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Characteristics of Fatigue Crack Propagation and Acoustic Emission in
Super Duplex Stainless Steel

Jae-Yoon Do

Department of UR Interdisciplinary program of Mechanical Engineering
Graduate School

Pukyong National University

Abstract

The necessity of steel which has longer life-time in severe environmental
conditions is increasing due to the industrial development. For this
purpose, the duplex stainless steel was developed to improve the properties
of strength and corrosion resistance. Especially, newly developed duplex
stainless steel is the super duplex stainless steel which contains 25% of
chromium. Because the pitting resistance equivalent number(PREN) of super
duplex stainless steel is more than 40, it has better corrosion resistance and
mechanical properties than that of the conventional duplex stainless steel.
But the increase of chromium, molybdenum and nitrogen cause o©
embrittlement and 475C embrittlement of super duplex stainless steel. The
deleterious Cr, Mo rich o-phase which formed between 600 and 1000°C is a
very brittle precipitation, and it was generally known as the cause of
reduction in both the mechanical and the corrosion resistance properties.

And the o-phase, that is formed in the relatively low temperature between



300C and 5257, is the cause of 475C embrittlement in duplex stainless
steel.

On the other hand, although many researchers have studied the
properties of super duplex stainless steel, the studies on the mechanical
properties under cyclic loading using nondestructive evaluation are
insufficent. acoustic emission monitoring is a very sensitive method with a
wide dynamic range and it can be used as diagnostics for continuous
assessment of damage in materials and components. Various methods based
on acoustic emission could be applied to aspect of materials strength as
well as nondestructive evaluation to structural components subjected to
static or fatigue loading. However, because cumulative counts and energy
include many noises in acoustic emission experiment, quantitative
evaluation has its limitation. Studies, which find out the fracture
mechanism characteristics with classification the waveform and the spectra
of signals, are being carried out actively. Also time-frequency analysis
method, which can represent information of both time domain and
frequency domain having signal at the same time, is being tried to study
of nondestructive evaluation

In this study, the fatigue crack propagation of super duplex stainless
steel was investigated at various volume fractions of austenite structure,
precipitation of o-phase and heat affected zone of welding. And it was
analyzed the waveform and the spectra of acoustic emission signals
obtained during the fatigue crack propagation using time-frequency analysis
method. The obtained results are summarized as follows;

The characteristics of super duplex stainless steel were investigated on its

fibrous phase and dispersed phase. These structures consist of various



volume fraction and distribution of austenite that were obtained by
changing of heat treatment temperature and cycle. The fibrous phase had
higher austenite volume fraction than that of dispersed phase on the same
temperature. As the volume fraction of austenite increased in both phases,
the tensile strength and elongation increased and the hardness decreased.
Fatigue life of fibrous phase parallel to rolling direction was shorter than
that of perpendicular to rolling direction. Fatigue life of dispersed phase
was longer than that of parallel fibrous phase, and shorter than that of
perpendicular fibrous phase. Fatigue crack propagation rate of fibrous
phase was faster than that of dispersed phase. The time-frequency analysis
of acoustic emission signals obtained during the fatigue test revealed of a
dominant frequency of 200~300kHz without any correlation with fibrous
phase and dispersed phase. The frequency range was obtained not only 20
0~300kHz by the crack propagation but also above 400kHz by the fracture
mechanism emanating high energy such as dimple fracture and separation
of inclusion.

The fatigue crack propagation induced by o-phase precipitation of super
stainless steels aged at 600C was evaluated and the time-frequency
analysis according to acoustic emission was conducted. The fracture
mechanism by o-phase precipitation can be found from the time-frequency
analysis of acoustic emission signals. As a result of aging at 600°C, the
dispersed phase showed faster precipitation rate of o-phase than fibrous
phase. The time-frequency analysis of acoustic emission signals obtained
during the fatigue test revealed that, the specimens with non-precipitated o
-phase induced a dominant frequency of 200~300kHz without any

correlation with crack length. As the fatigue crack propagates (stage II.

- Vi -



mode), the frequency range was in a high frequency range above 400kHz
in addition to frequency range of 200~300kHz. On the other hand, the
frequency range in the specimens with 0-phase precipitated was not only
200~300kHz but also 400kHz because of the fracture mechanism emanating
high energy such as dimple fracture and separation of inclusion.

