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Abstract

Austenite stainless steels had been used as the structural material for

the energy environment facilities, because austenite stainless steels like
STS316L have superior mechanical properties of which toughness, ductility,
corrosion resistant and etc. However, those welded structures in-service are
receiving severe damage due to increasing of the aged degradation by
using at the environments such as Cl' gas atmosphere, stress, and high
temperature. And those damages cause a sudden break of structures
in-service. Therefore, it is necessary to develope on-line monitoring system
in order to prevent sudden accidents under in-service facilities. Most
studies until now have been carried out against fatigue crack behaviors of
weldments, but were not well studied on nondestructive evaluation method
of ones.

In this study, the fatigue crack propagation behaviors and the AE
(acoustic emission) characteristics were investigated for the weldments of
STS316L steel used with vessels of the nuclear power plant. Also, the
degradation characteristics of STS316L. weldments were investigated by

ultrasonic parameters such as ultrasonic velocity, attenuation factor and



frequency. And, the relationship between ultrasonic parameters and
destructive parameters such as material constants of Paris’ law was
evaluated. And, the relationship among ultrasonic parameters, grain
structure, standard distribution, grain anisotropy, ferrite contents and
mechanical properties such as residual stress, hardness and etc. according
to the degree of degradation were evaluated, too. The main results are

given as follows:

(1) The residual stress of weldments could be evaluated by ultrasonic
parameters such as Lcrk wave velocity and Lcr wave frequency, and the
formula to express the residual stress was made by these investigated
parts.

(2) There was a proportional relationship between ultrasonic velocity (or
frequency) and material constant, C of Paris’ law. Also, there was a
proportional relationship between ultrasonic attenuation factor and material
constant, m of Paris’ law. The results of these investigated parts could be
found in proportion to each other.

(3) Degradation characteristics could be evaluated by ultrasonic parameters.
According to the increasing of grain sizes, standard distributions, residual
stresses and ferrite contents, ultrasonic velocities and frequencies were
decreased, while ultrasonic attenuation factors were increased.

(4) AE method could be confirmed that utilize to detect the fatigue crack

initiation and to predict the fatigue crack life.

The application of this study can be used as the basic data to develop
"Nondestructive Long Distance On-Line Monitoring Systems" as well as to

predict the fatigue crack life of welded structures according to the aged

degradation and the damage without disjointing or stopping in-service.
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Fig. 2.1 Schematic pseudobinary phase diagram of low carbon austenitic
stainless steels containing approximately 70% Fe
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Fig. 2.2 Schematic pseudobinary phase diagram of austenitic stainless steels
containing approximately 70% Fe
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Fig. 24 Effect of time-temperature in the carbide precipitation and
inter-grainboundry corrosion in STS316L
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Fig. 2.5 Residual stress by welding process of austenitic stainless steel
(PWHT : Post weld heat treatment)
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Fig. 3.3 Basic principle of Lcr wave measurement
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de 4ERFLEHol EAIYY. gely sHARBL
OMPa~600MPaZ 3% 4 it}

W 3 300MPa~
2k

Vi : Lt &% [74],

T : travel time [sec]

W Eds I A)(82mZ 23) [mn]
ro,: L] $% @S] BE 2R
4Ty, : 7FR% &3 o) 2)% travel time 3}k
Tor, &85 %7 A %719 travel time [sec]
—’F [kgf/mr', MPa],

2 [kg/(m sec)]

F(AV/Vo unit [FE9))

ol oJg E #H3bek [kegf/mrf, MPa]
SH 2% Z WaleHkg/(m’ - sec)]

WH3sleF [MPa]
[sec]
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3.2 S =(Acoustic Emission, AE) ¥

=FUE Ase a2 o Hge olFoly vlA dEY AT A7 F
WEAQ Aoz FHA Ao =P LPWE Az Fue AR
Aol @eba A @A # Jdom 2o A H vbs F AAHY Hib
I HJAPEoE WFHI Ut AEQ] §&woke g7, Wi §9 28]
RUEY ¥y olye} &3, 8 RAwE A 2 ASEAZHIb g o
25T g, B9

