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FIE BUHEFREROD A Y HFHHER

1. IXC®IZ

BA Ay 7 VT (Electronic Speckle Pattern Interferometry, LA ESPI)
X, HEOER 2 2IRICO Ay Z VAR E LT, REEFEEL L-EWREE CHl
ETDHIENTED. HEYE~ORILEBIT—EIRET, U7 VOREBOEANERS
BENAERBLCENO DERBS ZFERETTRTDHILICL > THILICHEL Z R
TV, (HE? 28HATZ2L10E-T, BREERELE, 2KRITHR VT HAER
FRHRREL Vo 7o S 5. TIREE DV < O0HTEY, FRINELZSHVOE
Y EERIESICEE T 27T, M EO L DI EEMTHAITE A DL H S
V. ZoE O, ESPLIXT TR L-EMTE LTARICERLTEY, XEr¥—
THHILEZDFVEBETIHEI LB TEDLFT AL RENWZS. UL, il
BE ST, BELE LT3 ESPL IXBINWEREITIZIIESRH 5. 2L, &b—
REINZFHANWON TV B EEETH DAY 7 MEIZBW T, BIE LIWIBRE (kI
KFUT, BB TENEN3 7L —LUEDRRy I VERT —Z & BST D MLER
HABZEND, FORMEOEX #HEED LI TR S22 T E R bW,
EVIHIEELWHIRRBIZE A2 LD THD.

EBEFELIL BROBHEERERLZEBMFTL 5 2T, BINERBROMBITNEETH S,
EWVWISBREMND, ESPI ZAWT, BB SLMGHICBE LT 2700 E 0
WEBEBLCE=. ZDETIEIDESPI 20 DD EHIC OV T O T i/ NRIZ -
B, TR L > TRESINZHEOFM L T OMBAFER, EWEREEL L TOHE
HRLICERZBWERH LA, EELR, ZTNETIZCDESPI CEELLY &
LTEBRGIT T AV NFE] 258 LWERBKERRICE S BUEROBZERGEE
BTHDHLEEZRDZ LR D. EROBEEOERERZIIFEIREZIE L-RY HFn
THY, HHBRRIZBOTHEVERICBO TLEERICELE LB L RER-S 0 Hn
WRRERETEDLLTWD. ZOLIREBEEZERYVERL &, EREAMBIZ#ER L T
LEFEBONOMEEREZENE LT ERT 5 LB ity Zhix, Ao
SOMBEEREE XD LIIR50 0, BEKFILBIT 250868 L BUOBE 2 B
WCEATOIUENELCTL 3. ERIIEEOGR 2 EHRTIHEEE L TEBETLIZENT
% %. Panin HD XY HEY [ZBWTIL, ZOBEZREENEEOEERE ER O
P& B/AMER OB HARMIERANTEN TS, A Y FEERIIC LS, BEER
FEEBVEEICRBIT D = N F—HRBREEZEZ OND. EHHNR AT A—IND, R
D & 5 eI RB XM A FAET D LUETOPEFIER CHILOHEN TERWIZAS 50, Ln
FZLLEDBEELOBRBR THS.
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o(x,y) = qu(x, y)sin@ (1)

ZOEITLTEHELN, MMEER T B LI2B D ARy 7 W F — 2 DIREDZE
D¥FHMEZFHETD. 2575 L, ol 2nOBEEFITE(L LI & = ATIEREIZEL
LRWOT, MEOHBEIIREKRERD, MEERE0IZRS. TRITHLT, olindD#F
BREELIZEZATHLEDARy I VOBREIIRET DD T, BMEZIREXEL LS.
ZOEDIT, MEEDHIMED IR OBEAN D x FAERRS DEEROIH %
Ez2%. @RERED y FHERS ZRKD B, KEICEELRTNTRBAICHSER2H
ML L—FRBRZTILICTHRIEIV. WEOERIHE > TET Ry 7L
RE— e —EREER TR A ICEHREL, —ED7 L — AR CEEGEZHE L TE=
& — FIZRFATHIL, EROKRRBELEGHICBET LN TES. 2 bR
FMESEBR THLID D, BEENRW HRESRoTHEBHETDIZ LN TE, AR O
MWW= 5 % T, ERNBIENTRETHD.

7464 (A2017) DF|3ERERE DESPI THE L-RBRO—HlIT, BE2EX6IC
RLEBEY THH Y. ERICAVERBRA OBIRCANEM, HEROEMEL LTk
FTLHRE LTI, 22 TRRENR 2 - ERE2 7. RBRAIIELESF MY H
L, F o~ VBRINERRICMI L2 0% 4 5 0COZEKT T 1 BfigEx 2 LLTHE
L7 ERICAVWERBRR OTERITIFETHE S 80mm, 18 30mm, X 5mm TH 5.
B OERBERIL, 515EHEIX—EE 0.5um/s THEFICD oL Y LBELTLEEDLD
ThHdHP. ZUDICHOISHMBRIZER TS &, EROLENEZ T IHEERE2BX5 &,
JEFI BRI ABEER @ D 72 0, JEIMER/ NI ES T BB . ik
Portevin Le Cateie 21 ¢ L THOLNTWAUOTHIEFH RS T, FL—T 3 L L
s, PR TRAMEZBX D ERBAOEERRIC B EL, w5,

DESPI Z & 28240, SIERBREMAD LWV - 5 215 Tz R Ehi-.
ARy I NNRE— gL — b eEH2a~v b L, AN 2EBOELHELTE
LNT-HBEREOE L2 EERCEBE L. TOHORFRE N2 — L 2RICAEY (T
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TROLERZEZESEEB THA Z 00, MEERXOTHAREIZHAT I E&THS. TR0
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Fig.3 Propagation of the SLB, tensile speed: 3.9mm/s,
frame rate: 40fpm, subtraction interval:7.5s
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HEXZHFRLCNDIOT, FHIELLE28RBaNEV. ZOHIHOHLSZ—HEIHS
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Fizg3EWHBER, =a— b oAEHIZES &, ISTTOEETTER L T
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TR HAWMEE THLHEATE, ALIHMEIOREZ ST N TOEEDOERENRE U
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EHRDOEDITD.
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c’ ot
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T, Vav,w) ZEMREEEZVOEMNT RO EMNEERS b,
o =(0,,0,,0 ) FTEROEERY b THD. ZhbDORiF<w vy s AV = VOB

BRERBULEZLTNWDLZLIZKDOLK. vy 7 AV VEBAOERY MM E, BR
R MV BIZHYTAERIL VEioThsd. (4) NEUE2EO JITERITHYET
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TCEETHZ L EZRLTNS.
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ERTIIRINTOWARWE, v HFRAEERSZFACERD &, SLB o LT ClIsHm
DIFITERBERROBNRENS. ik, EFILSLB IZE<BEL, TOLTTIX
ERIXFEE A ERL, BREERESIEZ > TnAZ 2R LT3, SLB OHERIZHE
STISHDOEBRBERS/EZ Y, ROBRICHEITEE L, BENLEERENERTS
25, BUOSLB IZZRXALF—BEZX DI, ©->< 0L LEMBOEINEZD, SLBICE
B LUTRENT S VBRIV IRENS. TR 4 DBEER LUK 5 OO HE
EORHP LTI L TR LEEZ D LN TES.

230X S RAMNLENEZRVELEN D, SLB OGEEESBRLIZHI L
TV ZEERLTWS., Zhul, BEEROERIZHE > T DSE B0 SR ERI R £
IZNEL 2o TN Z L, BVRR D L BB T 53X — LV OB LT
5. ZOZEX, BEEEAMELLODRFEIBIT TS L L—3 3 VORBAHEXENT/N
S BROTWKERLELISHIE LTS, KIZ, SLB IZIELEBYVOREBEETHD
DIREED 2 SOLTERELZTY 5 5. SLB BAENVITARBENELNRDITRDENE,
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DHEHTHSD. LL, TGEAORMBOREISGEBROBERTHY, et L
WIHOBEN DT, RETRERREBRET AN L LD TV 2HL 2 ENEE
h5., AFFETREL VWS DESPLIZ I L, 2 RTBREFIZBITIRMEYOER & E
B CBEL, REMCTEREILEEMTI2 LR TE5. 28, F3ETIEL, 7
LIAEOFRYRBRICBNT, EEETHERT, RE% 44O FEBERORENEE
Sh, TOFESLILOERIZIRS 22005 2 EBRFRIZAB SN, Z OB TIXEHE
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2. BRIk

2. 1 #HARBRUVERA

LA IIARIE 6mm DO ER OB E AR FH S50C 2 W, Z OB OLFERS
% Table 1 12579, HBRAF OBWRIIRE 5mm, FETHOE X 60mm, §8 30mm, FEB
DHEE 20mm D JISZ 2201 7T SRABAICHEL b0 THAH. RBAIXIV—V LT 4
ZMTIZ L VR 28 %, 1083K DIFINT 1 BRI OB ok LB EHE L 7=,
0%, P =2 ) - CHRBRARDOBLEELZRVRE, REZHEIZEMAL
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Table 1 Chemical composition of the S50C carbon steel
Items C Si Mn P S
S50C 049 025 069  0.012 0.008
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D—ED bee HED < NT A MAKERB(MIFHEE~ LT A FERE, SIMD L,
F OB L 22D, ZOREFEEM (TRIP) X, CAMMETT5Z&74<
KRERBUONBFOLNLFHFHEE L, TRIP HOTENLREAMEZED S BEWT, L&Y
T HEL DEBRBFENITON TEEV P, FiE, ZORBOEF/ALREEY
21— a rREOHELITONTWA.

