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Fig. 1.1 Scheme of pulse echo method.
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Fig. 1.2 Measurement paths: (a) Transmission method with ultrasonic CT and (b)

transmission method with linear scanning.

HIWEGRE, BUHRMESC X oTbh oW, K% &S 8E A T 6 2 A Y B
s, UL ULRDS, REEE OB TRARE S N/GE, T0E TOIMLIOFHAE
BRI > T LR, 7z, "HEORRIZLVREVRNETH S e h o, MLETOFELTH
B il Fr DBPE T ORREAEENT WS, AT IZ—RNICREEG LD BEADRD S
&, WEREEREFEE UT, S35 Z@ROMEWESIRE O & RENBZEHRL P
W IR E W FIEDRIRNTH 5 Y.



L1 WEOHER

1.1.2 @BEKICK 2AHRF A OIFRIRKRE

BAE, A OEETIZIZEWT —MNIZ, Fig. 1.1 IR & RiBE A2 ASH L 2RO
KMah S DREEE E LIZREERET 27002 a—ERHwS N TWS ), 2o k5%
5T % I B FEIGEHIINE S TH 508, REGEEIZRGPFET 256121, Riiro
DTIA—¥, AFHEE 72 IEHEH S O KPHEPZIZFERIZZE S sl R L 722 b, JIS
G 0802(2016) IZH T 6 - 200 mm D AT ¥ L A7 E DMK TIEAREHE A 15 mm BT OA;
BLINTWS 10, F72, RGNS WIHEPBER N T VAT 2 =Y Sl MBI H
AR OMENT L 2B 1. BEROBMEAM L 2B XD kR AL 72 &
AW FIET T AISAICIEZERESHN ) 1 X, RoREDHEEIZARS 19, '
H, 7z—ART7 U —HifiE VAT a—-Ez2lAGDEZREHIEFEIHEI LTV
1922) 72 —XR7 LV —HMRERD b5V AF 2 —H 2 HWTEBE RO AS A, PR E
DR ZITS>HDTHY, ZOEMILD R\ SDTI—PEBEIZRD, HEDORENWH
MORRESBIZIZTITONRD TWDS,. LRLRDS, ZOFEICEWTEKFEE AW
%728, R D R O K SR 2 & ORI FEKICZ T, REDEFES L O
MM ORMREITIZNE ZNEIFET S 2. TS KEEICH LT, EEBICERL
ToBEBEDPEET 5. [k, AT 2REICE VW TIHREREOAVPFHINTED,
RGOS N EZRET SN TET, K EIZHARERE DG LW &
S, MIAICHT ARG UTERENHWS NS Z L iZDw. LU S, ESEEo
M AR (Time-of-flight: TOF) (2 H T 5 Z &1 & 0 AMRFHIRME R X KRS O 51l & 52
BUMRFEDRREINTED, MR S IRERRIRIC ST 25HB KBS KA N TS S
7 14 (Computerized tomography:CT) {ED R FHIZ & O 22 MM 72 & & 43 45 12 5D < Rl i A
BRENTWVWS 2420 2 S DWELIZE W TIZF RO ERBEAERR  REXINT WS A, [
PXRHELZZE T2 LI LD HEAEGEOEE 2 W LI 50T N ES T 7 1 SRS
NTW3 2829 2D &SRB RO TOF FHll 85 CT % A OMREIZISH L
7z, TOF Z MW 2@85H K CT EANEEMEL I N T WS 3030 ZOFEIE, BHFHEHRRE
FIZRBaH D BGEICEZEBEYT L, KEEHQRWGE & IAREREERE S X O TOF 2383
52 eEFHLTWS. Figure 1.2(a) O & 5 1CHF % EE X B T~ 2RIEKICB 15 TOF
ZAbEZFHIL, CTRIZK D RIAEGO PR ZTS. FEEOFHETIIZR L, B HE
BeDFHBIZL o TEL L AN LOEEE M ZFHWTRAO AL ZIT>TWD. #EiEKE
W2 Z 2K O RGOMNEIZESTHARBEOZERFEEEZME I LNTE, REEHEDOR
Bt B & O IRE AN T N 2 TREIC LT WA 1827 — 7, £ < Ol e pE L



CER N S

57 DIZFHIRH A ELS R L WO BEN D 5. 5L Z W BE NG DRREEIC X
ZEHlOEEAE K SN T WD, FREZENTRAESIERASHTHY, HEHGICE
FBF Y IA4 VEHIDERLDDITIZH 25 EE B RETH S 3335, F/z, BRI
DB A LB EEZERBODEAAEK S NTWEY, A OATKHO2EIZh725
FNOVATFa—YDETELELTEED, WEEEELS X ORI RMD D 2 36,
ACIEETIFEETEAD 7+ — KXy 7D, REGOFEED P72 T < R E R F
72 8 OHEE AT HEIR T BINEEM TR AR D SN T WS 2337 Ko e & REHIIC & D 8T
FROEZ BOl, SLROWEZITD Z LA AREE 5.