{r
dm o

Jjm
o
poh
oo
o
S
2

321 £FUE

L F3
54 w3 @Ayl
A%gA FEs} S o
WAl TR Age 2], W S Towx ged
te wvty gAbEEE ge ool AdE $919 g sbsei
e-gel AAZE AATL 7R s
Azl vl AF 2 ARADH WaAo] s

2) &3
AARA o] g8 o] A&3=
AEX 57} @] ekET})
o]

Az ZHeul (SNR) A4e] tha T@aic.
FHA S (noise) o] EHAQ] Aoz} Hg sttt
Algate] AP #do] BAARE IR E FHEAST AEH A2

L9

(3) AES] 3&&oF
Mg st el d7-AQge ZAFH EA HA 2 79
o)) 9} QF A 7 AH(Proof-Test)- Hth 315 = 3} 7qte o =
7V&% ZAAHIn-service inspection, ISI)

A&7 73 AF(Pre-service inspection, PSI)
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>

4 aft of X
)

2

N

(On-line Mornitoring)
A-EToE, WR T
HAEA

A ALA AF F

oxl
o wd oy >

X0 o=
o e

322 S3FWE9 Ao W WA 7] (source mechanism)

=82 (acoustic emission)& A Fol 7SR ol FA S 9
o AguFed FHHoz FAHA WIAUAE 1) slipdAd, Az ol%
2 &AW 2) £ doiA] 3) FEAH W HHF A
S22 a4 O Jo YA g4 Feg wEEe @40z A
dot. ol WEH SARE SEWEAF(AE signal), SHLENTE HEE)
= e 2 AP E SFYEH(AE method)olg}t 3o} I AR ZRE wEg
AEA T = IZA ZdAA 4d AME o]f3le] AANH As 2 WG T
A2stA HY F3FEE A3 Hele AR EAC ugex] A ged

Itk A2 2835k A HS F A4 wn AAYe e ik

Detection and measurement

Signal JW\/. electronics
N~ ,
L

Pre-amplifier
Sensor
Source
e -
applied stress -~ —» applied stress
/ l \ AE (stress wave)

Fig. 3.4 Basic principle of Acoustic Emission
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(1) AAHBG A e] AE 24 7)1 F
Age] £2ANY
I g2 D (/A8 HAYHe 3 5),
EHAZ(71ANTE, AdfrolHbreakage) 2 £2](debond), E3HE-)(delamination),
¥ 2 (fatigue) BH8Hi$-(F-4], & H 12T Y SCC/A8/ =F 5)

(2) mAIHEHA A AE G 7|+
7 9] o] &-%4 (twinning), < Y (slip)
PlIAEE-ERHUAY olE/ AAZHY mAe) Bk 2 Ry
HEl-vt2RALelE e/ 88/ 831/ 4 (sintering)/ 7 3}(curing)

@) Az
7 (leakage)
T 5 A (cavitation)
UAZ 4 (particle impact)

@ 2 ol (friction & wear)

323 SYBEAE) A D LAY
Al AEMES 490 oM AAFeel gepde g daHE S3E
7 95 Wol AA Ay E V185l BYrlde ge olggo] wach o)
SFLE] AsHe] Y BEAe vjs) M (parameter) S-S FZ31e] AP o)

=]
HE 248 2ol dutoln, b3} 22 e Wyg o] gsle] BAec

(1) 73 £ A9 (parameter analysis)

AEQS Y o] ojRA AZ=7t st WHOZA rising time Ry, A%
A|ZY), duration time (Dr, #4137}, rising slope (4159 4%8) 2 frequency
spectrum(F3t £3) 52| geeElE o] g3ln o)eidt slebEE whgle] whay
71772t EAE BA7) sl