—%, AR TIIRIEE TR L L 912, DESPI i thiEE& B oMM ERBRIZ
B 3E—BEROGEORFZERFHEL MR T A ZERTETHDIZ L ERL
7. RETIE, A7 L A4 SUS304 B L U SUS304L D3RV RERITEBWT, BHE
oo LRERTZ W - 21824 DESPI TEZE L, KO L 9 BEkkd HHBEIF LN
(1) SUS304 7oL VEIES (OFHAEE 1X104! LUT) &, BEHE
AL TR A OT R/ S 225 (e V)BBN 5. A2 DESPI THET 5 L,
ELVOHBETE Tx FROVTHRB/E (x X K) BEL, FhARRBRAF ELE2EHELT
WS ZEBHELMIZINT.

(2) HTLTIThhizdh— L b—c X3RN, OTHEER (x XU F) o
EEORIBRTNIFE LT A NMEEBPEZ > TWA I ENIRTALIT o Te.

2. EBRFL

EBICHWEZAT LV AGAMIY, R LIRT LY, SUS304 3 XL U SUS304L @ 2
BETHD. MEDOEREWVI C OFFETHY, ZOHRLELTAT VA ME
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C S Mn P S8 N Cr Fe  mgple 1 Chemical
SUS304 005 0.51 0.96 0.034 0.006 8.29 18.19 balance

SUS304L 0.018 0.32 1.11 0.033 0.006 9.32 18.48 balance

Composition (mass %)
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Fig. 4 Results of phase analysis by Subtraction—Addition Method
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Fig.4 Moving feature of five plates analyzed by Hilbert
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Dynamic ESPI with Hilbert Transform Method for Studies

of Thermal Expansion of Joint Materials

Violeta Dimitrova Madjarova, Hirofumi Kadono, Satoru Toyooka
Department of Environmental Science and Human Engineering, Graduate School of Science and

Engineering, Saitama University, Saitama-ken, Saitama-shi, Shimo-okubo 255, 338-0825, Japan

Abstract: In this study a Dynamic ESPI method was applied for studies of thermal
expansion of joint materials (ceramic-copper-steel). The interference signal is considered
in time domain and the phase was analyzed by Hilbert transform method. The influence of
the bias and modulation variations over the phase values was examined. Two experiments
were performed, with in-plane and out-of-plane sensitive systems in order to study
thoroughly the 3D deformation field. The deformation field showed clearly the difference
between the thermal expansions of the steel and ceramic. The thin copper layer can also be

clearly distinguished as a jump-like change in the déformation.
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Introduction

The Electronic Speckle Pattern Interferometry (ESPI) is an optical interferometric technique
appropriate for measurements of mechanical characteristics of objects with diffusely scattering
surfaces [1-3]. Although the technique originated in the 1970s, its rapid development started in
the late 1980s, owing to the improvement of the electronic devices, such as CCD cameras and
computers, together with the introduction of the phase shifting methods [3]. The variable that
provides information about the deformation of the object under study and that can be measured
by ESPI is the phase derived from the interference signal. In order to determine the phase, there
exist numerous methods. They can be classified as phase shifting methods (in space and time
domain) and Fourier transform method with spatial carrier. The temporal phase shifting methods
can provide measurements with high precision; however, they are rﬁostly appropriate for static
and quasi-static phenomena, since the object should be stationary during the acquisition of at
least three consecutive frarﬁes [3,4]. In the spatial phase shifting method the phase shift is
separated out in space and recorded eitHer on one frame that contains several images with
different phase shift, or is recorded simultaneously on several cameras that are separated in space.
This makes the spatial phase shifting vulnerable to rough environmental conditions and in
addition the optical systems become more complicated and expensive. The Fourier transform
method is widely used in fringe analysis in classical interferometry. However, in ESPI it suffers
significantly from the speckle noise. As a result the measurement accuracy is reduced, as well as
the spatial resolution, compared to phase shifting methods. One other disadvantage of the spatial
phase shifting and Fourier transform method is that the unwrapping procedure is performed in
space domain. If there are discontinuities in the wrapped phase values, the unwrapping

procedure becomes very difficult to perform automatically.
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To address the problems with the existing phase analysis methods outlined in above, and
to extend the ESPI to dynamic phenomena analysis, in recent years, several methods have been
reported that allow the phase analysis for dynamic phenomena [5-8]. In these methods the
interference signal is considered in temporal domain, instead of spatial domain. If the temporal
development of the interference intensity at every pixel is considered, a fairly good signal that is
free from speckle noise can be obtained. This will simplify the calculation procedure, and
improve the measurement range of the data, as well as the accuracy of the method.

The purpose of this paper is to report the application of Dynamic ESPI (DESPI) with
Hilbert transform (HT) method for phase analysis for studying the thermal expansion of joint
material. The joint materials are used widely in mechanical constructions. They are subjected to
different mechanical stresses, including thermal loading. The studies of thermal expansion of
joint matetials are therefore of great interest in experimental mechanics. We carried out two
experiments with in-plane and out-of-plane sensitive systems in order to study the 3D

deformation field due to thermal expansion.

2. Method

The main idea and the detail of the Hilbert transform method have been already presented in our
previous paper [8]. Here, we are going to outline only the main points and in section 3 we will
examine the influence of bias and modulation intensities on the calculation procedure. In general,

interference speckle images obtained in dynamic ESPI (DESPI) can be represented by
I1(x,3,8)=1o(x,y,8,) + 1,(x, »,t;)cos{g (x, ».t,)} i=12,3,..., 1)
where 7, is the time the i-th frame of speckle interference pattern is taken, /o(x,y,#;) and

I,(x,y,t;) are the bias and the modulation intensities,  respectively.

106



¢ (x,9,4,)=0 (x,¥,1,)+ @ (x,,1;) is the signal phase, where €(x,,?) is the random phase
of the speckle field, which varies rapidly in space domain and very slowly in time domain.

@(x,¥,1;) is the phase due to the object deformation, which is the main value of interest for

ESPI, since it provides data for the condition of the object. @(X,,t;) usually varies very

slowly in space domain and might vary rapidly in time domain. If we consider the time domain,
we can regard each point independently in space. We can associate interference signal at each

point with a complex wave function(¢) = u(t)+iv(t) where the imaginary part is the HT of

the real part. The HT of u(¢)is defined by

v(t) = HT {u(t)} =;1r- j':‘(_f Z ar . )

HT{u(?)}is a linear functional of u(r) and is equivalent to the filtering that gives phase shift by

x/2. By taking the arctangent function of the ratio between the imaginary and real parts of the

complex wave function we, can determine the phase @(X,,%;) of the interference signal. In

order to calculate the Hilbert transform, we used MATLAB Signal processing toolbox [9-10] for
FIR filters design. The ideal Hilbert transformer is characterized by a frequency response

i, —r<w<0
(3)

-i O<w<m

HHT(eiw) ={

The impulse response hyy (] of the Hilbert transformer is obtained by computing the inverse

discrete-time Fourier transform and is given by

0 for»n even

Py [n] - —2— for n odd @)
n
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3. Influence of the bias and modulation intensity variations

In our previous paper we demonstrated that the method could successfully be applied for
studying of periodic deformations of objects. Here we examine the influence of the modulation
and bias intensities on the calculated phase values. A typical temporal signal observed at a
certain point in the interference pattern of ESPI is shown in Fig. 1. As can be seen in Fig.1, the
variation of the bias intensity is considerably large as well as theA variation of the modulation
intensity. Therefore, we first examine the influence of the variation of the bias intensity on the
accuracy of the phase analysis by performing a simple computer simulation. In the simulation,

we have adopted the following signal given by
I(x, p31,) = L%, y3t,) + L,(x, 35t cos {8 (x, y;t, ) + @(x, y5t,) + ot } (5)
Here, w1t is the term to introduce a temporal carrier that permits to determine the sign of the

object phase ¢ (x, )};ti) . A periodic variation was assumed for the object phase as

@ (x,y;t)=a,cos(@,t+p,), (6)
where a4 and w, are the amplitude and the frequency of the object phase variation, respectively.
Po is the initial phase. In Fig.2 (a), an example of the temporal signal generated in the computer
is shown with the fluctuation of the bias intensity of 20% to its average. Here, the amplitude of
the object phase a, is set to 7, and the modulation intensity 7, is 0.5. In Fig. 2(b), the object
phase analyzed according to the HT method is shown together with the original object phase for
the signal shown in Fig.2(a). The gray and black lines indicate the analyzed and original phase

of the object, respectively. One can clearly see an artifact variation of the phase due to the

unfavorable fluctuations in bias intensity. Next, the error due to this artifact was examined

quantitatively as a function of the fluctuation ratio »; of the bias intensity and the modulation
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intensity. The results of the simulations are shown in Fig. 2(c). As is seen in Fig. 2(c), the RMS
phase error increases almost linearly till a certain value of the fluctuation ratio of the bias
intensity. The slope of the curve strongly depends on the modulation intensity, and the RMS

phase error increases very rapidly as I,, becomes smaller. The plotting of the each line was

terminated when the error in phase unwrapping occurred. By taking into account these facts, i.e.,
the relatively iarge variation of the bias intensity and small modulation of the intensity signal in
typical ESPI, the fluctuation of the bias intensity should be effectively eliminated to improve the
accuracy of the phase analysis and total performance of the measuremenf.