1.2 MROBN - 5K

RGO HIO, FERLARE R CRRImT e 72, mddaE A8 12 & 58 AT HE 70 PR R B
HTFHEEHELT 22 THD. TDOHIZ, Fig. 1.2(b) ITRT &5 RERKOBEW CT 0
AR I 2 RISIZHIR L 72, AT EEREE R EEEORE S L A OBE 217\, FHill
FREE D HIIF AL S REFIE RO DRI, 5225 EHO EERL S & KRB D S 72 A
B ANDRIRIZ D WTHETT 5.

B2 T, IREFIETH S EATEERE S REREIC K5 R B & O R BGEHEE R
Y. R R ORHEE X TOF Z2{b2& 0l L, TOF Z24b&Eatill 5 — 21230 < K
MR OBRHEE I 5ND 720, TNENIZOWTHIATS.

BIETIE, BUEY I 2L —YarvBLUERICLODEMMEEMRIET 5. BEY I 2L —
VavIZBLWTIRERAWSNT WM DO AZZE L 7= WE-FDTD L2 X 2 € D ik A
% W7 FEERAE R 2 LR U 7=

HA4ETI, BE3IETRINEZMEDOAZZRLZYIab—Ya viZEIF5 TOF £#)j&
LEBRB D TOF ZEREOMIZAE U ZiRZDKBEITD. TD7DIZ, MEOAZZEL -
YIialb—vaveE A EE LU ZEBEKRY I 2L —Ya it kB kERE LKL, TOF
FHINZ B BB SO — REBOMEIZ DV THETT 5.

B 5 ETI, REFIRIZLDRMOBEIMEDHTKEE R LD, SHEKHKED TOF &
FEHORMHEZRETT 5. EAEEICLVESNSEHEEFIHO TOF X RMHDES DA
BIZXDHEINNT L, TD TOF o DORIEERS MEHEIZAZ TEZW., 22T, KRR
SALEIZ & 0 E AR N 72 2 W KK D TOF 1235 B U 72 REGEE & AL HEE % i
AD.

6 ETIE, ERd A LOERERMAMA OMELFERT 2720, 7z1 ART VA
iz X 2R EF K Y — L2 AW B W B E RO 2G5, VI VATa YT LA



1.2 WHEDEW - 3SR

5305 U 7 U 5 083835 0 TOF $ & OIRIEZIZ 5 HT 3 2 L T, MEOHBOH
LAk % KA B .

B 7T, BB AIHORRO D, I X 5 EBEEEO TOF iHl% B
MTB. ZNETOHBTIREEHORE &I T T > TR, Zhi | EOFE
WG LT 52 LT, KIERAMNHOERAERTE 5. LhLass, i cEilica
HIU TN 72 8835 IR AC IR R % SETEGEAE 12 & 0 [[IBZ S 5 2 & TRIEOMRENITENE T
LeEZoOoND. T TEMEEEIC XD RMEOERMEDOKE 2175

HRETIE, AWIETHONIZEEZF LD, SHBROBELRBEIIOVWTIHRS,






3
i

TEEMETREREICK 5 RIE
L& - FEOEHAIRE

|~

I~
QN
palll

21 FL®HIC

AREETIE, SPATERRE S EERIEIC X2 AW N O RIGALE - FROFHFEEIZ DWW TR
N5 88), KFHEIZ &L BEHINE, BE@EE KO TOF ZHEEH & TOF 70 7 7 A )WzH-o<
REGALE R OBRDOHEIZS T oG, £3 TOF ZEFEOFHHIIZOWTIHRR, &Iz TOF 7o
77 ANWVIZED LS RIBALES S OCBEDHEREIZDOWTHRAR S,

22 FHEBRBEERD TOF ZEIEDEHA

Figure 2.1 [ZFHAlOBIE X %2 /79, Fig. 2.1(a) IZRT LD, —HmOFHl%Z 160~ 5
VAT a—YOPTETIZLDITS. ETERICK VEHNZLT S Wik x A OEF K
BHIE5Z 2LV Al 2ROMEEZTS. REH NI VAT a—Y0 6 BERES % MM
FIZAB U, HETEZEMN I VAT a—HIZE 0 ZET 5. RIGHEZ IR L1247
ET2HELFIELRVWEGAT TOF IZEA»EHNE Z e 2R LU TRIEOME 2175, R
DG BRI EITEAET 2354, REGEE CEERPET T 12k, RUPEEL
WG L AR T TOF 2819 5 39, 2D TOF O£y (A7) 1%, Fig. 2.1(b) 2R T &
DRI LR WS RENIZE T 5 %EES r(t) L REEOBL 217 5 FHEIZH 1) 5 %1E
185 m(t) DRI AHOTHE LTEHNE. 2030y, Thbb Ar % r(t) & m(t) DHE
MBS R(7) DIEDBRARL 725 7 23ETHI 22k 0RD S 3240, R(r) BL U AT X
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Fig. 2.1 Outline of defect detection by transmission method with linear scanning:
(a) measurements on cross sections, measurement and reference plane, (b) difference
in received waveforms between measurement and reference signals, and (c) linear
scanning and TOF profile.