2) =¥EE 4T 4 Y(activity analysis)
PN

AEAlS 8] event %7, count &7, FH ]2 Z(maximum amplitude) % energy
S MFE ol§3M SWHEUY 27) L ASe WY BAS A
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(3) Pattern 12¥
Sud £4vTolM Y ABNS S BHe Huste 45E BRFgoss A
T THLAM Y EA7IFE ke ol &3k ATk

AENZ S UEA 9% 2 AEAB S EA ndulEE 7tz Fig 35 Fig
3.6°1 YElAth. AE A& EX9] sle}r|Elol= AP event), 7H-El(count), oA
(energy), S-F{(voltage S-+ amplitude), =& (duration), 4} A]ZH(rising time), 4]
E|A|ZH(decay time) 5] Qlt}. Table 3.2 SFHE A3 AEo Jate

MAE AR B4 B @49 FFE U

burst type continuous type

Fig. 3.5 Type of acoustic emission signal

Duration Time Voltage AE parameter

Rise Time

1) AE event count

2) AE count

Amplitude (ring-down count)
3) RMS voltage
(in continuous AE)

4) Peak amplitude

Count (7) Count (2) 5) AE event energy
I I I l I I I I I 6) Frequency analysis

T
1 AE Event 1 AE Event

Fig. 3.6 Parameters of acoustic emission signal.
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Table 3.2 Factors affecting the relative amplitude of acoustic emission response

Factor increasing acoustic emission Factor decreasing acoustic emission

response amplitude response amplitude

High Strength Low Strength

High strain rate Low strain rate

Low temperature High temperature

Anisotropy Isotropy

Inhomogeneity Homogeneity

Thick sections Thin sections

Brittle failure (cleavage) Ductile failure (shear)

Material containing discontinuities Material without discontinuities

Martensitic phase transformation Diffusion without transformation

Crack propagation Plastic deformation

Cast materials Wrought materials

Large grain size Small grain size

Mechanically induced twinning Thermally induced twinning

33 At AEAe 2 A4 InaF

3.3.1 Fast Time Fourier analysis(FFT % 4})

A AEe FE B@el g3 AT e AFoz LEhRE Az

AE 9 g Fug JAE HEE Yedle Fo4-3Fe 42 138 T
4 Atk o] o Aol #SAdn JNIZHE HJERE 7] A% A9 A FF
ZQl W3glo] o]&5 I F FFT B4H & xa2ol 312} Joseph Fourierd]]
oa] AR o HE(Fourier Transform)& ©]&%F 24wt}
A ZEeHE f(Holl g FEldd WIS o A3 Zo] A
f(zf)=“—217r F(w)e"'dw (3-11)
Flo)= f _ ADMar (3-12)
F(w)E ()] Felo HEolgtar 3, A A1 F9d s Aze F3
F ARES BIY £ AW F A AL GAM 2B E FEld wEe o)
Fate-2E o BAZE Yehle BAFgUS 4S 5 A3 oERE Fu5 4
e 2Agch oy Fd "HIHeS A AR dGo i3 23] FuhSe-
AXe gz BAHE Azo Fuldg AR 4 Azt i ARE



BASHA =Hu 2zt Al JAEC e Fug AR E4o] Ebedttt
wetr AE7E AZbel wep Foidg dEo] WA ge A4l Z(stationary
signal)d Aol FA7F HA AN AldESe] wel Fuhg o] W)
st vl g4l E (non-stationary signal)e] Ao QoAM= A3 e =

v 4Rl WHE EAT 4 gloe 9ol An.