The dependence of the phase error on the fluctuation of the modulation intensity was also
examined. Figure 3 shows RMS phase error as a function of the fluctuations of modulation

intensity and the bias intensity. Here, modulation intensity was assumed as;

m

I = %(1 +7,cosat) (7)

¥, is a degree of fluctuation in the modulation intensity. « determines the fluctuation speed and

was chosen to include approximately 4 period of the interference term in one period of the
fluctuation of modulation intensity. As is clear from Fig.3, the effect of the fluctuation of the
modulation intensity on the accuracy is considerably small as‘ long as the fluctuation of bias
intensity is kept smaller. To minimize the influence of the bias intensity on the calculation
process, prior to performing the Hilbert transform, we removed the bias intensity using an

averaging filter.

3. Experimental set-up and results
The object of this study was a joint ceramic-copper-steel material. The thermal expansion

coefficients of the three materials are: 3 10-6/K for ceramic, 17.7 10-6/K for copper, and 15 10-
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6/K for steel. The considerable difference in the thermal expansion coefficients between the
ceramic and the steel will lead to accumulation of stress in the boundary between the two
materials, if the specimen was to be heated. In order to examine the thermal expansion of the
joint material, two different experiments were carried out. The optical set-ups are shown in Fig.
4 and Fig. 6. In both experiments a high-speed Photoron FASTCAM-PCI camera was used.

After the data have been acquired the phase analysis using HT was performed in the following

stages. In the first stage, a three-dimensional matrix A/ (x, y,t,.) is created by successively
taking frames of interference signal. In the second stage, the bias intensity is estimated and

removed form the interference signal for each pixel and matrix M (x, y,t,-) is created.

Following, a HT is performed for the matrix M '(x, y,t,.) in temporal domain and the wrapped

phase value is determined. If the deformation field has discontinuities, as for example
appearance of a crack, the unwrapping in space domain will become difficult. The unwrapping
procedure in time domain does not suffer of these kinds discontinuities problems, since the
signal is considered separately for every pixel. In addition, the direction of unwrapping is
straightforward. The unwrapped phase values are recorded as two-dimensional images, which
represent the space development of the deformation. Because some pixels have low modulation
intensity, the phase in these pixels could not be determined correctly. These pixels give spiky

noise in the final results. To remove this noise, a median filter is applied in space domain.

3.1. In-plane measurements

The optical system to measure the in-plane deformation of the object is illustrated in Fig.4. A
semi-conductor laser of the wavelength 680 nm was used as a coherent light source, The

injection current was set to 103 mA. The beam is collimated to illuminate the sample and the
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mirror at angle of 45°. Half of the light beam illuminates directly the object at a 45° angle. The
other half of the light beam is reflected from the mirror and illuminates the object at a - 45° angle.
The sensitivity vector lies in x-y plane parallel to the x direction. The high-speed CCD camera
was position perpendicularly to the surface of the specimen and the speckle pattern were taken
with the acquisition rate of 60 fps. The f# of the camera lens was adjusted to 16 to give an
optimal correlation fringe contrast. The resolution of 512 by 240 pixels with size 15 um was
used. In order to determine the sign of the thermal expémsion, a temporal carrier was introduced
by moving the mirror by PZT. The observation area of the object was 3.5 mm and the 8 mm
length. The size of the copper layer, between the steel and ceramic plates, is- 0.35 mm. The
object was placed on the Peltier dev-ice to induce temperature change. The overall increase in the
temperature was from 25°C to 55'C. The in-plane measurements in x and y direction of the
object were carried out separately. After the data acquisition the 3D matrix with the raw data
was constructed. The HT filter window size was chosen to include on average 5 periods of the
cosine function — 59 points in time domain. The same size of the averaging window was adopted.
Fig. 5 shows the deformation field of the object in x direction. The object was initially heated
and then the temperature was gradually reduced. In can clearly be distinguished the position of
the ceramic aﬁd the steel. While the ceramic shrunk slightly the steel shrunk considerably. On
the Fig. 5 one side along object was taken as a reference zero deformation. Figure 6
demonstrates the deformation in y direction. The deformation of the steel is considerable
compare to the ceramic. On a cross section of the deformation field along the specimen (Fig. 7)
a slight increase in the deformation field (indicated by arrow) can be seen. This part represents
the copper layer between the steel and the ceramic. These results are in accordance with our

previous measurements obtained by using statistical interferometry [*].
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3.2. Out of plane measurements

The optical set-up for out-of plane measurement is illustrated in Fig. 8. This is a Michelson type
interferometer with diffusive surface employed for the generation of the reference speckle
pattern. A semi-conductor laser of the wavelength 680 nm was used as a light source. The
injection current was set to 103 mA. The sensitivity vector is normal to the plane of the object.
The speckle fields from the reference object and the specimen interfere in the plane of the CCD
camera. In this experiment, the same resolution of the camera was used. The f# of the camera
lens was set to 11. The frames were taken continuously with acquisition rate of the camera 30 fps.
The observation area of the object wés 3.5 mm and the 8 mm length. The conditions for the
thermal heating of the specimen were the same as in the in-plane measurements. Figure 9 gives
2D deformation field for out-of-plane measurement system at 17 secqnd after the initial heating
of the specimen. Similar to the in-plane measurements a jump-like deformation field was
observed. Also the copper layer can clearly be distinguished in the cross-section that is given in

Fig. 10.

4. Conclusions

In this paper, we applied ESPI for studies of thermal expansion of joint material. The phase
analysis method in based on Hilbert transform (HT) method, which is performed over the
temporal interference signal. We examine the influence of the bias and modulation intensities on
the calculated phase values. The variations in the bias intensity contribute mostly to the errors in
the phase values. To reduce the influence of the bias intensity variations it was removed prior to
performing the HT operation. The obtained deformation field showed clearly the difference

between the thermal expansions of the steel and ceramic. The thin copper layer can also be
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clearly distinguished as a jump-like change in the deformation field, where most of the stress wil|

be accumulated.
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Dynamic and whole-field deformation measurement by DESPI

Satoru Toyooka

Electronic Speckle Pattern Interferometry (ESPI) is a promising experimental technique to investigate whole-field

deformation analysis.

The technique has been developed to make possible to observe dynamic feature of deformation in

dynamic ESPIL. In this paper, a dual-beam, in-plane sensitive DESP1 is applied to observe an entire process of tensile tests of

Al-alloy samples.
investigated.

Moving features of strain localized bands (SLB) which propagate over the sample is precisely
A quantitative phase analysis by addition-subtraction method is also presented.

Key words: Speckle interferometry, Dynamic ESPL Tensile experiments, Strain localized band
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Application of optical interference techniques to measure
dynamic behavior of moving processes of plants
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Satoru TOYOOKAY, Hirofumi KADONQO?, and Makoto MIWA!?

Novel laser speckle techniques, dynamic electronic speckle pattern interferometry (DESPI) and
statistical interferometry (STI), were applied to measure dynamic behavior of moving processes of
plants as continuous differential deformation in very short period of sub-second. Blooming process
of flower petals was analyzed by DESPI in a sensitivity of sub-micrometer level. STI which has very
high sensitivity of nanometer or sub-nanometer levels was applied to measure growing roots of pain

trees. Difference between growing speeds of roots with mycorrhizal fungi and without mycorrhizal

3¢

fungi was clearly distinguished .

Keywords: dynamic ESPI, statistical interferometry, growth of plants
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Fig.9 Fluctuation of growing speed of an infected root
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Abstract

In the present paper in-plane dynamic ESPI (DESPI) is used for studying dynamic events, such as plastic process

in aluminum alloy. To retrieve the phase, the ratio between subtraction and addition speckle patterns is used

(addition-subtraction method). The bias intensity is estimated using the temporal variation of the speckle pattern.

Because the phase is received in a modulo 7 phase map without distinctive 2 phase jumps, unwrapping is done

by a non-standard procedure, especially designed for the addition-subtraction method. To be able to examine the

entire process of deformation, the conventional time sequence technique, where the reference is kept constant, is

elaborated to one in which the reference image is constantly renewed and the subtraction interval is kept constant.

Because no phase shifting is needed in the method, the tensile experiment was not interrupted.

1. Introduction

Electronic speckle pattern interferometry (ESPI) is
one of the best appropriate methods for measurement
of objects with rough surfaces. It provides high speed
of data acquisition and high sensitivity (in the order of

the optical wavelength) for measuring out-of-plane and

in-plane displacement components, strain and vibration.

In addition, wvarious digital image-processing
techniques can be applied to the signal, because it is
obtained in digital form®. The deformation field in form
of correlation fringes is obtained by comparing two
images, which correspond to two different deformation
states of the object, either by subtracting of by adding
them. Correlation fringes can prm;ide qualitative
information about the change in the object's state, but
for quantitative analysis additional technique is needed
to retrieve the phase and transfer it into deformation

units. The quantitative evaluation of interference

fringes in ESPI is still limited to stationary objects (the
case of temporal phase shifting),
(for

which are susceptible to rough

or requires

complicated  systems example .spatial -
phase-shifting),
environmental conditions’. Unfortunately, it is difficult
to apply conventional temporal phase shifting method
that requires keeping a stationary state while three or
more frames of phase shifting speckle patterns are
acquired, because it is difficult to keep the object
stationary. To solve the problem, an alternative phase
analyzing algorithms for dynamically deforming
objects was proposed by Yoshida et al, which only
requires taking successive speckle patterns without any
phase shifting device®®. In conventional ESPI we only
calculate subtraction of two speckle patterns, On the
other hand, in Yoshida’s proposal, ratio of addition and
subtraction of two speckle patterns are calculated. Here

we refer to this algorithm as “addition and subtraction

Wik BF T
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method (ASM)”.