BFOR, ]
R@y:[Tmuyu—ﬂﬁ, (2.1)
AT = arg max[R(7)], (2.2)

T

rLTEREIND, 22T, TIHE5OMIERZRT. MHEMHBEES R(r) OEAREVIZE
rit—7) & mt) D-BENEV. £oT, R(r) W=7 Z2RTKD 7 12 DDIEE DL
[, $7bs TOF £ AT 725, ANEHICEF v —TE5 2 V5.3 IR
B fo, ABURSIEEZ Af,BEEE2 4 2358, ANET s(t) &

dﬂzﬂn%w( 25)4,mgtgu% (2.3)

TRING., F¥— TESIFR—FHEBEDON—Z MRIZHANERENENZ &5, HOHE

BEIZ BT =2 038, THIKEER & B, KD S ORGERTFHT 255180V

TH, EELZE—TONREEICENS Z &0 5, MEMBEEZHWSEBIC BRI HV S
%40, PAETHEUAEAGEIZE D TOF 2B Z2EH17T 5.
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Figure 2.1(c) 2R T XD RFETEEICELD, MO FENIRT LS AdtHllzfro7 TV &
Ta—YVDOE X &ZEDOMBEICESITS TOF £2/b& Ar 2/xU72 TOF 2078w 7 7 1)V
2135, 2O TOF 787 7 A Vo RO EHREZHES. TOF 707 7 AV E2H5720(Z,
Fig. 2.1(a) IR T L&D XMz & WS RE &, RIGOME %175 FHIENIZ B W TETE
BIZX D ZITS. EEROMMT COXRMMEIZEWTIK, BFRHANCER L THRET 2B
21 DHTOEFHHIE 2SI 52 & T, ML ZES» S R 2L 9 5.
BEHN B BT S AT X, 2.1 HIIcBVWTHRARZ GIETRD 5. KA EFHAIE IZ/F4E L2
Bt Z2IREICB T 2ZEESLRUGEEREONE72012 TOF OZ/ZEHNT, AT X0
7%, Figure 2.1(c) DRMDPFIET HEHAIRIKIZERH T2 &, RGP FEELR VGG LT
LT TOF BT A2 Li2&h AT BEDER L >TED, TOF 707 74 )LIZEWT
EQY—2IDHEU L. Righ 64 UBNZEHIRK ICE W TIE AT 3ADEEZ & D, TOF 7
D774 MZEWTIEAPEL S, THUXEBIZ TOF BWEL Ro72bl Tldm <, #EES

EER & RO ORMEOFHBIZL D ZEEFITEVWTRCAEFELAZISIZRAS I &I
3. KW o OB P EER K 0D UVBN TP KIE L 7ZREBTERET S22 212k D,
ZEEBHEBIZZO LI BBV EHNE LEZ S5NE. TOF 707 7 1 IVIZEWT KD H
LR ETIREOY =2 DEL, ZOLELADORETEEDODE—IBELLIENL, ZDOLD
RN 7 TOF 707 7 A VT X 0 RDPFAET 2 L DY A ATRE & 72 5. REGAYEHAITH 12
FHELZWEEIX TOF 787 74 VIZEWT AT IZHIZ0 &40, RIEHidD 585460 TOF
TaT7 v ANERLELZEDIZRS, TOF 707 74 VIZBIT5ILDOKRE I REFRIZE T
BT BHLEZONE. ZDONOKES, THOLERMVPIFET 25HIRE L0 Ar DfEE R
MEOBEBEZHOMITH I EIZED, ZOBKRES EIZEHIIL 72 AT 2 o RIFEEDHEE 3 7]
BEIZR 5.
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AKRETIE, FPATEBRMEEREEEIZ L 5 AN O RMGAE - PEOFHAEIEIZ DWW T
AL 7z, REGOFEEIZELD TOF 24T 5 Z & 2N, EilEjEIZX 5 TOF 2{L&FHIE &
OETEBRIZEDES TOF 707 7 16 ORMMRHE S X OCBHEEIZ DO WTEH L 7-.
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ARETIE, PATERRESBEREIC LS KM S X OALE - O FH O A DM % WRGE
T2, WHEHKY IaLv—varBIUEBRFZHVWAEERZITS. HEHEHKS I 2
L—Ya vz, REIZBWTIHEE ARSI 2 RMHEEA R Z 2 (Wave-Equation
Finite-Difference Time-Domain:WE-FDTD) #% % V. %3, WE-FDTD &2\ T
FHAL, KITBMEMAICOVWTEAS, TORICEBEHR Y I 2L —Ya ik FoNTHE
Bz d e IfEK L TOF 707 7 1 V&R L 3, 2o < Ripkits X ORE - %3
oA Z2RET 2. RBICRBRA 2 HWEEROZMS KT REZRL 42, WE-FDTD
HRIZEBY 32— aryozis KCREFIROAMNEZRE T 5.