VI A

Fig. 3.7(a) stationary signal Fig. 3.7(b) non-stationary signal

3.3.2 Time-Frequency Analysis(X] 7F-53= 9545 A))

AF7HA Az e Fage 4ES dFeke 7P A oA el
W3S B A A4l S (non-stationary signal)E& R3] EEY F ue dHS
AR3 QT weA, oldd VRS BHE Ae A5 AW A3}
—}F A ECl NTHUT A Fupgo] 224 FHgdd A3 FAAZG

g Fo4 WsE Base AD-Fia Aage B4 3, YE
(tatlonary signal)3 gt ol g} A4l % (non-stationary signal)E rzlodl M
ol wsted AAEA E4E £ Ao F, A WS g g HEE
AT g AEd] 2RE 4 dokeE ot 2, dideE =
oz A Fog oA HA= EAHo] o, JdsE #HL AT G

(STFT)ZHK-E] A)Z+&}e], Dennis Gaborel] 2] expansion¥} series®] 7)d-&
o] &3 Gabor expansion, Eugene P. Wignero] @& o]|83 Wigner-Vill
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distribution(WVD), Kernel & ©]-83& Choi-Williams distribution (CWD)#}
19800 ) & o] &o] HHH wavelet transformS & 7}A] A|7t-Z=044 # A
ol AMEHI Qltk 2o sl=dole F&53 wde] & wa Ax )y}
7FestAl HezA AAZAA #4o] 7heEtA =AUk oled A-Ful b
AHEL ZA AFALH v AldE P8 4 d3 vy g2 F(nonlinear
algorithm)& 7}x]-== Wigner-Ville distribution®} Choi-Williams distribution %2
Azt Fae GoqoMe] Balsol ofF Eue AHE A= whE,
el A% 1t W(cross-term)o] LA FE @S sFAT Yok wH,
&

[}
a12] & (linear algorithm)& 7}A|:= Short Time Fourier Transform®} Gabor

o
o mx

i

expansion §& M 4GS oA FAW, Tl th Hojxe @

H4e 7HAm .

3.3.3 Short Time Fourier analysis (STFT#4])

Short Time Fourier Transform(STFT)-2 3F2]ol WEHFFT)o] A|7t wW3}ol] of
gt FI4 FEE A Edte 9HE RAste, A ARG dS ®e A

l

gz 2EE BYsta FYo wHEsE A0-F B2 (time-frequency
analysis)9] & WHelth. =, At Fug JYelx FAlY EAste I
F(window function)& ©]§3te] 7} AjtolAe] FHFE FIe WHoE
A(3-13)3 Zo] xHAT)

STFT(t, w)= [ ()7 i.()de = [s(£)r*(r —De 7 dr ... (3-13)

SP(t, @)= | STET(t, @) | ¥ oot (3-14)
A(3-13)2 Y¥bAQl W F(inner product)S |83 HHOZA, signal s(9)

¢} elementary function 7 (¢ — )&’® " Alo]e] AAS

7] A, AT, So 9% YgANogHE oiiEny i < &
F U 2(3-14)= STFT spectrogram . X A|Zh-Fuby BwAdo] Ful4 A

7o) ojix] BEE Yehlle Ao ZA STFTY Aoz -

7y ()= Fig. 380 A8} o] AIZF 3 s(f)ol] Wil DAl ZH o] %3}
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WAzt Azke] @ Felo] Wee Yot A-Fue 3
oItk Ik, B P4 Al gk A wE Fuks
A Hlue, A 999 Balse Eolr] HHME Fus 2 g
51, F35 B5e Eolr] AAME A 999 Rase] Wolxe
A (window effect)7} HAst= wHgo] ok Fig. 39(a)v WA T Y
Short Time Fourier Transform ¥4 ZA#4& Uehld, Fig. 399 (b) ¥ (c)=
Short Time Fourier Transform?| % &3& Jvehdla ¢op® -2 Fig. 3.10

& STFT®4 9] 3349 EM292 vehuch.