In our previous papers dual-beam in-plane
sensitive ESPI was applied for observing deformation
process of a loaded sample'™. Various interesting
phenomena in the plastic deformation state were
revealed using DESPI®. In the present paper, we
applied the ASM to extract the phase. To receive the
bias intensity, the temporal variation of the speckle
pattern is utilized and the obtained value is filtered
from the addition images. The unwrapping is done by a
non-standard procedure, especially designed for the
addition-subtraction method. The method is applied in
the study of dynamic events, such as plastic
deformation in metals. To be able to examine the entire
process deformation, the conventional time sequence
technique, where the reference is kept constant, is
elaborated to one in which the reference image is
constantly renewed and the subtraction interval is kept
constant. Because no phase shifting is needed in the

method, the tensile experiment was not interrupted.

2. Phase retrieval by addition-subtraction
method
The general speckle pattern intensity equation used

in ESPI can be written as follows
I(x, y,0) = Lo(x, y,t) + 1,,(x, y,t) cos(6(x, y) + p(x, 3, 1)) »

0]
where I (x,y,t) and I, (x,y,t) are so called bias
and modulation intensities. The ¢(x, y,f) term is the

phase introduce by the change in the condition of the

object under study. The 8(x,y) term is the random

phase of the speckle field. .

Usually in ESPI systems, to produce correlation fringes
corresponding to the changing condition of the
measured object, the absolute value of the difference
between two images is taken. To retrieve the phase
different phase-shifting techniques are commonly

applied, but dynamic measurements this techniques are
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almost impossible to apply. Instead of only using the
subtraction image in the method proposed by Yoshida
et al® also addition image was used. In this manner
phase can be obtained from the ratio of subtraction and
addition patterns. The main equations are as follow:

For subtraction correlation fringes

i, =(1,,,,,,-zb,,m|) =21, [(sin@+Ap/2)(sin(Ap/2))  (2)

For addition correlation fringes without the bias

intensity

Loas = ([Toper + Lore = 214[) = 21, (c08(8 + B @/ 2)(Jeos(8p/2))  (3)

The phase difference is extracted from the inverse

tangent function.

Ag = 2 arctan {MJ o 4)

(el

where the ( ) means special averaging over a small

area.

To apply this method, an effective procedure for .
filtering the bias intensity from the addition image is
needed. If equation (1) is considered it can easily be
seen that the intensity is a cosine periodic function
verses time, which can easily be seen on Fig. (1). For
one period the average value of the cosine function is
zero and the average intensity is equal to the bias
intensity. This means that only one period of the cosine
function is needed in order to determine the bias
intensity. Unfortunately in the real experiment, due to
the different periodicity of the cosine function in the
upper and lower part of the specimen, and the uneven
change in the periodicity along the specimen during the
experiment, the exact determination of a single period
is not possible. To overcome this difficulty, the
temporal averaging window was determined in a
manner that it includes at least several periods of the

cosine function. There is another limitation in the size



of the temporal window. If it is too wide, the bias and After the bias intensity is calculated, and subtraction
modulation intensities will change and the average and addition correlation fringes are obtained, the phase
value received will not be correct representation of the difference A ¢ can be determined using equation (4).
bias intensity.

. Tomporalvariaton of tensity at & siglegiel .
T ] T T - T

Fig. 1, Temporal variation of the intensity at a single pixel for period of 300 seconds
(The acquisition rate is 2 fps) ' )

3. Phase unwrapping B e , ’
Unlike the other well-established phase Wil —sia  fmee TR
1t * wrappedphase | @ |
calculation methods, in this technique the signs of .

L

quantities proportional to 'sin(A@) in equation 2 I
2
and cos(A@), equation 3 cannot be decided,

therefore a modulo n phase map is obtained without

distinctive 2n phase jumps. The wrapped phase

values are obtained in a triangle shaped distribution

and are unwrapped by new phase unwrapping

algorithm proposed in this research.

The main idea of this method is shown in Fig. 2. A Fig. 2 One-dimensional illustration of the
simple one-dimensional noise-free signal is assumed unwrapping procedure

in this graph. Two sinusoidal functions represent the

sine and cosine functions corresponding to the The wrapped phase Ag@ calculated from the
intensity values of the subtraction/_, and addition arctangent of intensity ratio of the vsubtraction and

] ivel addition fringes is shown as the triangle-shaped

, respectively. ) . . .
add function. Assuming that the fringe order increases
linearly, a solid straight line is drawn to represents the

unwrapped phase value. The first step is done by -
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dividing the data into four areas, and assigns an index
number in each area. The assigned number
corresponds to the fringe orders, which is related to
the direction of the actual deformation of the
measured object, therefore the area is indexed as Area
1, Area 2, Area 3 and Area 4. The borders of two
adjacent areas correspond to the position of the
maximum or minimum of the wrapped phase values.
These points are obtained by scanning the positions
of zero gradients from the obtained wrapped phase
map, in equation (4). After correct index numbers
have been assigned on the whole area, then based on

this data, the phase values are unwrapped followed

by the rule:

Ap=2r int(%} +(-D)""'Agp". 5)

where int stays for the integer number, A@ is the

unwrapped phase value, A@’ is the wrapped phase

value and n is the integer.

4. Experiment

Fig. 3 illustrates the in-plane sensitive optical
setup used in the experiment.
The propagation vectors of the two branches lie in a
plane parallel to the z-x plane and cross each other on
the target plane x-y plane with a common incident
angle. This system is sensitive to the x component of
the in-plane displacement. The camera was placed
perpendicularly to the specimen surface and the
interference speckle patterns were taken continuously
with constant acquisition rate of 2 frames per second
(fps). The light source was a secdnd harmonic
generation of a2 YAG laser with wavelength of 532
nm. The incident angle was 45°. The amount of

deformation per unit fringe spacing was 376 nm.
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Fig. 3, Optical set-up for in-plane sensitive ESPI.
MI1,M2 —mirrors; BS-beam splitter; CCD-charged

couple device camera;

When two digitized patterns are subtracted, a
fringe pattern illustrating the deformation distribution
along the object surfa;ce can be observed in a form of
correlation fringes. These fringes were displaced on
entire

experiment with the subtraction interval of 8 frames

the monitor continuously during the
in the case of 0.5 um/s tensile speed. The object
under investigation was a dumbbell shaped plate of
aluminum alloy A2017 with effective length of 100
mm and -thickness of 5mm. Before the tensile
experiment the used specimens were annealed by
exposing them in atmosphere of 450°C and slowly
cooling to the room temperature. The specimen was
stretched on a tensile machine by a constant tensile
speed, in a manner that the lower hole of the
specimen caught on a cylinder rod, which was fixed
to. a cramp grip and the upper hole caught on a
cylinder, which was fixed on a moving crosshead.
Several experiments were performed with different
tensile speed (0.5; 1 and 1.6 pm/s). To test the
applicability of the addition-subtraction method in the
present paper the data from the eXpériment with the
tensile speed of 0.5 pm/s were used.

Fig. 4 gives example of the addition, subtraction



and wrapped phase images. The visibility of the
addition and subtraction images is almost the same.
Fig. 5 gives the three-dimensional plot of

deformations. The so called 'switching' of the band

from approximately +45° to the tensile axis to -45° to

@ 0

Fig. 4 The addition (1), subtraction (2) and phase
images. Subtraction interval is 8 frames. The

deformation after unwrapping is shown on Fig.5

the tensile axis can be seen. This phenomenon
appears in the later half of the tensile experiment and
is rather slow with time lap between the two states of

approximately 130 seconds.

Fig. 5, The results of the calculated deformation after

the unwrapping of the phase. It can clearly be seen
the so called 'switching' of the band from position of
approximately 45° to the tensile axis in (a) to —45° in
(b). The time interval between the two states is 130 s.
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5. Discussion and conclusion

There are two main sources of error in the
addition-subtraction method with temporal evaluation
of bias intensity. The first source of error is the
un-correct determination of bias intensity. Mainly, if
the temporal window does not include integer
number of cosine periods there is an error
determining the bias intensity. But if the number of
periods is increased than the error is reduced.
Considering the tensile speed and the variation in the
bias and modulation intensities, in was found that the
most appropriate averaging window is 25 seconds.
The second source comes from the un-correct
determination of the areas Al, A2, A3, A4 and so on.
Mainly the errors come when un-cotrect maximum
and minimum positions in the wrapped phase are
assigned. For this reason, prior to the unwrapping
process, high frequency fluctuation due to the speckle
noise is smoothed using a spatial filter. Because the
spatial-frequency of speckle noise is considerably
higher than that of the desired information, a
Gaussian low pass filter is used to minimize the
speckle noise in the raw subtraction and addition data.
After the filtering process, the wrapped phase value is
calculated from the smoothed fringe data using
equation (4). Next, the positions of maximum and
minimum in these data are detecfed, and using the
obtained result, unwrapping process, as explained in
Fig. 2, 1s performed.

