}9 o0
T4 Photo 1 3} #9| Shearography 442} Controller7} Z&® PCE 21 F
Aol bttt

Photo 1 Digital Shearography system

Shearography A28 FHO H& FeAd HAY FFPuEL F439
dAE Jeiz A AFoin), BFH SjPoly AFo £EA3F7] HE <Fol
e QBN ol FEststn vk #olAE Shearography AlA Ujdf
ZaEo] ol 9% Arm(Mirror)€& F3 #HolAFo] Edo) =AlET agn
Ax HAZel e tojde €8 ADYH Ad ¥FE 2FE &+ Ut
Shearography Al2=®& A4 WREZ Fo& do] EAF3 FxFoz Jrolx
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7] W&o Fz7} gdsln F3 o] 4} Table 19+ Shearogrphy Al&#2] )
2& YeEIATh

Table 1 Specification of the Shearography system

Shearography System

Description Technical data

CCD-resolution 768 X 582 pixel

Standard C-mount

12 mm zoom lens f = 1.4/6

zoom lens
Shear angle Progressive adjustable 0.3°
Shear direction Progressive adjustable 360°

Up to 1.2 x 0.8 m?

Measuring area .
(with external laser)

Meauring sensitivity 0.03 m/shear distance

Sensor head dimension | W X H X D = 60 X 60 X 120 mm°®

Sensor head weight 850 g, including zoom lens

Laser Diode 50 mW, 780 nm

Controllersli= PZT Ao} A9t AFEZL T@H Q& PZT Ao FXE
JEFE 94 A7 AT FXoln PZTol A7l AZE Bl 4L olF
Al a2gln AFEde FYAAZAY A FFe g ANE F3
dto] EAlY] ¥ ARE X S APstn d4e sl ZUHE ¥
8tod JERATE, Table 2913 PZT controller device® A998 VeI
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Table 2 Specification of the PZT control device

PZT Controller device

Description

Technical data

Operating voltage

Selectable 110-230 VAC, 50/60 Hz

Typical mean power
consumption

Max. 100 W + Monitor
Consumption, depending on
system configuration

Ambient operature
temperature range

15 7 35T

Storage temperature
range

-10 7 50T

Piezo output voltage

-20 7 +120 V dc

Piezo output current

Max. 140 v (max. 5 ms)

Power supply output
voltage

12 V dc

Power supply output
current

Typ. 300 mA
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3. Al R AALAHA

AEAT] F30 oA WFE FDFT 337 YA 3B ¥
E AYAZ F Je HALARAAE dew . B AFddAE didAd 3
W98 WA 7)7) YAeiA PZT9 PZT controllerg AH8}1il, PZTe) A&
< ESPI System& ©]83 A¥9E F3 ZF3I0th Photo 25 WHEAFEXA

AATAE BojFa gon, PZT Actuator?] A& Table 3o YehRRItE

o ox o

Photo 2 The Developmental Stage of Displacement

Table 3 Specification of the PZT Actuator

PZT Actuator

Description Technical data

Open-loop/ Close-loop travel(O to 100V) 15/15 pm
Open-loop/ Close-loop Resolution 0.3/0.15 nm
Push/Pull Force Capacity 3000/700 N
Standard Operating Temperature Range -20 ~ 80T
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E A¥9 AH8E AEE L F5A4Y 7, HESAA 1T AHEA
on, nFE A7Z|AGA, 4F vE F AdHwe] AA A8HR Je dd
Aol e WS 5 fle TR MFEARTY v, FEE AdAETH 7}
T4l Holjd AP FEAZ A R AV|9 FEAZEA g 2ojn Yt

Al 4% HALEE FE7]A AdE 3L Fig. 3.23E FA
3mm ¢ 2¥ A¥(110mm X110mm )9 AF 50mm ¢l &5 7HF Aa2E
A#Aste F4 0.25 mm ¢ 7100 mm X100 mm )& FIAAH A5 &
FRAAT BFol AW F & JAEE 3Rorn, FAUAFA AHE & F U4 A
A F Hro slol=o] AFste] Fat ko] 13

AFAFEHA(10mm X110mm )e] nHYYE ko FHAFHY FLad,
FAE 1L.5mm oy, £EE 99.9%¢ A& Al AH8-3% 1, Fig. 3.29] Al¥
A A2 74L& depAh

Rubber

3
o
-

Copper

Fig. 3.2 Specimen & Gig
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Al 24 AT

Az 13Y APA LT EAE DA77 Adtd E T dA A
B W9 HAGAE AFU FA5A 4Ast PZT Controllerg AHE-3 1
pm, 2pm, 3pm, 4 um E 2+2; Aoldte] AlgHed] HYE HAYAA WA Fig.
3.3 4 RBi=nle} o] ESPI SystemE o83 W& A, YT =4l
2] Shearography System©2 1mm, 3mm, 5mm % AGFE F7HA]7]1HA
HAE SHSAT. A¥L 53 o) vy AN AP} PuiEe] £
e oA 22p7b BAE=rHE AT

o9 Al2¥E JAYe] tFHoZ TPANH HAPAHA 8A4AF Hi3s
8t9lem, Fig. 3.3¢] ESPI$} Shearography System® T4 =& Jeh)AT

Shearography Specimen & Gig PZT

& ESPI Syste

=

Image Processor PZT Controller

Fig. 3.3 Schematic of ESPl & Shearography System
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Al 43 A4 4 3F
AlAd FE5EA FEAY
1. ESPIZ & 43