It was investigated the fatigue crack propagation at heat affected
zone(HAZ) in welding of super duplex stainless steel. The fatigue crack
propagation at HAZ of super duplex stainless steel was faster than that of
base metal. From the results of time-frequency analysis, the frequency
ranges of 200-400 kHz was obtained by fatigue crack propagation and the
frequency ranges of 500 kHz was obtained by the dimple and the
separation of inclusion.

Based on the analysis of time-frequency method, it should be possible to
monitor real-time crack propagation and final fracture process resulted from

various damages and defects in structural members.
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Table 2.1 Chemical compositions of some wrought duplex stainless steels

UNS Chemical compositions, wt%
Alloys Trademark PREN [PREW
No. Cr|Ni |Mo| N |[CulW
Alloy |S32304 SAF 2304 231 4101101 - - 24
lean UR 35N
S31803 UR 45N 22 | 5 1281015 - - 132/33
Standard
SAF 2205
22%Cr
S32205 UR 45N* 228 6 [331]0.18] - - 135/36
S32550 UR 52N 25165 3 |022(151 - 38/39
High Ferralium 255 | 25 | 6 | 3 |020] 2 - 38
alloyed |S31200 UR 47N 25 165 3 10221 - - 138/39
S31260 DP 3 2517 13 [016|/05]03| 37 38
S32520 UR 52N° 25| 7 {351025]15]| - 41
S32750 SAF 2507 251 7 |381028] - - 41
Super
UR 47N*
duplex
S$39274 DP 3W 2517 13 1027 - 2 39 425
stainless
532760 Zeron 100 25 7 1351024107 |07 40 415
steels
DTS 257NW | 27 | 75138 (02707 | 0.7 | 44 45
L DTS25.7NWCu| 25 | 75 |40 [027{ 17 | 1 425 44

% PREN = Cr%+3.3Mo% +16N%
PREW = Cr% +3.3(Mo% +1/2W%)+16N%
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Table 2.2 Equivalence coefficients of various alloying elements

Alpha-Stabilizing Elements

Cr Si Mo Al Ti
1 1.5 2 3 4

Gamma-Stabilizing Elements

Ni C N

30 15 20 15

1

(a, b) (€) (a) (b, ¢
Note : (a) as-cast; (b) cold-rolled, quench-annealed at 12507C;

and (c) cold-rolled, quench-annealed at 1150C
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Fig. 2.1 Pseudo binary diagram for 65Fe%-Cr-Ni alloys.
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Fig. 2.2 Effects of the partition coefficient and the heat treatment on the

ferrite content of water quenched duplex stainless steel.
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Table 2.3 Mechanical properties of austenitic and duplex stainless
steels at room temperature

0.2% Yield
Grade Elongation(%)
Strength(MPa)

304(wire, annealed) 205 40
304(wire, cold finished) 310 35
316(wire, annealed) 205 40
316(wire, cold finished) 310 35
2205 450 25
Zeron 100 550 25
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Fig. 2.3 Schematic diagram of microstructure

features found in stainless steel.
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Fig. 2.4 Schematic diagram of the effects of alloying

elements on the formation of various precipitates[14].
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RERSEY] HAMG, A2RE omw 0 mnlZ & o, Ko w59 (stress
intensity range) 4K

AK = Koox = Kuip = AV TG * F oo @2-1)

2 "o AN 4o = 0pny — Oy 2= TFEY0], F= ANIHTY Fde
- A%, Ry Bl 9% wgATol
Paris9} Erdogan& Fig. 2.5 IIb & & o] A] otel o] 2 Jehp o)

e C AR e 2-2)

o & WO Parisy Holzt $2r, 674 C me Ag o).