In this paper it was demonstrated that thorough use of
the information encoded in the speckle pattern could
provide us with a technique that can successfully be
applied to dynamic processes. Through the use of
addition and subtraction images and the temporal
variation of intensity, the phase can be retrieve

without using an additional phase shifting technique.
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Digital Speckle Pattern Interferometry for Measurement of Motion of
flowers’ s petals

HIKARU NAGASAWA*, VIOLETA D. MADJAROVA,
SATORU TOYOOKA, HIROFUMI KADONO

ABSTRACT: The main objective of this paper is to study the movexﬁent of plants using Digital
Speckle Pattern Interferometry (DSPI). The experiment with DSPI method was performed in-doors
in laboratory conditions. In the preliminary research some problems were encountered, such as
continuous change in the microstructure and scattering of the light from the inside of the plant
tissue, which were overcome, to some extend, by coating plant’s surface with foundation. The
objects under study were flowers (Lily) in their final state of opening. Correlation fringes
representing the displacement of the petals were obtained with relatively good visibility. From the
observation of the temporal change in the fringe spatial distribution it was found that movement of
the petals is periodic not continuous. For the precise movement of the petals subtraction-addition

phase retrieval technique was applied.

KEYWORDS: plant movement, DSPI, biospeckle, periodic motion

1. IICHIZ

BEEOEHOBERBEFFEMFAEL LT, T4 VFNVIAXy I VTFiHE (Digital
Speckle Pattern Interferometry) 3% %, ZDHFEIZXCCD I AT LarBa—F
DHRDEERER T, WEREOEHEXREREA—F—OTFFRE LTHE L
BlT22enTES, EELIRIEROBHERD DSPI #2KKHTT =2 -1
VETRTEAVATARRELCE 2, BE LRI IOBMTEBEHEOF|RRIERIC
BT BRET B 0T HEOEE L MRET B IREIFSR 42 L OF LWBRROFERLICHKD
L7z, D29 0FFIE, HENSRYICH L TERIEEMTH D O TRIESRITHT
HERITKIBICEBR &SNS, FHFER T, £ % TV AHEDOEB ORI 2B

*Graduate School of Science and Engineering Saitama University, Saitama

206



ERRI4EA E3EEN - OTHRMNEL Ry Lk vE

BAEECER. METAZ 2R LT,
O OEHHREIIKREL 3OIIDIT DI LN TE B, £AECEER L B EE,
HERH D ORI £ 2 KIGES)., BKPERICL 2HEEN ChH B, AWEILERE
RIZEETHABIEIZERE LTEREZIT- -,
HIECAEROEBBEIX, 8k, bOS LI AHEBHERON A T2 L DBER
. WFhb <7 2IZBEZRfThh T3, L, ZhoDiekikiiEy ng
PEMEPEBoTHETEAN, EHOKREREHE UNMEZIERTET, ReRE
Fiz X B3R RERCHRERZBHET 2 HEE LTIEE+Ho T2y, HLWEERE
& LT DSPL S ATEILL, ERIETRAETH - HEHOFEF IO VENX (5
J A=A —F ) BEGRICBIE, QIETDZ EBNTEEIZARY, HILWEAMD
Y OEE A D = XL TE D LD ICRB SRR H B,

2. DSPI 0 LY ~DIG A
2.1 DSPIDFEE V23

ARy 7 MFBEIC L DEBREICBO T, BRNERO 2 iy, EER. B
FUOZOEMME 2L, BRIZIS CTW 20 0ORERBEX bNE, K1 IT7RT
WHFERIZEE, Cloud?HIiZ L » THESINEZ DD THEYORNCTIH T REES
P OFEFICHERHRERT, BRFAOCEREANER 2BETHIENTE 3,
L—PF— b HE LRV X THT O, TV ATHEBRRET 2R (B
fBY) xR E CHBEHN TS0 (WEkK) 3 CCD A AT LOoBETERS
bén\x&yyﬂﬂﬁ—yﬁiuéo:@x&yawﬂﬁ—yoﬁﬁwﬁgm%
BREIEELTEAT S, —EDREEDEICHEIEBR S MICERw ZITEML
e de, Hr DAy I NVOMBEL ¢ IFROKXNTEZLNS,
H,3) = wi,) ®
ZIT, ARV —ROBETH D, ERRIED 2 DRy I NN — D5
EEOBMEZHE TS L.

¢=2nr (n=0,%£1,+2) 2)
DL AT 2 DOFHARy ZVITFEEN 1 THREZIZ 0. TobbERIC, £
NUADHBEREDNAMAIAL L 2y | BEROKE SITHE L-HBERKARN
%, =1 DL EDOEMw=1/2 ZRBZE u(ym/fringe) & EHET S, EHAITERDY
ATERARy ZRE— 2 —FEDT L—LBBCIER. BROZEFHETZZ L
WCEoTERAPEGHICEBR TN TEE(E 2, DEOEREEICH LT
DSPI oRFHEEN+IETIT., EGRBELTIHEERET + A7 VA itk
RTARZEILED., BNEREREZ 7= A—a b LTBETHIIENTED,
wiz, O X5z LTHE LN DSPI B0 EREMBEITEIL W TR,
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SHETHIENTERY, ENITH L TEEHIX. EEIMBDO 2 ODRANy 78
F—VDBEELBEMERDDIZLICI ST, A b ELTEIARY Z VT —
CDHRIDBAAE ¢ RO B Z LR TE BFZEE(Subtraction and Addition method)
EREL,
FIERIZ L > TEHELNDHEEE Taw EBER Ja IR TEZ BN,

L,=(IL-L)= <21m sin(9+%£)sin(—A2—¢)l> ®)

21 cos(& + —éﬁ}-) cos(éﬂ)‘> (4)
2 2

TIZT Iy R IZERREROME, IR, o XERIC L HMAAELETS
Do BEMIZBWTIR, NATRAME L Z2Z LI Z LI &> THREZE LHHED
FVWHBIZT DI EBTES, ZhHARKLY,

Ly =(1+1, -210|>=<

A¢=2tan™" (%"’—J (5)
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L7720, BERIZEIDUEEEZRDDZ LB TE D,
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415 DESPLIZ&L B 7NV IA@0BEERBERICIIT 5 PLC SR OB LRI 33
Full-field dynamic measurement of PLC effect in plastic deformation of Al-alloy by DESPI

OF & TUiEX), ¥20vON-JrALyi(BEX), MHHEP EBEKX)

S.Toyooka, V.Madjarova, H.Kadono, 255 Shimo-okubo,Saitama

Electronic Speckle Pattern Interferometry (ESPI) has been developed to make possible to observe dynamic feature of
deformation in Dynamic ESPI (DESPI). Precise phase analysis of “subtraction and addition method (SAM) is presented. Plastic
deformation process of aluminum alloy (A2017) was analyzed. We found that there are two different features of the plastic
deformation process. In the former process, plastic deformation is accompanied by vibration caused by strong energy concentration
and relaxation. In the later process, switching between two quasi-stable states was observed frequently. These phenomena will be

interpreted by Physical Mesomechanics (PMM)

Key words: dynamic ESPI, phase analysis, PLC effect, plastic deformation, strain localized band

1. ELHIZ
TAIEEMOERRICENT, BRREZBXD L
AWML AR TROBRVIRLICK 2HEA2EH
Ee#@ &R, Zhit, £l —3 a > (seration) & L
THL DPBEOATWSEET, HROELRERN:

TEPLBNVONDEFARBREENTNS LS Th 3.

WE i3 OE& 280 ESPI (DESPD 0LV, M
BRI LIclBI L. BRARXZIORREZYE
AV 7% (PMM) OBANLERTIZ L 3RL, L
—ia vOEEY, PMM BB T5E ZADBEER
WEOGETHI LTI L EEMICHRATESZ LT
Lz @), .

AR ICCH, RETDESPI DER{LETHIINERES
dUMZ LA IC 2T, BIMTHE, TALI564
A2017 RBADIIRICK T IEREBE2 T, 2 BED
BUEHEEREET S I L 2ERBICALMICTS.

2. DESPIIZ X AEROBMELELE

ESPI(BF Ay 7 VT HE) i, BiBe %R & CCD

FASBIVaryLa—hbidATAT, AFED

A IFEmMTHATAFERTHY, ROL D 2RFHE

B LN TES.

(1) HEErEAEL T IERESREH

(2) FHEMEHAVETH Y, BRRTICHT 28R —T
[

(3) FEFROBRIZLY, BHSER, BNER, Zhbo
LS 2 EDNRT T 4 BB,

(4) HOERTEIC LY, BT 7uhb) ) A—F05k
VB TR BT ETRETH B.

EHE LT OHRE, BHERH LEERICWZXER

SR COBMAEICHETE B OORMHEE{T-T

- 2 BPHRBICHIGTEDESPIL L WHEKRT, &

A3 v 2 ESPI £7-iX DESPI L FESZ & 23 5 . DESPI
BV, —EREBRETY 7 I Lie—EnT
WRARy JARY—UFh YR T - LERBT 23
F—vEROML, ERHEL, FLAEMFL, Zh
FRERIIICERELTITS. ZoZkicky, —EOE
BORES /& — 2 ikl E=¥ — L CTRESS
ZEHRTEB.