S
r(t) . / -
D R S . S e .
Time
%9 J, (9 o ‘
v v
g
= STFT
&
z
=
' >
Time

Fig. 3.8 Short Time Fourier Transform

(Etté«u zobe wke e N Ll N

Tene 322

(a) Short Time Fourier  (b) High resolution in (c) High resolution in
Transform in 2D time domain frequency domain

Fig. 3.9 Short Time Fourier Transform in 2D representation and Window effect
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Fig. 3.10 Short Time Fourier Transform in 3D representation

334 NF3r G AsALE 5@ Bt eviee) oy eks
NR-ETE Gl A AxAE J1%E ol§d A BT HelEE
%, BA% FEE, AHSER)E AZ7) 98 A4 2ndE T AF A
£ PHo R theel whgel glon oldle Wy BEE AT R 7

Rl WAL Wag salshe el 712d W wabge] o &4 ¥n
gzl S

1) Pulse Overlap Method (B2 ZH3H)
2) Cross-Correlation Method (44373 ¥)
3) Fourier ¥ 3% (174712719, Fourier 25 EH W)
4) Hilbert H3%H
5) Wavelet HE

Pulse Overlap Method (8 273 H), Cross-Correlation Method(%}3
Fourier W&ol oJ& A 7] & 7%, HilbertH sl o] ola] dd&4d T
Aole) A0 )RHE AZFo AN 2eue) 58 2T & Yt w3
Fourier H¥-& o] &3 ~HEGYT} Wavelet 3o 93 FHd gzl

FAE BARRZRY 2o Furo] BE QYT FEE, FAATE X
3% 4 Aok olF AZNZEH AR EAdE AL A S5
FaASe) BR4e B2 & Ao
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st ek AHgEANN EWA ALLHT U

13+ ASTM E-399-789|
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Table 4.1 Chemical compositions of test material

C Si Mn P S Cr Ni Mo
0.020 0.61 0.67 0.023 | 0.002 17.31 12.00 2.14

Table 4.2 Machenical properties of STS 316L

Yield Tensile Elongation HRB
strength (MPa) strength (MDPa) (%)
267.0 585.3 60.1 309.8

Table 4.3 Welding condition of STS 316L (GMAW)

Current Voltage W elding speed Heat input
(A) (V) (mm /min) (KJ/cm)
270 17 280 9.107
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Table 4.4 Heat treatment condition

Treatment Before Degradation temperature (C)
condition [degradation 475°C 700C 1000C
Spelf;me“ CT4 |CT1|CT2|CT3|CT5|CT6|CT7|CT8|CT10|CT9|  Air
5 g' " cooling
cgracation 0 24 |48 |72 |24 |48 | 72| 4 | 8 |24
time (hr)
=13 weld metal base metal
/ f -
5 11 [ ’ i "R B I
‘ A 5
; T
-/ 65 L. . U-groove
=  2jes EEE oo ® » O
o I A R S =T
------ e
CJ ----- OO O
23 < LFJ
< > S
50 14 [ BM(LT)
62.5 L —
Fig. 41 Dimensions of CT specimen [mm] Fig. 4.2 Specimen location in
plate

150mm

weld metal

base metal

U-groove

14mm
Rbmn 2mm

UT measurement direction

-
3y

o
=]
5]

300mm

Fig. 4.3 Dimension of UT-specimen
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42 A3y

421 A =23 #F 2 AEAY

2ARBM), FIFRHAZ) 2 SFEWMS Arge dsdPdgoz
2WE AANA Sehomw mARS g2%el AAU TR ST A
2 #u@ F PO 2L BRI WAL AEAGINE A5
AEE ASsteoh

422 H2AQ @ SFFE AY
HE2ddAd EAS H718] 98 d2AEE Hd 4% 1059 w5y
#7)(Model : EHF-ED10, Shimadzu)Z AHg-3}e) AL - g71ZcN FdAwz &
FTHHES 10Hz, $38H] R=0104 AAEQt BE A|FHLE 3% Puu=14kNoj
A AR ES 2m YT §, E AP Pra=145kNS] IR S50 8 A
om FEdol= dip gageE ©]83t] FASATE I MY Foll WA= S
WEAze HES S8 PACAN] 1200A9F I MAM(Fu4 ®HY
1000kHz) & AH&-3FTh H3F o]l=2E Zo]7] 918lY 12} F o2 analog flltermg
= 8L CRT stdAe] 82t &) 7H53les 40dB HASFEIE AR AEE
Aot AZAEEL 2 T8 WHF Smrlt) event 5= 300070743 l%‘—ff}
AZH ztzte] gdale Gageit] CS215 114 A/D W)€ o] &3l t]x
ARG HAEstEd g vke oA Fag-2dEY B4 g JA(FFTEA) 0
AAF 9} wol2E U3 £ §F, WANZNS Mdsted STFTY 2 Garbor 3%
NZFEE Fig 440 Vel SIch

