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THZCEEREL (&) High resolution imaging of stress corrosion cracking by a confocal
subharmonic ultrasonic phased array
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WFZeR RO EE (3530) @ To ensure the safety and reliability of structures such as nuclear
power plants, it is necessary to detect closed crack by nonlinear ultrasound. Though the
novel imaging method, subharmonic phased array for crack evaluation (SPACE) is a practical
solution, the lateral resolution was not high enough. In this research, we developed
confocal SPACE with a single array transducer which can transmit a large amplitude focused
wave and detect scattered wave using a single array sensor. We then succeeded to image
an SCC in a heat affected zone (HAZ) of type 304 stainless steel specimen, formed in high
temperature pressurized water, and succeeded in visualizing the closed crack tip in
subharmonic image with high selectivity, irrespective of strong linear scattering at
grain boundary. We also succeeded in 2D simulation of these waves. This result will
significantly contribute to improve the safety and reliability of nuclear power plants.

SRR
(BHAHANL : 1)
[ERESET [ 12ikE 2 SR

2009 4F 16, 600, 000 4, 980, 000 21, 580, 000
2010 4FJE 11, 600, 000 3, 480, 000 15, 080, 000
2011 #FJEE 6, 100, 000 1, 830, 000 7, 930, 000

A

I
e 34, 300, 000 10, 290, 000 44, 590, 000

T R I
BfFEOSE - MEE - MBS - MR - B
F—U— R : IEAREERH, IS, AU EE, 72— RT7 LA, IS IERE N



1. WFZEBRAAE S W D5
JRTIF 70 P EEREDICB T D S RO
HFEZEL, HEORE L HLEEET D BT

RELRMETH D, SRVZERZMED HEIE,

B 2 5 - BELT 20T, Imm LU T ORR

ZZCEFGEIZHIICX 23, FHEBRIFFHHREZE
25 Imm £V REWGEDRH D, 2002 G113
TIHFHAT LV AMOIE G RE R

(SCC;stress corrosion cracks) (ZRUVT,
5mm Pl EOFHURREN D D Z & VA L TR
GBS EMAT, ZORKRO—>2E LT,
FRE IS T D BT X A NE AT
Tns (FADEZ) ZERERHINTND,

MR B, 57 E HOBMR 53
ZBIHIL, 2 E ORI FRE A RO Z &
ZHEL, KIEEEBZHROBEICHHL
LiNb03 £Rfilv- & | & R D 72 8 D 7y i iz i
FW 7 = — X K7 LA (Subharmonic Phased
Array for Crack Evaluation; MEFRIZEESCE
O SPACE) ZBH%E L7z, TEREETIE 5mm LA L&
SN & TORZEL Inm LA FIZTE 50
BEMEZ 7R L LY. Ohara, T. Mihara, R. Sasaki,
T. Ogata, S. Yamamoto, Y. Kishimoto, K.
Yamanaka, Appl. Phys. Lett. 90 (2007)
011902] 75T < FHl S Hugioe 72 LOBTHA
1T b Wl ST,

L7 L SCCoMEIN T L 5 & 843 3 kot
MRS E AR D, EROEFITH — LiNb03
PRfih+ % V% SPACE Tlid, HEHAZERT
PN RREEMEWVWE WO IEN D - 7=,

2. WEOBEK
AHFFETIL, P/ NELIE S AT 2 (Micro
electromechanical systems; MEMS) Z{&f L
T, KIBWEARE Z2XETEDT7 LA 2 B%
L., 7oy 7 LR L7 N— FkEHERE
Fo7 2 — X RT7 LA OEIETREERICE
FER A U CEER L, AR CIEZe Moo fif
REnE <, RN EER TH A RE
R SPACE BT 5, /o, ThaxmEmi L
T, SCC (21T DEHMERE Sy DL E R DR
LR S MBS BRI I U D INEE AR R
EOERIZET D8 LW RAES S,