X 113%% &A% DESPI iz X 53| 5ERBOBES L BT

BT ERAOERETHS. ZOXERE, KB

T2y FROEHRS 2T 2 H0ERBIC 2> TO
5. BRBRA (S) OFMRIISIERBRBO I o X~y FIZ
BEEh, ERZox~y FR~EEETEEBIZL
WX AERXAETS. RBATAO 0 A~y FOE
BN EESE M3 BRBRF LHAZBPN TS, IO
BEE<T, ABRAEIZOEEATHERAETAHTS 22
DV—FHRFETEHA SN D, CCD I AT OBRETIX, 2
HEDFHICLBRAR Yy INRNF—UREETD. AR
R OERIE > TR ELLTHL ARy FA/3F —~
B Eh, arPa—FIBEFEIRS.

M2

(=2
PC2

DL

Fig.1 Experimental setup for inpla-sensitive DESPI
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Nondestructive Evaluations of Iron-Based Steel Materials by Magnetic Tools

O WLWERsE (BEX),

i

g T BEX

Saitama University, Shimo-okubo 255, Saitama City, 338-8570 Saitama, Japan

Koji YAMADA and Satoru TOYOOKA

The Magnetic diagnosis of iron-based materials is performed by using a small Hall element for the leakage flux
observation after polarizations of these materials. We found the first derivatives of the normal component of the leakage
flux along with the positions well coincided with intensities of residual strains for samples of SUS304, A533B and S25¢c,
where the intensities of the first derivative is reversed proportional for paramagnetic material of SUS304 due to induced
martensitic transformations and positively proportional for ferromagnetic materials of A533B and $25C.

Key words: SUS304, A533B, SZSc, Magnetic Diagnosis, Residual Strains
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Dynamic Observation of Localization and Propagation of TRIP in tensile test on SUS304
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Manabu TOMINAGA, Ibaraki National College of Technology, Nakane 866, Hitachinaka, Ibaraki
Satoru TOYOOKA, Koji YAMADA, Akiyoshi SHINAGAWA, Toshiyuki OGANO and Hiroshi KATO

Dynamic processes in tensile tests of SUS304 specimen were observed by dynamic ESPI that enables us to investigate the
entire process of whole-field deformation. In later process of a plastic deformation state, we found that strain-localized band
revealed by concentrated correlation fringes swept over the specimen repeatedly. Correspondingly, on the stress-strain curve,
serrated variations took place. This phenomenon will be discussed associated strain-induced martensitic transformation.

Key words: SUS304, Dynamic ESP], Martensitic Transformation, TRIP, Localization and Propagation
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Fig.1 Magnified nominal stress-strain curve of SUS304
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Dynamic ESPI (DESPI) for Observation and Measurement
of Motion of plants
Hikaru Nagasawa, Violeta Madjarova, Satoru Toyooka, Hirofumi Kadono

Department of Environmental Science and Human Engineering, Saitama
University, 255 Shimo-Okubo, Saitama, Japan, 338-0825

Abstract

Electronic Speckle Pattern Interferometry (ESPI) is a promising experimental method to
investigate deformation analysis. This method has been developed to make possible to
observe dynamic feature of deformation in Dynamic ESPI (DESPI). In this paper,
DESPI is applied to measure the biological objects. In this case, scattering of the light
inside the plant tissue causes dynamic fractuation of speckle pattern, which is called
‘biospeckle’. This problem was overcome by coating plant’s surface. The objects under
study were flowers (Lily) in state of opening. Correlation fringes representing the
displacement of the petals were dynamically observed. Subtraction-Addition Method
(SAM) technique was applied to get high visibility. Movement of the petals was not
uniform in the observation of the accuracy of sub-micrometer order.

Keyword: DESPI, movement of plant, SAM, sub-micrometer order, ununiform
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Dynamic Observation of Tensile Tests of Carbon Steel samples by DESPI

T. SAKAMOTO*, M. TOMINAGA, H. TANIYAMA, S. TOYOOKA,
W. FURUYA, K. TAKAHARA, T. SHIRAISHI

ABSTRACT: A dual-beam, in plane sensitive DESPI is used to observe entire processes of
tensile tests of carbon steel (S10C, S20C, S48C, SS0C) samples. The amount of deformation
per unit fringe spacing was 376 nm under present experimental condition. Continuous
variation of speckle correlation fringes was observed in real-time. Moving feature of a
strain-localized band or Luders band which propagate over the sample was precisely

investigated.

Keywords: DESP_I, Tensile tests, Carbon steel, Strain-localized bands, Luders band
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Abstract: In this study, we propose the Hilbert transform (HT) method for phase analysis of Dynamic ESPI
signal. The data processing is performed in temporal domain, considering the temporal history of the
interference signal at every single pixel. The final results give a temporal: development of two-dimensional
deformation field. To reduce the influence of the fluctuations of bias intensity on the calculated phase, it was
removed prior to performing the HT. The method was demonstrated for: defects distinction, and determination
of the sign change in the deformation field in two different experiments. The range of measurement lies between

sub-microns and tens of microns and the spatial resolution i

spatial carrier method.

1. Introduction

Electronic Speckle Pattern interferometry (ESPI) is a
whole field optical interferometric technique appropriate
for studies of objects with optically rough surfaces. The
method is based on interferenee of the scattered light from
the specimen with a reference speckle pattern, and the

resultant pattern shows also a randomly distributed intensity.

The changes in the object state, for instance, deformation
and displacement, are proportional to the phase changes
within each speckle [1-2]. The recording media in ESP1 is
a CCD camera, for which the method has found many
applications, especially in the fields where real-time 2D
picture of a given process is required. For quantitative data
analysis, various phase analyzing methods are applied.

In optical interferometry, there are numerous well-
established methods for the quantitative phase analysis [1-
4]. In general, these techniques use temporal or space
phase modulation. In the former group of methods, for
instance, phase shifting interferometry is 2 well-established
technique.
stable for at least three frames, while the phase modulation

Since the algorithms require the object to be

is introduced, they are usually suitable for studying of static
or quasi-static events, and some of them are also well suited
in ESP1. The later group of methods, which are appropriate
for dynamic studies, require either a complicated and
expensive optical set-up, or the calculation procedure

s increased compared to fringe analysis method and

requires two-dimensional Fourier transform, which makes
the methods difficult to apply in practice. Recently, we
have developed a phase analysis techmnique for dynamic
ESP1 [5] that does not require phase modulation. The
both the subtraction and addition

correlation fringes, however, it requires a special procedure

method utilizes

for phase unwrapping, for example, skeletonizing the phase
image, prior to unwrapping, in the presence of speckle
noise. In the case of correlation fringe density comparable
with the resolution of the CCD camera, the skeletonizing
becomes particularly difficult.

In the past several years, there have been active
researches in developing phase analysis methods that could
be appropriate for dynamic phenomena [6-11]. The main
idea in these methods is to consider the processing of the
interference signal in temporal domain, instead of spatial
domain, which can improve the measurement range, and
allow making the calculation antomatic.

In this paper, we proposed a method for phase analysis
of ESPI measurements and obtaining the 3-D picture of the
deformation field, in which a temporal Hilbert transform
(HT) method is applied phase analysis. The advantage of
HT is the possibility to apply it to wide range of
interferometric measurements, simplicity in the calculation
algorithms relatively shorter calculation time,
compared, for example, to Fourier transform method. In
addition, the application of HT can be made fully automatic.

and
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Fig. | Temporal history of the interference signal at single point

Another advantage is the high spatial resolution of the
phase map, up to the same order of the speckle size. The
HT method has also found applications in Low Coherence
Optical Tomography, Doppler velocimetry and other fields
of science [12-16]. We present two experiments by using a
Fizeau type interferometer [17] with scattering plate for
producing the reference speckle pattern.

2. Data-analysis method

In general, interference speckle images obtained in
dynamic ESP1 (DESPI) can formally be represented by
I(x, y,1;) = Iy (x, y,1,) + L, (x, y,1,) cos{¢ (x, y,1,)}],

i=12,3,...,

(0}
where, I,(x,y,z,) and I (x,y,t;) are the bias and the
modulation
¢(x’y7ti)=9(x’y’ti)+¢(x’yfti) is the
where 8(x,y,t;) is the random phase of the speckle field,
and @(x, y,t;) is the phase introduced by the deformation

intensities, respectively.

signal phase,

of the object under study, which usually varies slowly in the
space and the time domains. f;is the time the i-th frame of
speckle interference pattern is taken. We can treat each
point in space domain having an independent time signal of
interference intensity. To obtain the phase, the temporal
history of the development of the interference signal at each
point in the image is processed, applying signal-processing
technique. Omne advantage of working in time domain in
case of ESPI is the significantly low presence of noise.
Some other advantages are significantly simpler algorithms
for one-dimensional signals, and the straightforwardness in
the unwrapping procedure. In addition, since the
interference signal that we are using is three dimensional,
we can receive the full spatio-temporal information of a
given process.