\_/——J

PHYSICAL
ACOUSTICS
1200A PC System

Fig. 4.4 Measurement system of acoustic emission
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2T A5 HEH AL PanametricsAte] USD-15 283 #4179}
¢ 025", FAF34 5MHz 38 Fdd 2 Fog &EAE ALt
AR, HAZ 2 &35 oF AW oI E AEsle] HAgxdd o8] &
=

pEk
ey
o)
)
iy

i

eak crossing method A}-£)

= AlZ(pulse overlap method ¥ p
a1, AZ-FRFEAYSTFTS oJste] FAF95E BAsa0. £3 1w
gel $EE BEANADYWE 82mz @ Ao, AR Y §IR
2 298 APAA S5 288 NS 741%5} ’—‘4(3-8 of ¢t +

A
At =3 Z} data® 2AE Fo]7) «IOM 2}z

# 29 AZ A2 YeRQD

Ultrasanic Flaw |
Detector
USD 15

PC System

UT Prabe

AD Converter [= O i'] ""I

Fig. 4.5 Measuement system of ultrasonic examination

424 B39 Nzh-Fug B
Fig. 46& ¥ 430 ARSE AREFu: 4 zaagoax &5 Jde] e
raw signale] A Aol dig FaFRE $4 Ade dede, $5 due

FFT 24258 Ytk 123, *8}5&1 e a8 Aze) B8e Yepin
$% Shere ARRFSS B4 AT ABAYE 4T FRABPES Yehan
&% wE AsE A
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2D Time-Frequency Analysis
current date: JTFT snalysis of Baw Signal Power spectrum

y 22 - ind FFT
BE 2. 2D Tmme-Frequency Spectogram Window
Z Frequeney Contony by Tine Position Zomwmec"um

-0.0 GOE+D : o  mininiin s
1O09E 4s5ec owssocpom - | 10238-2 e 10091E4  sec BIEA ¢

2.0E-2
1,62
5> LDE-24 ‘Waveform Window
5,0E-3 waveform and anplitode of Ran signal
g 1.7E-184
-5.0E-3- analysis range
-1.DE-24
MR v aok-4 eoka sokd 1hk3

Raw signal (Time Waveform | sec)

Fig. 4.6 Windows of waveform and time-frequency analysis program
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5. EAR 2 B ()
51 WAz B3

EAEBM), A 9 LA WM B8] 2HAAS Fig 510 vehy
itk Fig. 5.1(a) 316L 2H]QIE|~%e] RARg tautalol] ule} 22o] dAs
o oFztel oS 7AW &% ferrite band7t FAHo] e RNoT ey
ok Fig. 51(b)= AF2A L3R} HAZY x2E 37 Jehllz gtk HAZ
£ 270 $4Ed o) mARnT ZojdAn ofie] olMAE 2E Aow
el 83%-£ Fig. 22258 A-FA Y 242807 WA Q2 U EY}
Ea e AEHUelE o] A sglolErt FAEe] Q) Fig 239 Delong
diagramel] waw &XFHE L2HUOlE J|x|o] £%] #Hz}olE (¢F 8FN by
Delong diagram, 5% ~6.7wt% by Schaffler diagram)S 7}z 24} Z2lo] & A5 o]
o atATt, CO» gas #97|9)4 GMAW §4& stgons Axzs o 2L 1
elolEv} EAjsle Aoz BVEL. TF wARe HAZ AAo] 27 slehol
EWMe] dF)7 2digtA 3450 e Ao eyt Fig 510 &3%
o) ZHARO R, Wi acicular) Heto|ES} 2)Al(athy) slatolE, 18] B2
Ei(verrmcular) HztolE Fo] #AEQon ozt HelolE Ao £HF9)