Ke(Kfe)

lla b /

log da/dN
2]

AKth

log AK

Fig. 2.5 Relationship between da/dN and /K.
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2.3

tlo

¥4 2 (Acoustic emission)
231 £PUEe] o) 2 WY T

A BAZL AY EE= WRe Yol oo WAL} 377} Jojus H
AS el ZH5o] AY WYl X (strain energy)= HHRA Uz, A
AU, ARG AUA) Teln Sgstel e oy dee) oyxz waw

o SR AN st ANHOZ AEY WABE Sap

22t stel @4 A gy ganE s 2g 9 s 4& BE
H O

ol 2L SFYWE AsE 14 Yo A9 olFeIY i Fg M
2 A lon Hre EAo weyx =)

g £ o
Detection and measurement

Signal J\/W 'wcs

Pre-amplifier

Sensor
Source
= NP >
applied stress ——s applied stress

/ l \ AE (stress wave)

Fig. 2.6 Basic principle of Acoustic Emission.
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232 2FE A5 A

FFLE A5 wARFE A event), 7h&-El(count), o\ 2)(energy), =
Z(amplitude), x)<45(duration), 5 A13H(rise time), 4] A] 13t(decay time) Soj

N, SPUEel Y% 5492 Fig 279 Jeh| Atk Table 24 S

F Az A% FFe vlAE Aze 54 w: Aue 252 Urhyn

21t
AN BARE 2R AE UT Bol A WL S2se] pa
Shedl We cleigol Ak meby, 23uze] NsXNY Wy wise
o

FES] AP HolHE 245 Ao Yoy Gem pe oy uy
g3l Baac)

1) AE event count method

°|

2) AE count(ring-down count) method
3) RMS voltage(continuous AE) method
4) peak amplitude method

5) AE event energy method

6) Frequency analysis method
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Duration Time Voltage

Rise Time

|

Time

Amplitude

¢ AV N A

L e

Area or (Amplitude) =AE Energy

Count (7) Count (2)
I I I M|
S
1 AE Event 1 AE Event

Fig. 2.7 Parameters of acoustic emission signal.

Table 2.4 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
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233 SFFENT AZ-FRE A

T ML AF7ARA A5 Fuke HEL AFsE /Y Yukrl
Holsdth a2y, Felol WML 11344 3 (non-stationary signal)& # &
AL & Uoke DY S AT Ak mebA, oS gHS RAd Qe
Az AP A AE-F5 AP Eo] Ag= At

AREE el 239 W] AEe Azh Wste] ge Fue ws
e AT e 542 3A, Y7343 (stationary signal)ie
obuel WA FAE (non-stationary signal)E Feleo Waho) vt A E}A)
4T = Utk F, A1 W] & Fog WEE AI7-Fug 3wt
4838 Y F v Aot X, guiyo g Z

FoA HAE o] Aoy, Az #S A 99 EE Fo Zns
Aol ATske 44S 7HAh weby, wolzrt X 3E ANazE BHg 3
ARb-Fubg FEdel A mejzel AF o] o] 43, kol= A|AV A
Aol Aot

olg} Zo] AzZh-Fug YL whA7] o|ARE swEr) AFEgon,
At F4EE @A ol st 888 wEm Zbzte] BEox FHelo] w3
= 8h= STFT(short time fourier transform)& 32 E] A]Z}3}a, Dennis Gaborol

o

4
—_—

b
i

9]3)] expansioni} series®] 7|dS o] 83l Gabor expansion, Eugene P.
Wignere] #3448 o] 83 WVD(Wigner-Vill distribution), Kernel 342
o]- &3t CWD(Choi-Williams distribution)¢} 1980dd] o o]&o] A AF
wavelet transform§ oj2] 7}x) AZb-Fahg s Rio] A HT gl
Ao 2 AZ-Fa JAYPEL A A Ady WAy Ags 7y
g Aok BAdY guF(bilinear algorithm)g 7tA=  Wigner-Ville
distribution®} Choi-Williams distribution & A|7F3} F3l g dorje] B

5] ol Eoe AHE /HAE i, 724 dAol o35 7hA 3} (cross-term)
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o] WAEE VUL shA1 ok W, H¥ %32l Z(linear algorithm)& 7
A& short time fourier transform3} Gabor expansion ¥ 7Hd dAS do
A= AR, El50] g oA ¢3S A Aok

Az sedols] 348 Wuel 0 we A} AssA goz
A AAZEEHRD EAo] 7hs3HAl H Ak

2.34 Short Time Fourier Transform(STFT)
STFT-E& Feol o] Az wsgte] g F34 VL 3x Fste oA

F, A Fag FA A FAY EAste F 3 (window function)E o]
gajo] 7t AIA S FArE I PHoz @Y% po] wAIL