In the time domain, the interference signal is a one
dimensional cosine function. The task to carry out is to
determine the phase at each time. In signal theory, Denis

239

Gabor was the first to introduce the notion of analytic
signal [16,18-19]. According to it, with each real wave
function #(#) , we may associate a complex wave
function Y(t) = u(#) +iv(t) where the imaginary part is
the HT of the real signal. The HT of #(?)is defined by
[16]

w0y = Eifu@) == [Sar. @

Hi{u(t)}is a linear functional of u(t). In fact, it is
obtained from u(f) by convolution with (—7 t)~

expressed by

Hifu(t)} = — 7[1 —u()

©))
Hilbert transform is equivalent to the filtering, in which the
amplitudes of the spectral components are left unchanged,
except that their phases are altered by 77/2, positively or
negatively according to the sign of & The HT of the signal
f(@(t))=cos(¢ (1)) gives sin(@(t)) . Using this
characteristic, we can determine the phase of the signal
through the equation given by

Hi{f(¢(f))}J @
F(8®)

For more details on properties of HT, reader can refer to
[16,18-20]. A typical temporal signal observed at a certain
point in the interference pattern of ESPI is shown in Fig. 1.

¢ (f) = tan™" (

As it can be seen in Fig.1, the variation of the bias intensity
is considerably large as well as the variation of the
modulation intensity. Therefore, we first examined the
influence of the variation of the bias intensity on the
accuracy of the phase analysis by performing a simple
computer simulation. In the simulation, we have adopted
the following signal given by
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I(x,y:t)=1,(x, y;t)+ 1, (x, y;1,)
xcos{tX(x, y;1,)+ @(x, ;1) + ot;}. ®)

Here, w! is the term to introduce a temporal carrier that
permits to determine the sign of the object phase

@(x,y;t;) . A periodic variation was assumed for the
object phase as
@ (x,y;t) =a, cos(@,t + p,) ©)

where a4 and @, are the amplitude and the frequency of the
object phase variation, respectively. p, is the initial phase.
In Fig.2-(2), an example of the temporal signal generated in
the computer is shown with the fluctuation of the offset
intensity of 20% to its average. Here, the amplitude of the
object phase a, is set to 7, and the modulation intensity /,,
is 0.5. In Fig. 2-(b), the object phase analyzed according to
the Hilbert transform method is shown together with the
original object phase for the signal shown in Fig.2-(a). The
solid and broken lines indicate the analyzed and original
phase of the object, respectively. One can clearly see an
artifact variation of the phase due to the unfavorable
fluctuations in bias intensity. The error due to this artifact
was also examined quantitatively as a function of the
fluctuation ratio »; of the biagé intensity and the modulation
intensity. According to the results, the RMS phase error

increases almost linearly till a certain value of #; . The
3
—~ v=0.5 m=(0. (1)
3 2
s
3 1}
& o J‘H\.‘ A A nru\pf‘\,f\ Lﬁ( T’\
\.’ ‘.,’ \.U § Y, \'/ \I
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Fig.2 Simulation of the influence of bias and
modulation intensities on the phase values
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FJg 3 Out-of plane sensitive opucal';et-l’;;) ‘fc‘);
dynamic_deformation simulations. L1, L2 and L3 -
lenses, o-observation angle

slope of the curve strongly depends on the modulation
intensity, and the RMS phase error increases very rapidly as
I m becomes smaller value. By taking into account these
facts, i.e., the relatively large variation of the bias intensity
and small modulation of the intensity signal in typical ESPI,
the fluctuation of the bias intensity should be effectively
eliminated to improve the accuracy of the phase analysis
and total performance of the measurement.

To minimize the influence of the bias intensity on the
calculation process for the phase, prior to performing the
Hilbert transform, we removed the bias intensity using an
averaging filter. The details about the averaging procedures
and consideration for the averaging filter size were already
presented in [5]. In general, the size of the averaging filter
is chosen in a way so that it includes at least 3 periods of
the cosine function with maximum error of 5%. In addition,
the bias intensity should not change considerably within the
filter window. The estimation of the window size was
performed considering the deformation speed and the
camera acquisition rate.

In order to calculate the Hilbert transform, we used
MATLAB Signal processing toolbox [21-22] for filter
design. In the first stage, a three-dimensional matrix is
created by successively taking frames of interference
pattern. In the second stage, the bias intensity is estimated
and removed form the interference signal for each pixel.
Then the HT is calculated in temporal domain and the
wrapped phase value is determined. The unwrapping
procedure in time domain does not suffer of discontinuities
problems, typical for spatial phase unwrapping problems
[23]. The speckle phase is removed from the phase values
by subtracting a reference phase value, which can be
expressed by
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Fig. 4 Schematic of the front of the objects used in the experiments

A¢ (x:y’ti) ={0 (x’ysti)'*'q) (xsy’ti)}
_{6 (xay)tp)'*-(o (x’y:tp)}’ M

where p represents the reference frame. The speckle phase
value will change for a long term of experiments. For this
reason, the reference value is renewed after a certain
interval. The unwrapped phase values are recorded as two-
dimensional which the
development of the deformation. Because some pixels have

images, represent space
low modulation intensity, the phase in these pixels could
not be determined correctly. These pixels give spiky noise
in the final results, To remove this noise, a median filter is

applied in space domain.

3. Experimental results and discussions

To demonstrate the validity df the current method based
on HT in DESPI, two different experiments were carried
out. The schematic of the optical set up is given in Fig.3. It
is a Fizeau type interferometer with scattering plate for

Wiecruitiae, i

W g

reference filed. Its almost common path arrangement of the
interferometer permits a stable observation. The light
source was a laser diode with the output power of 50 mW
and the wavelength A=658 nm. The working region of the
injection current of the laser was chosen over a linearly
varying range of the wavelength of the emitted light with
no apparent mode hop. The light from the laser is
collimated with lenses L1 and L2 to illuminate the object
normally with a parallel beam. Part of the illumination
beam is scattered from the plate, which was placed in front
of the object at a distance of 55 mm, and the transmitted
light is scattered by the object. The two scattered lights are
superposed and interfere in the observation plane where the
CCD camera was positioned. The ground glass that was
used in the experiment is a very weak scatter in order to
obtain almost equal intensity ratio between the two
interfering beams. In fact, one can observe the object
through the scattering plate, although its image is slightly
blurred. The sensitivity vector lies in a plane perpendicular
to the x-y plane. The amount of deformation in z-direction
per unit fringe spacing, A/(cos@+1), was estimated to

el PR
A

Fig. 5 Experiments of the plastic plate with the cutting in the middle of the specimen
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be 330 nm with observation angle to the normal of the
specimen surface or=6°, and the interference speckle
patterns were taken continuously with a constant
acquisition rate.

The specimens unsed in the two experiments are
illustrated in Fig. 4. In the first experiment, we prepared a
plastic plate, with a cutting in the middle of the specimen,
as is shown in Fig. 4 (a). The red dot indicates the position
where the concentration load was applied to the object
using PZT. The purpose of the experiment was to examine
the validity of HT methods in distinguishing defects in
objects. The width and the height of the specimen were
120 mm and 60 mm, respectively, and the thickness was 3
mm. The observation area indicated by the blue line was
50 mm by 55 mm. To increase the amount of light
scattered in the direction of observation, the surface of the
specimen was coated with white paint. The plate was
deformed besides the cutting by PZT with a maximum
displacement 15 pm. The PZT was driven with a signal of
a saw tooth shape function at a frequency 0.8 Hz. A high-
speed CCD camera (Photoron FASTCAM-PCI) with pixel
size 7.4 pm was used. The acquisition rate of the camera
was set to 250 fps. The diaphragm of camera lens was
adjusted to f#11 so that the speckle size over the
observation plane becomes approximately 10 um. The
window size of the filter to perform the HT spans over 35
frames along the time axis. For the bias intensity, a simple
temporal averaging filter was applied with the size of 35
frames. After the two-dimensional phase map was obtained,
it was filtered using spatial Median filter of size [5x5]. The
results from the calculations are shown in Fig. 5. The area
of the cutting can clearly be distinguished in Fig. 5. There
is a sharp jump in the deformation field, which indicates the
place of the cutting in the specimen.

For the second experiment, in order to distinguish sign

G

Fig. 6 Spatio-temporal distribution obtained from
the experiment with two directional deformation

.o

in the deformation field, the injection current of the laser
diode was modulated with a saw-tooth signal to produce
2m phase change at a given interval of time. The range in
the change of the injection current was estimated by
measuring the laser characteristics. The offset of the
injection current was set at 700 mA with modulation
amplitude 5.6 mA and a modulation frequency 2 Hz. For
the object, we used a plastic plate, as shown in Fig. 4 (b),
which was deformed by the sinusoidal driving signal for the
PZT, with amplitude of approximately 1.5 pm peak-to-peak.
The loading point was at the upper right hand side.

In this experiment, a Sony XC-55 CCD camera, with
pixel size 7.4 pm, was used. The acquisition rate was set to
30 fps. The f# of the lens was 5.6, and the speckle size was
estimated to be 5.5 um. The HT filter size was 35, and the
averaging filter size was 51. Afier the unwrapping
procedure, the modulation phase was removed by using
linear approximation. The results of the spatio-temporal
distribution at one cross-section of the image, as indicated
with a solid line i Fig. 4(b), are given in Fig. 6. Figure 7
gives cross-section of the spatio-temporal distribution at the
points indicated by A, B, C, and D on Fig. 4(b), which are
separated by 10 mm along the solid line. Black line
corresponds to the deformation at the place closest to the
loading point, i.e., the point indicated by A, and the blue
line corresponds to that at the place furthest from the
loading point, i.e., the point indicated by D.