32 WE-FDTDEICL B RME®REIalL—>a Yy

321 BEEW,S I 2L — 3> : Wave equation finite difference time
domain(WE-FDTD) &

BEARERNICB T 2 RFMEEEERZES (Wave-Equation Finite-Difference Time-
Domain:WE-FDTD) ¥k, Zob I NG ERNIZE T2 HEDOAZERT S5 TIETH D
W RO TR R ERT A I S, KTMEICBVWTEHKRO AL EEL
7z WE-FDTD % 3% % 7/z1% Transmission-line matrix(TLM) # 18:31733,:35,43) 23gp 5 T
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W5, KREFZRIZ ST B R T, MR N L 7Z# 2 FIH LT TOF O£ # &%
BT 22 en56, RBEIZBWTIIMIKEOADKENEHZ 532 WE-FDTD %% W5,
BRI 2 RoTITP W,
0? ?p 02
S ¢ (%9+5£L
YRINDG, o BMEESEE, p I EEERT. ZOXE 2WEEORRAESTEMEL THE
SN B EH N,

(3.1)

zW“@j%—qu@(r+1ﬁ+p(w—1ﬁ+p(%%+D+p(ZJ—D 4p™(i,7)}

+2p"(i,5) — p" (i, 5), (3.2)

ERAWS. 22T, At IXEEEBEROE, ALIZEREERE, n ATy T8, 6,5 1k x,y WA
@@4??v91?%5.p@4)i,2&m$ﬁ®%?ﬁk£?éaréﬁbfhé.ﬁﬁ
BWTRZ IR W=z, LFO CFL (Courant-Friedrich-Levy) %5 5

(3.3)

=T BEDDH B,

322 YIalb—YaviEH

Figure 3.1 1I2¥ I ab—Y a V&2 RT. MR IEMAERTHED, YIalb—va vz
BOVWTIHFHREOBRHED 7O ZFHIE 2 2 ot & UTEBERO Y I a b —2a v 217 5.
7z, AWM IZHEMATDH 2DPRHTIEIHEDOAZERT 5720, ¥Ialb—YavilE T
WENI A T =2 UTHS. FHIESIE 100 x 100 mm? OB % £5>, %3 5,950 m/s O
PR 2 AE U 7z, AT Z 0.1 mm I8 CEERUE L, 23008 1,000 x 1,000 D A v & = ZE2[H]
&35, Ml ORMOBEFIFEHEEREL, HEZ20& L7z ¥Ialb—Ya vOEHEKRH
BERRIEIE 112 ns & U7z, RE{IE 2 RCBEBEHRS I 2L -2 a Y itBWTHEO D O 2 8
E L, Fig. 31 ICRTEIITHEREZ D mm & UAZEDZMNE (z,y) ITEELZ. BHOZEY a
?%5%3V1?1—ﬁ%@&mkﬂXJMDK%%b«R@K<wm,ﬁ%&@%%@%ﬁ
CETEREICBITS NI VAT a—YOEEMBEIX 05 mm & U7z, REEESTIX05f »

5 1.5f. T (f IEHLNEEE) V=77 v 7F¥—7E5IZ Hann BZEHL 725D 10
i35, Hann BEHWD DI, EBRIZBIT S b T VAT 2 — Y OIRRHM: %2 B3 5 7-
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Fig. 3.1 Simulation condition.

OTH5D. ARFIMHFESIFIET 27, HEMHBETHKRI NG 20, FET B2\,
2.1 fiOFHIZHE D WT TOF 21k& Ar 25HIL, TOF 70771 V%155,

323 MR

REGDEH

FT, REFECIDREMEOAEMME L RERER f BLOMN IV AT 2a—YHOFa
DRI AN DEEOME 217 5. FHRINIE D Ft (50, 50) IZIERE D ORKE%ZBLE L 7.
Figure 3.2(a)-(c) IZXEESOHLEMKEE f 2xhENn 1,2, 5 (MHz) & LT, I VA
Ta—Y0FaZ 6 mm IZEELZEED TOF 70774V ERT. ZDOEE, EREIEZ
hEFhs &% 3.97-11.9, 1.98-5.95, 0.79-2.38 (mm) TH 3.

INSORNS TOF 707 7 A VIZREORENRRN T WD Z EDHERTE, THITRE
FREIZE O REDPREATRETH S Z 2 2RLUT WS, £/, RIEHVFHERE EICFEETS X
= 50 128175 TOF Z{t&E A7 1, EEFFEBEIMEVWIFEERES LTS, ZhiF, 5
DFRIZE > THIFDEUR T INRLREILIZLBEDELEZONS. FEIPIEVWESIT
REGRE D TORFIAAEL T S EHENPL S ZESIN LD, KEVMEWEGE ICIIBESKRE S
RIETKP U, ZEINBEFTELRDLLBE. ZOZLIZIDEREPEVIFY, T42b05HE
BEPMEWIZE AT BPRELB-oTVWEREEZOND. £/ Fig. 3.2 &b, IRENKRMKEE
DENSIVEEIZBEWTHRBIBHMPATRETH 2 Z L R TE 5. ko — i8S
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(b) ©
—— D=05
D=2
------- D=5
D=8
"""""""""""" """"_‘c"""
-80 1 1 1 1 1 1 1 1 1
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100

Transducer position X (mm)

Fig. 3.2 TOF profiles at the defect position (50,50) and the aperture size of trans-
ducers is 6 mm: (a) f = 0.5-1.5, (b) f = 1.0-3.0, and (c) f = 2.5-7.5 MHz.