STFT(t, 0)= [s(c) 7 ,(e)de = [s(£)y*(r —De™™ dr ... @-3)

SP(t, @)= | STET(t, ©) | * oot (2-4)
22 - 3)2 dNHA A W F(inner product)S o] HHO 2 M, signal s(#)
9} elementary function 7 (z —)&’“ " Ato]e] FAMAS Uehfn, 22 - 4)=
STFT spectrogram© 24| AjZh-Folg HWAtol) Fuy JR oz REES
Hetll= ZAez2M STFTY Asoa RHAG 3 g5 v (HE  Fig 2894
o} Zol AIZE A5 (Dl dEA DA HH o)A 7 A)zhel] i3t
Frejol M-S Bt A-Fag HHAgd BHIE ot AR, F
gl ATl mEl A1z Ee
o Flse w07l AXE Fu5 RiFo] WAAXA Ha, Fu¢ Bis
< ¥°17] 98X E A 99 #3Fe] 9ojAe & FE(window effect)
7 dAste @3o]l ok Fig. 298 Wl AFAF 9 Short Time Fourier
Transform &4 ZA3}E Yehlv, Fig. 210 Short Time Fourier Transform

rl
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Fig. 2.8 Short Time Fourier Transform.
2.06-1- | ol
> P
7 2061 ! " § :
-1 | e
4‘0E0).u;oo 2062 40E-2 50k soEz 1ok 13

Time | sec

Fig. 2.9 2D representation of Short Time Fourier Transform.
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(a) High resolution in time domain.
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(b) High resolution in frequency domain.

Fig. 2.10 Window effect of Short Time Fourier Transform.
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T8 24 ~HQ1E] 272 PRENgEo] 400142 2k7] wj&o] YaAs} 745
el 71E9] 24 2l ol vste] thgd] $45hn, 1980 ) FulRE
MEH7] AR 191998 gdd oz Aargm Qe 2, ob& 7] 1

4 HIPE ANE o]FoiA A 47 WEo A Aol S8 dlE g

%9 24 26|g2%e PRENGS 4001402 23goga 201 g
=

SURAFL) WG AL PN Fog FeiA QPO S 2
24 e 2Fe nFFoln, 53] No| shgfo] Hopq s} mi i
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W = e e d77 SEgn 31-'2528 P, ol 9 24 28| e 2%
T8 HZ, et &7, /A9 volzetel 2 LNG €3 S e
7S BASR P A P35 ARRA I Aol AdHm Yo, a7
2H QY27 N2EQL FetelE 2AH e Ho|E 22| A
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TS UEd Aog oidr).
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e

W, 3 ES(acoustic emission)> ANE W] NPT 2y} Yol o whay
she E& Fuse uAe gEne, M08 A2 5 Uue FHS /A
Aol Aed=e] drsdh Bk i), nigmHre] AT JEg1n FHI
THol =3 Qlok Ty SEEAE QoM RHIRLE, FHAUAE s
o2 XTI omg FFAHQ Hrlde AV Atk g Haw A
S H80 2HEYor RSt fy5A4S FYske I @A AAsn
At AFARE 0% Felo)] Wfast fourier transform: FFT)o] A5 e}
DA, o] HHHE A5 AAY Fue QR B &

al
5 9le ® Aol Az wWslel 4 Fu AR BY g & gois wYe s}

ki

-

fole

K

T 99 BEE FA BIY £ de A-FI 84 (time-frequency
analysis)o] S&stA ol §H3 ok AIZF-Fuks A whA7] o] ARE juts] 7]
AZFste] @AZAA] ofe} 7RA]) e AzE-Fug sy Ee] Alsm oY)
ole} B2 AT AL A3 AZb Yo7 Fag dde Agk-Fulge) 2
el Hdel XEFeI N 53] ulgAdAlE (non-stationary signal)e] 4] <
g AHE VAR Sl meEbs, Aele HAFH sHIAE, o)z AA 2 Fujg
T4 T AsAP BolMz il olggx Utk
e 2 AFANME 79 28 28 QY2 AHEstd dxe) % 2 9
HZolE A7 2 2EUolE 3o By e}l AHEe
RSAIZ F, 2739 2248, AAEE wd 2 249 o]y ug B2y
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=
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32 A9W 2 APy