& 7He Aoz vehdd E=3 §3lpass9
3 FEolle 825 HAZ7} =l om, olejst &34 Yo HAZE
HEG wgto]EY] 2 o] ZUAa Ho|ee] FA HHaFo] dAEA] glo}
AR Bado] A% Aoz el

BN oY

| 100 (mxw’)ﬁ > LT o) e
l‘—i’"’“ Wm‘f et e ) ) SN . " ' ""i!:}

,‘; ARG AT

(a) BM (b) HAZ and WM (c) WM

Fig. 5.1 Opitical micrographs of each part
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52 Ax =3

2t B ¥ FEE Fig 5290 Jehidth. §379 HAZS Axe
AR vste @A debgt)h ole £3589} HAZY H=7t AR Bs
o =4 Yetude AL 239 29, 282 A34o] e LaHYolA
A Q2 278 A vt2dAlolE ®idyt glv] WEd dsise] Axs}
ol Aoz gerEg

450

425 o
400
375 A [ ]

350 L [ ]
325 A A [ ] ] :

300 A

Micro-hardness (Hv)

275

250

base metal HAZ weld metal

Fig. 5.2 Vickers hardness distributions of STS 316L weldments

53 Mlza44d AA AF 5A

531 Y=g A dA

Fig. 53 3 Fig. 54¢] AFH mzade d47y 2 wzgde A
HAo & FHZgy gAE Hehldd. #8204 AlSAE 52889
A% EH7F A - BAstE o] R 8- EFo] FAHE GAon, A
I.9A4e 83859 ST o3 3= Aujsto] dAHH 1~28) &
T =A2719 wA gEo] WAt HAolth ol A 1Y HadAdME Z2F
2238t Qixtet AgH Azt Atz FAEsle &YW I #W
Tdol T 1) FWxE, AAUSE, AAHIA BH L oAHHE Fo

2R 24, 2) Az FREYY A%, 3) A 4F 2F £ o,
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o &gt F AAFAEI Fn ARPYPA FEHo|
g, 3 ¥ 4EAHFSHo| F4F, RIHE H2S

A, A AMyGAE 983 9
ARto]l AuAAZ 832 AR FIAPHY FaEe 288 cyced
A0 (0max - omn)ll &SI Paris A do/dN= C(oK)” Z5E <23y
Aad HEF AKY A5 oz Fdo] AAste gz FAq 23
o @b A A A AR 4F AF-&Ho] A5t Eadge <
A

452 e Foate YR AW AR AAANDRZ GEIFHL o)
252, ¥alHt Aovt 484 P2HUe oy w9 FUo
o thal Ao FAMGoR AN 4EE sEoldoldolgn s I
293 549 27 R see] YHAT 2ELo|dolde AL 3
2 loycle § FIAA Polz 1 HHoeREH FANIEES 38 4 9
9. FLAR ALdcAAE 2Eztoldold F478e A FADdo] 7%
g1 AE7h 2P se] ozt Fow WE, W B AARD 59 %
Wepge Yehle 59 13w - Ad4 ARA @A e

Crack Growth Direction
)
| ,’L | J
I 'Da M @c | Failuwe

Fig. 5.3 Typical crack growth and propagation process
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Koo