BRIZBWTITEABEBUS SRV o NS, FEEBAMERNE & A8 N8 T Ol &R OR SR I
L D IBIRR D E N D7 02728, FERTFIRIZIATRFEBEAE 50 a2 fe Z Tk
BEEEAMT I L TEITHLEEZOoND.

Wiz, VI VAT a—VORNO% a DFBIZOWTHGT 5720, FHllEED . (50,50)
WHEEE D =2, 5 mm OXRM%E, REGHPFLET 5 5HREE E (50,0),(50,100) IZ T VAT a—
YEEEL, HOFa 28Iy Iab—vaviirort.

Figure 3.3(a) I2¥ I a b —¥ a v &M%, Fig. 3.3(b) IZfER%Z2mR7T. TOF £1L& Ar A
R L2508 a BEBEBEIZEZRD, 2mm & 5 mm DOEE S5 DORFEIZEWTE R
BIERRASNS. SEYIalb—Ya 7572 100 x 100 mm? OB & W 5 2B W
TIE, O a EEEESOHLEABBIZEITEE N DA\ /a BB XE 1ITHDE ST
AT BERREIR->TWD. ZFEOREESOHONERE f.=1, 2,5 (MHz) I2B T 5 E A\,
FENEN5.95,2.98, 1.19 mm TH5. HEK CTIETITEZFKOEMMERELLTEHD
WZa/de 21 2 LTVWED, REFIERIIBEVTE NI VAT a—U25 1T 2 %80 A% 51l
T BN 2Rz BB, ada/d W LIZRBELIORELRDIZON AT B
INE K725 DIE, REGDOEZZF - LD RAOEREZ 82 EZEREDOKRA PR E L Z
EEINBZEIZLBEDEEEZLNS. ZOHENS I a VNI WVWRHIZ AT DINS LB Z
CIEFIHTE R\,

Figure 3.4 \Z3XEESEME f # 0.5-1.5 MHz £ U, a % 3, 6, 9 mm & U 7K KREEH
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(a) (b)

S
Deviation of TOF At (ns)

50 - \“\. .
o oF — /=0.5-15 *\3\ ST
RO —— f=1.0-3.0 ~— S
“ 10 I f:I 2'5-7'5| 1 \~?-T-—:\"';
0 3 6 9 12 15 18

Diameter of transducer a (mm)
Fig. 3.3 Simulation condition and results: (a) simulation condition, (b) relationship

between diameter of transducers a and deviation of TOF A7 at D = 2 and 5 mm.

(a) a=3mm (b) a=6 mm (c) a=9 mm

Do e ialeen

Reflected wave
_1 1 1 1 1 1 1 1 1

0 17.5 35 0 17.5 35 0 17.5 I 35
Time (us)
Fig. 3.4 Received signals at reference plane when f = 0.5-1.5 MHz: (a) the aperture

sizes of transducers a are 3, (b) 6, and (c) 9 mm.

o
[

Normalized amplitude
(=]
O o

BRWSREICB T 2ZEREZRT. a WL RBI1I2o0, BEE (X=0,100) 25 O K5
MRELBROTWVWB I WD NE. ZORFEDHEIZELD, a BN WVEZIT AT HVNE L
molEZONS., SEYIalb—yarEfro7z 100 x 100 mm? O 2> &\ 5 5%
EZBWTIE a/A X1 IT785 a IZEWT AT DK ER o720, MM OWiH DK E X A5
72 %GB IR E K & BETH C O A DEERFICEDBNS Z D6 AT PEKRELD a D
ZATHEEZIND. TN6DZeh 6, AR alZid Ar WREL L5 K5 REY R E’ T
L, 100 x 100 mm? OWHEZFEDIZEWTIE a/A X125 a DELTWDZENEF R
5. 7z, Fig. 3425 a B RKEL BRBIZONZEFTOIRIENPKEL Lo TWVWDE Z LR
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Fig. 3.5 Simulation condition and results: (a) simulation condition and (b) relation-

ship between the defect size D and deviation of TOF Ar.

TE5. ZHUF a PRELADIIONBAMELBEN, MHIREOLEN NI <RI LITE
%. Fig. 3.212B1F 2RI &2 AT ZLRIZHANT a DEIZ & D5 AT ADHEHINZ WD
Eh5, ZEFSORELZ FRRbDLT 57201, Ar OBIPHRTELHMTa 2 KE
T2 LbHYTHILEZLNS.