Al A8E w3 24
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H

I

B2 272 33, Fe-Cr, Fe-Mo 2 2
3 ATHE SHZAA L3 AZadrt. )AL

kAol oJsl HF 15mm FAY AAZ PE S APHo T A}y
o, I 3}8x4L Table 3.10] VeI 183 7|AA EXL Table 3.2

of Yehdith HZAFol) ALEE CTAIPH LS ASTM E-3990) whebx] 7]A|7h2

TS
Z
ol
o
2
oo
=)
2
Kl
X

shelen], of A@We) F4 2 A5 Fig 31 yehhAoh. du A4
e AP A GAgl dste] 2424 SALT) B PATL S B
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Table 3.1 Chemical compositions of specimen (wt%)

C Si Mn | Cr

Ni Mo

N

Cu \% Fe

002 | 041 | 0.69 | 2511

70 | 36

0.24

0.56 | 0.62 | bal.

Table 3.2 Mechanical properties of super duplex stainless steel

Tensile strength 0.2% Yield strength Elongation
(MPa) (MPa) (%)
840 650 30
[ [ 'y
$6.5
:—é[ S:':T; & 3
'—_ '
! _v
<€ 23 >
- 50 R 14
< 62.5 N

Fig. 3.1 Dimensions of fatigue specimen (unit : mm).
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3.22 dA+7

Fig. 32& w79 2% ZEIJE2e] AAEES H3lA7)7] 98 x99 e
HERIUTE () Wgad AFEE 24 FETRH 1050°C, 1200, 1300°Col|A]
152 724 & $93 A0, e2HUelE zFo] gatsioz A7) wldso
= A H(fibrous structure)E B Fxjz) #AHolw, (b)e 1350°ColA] 3083
FE F st FEelE 228 AL U, 2AHUlE 2AH Helo|E x7
o] &FEsh 10507, 1200T, 1300T 9] LxolA 1553 /2] & Fax|zozA] ¥

N

BolE 7)Aol AEUelE FFo] Rakel BAMddispersed structure)e P& F
& Yehd Aol

3.23 437X

258 B7l AF Ade 8% 1089 Shimadzuit Hs3)2AH7)
(Model : EHE-EDIO)E ARS3IITh o239 J7A #4dske $3wE AsE
Fig. 33| YEbd 27 2& WoZ #AE3gth 4ol AHE AE AZZXE
MISTRAS 2001019, M= IMHz FHGAXE ol&atqtt 428 Sz A3

T

£ ARFFRSENS FAY F Qb meager BAsY dolHs AR
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1300 °C
1200 °C
1050 °C

1350 °C
1300 °C
1200 °C
1050°C

Ww.Q

(a) fibrous phase

* Load
AE sensor

Pre-amp

w.Q W.Q

(b) dispersed phase

Fig. 3.2 Schematic diagram of heat treatment cycle.

Mistras 2001

PC System

Fig. 3.3 Schematic diagram of AE measurement during fatigue

crack propagation.

_33_



324 A3uy

dHe7E 4rE A9 wMzAe ZWdvisle Murakami's reagent(10g
KsFe(CN)s + 10g KOH + 100m¢ water)2 F-2A)1A Fdv| 4L o] gale] pas}
AaL, F2A el o3 vkE AP Hde FAAEu Ao 2 s 3
H, H2telE 223 Q2HUolE 229 AHE-LL PRV} HRAY
< o838l 103]o)F 2 F HHst Tk

BESAYL HAL ZEAE A8t 7 Ao Arge ZAs 9w, H o)
Egt 2HUOlE 2o AHEE Wle] B S&uistE Uxy zey) ©
3718 AHEste] SAs AT 3 dAAF AL 2899 £ =43y
ool G- 192 AHgated Ast

E = (1+(r;)£1u;2») I 3-1)

A71N v TohgEl, o UE, VE 2339 S48 Yedg.