4. Conclusions

The method proposed in this paper uses the notion of
the analytic signal and Hilbert transform to calculate the
phase.
domain, considering the temporal history of the interference
signal at every single pixel. This results in a relatively high

The data processing is performed in temporal

Uxeo;, Factors:

Fig. 7 Cross-sections of the deformation at different points in

space
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spatial resolution of the phase map, up to the same order of
the speckle size. In contrast, the phase obtained based on
the fringe analysis {5] or spatial carrier method [3] is
limited by the smallest fringe spacing, which is usually
several times larger than the speckle size. In addition, the
phase method enables a fully automatic and does not
require human interaction. The final results give a temporal
development of two-dimensional deformation field. To
reduce the influence of the fluctuations of bias intensity on
the calculated phase, it was removed prior to performing
the HT. The proposed method for analysis of the phase of
dynamic ESPI was examined in two different experiments,
i.e., defects distinction, and determination with ‘the sign
change in the deformation field. The dynamic range of
measurements is increased from several tens of nanometers
to tens of micrometers, which makes the method very
attractive for dynamic measurement.
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This paper presents dynamic ESPI system for studying thermal expansion of joint material. For the
quantitative analysis of the interference signal we propose a Hilbert Transform method. The data
processing is performed in temporal domain, considering the temporal history of the interference signal
at each pixel. The final results give a temporal development of two-dimensional deformation field.
The dynamic range of measurements is increased from several tens of nanometers to several
micrometers.

L. Introduction ‘

The Electronic Speckle Pattern Interferometry (ESPI) is an optical interferometric technique applied for studies
of deformation field of diffuse objects. The method utilizes the random speckle field as a carrier of information,
and the changes in the object state are coded in the speckle phase. Through the studies of the speckle field phase,
the deformation of the object can be obtained in the range of tens of nanometers to several tens of micrometers”.
There exist numerous methods for phase analysis suitable for ESPI, however, they are mostly applied to static or
semi-dynamic studies”. Recently there have been several researches that address the problem for ESPI phase
analysis of dynamic events.'””. In our study, we propose a Hilbert transform (HT) method® that utilizes the
temporal interference signal and we applied successfully this method to dynamic studies.

2. OQutline of the Hilbert transform method
In general, interference speckle images obtained in dynamic ESPI (DESPI) can be represented by

I(x,y,t,)=1y(x,y,t,) + I, (x,y,t;)cos{p (x,y,6,)} i=123,... (1)
where ¢; is the time the i-th frame of speckle interference pattern is taken, [ (x,y,t;) and I, (x,y,t;) are the bias
and the modulation intensities, respectively. ¢ (x,y,)=86 (x,y,t;)+ @ (x,y,t;) is the signal phase, where
8(x,y,t;) is the random phase of the speckle field. ¢(x,y,t;) is the phase introduced by the deformation of the

object under study, which usually varies slowly in the space and the time domains. We can treat each point in space
domain having an independent time signal of interference intensity. In signal theory with each real wave function

u(t), we may associate a complex wave function/(t) = 1(¢)+ iv(t) where the imaginary part is the HT of the
real signal. The HT of #(¢)is defined by®

W)= HT{u(t)} = % f ;‘(i 3 dr'. )

HT{u(t)} is a linear functional of #(#) and is equivalent to the filtering, in which the amplitudes of the spectral

components are left unchanged, except that their phases are altered by 77 /2, positively or negatively according to
the sign of £ In the time domain, the interference signal is a one dimensional cosine function. The HT of the

interference signal H' T{COS(¢ (t))} gives sin(¢ (¢)). Using this characteristic, we can determine the phase of
the signal through the equation given by -
HT {cos(# (z»})_ 3)

— tan-!
p)=tan [ sin(g (1))

Prior to performing the HT, we removed the bias intensity using an averaging filter in time domain. In order to
calculate the HT, we used MATLAB Signal processing toolbox for FIR filters design. The calculation procedure
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begins with the accumulation of the three-dimensional matrix in which one dimension represents the temporal
domain and the two others represent the space domain of the interference signal. Following, the bias intensity is
estimated and removed form the interference signal for each pixel. Then the HT is calculated in temporal domain
and the wrapped phase value is determined. The speckle phase is removed from the phase values by subtracting the
phase values from a reference phase value, which can be expressed by

Ag (x’y’ti) ={6 (x’y’ti+p)+¢(x’y’ti+p)}_{6 (x,y,tp)+(p(x,y,tp)}, 4

where p represents the reference frame. The obtained unwrapped phase values are recorded as two-dimensional
images by taking the phase values at each time instance. The phase images are filtered with median filter to remove
the spiky noise due to low-modulation pixels.

3. Experiment and discussion

We carried out an experiment for studying the thermal expansion of joint material of ceramic and steel materials
with tiny layer of copper in-between the two materials. The optical set-up was a Michelson type interferometer,
where in one of the arms the mirror was replaced by scattering plate. Figure 1| shows a schematic of the

i

experimental setup. A He-Ne laser at wavelength 632 nm

was used as a light source. The sensitivity vector is normal to N

the plane of the object. The observation area was 4 mm by

6 mm. The object was placed on the Pelltier device to

induce temperature change. The overall increase in the r

temperature was from 25°C to 35°C. We used a Sony ‘E

XC-55 CCD camera with pixel size 7.4 pm. The frames *

were taken continuously with acquisition rate of the camera g

was 2 fps for approximately 70 seconds. The obtained data i

were processed using the procedure outlined in section two. L

Figure 2 (a) gives a 2-D plot of the deformation at 15 seconds - ! .o —

after the start of the experiment. Here the deformation field ~ Fig.1  Experimental  setup; Michelson type

was obtained with 10 frames difference from the reference.  interferometer, He-Ne laser with wavelength 632 nm,

The place where the thin copper layer is situated can clearly élc'll;"se' BS-beam splitter, PC-personal computer,
. e . . . . . -camera

be distinguished as a jump-like change in the deformation

field. The accuracy of the method was estimated to be in

the range of A/20—A/15. In order to analyze the dynamics of

the deformation field, we used a dynamic subtraction

method” in which the reference was renewed in each step

while the subtraction interval was kept constant. From this

data (Fig. 2 (b)) it was revealed that the major thermal

expansion happened in the first 10 seconds, followed by

relatively small and gradual change.

dravuian duagy fran}

4. Conclusions

We proposed a method that can successfully be applied to
dynamic ESPI phase analysis. We carried out a thermal
expansion experiment of joint material.

References -l

1. PK. Rastogi Digital Speckle Pattern Interferometry and
Related Techniques (John and Wiley and Sons Ltd.,
Chichester) 2001.

2. D. W. Robinson, C. R. Raed (Ed.), Interferogram
Analysis: Digital Fringe Pattem Measurement
Techniques (Inst. of Physics Publishing, Bristol) 1993.

3. X. Colonna de Lega in Optics and Optoelectronics,
Appl.Opt., 35 (1996) 5115 -

4. C.Joenathan, B. Franze, P. Haible, H.J. Tiziani, J. Mod. A = ” o - T
Optics, 44 (1998) 1975. s frwen|

5. V. Madjarova, H. Kadono, S. Toyooka, Optics Express, (b)

11 (2003) 617. . .
6. Stefan L. Hahn, Hilbert Transforms in Signal Processin, Fig. 2 (a) 2-D plot of the deformation field
: at certain moment; (b) the temporal

(Artech House: Boston) 1996. t
7. Madjarova V., Toyooka S., Widiastuti R., Kadono H. development of the deformation at three

Opt. Comm., 212 (2002) 35. different points

i

g

sriarmabs Hunr pusj

255



Proceedings of 35th Symposium on Stress-strain
Mesurement and Strength Evaluation

BT - O RBE & B S
SN T 1 B
(%8 35 [A])

PAMER : FE164£1 A20H (k)
& BF B I % x %

T B ARAEBERE B S

W ¥ WEEAERES, REERDFES
WHEAEBF2., WELXFEBEN =
WBEFEEZ:, WHAEEMNT %2
WHWEAEMHZ2s, WARBBHEES
WEEZFE, WAXERERETIT XS
WEEIL¥s, WEEBENEHES
WEtKRKZEZDH

The Japanese Society for Non - Destructive Inspection
S ' AN
i HRIEEREW 2

T 101-0026 AR TREXEEARMAEG6 7 MBR EL

TEL (03) 5821—5105
FAX (03) 3863—6524

256




L1641 A BasELY - OTRUEY v EI Y LBERE 155

xi—1  DESPIWCKB AT > L Ad SUS304 D
W BEEE

RiEEE OE4KEEFLRR), EXk%¥ AARK, HEX 7T

Observation of Fatigue Process on stainless steel SUS304 by DESPI

Zion Sasaki*, Manabu Tominaga,

Takeshi Oshikubo, and Satoru Toyooka

ABSTRACT : Whole field deformation in a fatigue experiment of austenitic
stainless steel was investigated by Dynamic Electronic Speckle Pattern
Interfenometory (DESPI). Details of a fatigue phenomenon in austenitic stainless
steel is not known well. But, DESPI makes it possible to spatio-temporal
observation. DESPI provides the data for degradation diagnosis. We found Speckle
correlation fringes of deformation process before a fracture. This shows that

pinpointing of a fracture part is possible.

KEYWORDS : DESPI, SUS304, Fatigue Process,
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