3. WD HE

TSP R ZENT 2 iR © & 2 (K8 i
179 2 & T, L < & A & BPAIEE) S
. EOEAE RS SV ABE T = —
RXRT LA TE=H IV 75, FlziE,
At L < IXMREBIMEIC X 2 JEHES A
EHUTHER T2 & A DO Hp3 g4l
Ehbd, — 5T, EREENREC XD &5
RIS DMERTH L, SZUIBHDO L, Mg bk
THND, ZHbOMBE T, Kfilfk{F T4k
T HENLIIEAOERTH Y . FEREIAIC AL 2
MIIBHOE L 72, Zhd ., REEHEE & RER
IR A WAL TR 35 Z & ¢, A OBM

FER & PH O AR 28 5 SV A D53 fRRE TR
BibTx %,

4. WF7ERk R

H—7 LA SPACE D JFBE L &% Fig. 112
RY, OB I HE e REN & T 5
WX, MHEME L2 LN23-32) DT LA 31)
DEENDD, ZOERITES TIERY, £
ZCARMFZE T, WO PZT 7 LA (JEHEK
5MHz, FF180.4mm, HFMEE >~ F 0.5 mm,
FFOBRATENE 10 mm) ZXEITHND, K
W2, Fl—T VA TRELEEEENST 4 VX
VT 4 VE TEyE L, T +—h
7 (0.1 mm AT v 7)) BTV, FEARR
( fundamental array : FA) & & 4> 30 %
(subharmonic array : SA) % IERKT 5,
ZHUC LY, FABRTITRIEELIR Ch 2 &
BA 1130, SA B CIFIERIZBGELIR Ch 5 = A0
M3 2 BINAO g b T & 5, Bl JFF %
ERLT 2D, EEBETELIERIELHT-DD
FEIERINIE,

I:T,n(rf):r-n;rf| (1)

, P ATEEEEONENRY b
, p nHFHBHOFEFDOMEY |
b, VIZRBRFOFETH D, ERIET-H

ZIZTd, AEEE, d 13ESE o,
DIZT LA DBRMOETHD, 2) &LV, DA
KEVITE, DRRENRE. LL, Arddv/h
SV, ~EORETORRELDY 271X
W< %, —HT, di b L] 2AERK
DG AP DO EFIZE LY, ZOHA,
LR FITE SRV, — I RWEPHIC
AEREBETE D,

(L5 DAY R L OBEIREE X

les(r)= | Jue(rt)dt (3)

te

LRIND, TIT, tIIREHANWESAD
RIS B U H—BAE 72 EORIEHE, X
AN DY A 7 VETERLE LT 5 B

&, u(r.t)= ium(t -t(r)

ug(r,t) = iusyn(t -1,(r)) (5)

tn(r)z(lrs—r|+|r—rn|)/v (6)
Thbd, ZIZT, NIIT LA DRFE T,
U () 138 RN 7 ¢ L & TR f AT
DO T2 i SN2, ug(rt) 133
R/RZT ¢ v 2 TR /2 AT oRsr 72



FERH ST, )X VA L ofL
BT Mbr, B ZfEH LT r, ~O i
fThHh 5,

FA(Fundamental Array)
Image [f] _

SA(Subharmonic Array)
Image [f/2] __

Closed
Crack~,

I Digital
Burst Generator, Filter

Phased Array Array
Sensor

Total NLlj\Imber nth Element

I

N lv?\Center of Array
X Ny

Fee" %62 ¢

Fig. 1 H—DO7 L A & 2% M 5 SPACE
DJFEE & A E O

HeAE 5 SPACE A ¥R #24: 8 o SCC I L7z,
:hﬁﬁﬁﬁﬁﬁ<ﬁﬁ%k%wtw Fig.
2 IR T LI, EEEDESEZEMH L 0
Ko & T, 7v4®§%0 (2 &0 Y2 E A
R L7z, H 7V4$WET%@MLKF
& Fig. 317, 22T, AREMIC

JEW L 7T MHz, AJJEE 150V, #47»@3
R L7,
SPACE |2 X 2 Mgl % Fig. 3 (T,

FA 8 T OBIERGELIZ LV SCCIImeigql
SN Tm, T, KRS SRR T oM
BHELIZ LB EEZBND, — T, SABT
WD E DI 7 A (A, C) & LT SCC M
Mg Sz, RS OEATE, EiREEK
TOBVEAERR2) 12X Y SCCHAB L TWE=Z
k%xﬂ LTW3,
IR DR A MR T H T2, Fig. 3 DR
BT 57 MINRERE & % 08 ERr
%%%Fm.4KﬁTOEA@%@EWKﬁ
HENTEEE, 2F D, SADDOEELE D
et RETIE, 6 1T A DFERE L 21
ATDHZETHEETE D, TORBAIT 8.5
~9 us IZBWT, HEEANBIEINT,
ZOHEIKDOERETHELNTNNT — A
rL T4 AR (3.5 MHz) OB B — 27 08
Eﬁu éhto 7ok, AP (7T MHz) OB —
DEESNTEBE IR, ZhuIZEo
ﬁmﬁw%@ﬁﬂ&@$ﬁ X3LE20
N5, FEECT = —7 Ly NEBEEED
YT DRAEDHER ST,

\

Fig. 2 IEEHOAEK E FEHRKB LT
AoV ORLE (EEN _EO7T DN AGHHEL
& &)

* focal| point’

(12.6, 15.0)

70 %+ 1.17

MHz MHz
(a) FEAGE FA (b) Z3F¥E 14 SA
Fig. 3 L5 SPACE 12 L A6 G EEIN

SCC D mefg

Shift summation at response A
(-15.5, 19.5) FA

s

\oltage (V) o
:Ié
13
3
amplitude
5 P
w
>

10 0 1 23 4'5 6 7 8 9 10
Frequency (MHz)

”

Frequency (MHz)

Time (us) 10

Fig. 4 FAE CHEDMI>7-5 B

IZBIT 5
7 NINERETE & 2 O JE 1 BT RS R

D T= 8D, FA THE D> 72 B D
ﬁ%k%@%ﬁﬁ%ﬁﬁﬁﬁm\ﬁB®%@
AERRIZAE ] S AU RERE] 5. 5~6 p s IZBUWT,
WRERIBESNT N —ZAXT LT
FEARWE (7 MHz) O — 27 OHRBLE S
Nic, vx—7 Ly NMEHFERTYH, AT
Holz, 2 THBDIGEITH KRB TO
MIEHELIC LD EE X DN D, Ziud, #kk
Eﬁ?&(%%u éj/l/f\_o ZDZ k73 ’5 uﬂ/ﬁﬁ)
AU ERTRAE LD LB 00n5,

PRERTE CIE. iR O3 AERR & T4 5
729, Fig. 5 O X ) 7p & A m okl 7 %5t
3% 2 EHLRICHEEZE A Lo 2 H
41 (damped double node; DDN) & L% AlH



L7e, Tk, Wik A RS2 A 5
% Z e, AN EHOGHREIAED 2 ot
FHOFHIHD TR LIz, ZOFEIZLY
MR L T V2 U X AOFMERGE S AHEIC
720 KM fRRE & ) B S H D IR ORFSERRE
DIBERICLHEHTH -7,

CLOSED CRACK OPEN CRACK

i-1i
1

-y i i+%il+l

displace ._Té, .
1 ment 1
' ' ' (CoD)

Fig. 5 J8% 2 ®EHiA (DDN) & =P b &4
DFBF I HEL 2 RTfifr e 1

VI EOMIEIz L0, A S SPACE 23 U 7=
SCC O 4R PEMLG (L 1C SPACE 2NA % Td 5
ZEMEIEENT,

5. ErpdgIkam L5
(WFFEMFE . WHIEHEE L ONEEENT7EE 12
=)

EEERms) (RE 17 1)

O 7l DNEEF, NEERD E BT
FEE, O 2 HEI R WD &I
B 20 034D 2 IRITHiT, FERkE
A, AFHA. 61 & 3 5. 2012,
pp. 113-121.

@ NEEFN, Y2 VB FrEre, SRR,
WA fE—, W Efe, up—7, B—7 L
ADHETN—F=y JBEKRT =—X
N7 LA SPACE DBR¥E & AT L ZHili
P O PA U7 IS & E I O R @ R
Mefpfb, FEMEEMAE, BHA. 60 & 11
. 2011, pp. 6568-664.

® S. Horinouchi, M. Tkeuchi, Y. Shintaku,
Y. Ohara, K. Yamanaka, Evaluation of
Closed Stress Corrosion Cracks in
Nickel Based Alloy Weld Metal Using
Subharmonic Phased Array, Proceedings

of Symposium on Ultrasonic
Electronics, ##ifr, Vol. 32, 2011,
pp. 75-76.

@ Y. Ohara, Y. Shintaku, S. Horinouchi,
M. Tkeuchi, K. Yamanaka, Analyses on
Nonlinear Ultrasonic Imaging of
Closed Cracks by Damped Double Node
Model, Proceedings of Symposium on
Ultrasonic Electronics, #r#ef, Vol.
32, 2011, pp.31-32.

® /DEBE, BAEZ, N, HEE

Yo, ] R E I K
LEACT T EHOERE=FY 7|
B EREETSWEE. AW A.
J94-A(11). 2011, pp.800-808.

Y. Shintaku, Y. Ohara, K. Yamanaka,
Evaluation of Acoustic Anisotropy to

Image Defects in Weld Metal by
Ultrasonic Phased Array, Japanese
Journal of Applied Physics, I,

Vol. 50, 2011, pp.096601-1-7.

Y. Ohara, S. Horinouchi, M. Hashimoto,
Y. Shintaku, K. Yamanaka, Nonlinear
Ultrasonic Imaging Method for Closed
Cracks Using Subtraction of Responses
at Different External Loads, #FHiH,
Ultrasonics, Vol. 51, 2011,
pp. 661-666.

K. Yamanaka, Y. Ohara, M. Oguma, Y.
Shintaku, Two-Dimensional Analyses of

Subharmonic Generation at Closed
Cracks in Nonlinear Ultrasound,
Applied Physics Express, %t #t A ,

Vol. 4, 2011, pp.076601-1-3.
Y. Shintaku, Y. Ohara, K. Yamanaka,
Evaluation of Acoustic Anisotropy to

Image Defects in Weld Metal by
Ultrasonic Phased Array, Proceedings
of Symposium on Ultrasonic
Electronics, #r @t A, Vol.31, 2010,
pp. 67-68.

M. Hashimoto, S. Horinouchi, VY.
Shintaku, Y. Ohara, K. Yamanaka,

Measurement of Closed Fatigue Cracks
with Nonlinear Ultrasonic Imaging
Method Using Subtraction of Responses
at Different Loads, Proceedings of
Symposium on Ultrasonic Electronics,
#HiA, Vol.31, 2010, pp.61-62.

Y. Ohara, Y. Shintaku, S. Horinouchi,
M. Hashimoto, Y. Yamaguchi, M. Tagami,
K. Yamanaka, Ultrasonic Imaging of
Stress Corrosion Crack Formed in High
Temperature Pressurized Water Using

Subharmonic  Phased Array, POMA
(Proceedings of Meetings on
Acoustics), A FEME, Vol. 10, 2010,

pp. 045007-1-8.
FrEFEE, AARER, [hh—E, BE
72— ART LA K DEEERT O
IR MMAEAL D 7= 8 O F BEHL 5 P DT |
A E B E e e s e . AP,
US2010-67, 2010, pp. 105-110.

Y. Shintaku, Y. Ohara, M. Hashimoto,
S. Horinouchi, K. Yamanaka,
Evaluation of Stress Corrosion Cracks
in Metals by Linear and Nonlinear
Ultrasound, Proceedings of 20th




(F=FEER)
D VY.

International Congress on Acoustics
2010, #wcHE, 2010, pp.473-1-4.