HEAGL dulEdE Bmm7bA] AUS F e drFolA FAAE o) &3}

sksRHE 10Hz, 3-3u] R=01, P=127kNe] 94202 AAFQct. FdE
HEFe dip gages ARl St oH, S AsE S 23 - 2)S o83}
o ALt 1ela FEARE T (da/dN)E ZEOGAH 0 2 eyl

2

K = [TB-L;V”E?]'KW)’ (7

Il

R 3-2)

o} 7]l A,

An)= —((% (0.886+4.64 - 7—13.32 - 7" +14.72 - *~5.6 - 7

FEAAA BAY SIS AEE ANE Fal ST, FuE NEe



pre-ampolX 40dB FZ3I¥on, 100kz~1Mpe] ofdE-1 HAE= A3 )
MISTRAS 200144} sampling ratet= 2MHz, Pre-trigg& 50.0pus2 AA3ct 18
AR 2y LS NS AteA Ay Q8M 29 W, Wa
AP Atele] vhES HUiF JASIEE, A PHE AlA Aol HEnj AL gbA
e ¥ HClZZ gFSHth HEE SIPUSATE AZRFas A s
© Z2afog HAHo T ¥4I HolHE A&
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Fig. 3.4+ Fig. 3.2
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(a) Fibrous phase (b) Dispersed phase
Temp. : 1050C Temp. : 1050C

R

AR "'"]’e,p.“-”"
e T
i

T~

(c) Fibrous phase (d) Dispersed phase
Temp. : 1200 Temp. : 12007C

(e) Fibrous phase (f) Dispersed phase
Temp. : 1300°C Temp. : 1300

Fig. 3.4 Optical micrographs of super duplex stainless steel by the heat
treatment temperature(white : austenite, black : ferrite).
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Fig. 3.5 Effect of annealing temperature on the volume fraction of

austenite and ferrite in super duplex stainless steel.
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Fig. 3.6 Change of Vickers hardness by the heat treatment temperature.
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Fig. 3.7 Effect of volume fraction of austenite on tensile strength

and elongation in super duplex stainless steel.
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Fig. 3.8 a-N curves obtained from dispersed phase and fibrous

phase heated at 1050C.
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Fig. 3.9 a-N curves of dispersed phase.
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Fig. 3.10 Typical surface appearance obtained from 1050C

Specimen.
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Fig. 3.11 Fatigue crack growth rate versus stress intensity factor range

for temperature.
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Table 3.3 C and m obtained from Paris’ law

Specimens C m
1050LT 1.78 x10™" 3.65
1050TL 276 x10™" 3.59
1050Dis 250 x10™ 3.58
1200LT 425 x10™" 357
1200TL 1.58 %107 3.23
1200Dis 3.75 x10" 3.44
1300LT 420 x10” 2.99
1300TL 225 x10” 313
1300Dis 785 %107 2.70
107
10°F
—
9_, 10° £
)
)
—
10"
10-" " 1 1 1 1 1 i 1 A
2.0 25 3.0 35 4.0 45
m

Fig. 3.12 Correlation of "m" and "C" from Paris’ law.
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(a) Temp. : 1050C (b) Temp. : 1050°C
crack length : 25mm crack length : 35mm

AR EEN i G

x1.Sk 0998 ZBRV Zowm
(c) Temp. : 1200C (d) Temp. : 1200
crack length : 25mm crack length : 35mm

(e) Temp. : 1300C (f) Temp. : 1300C
crack length : 25mm crack length : 35mm

Fig. 3.14 Fracture surfaces at each crack length.
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(a) Temp. : 1050°C (b) Temp. : 1050°C
crack length : 25mm crack length : 35mm

(c) Temp. : 1200C (d) Temp. : 12007
crack length : 25mm crack length : 35mm

() Temp. : 1300C (f) Temp. : 1300°C

crack length : 25mm crack length : 35mm

Fig. 3.15 Time-frequency analysis of acoustic emission signals obtained at

each crack length.
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(b) dispersed phase

Fig. 41 Schematic diagrams of heat treatment cycle to obtain ¢ phase.
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{(c) Fibrous 10hr ( X 1000) (d) Dispersed 10hr (< 1000)

(e) Fibrous 24hr (X 1000) (f) Dispersed 24hr (< 1000)

Fig. 4.2 Optical microstructures of fibrous and dispersed phase in
super duplex stainless steel.
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Fig. 43 EPMA of ¢ phase in super duplex stainless steel.

Fig. 44 TEM micrograph of ¢ phase in super duplex stainless steel.
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Fibrous phase Dispersed phase

m oy O v
® « O «a
A o phase A ophase

¢
VAN
A
A
A
0 hr 10 hr 24 hr
Aging Time

_63..

4



432 vjz244d JAEA

Fig. 4.6 A& A7) 2 773 24 22 2% 7938455 (da/dN) <}
SHANATF HTF(4K)H BAE Yepd Aolth. AR/da B 2T A
13to]l 2ol w2}t o7 FHstol o8 M2 IIAEEI AL S &

aA
T Aok 283, ARdE Ze AN ool HEHA ¥ A -5-(Fib-Ohr)=
R

AAEH = parIS*‘-J Ceot mgtg 3t 1 AAE 28 Fo) JehiAd A
33t B4 BF Al&AIRe] $7HdE o4 MEe] 9Fo g
e, Care adge 2 % Aok

419 CH3 mgtS Aol vebd Ax) Fig 470)th 2y F 9
AR Eade] diolebe ool HEdA ¥ o 3% 9 Fig 3128
A0 Aoltk. o] agX m#F log CAlolols HAABAY} AYdes & &+
At F, mI} CAlololE MR FHFH o] ofx, ¥Ate] Aloldl=C=A- B”
o BAZ AT 4714 A9} B Aolxn, B AW AFN HaAsy
o2 Aol A9t B9 e A=1/8000mm/cycle, B=1/35 MPaV/mo|T}h.

_64..



10°

p—

[-*]

p—

& R

>

&

L |

:

< 10* 3

z F

= i

& [ ®  Fib-Oh

= i ® Fib-10h
| A  Fib-24h

O Dis-Oh
10-5 = O  Dis-10h
X A Dis-24h
[ 111 | I3 L 1 1 A 11 1 l L 1 1
10 100

AK (MPa m"?)

Fig. 4.6 Fatigue crack growth rate versus stress intensity

factor range by aging time.
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Table 41 C and m obtained by Paris’ law

Condition C m
Fib-Ohr 1.78 x10™ 3.65
Fib-10hr 367 <10 3.69
Fib-24hr 853 x10™ 412
Dis-Ohr 358 x10™" 3.58
Dis-10hr 388 x10” 3.88
Dis-24hr 393 x10™ 393

T YT

-10

10" F

1

4 b o nm

Fibrous phase
Dispersed phase

Fib-10hr, Fib-24hr
Dis-10hr, Dis-24hr

10
2.0

Fig. 4.7 Correlation of "m" and "C" from Paris’ law.
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(a) Fibrous phase (b) Fibrous phase
aging time : 10hr aging time : 24hr

(c) Dispersed phase (d) Dispersed phase
aging time : 10hr aging time : 24hr

Fig. 4.8 Fracture surface at 25mm of crack length.
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(a) Fibrous phase (b) Dispersed phase
aging time : Ohr aging time : Ohr

(c) Fibrous phase (d) Dispersed phase
aging time : 10hr aging time : 10hr

(e) Fibrous phase (fy Dispersed phase

aging time : 24hr aging time : 24hr

Fig. 49 Time-frequency analysis of acoustic emission signals obtained

at 25mm of crack length.
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B 2A gl 837 2L 334 2o Bagoz MAA 33l
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1300C
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o+y+ various
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Fig. 51 Schematic diagram of heat treatment cycle.

Table 5.1 Welding conditions of super duplex stainless steel

Voltage Current Speed Heat input
V) A) (cm/min) (kJ/cm)
27~28 150 22 11
40/
A
T}
) 60 — = 40
1~2

Fig. 5.2 Dimensions and shape of welding groove (unit : mm).
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(a) Temp. : 1050C (d) Temp. : 1050C

dn

(c) Temp. : 1300C (f) Temp. : 1300°C
Base metal(BM) Heat affected zone(HAZ)

Fig. 5.3 Optical micrographs of base metal(BM) and heat affected zone(HAZ)

showing the effect of heat treatment temperature on the fibrous phase.
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c) Temp. : 1300TC Temp. : 1300C
P p

Base metal(BM) Heat affected zone(HAZ)

Fig. 54 Optical micrographs of base metal(BM) and heat affected zone(HAZ)

showing the effect of heat treatment temperature on the dispersed phase.
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Fig. 5.5 Micro vickers hardness of welded super duplex stainless steel.
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Fig. 5.6 Fatigue crack growth rate versus stress intensity factor range
of base metal(BM) and HAZ by the annealing temperature.
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Log (C)