REGDEHEE

AHEIZHWT, TOF 787 7 A5 DRAHEZIZOWTHET L. 32HiicBiT5 Y
Ialb—ya iR » S, REFE D & TOF O£ & AT ICBEREH 5 Z L HERTE 5.
D & At OBRZIASMTT 5720, Fig. 3.5(a) [Zm$ & 5 ZEHEE D0 (50, 50) IZEL
B UKD D % 0.5 mm 25 10 mm £ TO0.5 mmZAATE|ESE, hTIUVATa—HY%
(50, 0),(50, 100) (Z[EE L TEHUREE L2 REDBFAEST 2RET Ar DFHIIZ4T 572, Figure
35Mb) IZ¥Iab—ya ViR ERT. BElD KRR D, #tiA TOF OZ&fhE AT TH 5.
INoDT 7750, REEVPHEFNMIHZ25EICEVWT, KREA 1 mm & KEWEEIZIE
AT o D DHEEARETH 5.

RIZ, REGDPWTEIH DT R WS EIT B T 5 RHMEE D ATREME 2 MG T 5720, Fig. 3.6(a) I
AT EDICRMGDALEE (2, 50) LU T o 223 ED, REPFET H2REKIZEIT S
AT DFHIZ T > 72, T OFERMD Fig. 3.6(b) TH Y, HEIARIAIE 2z, HElld R L (FIE
THRMRIZBITD AT TH 5.

R & BEH (X =100) 2HED 220N AT DEHHRAEL B>T VB I LW HETES. [
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(@) (b)
6 150 T T T 1
J ~
‘ e & D=2 \
T o ~ 100F T -1, |
i Bl P ------ DAV b
L;!T < i
F
® ¢ 0 5 ot .
g
50 g
8 -50F -
X %
= -100 !

50 60 70 80 90 100

Defect position x (mm)
Fig. 3.6 Simulation condition and results: (a) simulation condition and (b) relation-

ship between the defect position x and deviation of TOF Ar.

BFBAMENZE ZOMEMITIHETH D, DA 2, 5 mm OESL SDHAITEWTE FAKOMERA
VHONS. ZO AT DEFZ, REESOERKE L OETENENEL & 5E1IZEER A 5 O
AR EE L, MHEAABEBEBICHEER2 5252 I2&VEVRZEERONS. ZOMEER

5, REGHEEFHEME AT 2HEI101E Ar OEEAREL R, RIphi#E 2 2D LENT S
ZIITTHROND AT BRELEDLL I Ens, REFEOHTCIIREIZRDEZONS. X
THEDOY I ab—ya v iZBWTIEMHEDOAZFZR L TWEHY, BEHHTGIZ B 1 5 EEOF
HNZ BV TIEME S, MBI E DS E— NEAROREL AL, AT OB L 0 I
BHEEZOND.

Figure 3.7 I RIfafiE » 2 2L X E7=ED TOF 70 7 71 )V &RT. Bl FH %2175
NI VAT a—VONE X, iR Ar THS. REGHE x 1cBb ST, REEOFEL TOF
THIT 7 AIVIZENT WS Z DR TE S, f=0.5-1.5MHz D%AICIE, Figure 3.7(a)
DS, e MNTBUEDEED TOF 707 7 A VIZEHNBER 2 =50 DL EDED L AKX R
BRHEZ OB, ZOZEnS, NMMEEZZEZTe P25 LE T T TH B & EITRIRE
DHEEMREL 785, f=0.5—1.5 MHz OFEIZE Fig. 3.7(b) A SHEBRIZEZ T, o 5115 M
E 85 AR THNIERIFEIHEEAREL 725, o B OFPFHNIZHE L &, ATiXz 250D
EDLDLIFIFFUMETH Y, Fig. 3.5(b) OBFRM® S RKatE D »HEEgETH 5. TOF 7
077 ANhoRMEz DHEEFRETH D Z 5, RGP HEE AR EICFIET 50 E
SOHEEARETH 5.

RIZ, Fig. 3.8(a) TR T LS ITRMDAEE (50, y) & LTy 22T VKD, RIEHH
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Fig. 3.7 TOF profiles when the defect sizes D are 5 and 2 mm, and the defect
position y is 50, z is varied: (a) f = 0.5-1.5 and (b) f = 1.0-3.0 MHz.

ET2RIECBIT S Ar Ol %247 572, Figure 3.8(b) DFERN S, RN N TV AT 2 —
PIEWE AT OEFPKRELSRD I EHHERTE S, RiffiE 2 228{b 387254
Rk, FEIEEAMENIE Y Z DMEADTEE I > TW5. Figure 3.9 IZRMBMLE v 2 2L 3+
72 &®D TOF 7u 7 74 )% 7. Figure 3.8(b) & Fig. 3.9 225, KahiE v »° 85 LAk
DEE, NIVATa—HE X B 50 DGEAED AT DEFHRRENZ LR TES.
DZEmB, yhi15 Bl 85 UTFTHIERMEI T TR THS L EX NG, y 1O
FNTH 5L %, Fig 3.8(b) 75, D42 mm Thid Ar ity = 50 LBT 5 Ar & IEIE
HUMEE72%. DM5mm, f50.5-1.5 MHz D& & A7 & 50 225 65 ns DEDOEZELD,
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Fig. 3.8 Simulation condition and results: (a) simulation condition and (b) relation-

ship between the defect position y and deviation of TOF Ar.
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Fig. 3.9 TOF profiles when the defect sizes D are 5 and 2 mm, and the defect
position x is 50, y is varied: (a) f = 0.5-1.5 and (b) f = 1.0-3.0 MHz.

