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Abstract

AISI 316 steel has been used extensively for heater and boiler tube of the structural plants such
as power, chemical and petroleum plants under severe operating conditions. Usually, material
degradation due to microcrack or precipitation of carbides and segregation of impurity elements,
is occured by damage accumulated for long-term service at high temperature in this material. In
this study, the effect of aging time on fracture toughness was investigated to evaluate the
measurement of material degradation. The elastic-plastic fracture toughness behaviour of AISI
316 steel pipe aged at 550°C for 1h~10000 h (the aged material) was characterized using the
single specimen J-R curve technique and electric potential drop method at normal loading rate
(load-line displacement speed of 0.2 mm/min) in room temperature and air environment. The
fracture toughness data from above experiments is compared with the J,, obtained from predicted
values of crack initiation point using potential drop method.

g9 ARAEE Ad3tAA dAFTEol dAlAA
.M =2 9] Bolm(void) 44, »]4£ < (micro crack) S
o] whAlste] g o] FARFFA o] AEA e 7 s

ey shebAle] wl wbdAdele] shedrjeb walel A Heh P zelEE oleldt A A A3 FE e
FE 5o 1E FREde WdAEEA 54 Fe dAEE ¥l 1@ FREel Fdo) &
°of g 2aEvtolEA 2vqlalate] el A AW LAIF Y AdFPE A& o Fa})
53 gl shARE ol & AlEw meld A AHMME Al BE QR A 4A
ok AT Bt ohvet Fr1Hl shFel A& shrclAe) wisks: AHaeA EAjsol g,

E dotd FH st AR Wl ol ®HEE ol g, A b3 s Hol QlejA] T
w57 ke A2, 2dist For Qe Ay of Agd AL AP APl o8 E43
A e AT kB dAAHSE A A He FAYFEES) AF2E FIAAFE oS

= 3]

st AR 7] witol ofdAl T A el
b

4 .
rol g, xochgddie weta ojHel| HEH FAA] FA Y FAH



73 ¥ (unsided grooved) A g Hofl = F
v peo]Me FALR HHo| Foldtrte FAHL
ZhAl AL o, @0

el B dFolde Ak slF el n|
e A JmAI7FY cdskel] wheted mAEI] fs)
550°Cofl 4] 1~10000 hrgqt Al &x2)gk AlISI 316
spol =) 5.2 o] gt Bl uprielAde A
o2 Hrletn J-Rcurved st 2AFHA gzl 2
3 AsE v

73 & 5H

2. AlelH A Als] g

. X =28 o

2.1 AlEH

Ago] AL ey shetdulel dadulel vt
odrlet Ry FH oo‘ﬂ ALg Rl 2 2H Vo] EA
o] AISI 316 s}o] = £ (190 mm OD, 152 mm ID,

19 mm nominal Wall) 7}o 2.4 pipes] A& Fig.
10 vehigm statd x4 Table 1ol E 45}
ok, AlAZ AEEe diaAE FHHEE Y53t

= AL g ol wlfel oloh FArE Ag el
Algg5 9l 4507C
FaFds 1/<] 7}

o) &) & ;(1_%

4e A7) 9l
~550C®

A 5.2}

+

- A A - Y. lino

Alefoll 4] 94l & o 3 2] (isothermal aging heat

treatment) & #)5}odck, A zlx7-& Table 20l

A 4] 3k
gH, 714" 42e =) S1E lEAEA
7 sl)elA AL CTAHHAE A 2Ekd 3, A&

e FAL& piped Tl FEuFoR <ldl 12
mmg 7}Esgen, ASTM E399%e ] 7 5o
szl g oviEde Edlstddch BT AF7
gaye Agsr] dul FHld ARG HAo
Qled i 99} FEAgle]l Y-S AAsted /1A

fis

ol A s e ASTM E8®o) ule} thriFe] A2
(25C) ol 4] INSTRON +}£] vo&ﬂ absAl g E
Ab83ke] (.2 mm/ming] CHS(cr

A BEFAE Ao & %ﬂi.%%%i,ﬂﬂ

head speed)

&, s g 58 A4S
shrel A eSS Ad A ARse Fig
29p 7toml, sFclAgel Z3-e ASTM ESLI3Te

e ASTM E1152®2] J-R A48 el u}e} A
sajstgich. CTAEHE digez FAFeAA %
Ao a4l wEARsE olgdel H71F 4
(257C) ol 4] CHS=0.2 mm/ming] ¥3}£52 o5
NEE AE7E AR, dFA 4AE 345
2 slala ZaAAelAE Agsteich wd FIA
o] oixAoz slEetn FAAHA (crack i
ation point) & A&7 sla AFAS zd (DC
-potential drop method) & #8313 1 o] wj

o 7ol r}&Al# o] Johnson®ef ¥
sl ol %hg ek,

Table 2 Heat treatment conditions for aging

Aging condition
Fig. 1 Specimen orientations in the piping material Time Virgin, 1h, 10h, 100h, 1000 h,
10000 h

Table 1 Chemical composition of AISI 316 steel. Heating rate | 550°C
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- - Cooling rate 8.8°C /min
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AF A9 3L ol

ali) =~27I:Vcos‘1

. cosh (zy/2 W) Q)
cosh [ uz({? LOsh_l[cosh(ﬁy/z WS H

cos (mao/2 W)
oi71H, Wi A 2 4= 27 Az
are E7] W9 7e], yE Z#dtla)(output probes)
Aol Aele] Aubg ebiith, @A F+= DC-5A
2 shgen, % *m}zi »}9_% o] 4 gf (o}
0.5mV)& ZF nx1000= 10 Hze
A3z F3 %%7]% }%3}31"%. =5
oo} 3] 54| A8E AlS-dlo] #HHEfel A
o

Johnsone] wtA Alg o] -&-3}ed

2% AL AYAL H2r9 e
AL, strlo 2 E HF Aol FdA
zgeloict. 239 A% FAds) Aol ¥ o
2 v|m &ked (.2 mm o]AL,] z].o] Hol=
Ae 4 @9 B9 ol §3hel w A

2o= a0+ (a,,+ao)[1+—Ld';f] @)

=

"

o714, ars 27| TGH o), amv EXH
TAAol, aps dAEH HF TdHololv, ¥
Fo|l AP R d 57 FAU], apF BAHI
zrel acolrel,

g, