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Nonlinear laser ultrasonic testing for remote testing of initial material damage
and closed cracks

YAMANAKA, Kazushi
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For the safety of materials and structures, nonlinear ultrasound testing are
highly demanded that enables evaluation of closed cracks. Though laser ultrasound (LU) using pulsed laser
gen?[atéon of ultrasound enabling remote testing is useful, nonlinear testing by LU has not been
realized.

Therefore, we developed a novel nonlinear LU method in this study where a laser pulse of finite energy is
irradiated on the tested object, and image is formed by shift and summation of waveforms detected at
different positions. Then we obtain difference of image intensities formed for different laser energy,
and evaluate nonlinear response at closed cracks. Then we verified the developed method by performing a
damped double node (DDN) model simulation using parameters used in a real LU in-process testing
equipment, where a closed crack with 10 MPa closure stress was located near a void. It was shown that the
effect of void can be successfully suppressed by the developed method.



B X C—19, F—19., Z—19 (GtaH)

1. WFERHAA 4] D 5

Bl - #Em DL LD, T
TeEg (AN &4 %7 C & 5 IEIEE
TWENHHEENTOAMH 21T 1], —7.
R D ORI ZIZ VA L—H T
B4 LTSI A VD L— RS A
HFRTHHR], LirL, L—VPHFHICK
5 I E IR ILEZH LT, Lav L,
PO X omEN S D7 vt Ad o IERLE
BREOLENMEIIE . I OHINBIRH5E <
LENLTWD,

—h., L=V e L TRETD
BB O 5 RIS 2R U CHEBE o RIBEIS
HEFMET DL —FRARL— 3 LIE[3]
LRI EINTEY, L—HFickvnxzl
O SHCIEREEERICI D R TE
HE[EEME L H D, IZhrnbbd, RA K
72 EO O & LA O RBE D B OBGELEE
IO X &N OBELRICE /> T, b
EH EE R BE RN ECT S L0 )
RIER & - 7,

2. WL BEB
BB TRICB TS 2N E TOEHE

[11Z7E2 LT, B0 & R OIERIEEELE 2
AA R EOBEEOEZ iR LT, R
I D HEEZERTAHZLICED, AR
OB S DT v A OIEEERA %
AIREIC T A IR L — P E IR E A R
LT, FiFT2ZLH2HBET D,

3. MO IE

RA K72 & ORI BELIE IS O IRIE
BT 508, B0 & RO IERIEBGELE X
NEHE OIER S —E O BIE 28 2 7- 35812
WD TRAET D, T2 TZOREICER L
THIEHELIC X A EEZ IR T D720, R
725 L—YF TR X —D AR T HIRE
DESEID Z & RHEE T 58 LV IERR
L —lEEgEsEMbL, v Il —
varlERICIVELNDEREGA L
T, TOAHEMEZRGET D,

4. WFIERE
(WIREZEOERE

BONCERIbZ T T2, Thbb, —&F
TR =D L—P UL R &0 R L RE
LT, Kk EoEHmczE L —W
THHEEO 7 V2 HDEHNT, v 7
MINE 21T > TR Z KT 5, IRIZE(E
L—HFOr OV AT X —% afz LT-8E
DRI B ITLOMGED affz5< Z & T,
BB OMG 21 L., S RoBI RS
(2 K B IERIE S B AR A BT 5,

TENE £ RO B 2 X 113, Bl 2 0E,
AETILTHE LN D/MERG @)L, A1 R

S DISE 1 KIS DISE 1, 1553 B A,

EHRNODIFE L IIHFELNRY, —FH K
RIFE D) I 2oBMEHNE - 57
Dy, LBEOLBELND, Z0LE,
I, & R IR E TH D005 /IMEIRG &
KIREG ORI 2 a & LizHA. T O
B

(b) =ax(a) @®
ThHZ BN, —H., I OISEREIIAS
Wetmg & HERIERBR L e D72, DR
XAV SLT2 720, £ 2T,

(c) = (b) —ax(a) @
THOND(C)EEZ ML T D, TORE,
BB W TIMIERRICH D1, B
KO IIHEL, Lo fFEoND, 22
THENBEEDBEITITES THLNZIED
Ry DI ERRTDHZ LT, BFMEOFEWN
TENENEOND Z EnML TN
B, AFETHZOFIEE W,
INHORREY | IREEELZHND Z
E T L EH DB LR A R Eoik
BIDFIRE T D,

(a) /MRIEER (b) XiRiE&

@@3&%&@ A&Eﬁrﬁ%{%

(c) EN&

massssssssssssasadsssansnn sy

X 1 =725 A O

QIEIEZEEDY I 2 L— g

W, WMRREELNRELZRE2 B
857 V4] % VW, 10 MPa DB A S
FHTHUTHEE L R A FATH: L CRE
LT, Ialb—rar&aftor,

Uz b—va 5 Table 1 12RT,

Z 2T,V IIRBE R ORfER E I, AX X x
i 5 T O RNE . Az VX z BT 1A O AR
b@. At (X% 72, C,, /C I3 EIORT

Vb, po MBI f IO R

B, alZAHEIRIETH D, O, FE




SLEEIL CrMoV SO HEIL L . HER
ISR [2] D EBRIZ AT 300°CLL Lk
THIE L EZ Wz, 72, ASRIT 1
A7l L, EBEE L — AW TRIER
A AR S5 L —F AR L — g v
Blo@iEEsE L LT, T LBEEN
1 mm =il U 72 RF O BN ARIR S B 7 - B —

7 T 100 nm & 72 AME A e,

L—F D/ A=) DT R X —[F L
— P AR — 3 OCER[3]TIZ50 ml 72
ST, 100M) ZHWA S AT A THRA R
B HEELL oo SIN THBETH - 72[2]
2, ZOTFALF—CIIEALHO S
HZENARE LW TE B,

TOEMEVI A L—Y g VBTV
WA LTSN Z K 2 (2T, 22T
FOBMIT LA T =7 NO x R
LL, HimLLTHRLTWD, z EEDOE
BREER S IR Uiz, B, x BB
FLZFUEE LTV, x fillE s o
BB SO REE UTHRRE Lz, BIRIT.
EE L —VHE ARy MEERHEEE L,
BRACIZET L BURER DY & FER~If] 7> Tl
WNBAY v kb (EEAY v b)) Of Pz
BOE U7, A8 F 13 x filliE 51/ O R
e Lz, RMGTHDARA R FuasEsin s
I~ THOD FEEA Y v b TR
L. 1.6mm DOz &=, b5t
ZAWT, YIalb—Ta rE{To7n,

Tablel I = L—3 3 U54F

TH L, XADPEMAFEEZE L, INEN
BONDIEMICEG N RET L Z LR
TS, AT Tl AFHIIENE A 50 nm,
100nm D 2 @Y OFFEE LT,

@)y Il — g UfER

Vialb—va URORA Ty T ay
M, K3 d, ZHUIKIRIETH DA
FHEARIE 100 nm OEFOFE R TH D, /IME
MERF T E 2B DT ORE B E LN T,
RA R TORFE SN T ZDIZR L, K
RIEFRF IR A R TOHEGEL &[RRIz, &
IZBWTHEEFEABEL SN TV D0
BEsnz,

BELEIZ Z 0% EAFICEIRL T, ZIEL
—PIZ XD ZHONE Tl S Tz,

%Eb(—og | $$$$$$ ZEL—Y

8 X
Bz |-
------------------ T---- I
o 1 \_/ 1
]
' _gﬁ f£&5mm
promm NI =g
RAR "
7
S &
H \/
\~
7
7
7
7
S
7

N

EE s )
HEREE V| 5800 m/s X2 BAC - 2 AEA Uik
FTEE 1500x 1500

B RRIfR Ax Az 100 um -

HEREZIA Al 0ns 5.0 1S

R7YvH C,IC, 0.3

EE po 7.78 x103 kg/m3

ASHEE R | 2 MHz

HAIILE 14944 )L (Gaussian Window

AGTEIRIE a 100 nm

PAU /& A EA LB oL —
FHEERBREDY I al—a BT L%
B 2 1ZRT, IWHED TR D RS 30 mm F TifE
JBL7=& LT, il o S 50 mm, REAF
ERBE OB R 2 IRy (R S 5 mm)
DOEFL ES 55 mm IZRA RBEET 58
BEME L, R cHEN-&AIL. B
AR EE T L9 D #PHC 40 mm {71E
THEED 02 mm By FL L, X2
A5 770% 10 MPa 248 E L=, ML
TWDEE, MEIEOBF IR L TidE
HmEMNEA L CHEBHDO X D IZIRDHE S 1=
D, RENELRRY, —F, TROFD
571 % EIR 2 KRR S 2 & 2 AG

X3 AFvFayh

I TEREL—PICLVELNTE R A
FAWTBEAAREDOT LT Y XA LZEHWT




M L L7 R A2 X 4 1287, @QIZASEE
#RIE 50 nm FED/NMEIES ., (O)IZ SR
& 100 nm BFOKIEEGR TH 5, BBbiC
W THRIE Ry &2 W5 728, 1.5 MHz~25
MHz D/32 RS JEBEE 7 4 v 2 28 L
T E Wz, MEIRIBETIE, A1 K&
JETH LA DISE R G SN o T2, KR
MEEIZIB VTR, RO ST
HIES RN E LT,

UL, EHEOMGOFEE TR A ROiR
FEXVBEITNES L, R LEFRA ROis]
IR CTH D, FT-SHOMBEMHERT D
DI T RO A v 2 RELEED
BT, A RARBEINTE, /6o T, 2
OB T21T T, OB X O/ N
R LofEmIsH 5, 2T, LicEL
L7BEESEO T A I X NHE- T,
ENBEFHE L RO,

EEAME x [mm]

(Q)ZALI=ME 50 nm

— 25_

N
{T 45-
KRR
+U
Bk |

65+ ;
-20 0 20

EEAM x [mm]

(b) A7 #izME 100 nm
X4 P U7z & Zom g bk R

SN2 %X 5 IR T, B bk
Bo LMEFEND b & R
T HIES 50 mm OO EIZHBR /= 22—/
Bohic, IBIERWVEICE N a—
I, IO T a— L HEE SN D,

BRIGILER EEHEE

"='25
E
45 gglzjf'ﬁﬁﬂuﬁ
R —_—
E!;U i
" 65 |
-20 0 200 0.01
EEAM EERE
X [mm] [m/s]

X5 HRIEZEVEOBBALRE R

ZORERXY | IEEESEEANDZ &
TH U 2o LOHRA K& Oy
WA TH D Z EbroT,

PLEICE Y, FEMS 1 mm sl L7k
DOENARIEAS 100 nm & 3% E LI-fE R, =2
BRI L & A R A RO L JhsT
\ZHg LT 7=,

(4) v a2 L—3ig b EBRE RN
S < I L — PR E W O E BT REHE D)
E

EREL—F DO/ UL AT X LF—7% 100
ml O L —HFBEHEELHNT, I b
—ya v tRILT e ATHEE L@ O
FEXHEE LT, RA FomEgibairo =
EMTETCWD[2L, —H. 7OV AT RILF
—72350 mJ LA EHALE, 100 MPa F2E D&
TGO FBED FTRE T H[3], 1
STAREBO/SNV AT L —LI0D 2%
bHTD, Izl —a L lEREICXE
ZEHIO LT b TE b L HESND,

PLEOBRERFRNT L OVFEBR O EHRIZFES & |
MEFOFIHEG & B U 72 & 2o R %
WD BT 2 D IERIE L — S L O ]
REMEDMRGE T &, ABFSEO HBIDM R S
7.

S35 3R

(1] 1L &3R4 56(2007) 280.

[2] Setsu Yamamoto fti; Defect Detection
in Thick Weld Structure Using Welding
In-Process Laser Ultrasonic Testing
System, Materials Transactions, 55(7),
(2014) pp.998-1002.

[8] 4% ; FHREHE T 55 4. 9(2009)
No. 05-091211.]

[4] (LH % : Applied Physics Express, 4,
(2011),076601

5. E7RFEFGmICHE
(BFFEARERA . WFZEo 18 R O S
(ZIE TR

CMEREam S0 (Gt 8 14)




@ Koji Takahashi, Kentaro Jinno,
Yoshikazu Ohara, Kazushi
Yamanaka, Evaluation of Crack
Closure Stress by Analyses of
Ultrasonic Phased Array Images
during the Global Heating and Local
Cooling, Japanese Journal of Applied
Physics, &t A, 53,2014,07KC20-1-7.
DOI: 10.7567/JJAP.53.07KC20.

@ Kentaro Jinno, Azusa Sugawara,
Yoshikazu Ohara, Kazushi
Yamanaka, Analysis on Nonlinear
Ultrasonic Images of Vertical Closed
Cracks by Damped Double Node
Model, Materials Transactions,
£,55°7,2014, pp1017-1023
DOI:
10.2320/matertrans.I-M2014812.

@ Yoshikazu Ohara, Koji Takahashi,
Kentaro Jinno, Kazushi Yamanaka,
High-Selectivity Ultrasonic Imaging
of Closed Cracks Using Global
Preheating and Local Cooling,
Materials Transactions, #raif,
55-7,2014, pp1003-1010.

DOI:
10.2320/matertrans.I-M2014810

(F3ER) Graih)

@O Azusa Sugawara, Kentaro Jinno,
Yoshikazu Ohara, Kazushi
Yamanaka, Closed-Crack Imaging
and Scattering Behavior Analysis
Using Confocal Subharmonic Phased
Array, The 35th Symposium on
Ultrasonic Electronics (USE2014),
2014 4 12 48 3 H MG RY: CROLHR)

@ Yoshikazu Ohara, Koji Takahashi,
Kentaro Jinno, Kazushi Yamanaka,
Estimation of Crack Closure Stress
from Ultrasonic Phased Array
Images during Global Preheating
and Local Cooling (GPLC), 11th
European Conference on
Non-Destructive Testing
(ECNDT),2014 4 10 H 6 H, Prague
Congress Center (F = = H:f1[EH)

@ Akihiro Ohuchi, Hiroshi Yorifuji,
Kentaro Jinno, Azusa Sugawara,
Yoshikazu Ohara, Kazushi
Yamanaka, Development of
Subharmonic Phased Array Using
Surface Acoustic Wave for
Measurement of Closed Crack
Length, 41st Annual Review of
Progress in Quantitative
Nondestructive Evaluation (QNDE),
2014 47 A 20 H~25 H, Boise
Center(7” A U 71 &5 [F)

(&)

NN R+

L AFZE R AR — D — WFER R
http://www.material.tohoku.ac.jp/~hyoka
/database_year_j.html

6. HFZERERE

() W7 REHE

(g —%] (YAMANAKA, Kazushi)
WAL « KRBT TF5ER, - 2%
WFFEE &5+ 00292227

(2) WH5e 53 %

/B B (OHARA, Yoshikazu)
WAL « KRR TF5ER: - Bh#
WFgeE &5+ 90520875