ZD&Z Fig. 3.5(b) 26 RIGEIE 5.0 25 6.0 mm OFOMEIZHEZINS. D A5 mm, f
A 1.0-3.0 MHz D & & A7 1340 725 48 ns D DMEZELD, RIEEEIE 5.0 225 5.7 mm D
DIEIZHEIND. RME y 230 £721% 100 15EWEE, ThbOBRMA NI VAT 2 —
VBT 258 I3 RMBEOHEIINETHS. LrL, ZDLE Fig. 3.91TxR7T &
512 TOF 7m 7 74}1/0)k5|amu::b‘ T2 —ZIENL 725 & 5 R EBINRIEA BN S
Enro, REGHPEMETATRERALE v ISHFEELTWENE S OB XA e Th 5. £7z, Fig.
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3.8(b) IZBWT f =0.5-1.5 MHz, D = 2 mm, (z,y) = (50, 92.5) D& & A7 XXX 0 T
HB5M, Fig. 3.9(b) 5, ZOHAEIZBWTERMEMHEIZSWT TOF 717 7 1)L EIZZA4L
NI ehoREOMTIIFAETDHS.

PEDZ o, REGIIE (z,y) X o THIEAEETH D, HERFED—EHPHN I
TETNIXRDOHENTHETH 5.

3.3 REEMRHISEER
331 =RREH

AT RE AR S RO EEIZ K B AW NI R OB R EMGES 5720, B E AW
TEMEREZIT 72, BB LTV a I I v B %2\, s o6 72#Es%
ZRIE 2 FHS 5 Z & T, FHUBHEICREAPFEMET S Z e 2B L T\, flHiE Figure
310 D &SI >THY, FHHTLIEI Lo THHNORFEOBPER>T VWS, #1 D
Wil HR O ERE 2 mm DR 1 D2FEET 58I WTE%Z 1T - 7. Figure 3.11 %&£
filiz, Fig. 3.10 D#1 O EIZ BT 5WHMZxRd. BAORZ 13 mm O M VAT a—H
(Olympus A303S-SU 1 MHz) % 0.5 mm [AIfECTE&EL, #wElME 0.5-1.5 (MHz) OV =7
Ty TFry—TH%E 10 E2HIMU7Z. FG (Agilent 33120) 2o I N7 E513EEE T
7 (NF,HSA4101) THIEXH, PSS VAT a—9o%kESI NS, FI VAT a—HI2F
EL, X147V 7Y% (RITECRDX-6) 2ia L7255 22 EREFLTE. ThoDEFIE
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Fig. 3.10 Side view of tested billet used in the experiments.
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Fig. 3.11 Experimental conditions and TOF profiles when there was a defect at the
center of a cross section with the defect size was 2 mm in simulation, duralumin, and
cast steel at f = 0.5 -1.5 MHz.
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Fig. 4.1 Profiles of TOF at the defect position (z,y) = (50,50), transducers diameter
a of 6 mm, and defect size D of 2, 5, and 8 mm in each wave field: (a)f = 0.5-1.5
MHz and (b)f = 1.0-3.0 MHz.
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Fig. 4.2 Received signals at transducer position X of 50, transducer diameter a of 6
mm, and f = 0.5-1.5 MHz in each wave field: (a) in reference plane with no defects,
(b) in measurement plane with a defect at (50, 50) of size D of 5 mm and (c) enlarged
view of (b).
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Fig. 4.3 Simulation conditions and results in each wave field: (a) simulation con-
ditions, (b) relationship between the defect size D and deviation of TOF A7 with
transducer diameter a of 6 mm and f = 0.5-1.5 MHz and (c) f = 1.0-3.0 MHz.
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Fig. 4.4 Simulation conditions and results in each wave field: (a) simulation condi-

tions, (b) relationship between transducer diameter a and deviation of TOF A7 at
D = 2 and 5 mm and f = 0.5-1.5 MHz and (c) f = 1.0-3.0 MHz.
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Fig. 4.5 Received signals in reference plane in each wave field when f = 0.5 — 1.5

MHz and transducers position X is 50: aperture sizes of transducers are (a) 3, (b) 6

and (¢) 9 mm.
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Fig. 4.6 Profiles of TOF in each wave field when the defect size D is 5 mm, defect
position y is 50, x is varied, and transducer diameter a is 6 mm: (a)f = 0.5-1.5 and
(b)f = 1.0-3.0 MHz.
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Fig. 4.7 Received signals in each wave field at transducer position X of 80, trans-
ducers diameter a of 6 mm, and f = 0.5 — 1.5 MHz: (a) in reference plane with no
defects and (b) in measurement plane with a defect at (80, 50) of size D of 5 mm.
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Fig. 4.8 Simulation conditions and results in each wave field: (a) simulation con-
ditions, (b) relationship between the defect position = and deviation of TOF At at
transducers diameter a of 6 mm and f = 0.5-1.5 MHz and (c) f = 1.0-3.0 MHz.
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Fig. 4.9 Profiles of TOF in each wave field when the defect size D is 5 mm, defect
position z is 50, y is varied, and transducer diameter a is 6 mm: (a)f = 0.5-1.5 and

(b)f = 1.0-3.0 MHz.
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Fig. 4.10 Received signals in each wave field at transducer position X of 50, trans-
ducers diameter a of 6 mm, and f = 0.5 — 1.5 MHz: (a) in reference plane with no
defects and (b) in measurement plane with a defect at (50, 80) of size D of 5 mm.
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Fig. 4.11 Simulation conditions and results in each wave field: (a) simulation con-
ditions, (b) relationship between the defect position y and deviation of TOF At at
transducers diameter a of 6 mm and f = 0.5-1.5 MHz and (c) f = 1.0-3.0 MHz.
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Fig. 4.12 Simulation condition and TOF profiles when an ellipse-shaped defect with

major and minor axes of 5 and 2 mm was at (z,y) = (0, 0) and the angle of a defect
0 was varied: (a) simulation condition, (b) TOF profiles at f = 0.5 -1.5 MHz and (c)
f=1.0-3.0 MHz.
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Fig. 4.13 Simulation condition and TOF profiles when there were two defects with
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y positions were 0, and the distance between defects [, and the defects size D, and
Dy were changed at f = 0.5-1.5 and f = 1.0-3.0 MHz.
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Fig. 4.14 Simulation condition and TOF profiles when there were two defects with
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x positions were 0, and the distance between defects [, and the defects size D1 and
Dy were changed at f = 0.5-1.5 and f = 1.0-3.0 MHz.
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Fig. 4.15 Experimental conditions and TOF profiles when there was a defect at the

center of a cross section with the defect size was 2 mm and when there were five

defects in simulation, duralumin, and cast steel at f = 0.5 -1.5 MHz.
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Fig. 5.1 Outline of defect detection by TOF deviation of bottom echo: (a) measure-

ments on cross sections, measurement and reference plane, (b) difference in received

waveforms between measurement and reference signals, and (c¢) TOF profile of bot-

tom echo.
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Fig. 5.3 Simulation condition and TOF profiles using bottom echo : (a) when the
defect position (z,y) of (0,0) and defect size D were varied, and (b) when D is 5 mm,

x is 0, and y is varied.
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Fig. 5.4 Simulation condition and the effect of defect size D and the position y on
deviation of TOF A7 measured using bottom echo : (a) relationship between D and
AT, and (b) Relationship between y and Ar.
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Fig. 5.5 TOF profiles when the defect size D is 5 mm, defect position z is 0, and y
is between -45 and 45, using bottom echo : (a) f = 0.5-1.5 MHz, and (b) f = 1.0-3.0
MHz.
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Fig. 5.6 Received signals of bottom echo when the defect size D is 5 mm, defect
position z is 0: (a) at y = 45, and (b) y = -45.
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and (b) with measurement signal at (x,y) = (0, -45) and D = 5.
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Fig. 5.8 Top View of tested billet used in the experiments.
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Fig. 5.9 TOF profiles when there was a defect at the center of a cross section with
the defect size was 2 mm and when there were five defects in simulation, duralumin,
and cast steel at f = 0.5 -1.5 MHz.
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Fig. 5.10 Estimation of defects sizes and positions from TOF profiles of transmitted
wave and bottom echo when f = 0.5 — 1.5 MHz, a = 6 mm with same positions
y of the defects: (a) simulation condition of measurement plane, (b) TOF profile
of transmitted wave at (a), (c) TOF profile of bottom echo at (a), (d) relationship
between defect size D and deviation of TOF A7 using transmitted wave, (e) rela-

tionship between defect position y and A7 using bottom echo at D = 5.0, and (f) at
D = 2.0.
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Fig. 5.11 Estimation of defect sizes and positions from TOF profiles of transmitted
wave and bottom echo when f = 0.5 — 1.5 MHz and ¢ = 6 mm with different
positions y of the defects: (a) simulation conditions of measurement planes, (b) TOF
profile of transmitted wave at (a), (c) TOF profiles of bottom echo at #1 and #2, (d)
relationship between defect size D and deviation of TOF A7 using transmitted wave,
(e) relationship between defect position y and A7 using bottom echo at D = 6.0,
and (f) at D = 2.5.
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Fig. 6.1 Outline of defect detection inside billet by transmission method using

phased array technique.
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