IE] IIb Ic

A (T
il o

log AK

log da/dN

Stress

Fig. 54 Relationship of fatigue crack growth rate and stress intensity factor

53.2 STS 316L &4 %9 dH=2d g AA A% 54

Fig. 57& 316L z®|dejxze] zt RO 2dd AAAFTES vy
k7o) B 242 WM(LT)e] 718 #har, BM(TL), BM(LT)ol o]ojX HAZS
el J2ade] dH¥ate HAZ(LT)S H249o] 714 AA vyl ols
LT 2 §Ho] st E A Fig 529 Az XA 133 upe} o)
HAZY 359 A7t 2a5e] vlste] ¥ Ad 716, gxne) 5o
S ZEYolE-Hgtol EQ 24027 #Ag, wAS slag A Tl WE 23 EFY
2 8Tl AT beadFo] A IFLH zE of3f] HRFL Ao
0S5 7kEso] sgago] #opzl Zo=w g w3 HAZ9 7§ AR
TA R ZHUolE Zolx]nh &P o3| ool HHE AAHEMH
Hg2agol oA g Hdojd Aog wddt) Ed, AR e TL(LA) 4
7 D 2age] JAREke] P BM(TL T2 BMLT) Rt 5=
o] #e Aoz vehytth o] Fig 51(a)olA AsRE vle} o] mael 2
dH ZFo| TLEE disl] ZdA dil=o] glemz BMTL)e ZA$ A4y =3
o] AARE wet ggo] golehAl AAE = gle WA BMLT)Y ¢ 2ol
AAYS Ha Ao} 817] il Ao wdwch
e

O

[}
5
©
2

T

.
o2

=]

Fig. 582 779 FAARSE da/dNT} SHBUAS WEE AKe @7
2 YehQch A2 me WMLT)o] 714 =a HAZLT), BMe] 40|



, BM FdX& BM(TL)Y meo] BM(LT) Bt} ZA Jehych E3, AKY
o W& MEdd IAEEE AT 27 A AKIHAME HAZ(LT)S #
=7 7F =83 WM(LT), BM(LT), BM(TL)e] 402 velhgon
JoldE BM(LT)Y Td3dEE7 7b8 =glx, BM(TL), HAZ(LT),
WM(LT)9] o2 et ol 23Y X 73 Aoz 5Y 9= &
ol 7held A-S A 1,0, FgolXe 229 wA g dAHo] AgAAE 2§
&y BME T} %%4 AHo] AQHAT Ay FGlMe FHAEx ] A
izt 2 A8t vAl AR Y] ot ARE 7T & gV YEY Aoz
s o

o2 H
TR ¢

U122

<l

i

3!
>
~
of

404 —m—8MLT)
—o— BM(TL)

—8—HAZLT)
—A—WM(LT)

38 4

crack length(mm})

24 T T T Ll
0 1x10° 2x10° 3x10° 4x10°

cycles (N)
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Fig. 5.9 Fractographys of each specimen
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i) WM(LT) 25mm (Ky WM(LT) 30mm (1) WM(LT) 37mm
Fig. 5.9 Continued

(m) severance of (n) crack propagation
slag insertions arounding slag insertion

Fig. 5.9 Continued
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Fig. 6.8(a) Grain size distributions of BM(L) according to degradation

_53_



J10

|

—0— SD

—Oo— mean

—=—BMM

l

¢]

10 [

130 [

120 -

110

] 1 1 1 1 1 1
Q0 o o 0o 0o o o
®© © N © B T O

(wr) azis uels)

Fig. 6.8(b) Grain size distributions of BM(T) according to degradation

[ —=—wWM({L) —o—mean —o—SD

< o [=1 (=3 o o o (=}
«© ~ () w - o« o~ - o
T T T T T T T T T
-
o -
i -o-yq
5 =y
© Ly
G "
-1 \
o I
=
S -|I|-|
© Ty 0
o Freay
0 O-\-«’
= EE-e-g e
o by
e B e}
e ou
N (&) ---O-uiu-ul !
= R-E-g g ~
S P /
- -y p o
5 u-m-ay ' /
0-)l|l e}
<
- N-g.)
0--- o
[t 1 1 i L 1 n ] i PN URTI B
o o f=3 o Q Q (=) o o
@© ~ © "2} ~ 2] o~ -~

(%IM) SHUBIUOD BJLIBS

Fig. 6.9 Ferrite contents of WM(L) according to degradation
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Fig. 6.13 Time-frequency and amplitude analysis of multi-reflected back echo by STFT
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Fig. 6.13 Continued
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