10

10

Table 5.2 C and m obtained by Paris’ law

Specimens| C(HAZ) C(base) | m(HAZ) | m(base)
1050LT | 5.24X10" |1.78 x10™| 445 3.65
1050TL | 4.62X10™ [2.76 x10™| 5.02 3.59
1200LT | 3.54X107 [4.25 x10"| 3.23 3.57
1200TL | 1.09X10™ | 1.58 x10” 4.21 3.23
1300LT | 1.51X10™ | 420 x10” 416 299
1300TL | 5.04X10™" | 2.25 x10” 3.84 313
1050dis | 5.99X10™ |250 x10™| 4238 3.58
1200dis | 1.77X107 |3.75 x10™| 3.49 344
1300dis | 3.69X10” | 7.85 x10” 3.18 2.70

logC =

-6.35-1.33m

J1D>oted4dponm

HAZ fibrous 1050LT
HAZ fibrous 1050TL
HAZ fibrous 1200LT
HAZ fibrous 1200TL
HAZ fibrous 1300LT
HAZ fibrous 1300TL
HAZ dispersed 1050
HAZ dispersed 1200
HAZ dispersed 1300

35 4.0

m

4.5

5.0

55

Fig. 5.7 Correlation of "m" and "C" from Paris’ law.
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(a) Fibrous phase at crack (b) Fibrous phase at crack
length of 25mm length of 35 mm

(c) Fibrous phase at crack (d) Dispersed phase at crack
length of 35 mm length of 35 mm

Fig. 5.8 Fracture surfaces of the fibrous and dispersed phase at each crack

length.

- 84 -



&)
aQ
a1
N}
0
opp
i)
g
of
odk
o
1o
o
Jo
0%,
i)
M
"
ox
o
i)

HE2dgel 4437 NF%
2 AJAste 30mm, #EA4EEE} 1Y wme
BmmAXN e FFEE VI E HEAA A-Fus BHL 9 gmHe A
S e Zlolth 83 49FRe FA 395 glde 7998 dold] B
Rol wAlek A 200~300kHz2 Uehgth w293 279 25mmi}
30mme} Fp-of AFa=7t FE o)A, ol Fig 589 mw Abdd
Ehd 25 2e 239 279 2Egoldoldd o8 el Asz
gt 2239 271ME Fig 589 (b), (), ()9 & Y=o WA &
4 £e Sol #FHAeY, FEUMo| Bl o] W} 2Egfo|do]d o]
4 BE 99, BE AR B 59 gz s gz agddAne =
e 200~300kHz A5 9)o] 500kHz d9e] 357} el
jaszl=nd

_85_



(c) 35mm

Fig. 5.9 Time-frequency analysis of acoustic emission signals obtained at

each crack length of HAZ in the fibrous and dispersed phase.
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Table 1 Chemical compositions of 316L stainless steel and weld wire (wt%)

C|S |Mnj| P S | C | Ni |[Mo|Cu | Ti|N
316L 0.026| 0.66 | 0.89 10.023|0.008|17.41|12.20{ 2.38 | 0.18 | 0.03 |0.038
Weld wire | 0.03 {072 | 1.08 | - - (1841125 23 | - - -
Table 2 Mechanical properties
Ultimate Yield Elonga- Reduction of |  Young's
Strength Strength tion area Modulus
(MPa) (MPa) (%) (%) (GPa)
576 228 56 73 195
Table 3 GMAW Welding condition
-
Welding Current Voltage V\i;tielgg Heat Input
Vv
method (A) (V) (mn/min) (KJ/cm)
GMAW 150 27-28 220 11
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Fig. 1 Groove shape for GMAW.
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Fig. 2 Specimen location and orientation in weld plate.
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Fig. 4 Measurement system of acoustic emission.
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(c) weld metal

Fig. 5 Micrographs of specimens.
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Fig. 6 Vickers hardness distribution of welded 316L stainless steel.
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Fig. 7 a-N curves for welded 316L stainless steel.
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Fig. 9 Time-frequency analysis of AE signals obtained at each crack

length.
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Fig. 10 Time-frequency analysis of unique signals obtained in fatigue crack

propagation.
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specimen, (c) a=30mm of WT specemen.
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