Shearography2 @3} ¥lal R PZTe] A AFE ATEYLEA FHAY T
Al Aol HMALAGAE AHE3l] W E LA A ESPIAAE ol &3 Ao
AE 3T Aoy, o] AFHEL 53 oY WEAYL F39 P9 BT
MY gollA GG WAE SAH3NASES < 9len, AnEe) FFge 73
o] 1 gholl 23 doleE A stk Fig. 4.12 2um WHE TEAdH
7}8led ESPI Systeml & £ 431%S w2l A9 Phase map, UnwrappingZd 7}
¢} 3D~Image H.9Fi 9100, Fig. 4.29 Table 49 WeE ZH2A9E ey
At o] A}g T APu AR FA FAE, PZTY AL A58
A3, AR FARY o] FBan USS Y F F AT

a)Phase map

007

011

032 008

¢)3D-Deformation Distribution

b)Unwrapping map

Fig. 4.1 ESPI Result of Deformation, Displacement(d): 2 pym

_35_



Table 4 Experimentation Result of ESPI(Copper)

PZT Wd Phase Map 5325
1 pm 0.94 pm
2 pm 1.91 pm
3 pm 2.87 pm
4 pm 3.81 pm
J 4 — - =0.94pm ‘
[ 3.5 « = =«191lym
r 3 — — 2.87um L
‘, g 2.5 3.81um
| 2 2
| & ’
| & P
1 0.5 S
0 ju -, 4 s oo gy T™Ten
\ 05 L 23 45 67 89 111 133 155 177 199 221 243 |

Position(pixel)

Fig. 4.2 Line Profile of Surface Deformation In

X~axis
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2. Shearography2l &4

A9 B3 AFE ESPIY wodg F4 A9 vag 93 b= ALy
FAE o] g3t} ESPI System o] 8% 53 AP} LA s, AdFE 1
mm, 3mm, 5mm £ 2mm ¥ GAEE FA SIS, 53 o) whEA

S E3lo APAGQ 2L Fulo] &l WY oM BEAF WHAE FHFA
+5 g9 33t
Z4zte] AgEd g PZTE ALg3lo] W9 E LA A Shearography SystemS
o} 43lo] ZA3 A3} Phase Map, UnwrappingZ ¥, 18]3l 3D-ImageE Fig.
43904 BojFa glov, a¥ze g AdFE SHANE HehhUTh

a)Phase map

1618 X

c)3D-Deformation Distribution

b)Unwrapping map

Fig. 4.3 Shearography Result of Deformation

Shearing(s): 3 mm , Displacement(d): 3 pm

._37_



Table 5 Shearography Result of

Deformation, s: 1 mm

e
Shearing PZT Wdg Phase Map
1 pm
2 pm
I mm
3 pm
4 pm
0.6 - -
PZT 1luym
0.4 # N_\\. — = PZT Z2pm |
/',( "\ == =PZT Spm |
0.2 ,: G —'\\“. — « =PZT 4um
&
e 0
()]
=0 .2
=0 .4
-0.6
Position(pixel)
Fig. 4.4 Relative Deformation as Change of

Displacement, s: 1 mm
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Table 6 Shearography Result of Deformation, s: 3 mm

Shearing PZT ¥ g Phase Map
1 pm
2 pm
3 mm
3 pm
4 pm
145
[ . PZT 1lpym W
’ A | |— — PZT 2um
i - - - - -Y:ZT Jpm ‘
0.5 i ‘\ — = =PZT 4pm
g o
w
=.5
-1
_1 5 =

Position(pixel)

Fig. 4.5 Relative Deformation as Change of

Displacement, s: 3 mm
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Table 7 Shearography Result of Deformation, s: 5 mm

Shearing PZT W3g
1 pm
F
2 pm
5mm
3 pm
4 pm
3 r d
i PZT lym
2 . ¢ — = PZT 2um
S e -« ==PZT 3um
1 s _.-f—-\‘} — = =PZT 4ym
g
o 0
“ 22 43
-1
-2
_3 L

Position(pixel)

Fig. 4.6 Relative Deformation as Change of

Displacement, s: 5 mm
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3. WgIBz o Hw

Shearography System< W&o g 130 23& FHs7] g ojRe
Z5E AoAAE FEIAVINAAN SHAAE A AT AQBEYFE ¢
gE A&tk AeleMe SR ATNE Aawges HPsa, 1 g A
Fe pixelT2 B8t YroiFE #$3 S AAW ShearographyZd 34 Aohw
A #oe=5E AgHARE FFHoz FEF & UA ErL

ESPI System% 7% 232} ShearographyZ 3 A} Z5E FE3 #dW e
Zhzke] RQPER offo] =] vlm B4 Atk FEA) SFTFHRED
el Eiie}lES A8A7 Shearographyd 3} 3+& ESPIAF} o] nlag 2
3 ESPIZS} ol diulsted <o 6% = BAl H7HEe ¢ & AU

R RS

| A, s ;i
| ESPI 0.94ym |
J 0.8 - = 5! lmm [
= = = =s!3mm {
} g o6 |[=ocsismm |
-
C 2 |
| g 04 ‘
8
% 02
(
| 0
1 e

\ Position(pixel)

Fig. 4.7 Comparison between Shearography and ESPI, d: 1 um
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i i e e
2
e ESP] 1.91pm
- = 5. lmm
1.5 |- == -s:3mm z R —
E = - =s:5mm
AR -
©
E
e 08 —— -
[
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Table 8 Experimentation Result of ESPI(Rubber)
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Fig. 4.12 Line Profile of Surface Deformation in
X~axis
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Table 9 Shearography Result of Deformation, s: 1 mm
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Table 10 Shearography Result of Deformation, s: 3mm
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Fig. 4.15 Relative Deformation as Change of

Displacement, s: 3 mm
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Table 11 Shearography Result of Deformation, s: 5 mm
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Fig. 4.16 Relative Deformation as Change of

Displacement, s: 5 mm
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