Y. Ohara, Y. Shintaku, M. Hashimoto,
S. Horinouchi, K. Yamanaka,
Fundamental Study on Nonlinear
Ultrasonic Imaging Method for Closed
Cracks Using Subtraction of Responses
at Different External Loads,
Proceedings of 20th International
Congress on Acoustics 2010, 7 5¢E,
2010, pp. 254-1-5.
DNEREF, BrErE, BAESE YN
B, W —F] B oN—F= v VT EEE
72— A RT LA SPACE & HW=FA U 7=
EHOBMAL, EBAIGHEBE T EAF

e A ac M, US2010(2) . 2010,
pp. b—10.
Y. Ohara, H. Endo, M. Hashimoto, K.

Yamanaka, Monitoring Growth of Closed

Fatigue Crack Using Subharmonic
Phased Array, Review of Progress in
Quantitative Nondestructive
Evaluation, &t , Vol.29, 2010,
pp. 903-909.

Y. Shintaku, Y. Ohara, H. Endo, M.
Hashimoto, K. Yamanaka, Observation

of Closed Crack Distribution by
Steering Intense Ultrasound and with
Shoe to House Transmitter and Receiver,
Proceedings of Symposium on
Ultrasonic Electronics, ZFcA, 30,
2009, pp. 251-252.

(3t 20 1)

Ohara, Accurate Measurement of
Closed Crack Depths Using Subharmonic
Phased Array, European GDR-Workshop
on Nonlinearities in Acoustics, Lab
JAD, University of Nice, Nice, France.
(2012.3.20) (Invited)
NEEFN, SR N, R iR
B, KIWE., N, FrerEr, W
%], B AEEE W Ul & 2
D EE R & EEEH O 7 O
FERERRRES, JEEMEE - TN AT UR
DU L2012, HIRE, BULRFEEELS
2fE. (2012. 1. 30)
ANEEFL, FrEREE, J2 N PR
+. =7 R 2 JEAET VR
W72 BA B & A O IR WA O iR
#r. USE2011 (% 32 [m] @HFE~—L 7 bk
0= A2ADKEMEELICHIZET 5 R
DU L) AR R, (2011, 11. 8)
Y. Ohara, Y. Shintaku, K. Yamanaka,
Imaging and Analysis of Closed Strtess
Corrosion Cracks Using Subharmonic
Phased Array, International

Conference on Advanced Technology in
Experimental Mechanics 2011 (ATEM 11),
Kobe International Conference Center,
Hyogo, Japan. (2011.9.20)

Y. Ohara, S. Horinouchi, Y. Shintaku,
K. Yamanaka, Accelerated Formation of
Closed Stress Corrosion Cracks in
Ni-Based Alloy Weld Metal and Its

evaluation by Subharmonic Phased
Array, International Congress on
Ultrasonics (ICU), University of

Gdansk, Gdansk, Poland. (2011.9.7)
K. Yamanaka, T. Tsuji and Y. Ohara,
Theory of nonlinear ultrasound using
oscillator model and damped double
node, Meeting for Ultrasonic
Nondestructive Evaluation, CEA, Sacre,
France (2011.9.3)

i —wa, FRPEEEOY I 2 b—
a 5, SRR 23 RS 1 [EIERIEE S
W o Bt &S RICBI T 2 geas . TR,
KT (2011. 8. 10)

K. Yamanaka, Y. Ohara, M. Oguma, Y.
Shintaku, Two-Dimensional Analyses of
Subharmonic Generation at Closed
Cracks, 38th Annual Review of Progress
in QNDE, University of Vermont,
Burlington, America (2011.7.19)
NEEF, BrEEE, 2Nk, Lh—
A, VI JHER T = — X R
7 LA SPACE |2 L5 Ni EEBEHESR
DR Ule 2 HomgAl & gt B A
WF 516 [l ) - = oL — By
VAT U A KR, BEE KRS
(2011. 6. 23)

Y. Ohara, S. Horinouchi, Y. Shintaku,
K. Yamanaka, Development of
Subharmonic Phased Array with a Single
Array and 2D Simulation Method for
Evaluation of Closed Stress Corrosion
Cracks, XVI International Conference
on Nonlinear Elasticity in Materials
(XVI ICNEM), Prague, Czech Republic.
(2011.6.9)

AN B, BT, 2 IR, SRR 5T
WA gE—, M Efe, (ip—=], 7N—
Fo v BB 72— A RT LA L
% B Uz & KoM gk & R sk 24y
B K DN, B ARIERERAEH S F
B 23 FFERFRE, HEE TANT
« 71 4 (2011. 5. 25)

M. Hashimoto, S. Horinouchi, VY.
Shintaku, Y. Ohara, K. VYamanaka,
Measurement of Closed Fatigue Cracks
with Nonlinear Ultrasonic Imaging
Method Using Subtraction of Responses
at Different Loads, The 31st Symposium




on Ultrasonic Electronics (USE2010),
Tokyo, Meiji University. (2010.12.6)
NEEF, SN, BARS, HrElE
o i —E], M E 2R 2 W T2 IERR
BTGB LA L& & o
PRPER 12010 F8kZ 55 71 Bl AP #
FTRTWHEES, RIFE, RIERT

(2010. 9. 14)

Y. Ohara, Y. Shintaku, M. Hashimoto,
S. Horinouchi, K. Yamanaka,
Fundamental Study on Nonlinear

Ultrasonic Imaging Method for Closed
Cracks Using Subtraction Responses at
Different External Loads, The 20th
International Congress on Acoustics,
Sydney Convention Center, Sydney,
Australia. (2010.8.23)

Y. Ohara, S. Horinouchi, Y. Shintaku,
M. Hashimoto, K. Yamanaka,
Phased—Array Imaging Using
Subtraction of Nonlinear Ultrasonic
Responses at Different External Loads,
37th Annual Review of Progress in QNDE,
Marriot San Diego Mission Valley, San
Diego, California, America.
(2010. 7. 21)

Y2 NI, EAREZE et NEE
o, W —w], WEAES A WAL
& RO IERRIE e AR 15 D FERE A I
it AAIEMER A s TRk 22 R
FERE, HEHES, TFT GHm7 7 v a
YY) =1 (2010. 5. 26)
NERBF, BrEET, BAES, Y2
. W —F] T oN—F =y VT EE
7 x—AR7T LA SPACE #HW/=EA U 72
OB, EIEHRHE TSRS
e e HORHR, ERUEE KT

(2010. 4. 22)
M. Hashimoto, Y. Ohara, H. Endo,
Y. Shintaku, K. Yamanaka, Nonlinear

Ultrasonic Imaging of Closed Cracks
Using Subtraction of Responses at
Different Loads, The 30th Symposium on
Ultrasonic Electronics (USE2009),
Kyoto, Doshisya University.
(2009. 11. 18)
ANREEFN, BAEE WEEEW, el
e, R —F]L B U7 & R oS g
DO EARAFMEIZ RIS 2 FERERRR T, 2009
HRKZR 5 70 [BS AP BR T AR
IR, ELRyE (2009. 9. 10)

Y. Ohara, H. Endo, M. Hashimoto, Y.
Shintaku, K. VYamanaka, Monitoring
Growth of Closed Fatigue Crack Using
Subharmonic Phased Array, 36th Annual
Review of Progress in QNDE, University
of Rhode Island (URI), Kingston, Rhode

Island, America. (2009.7.30)

(PEZE PERE)

Ok Gt o f4)

ORfEREL Gt o 1)

(Z D)

R B U
http://www. material. tohoku. ac. jp/ hyoka

/lab. html

6. WA

(D) WFgeRES

(i —%] (YAMANAKA KAZUSHI)
HALKS: « RKFBFHE LR ' o &
— « Hz

WFeE & 00292227

(2) WtgesrsE

/NEC B (OHARA YOSHIKAZU)
HAL K - KRB TR - Bh#
e E &5 + 90520875

it 8% (TSUJI TOSHIHIRO)
WAL KR - KRB TR - Bh#
e E & 70374965


http://www.material.tohoku.ac.jp/~hyoka/lab.html
http://www.material.tohoku.ac.jp/~hyoka/lab.html

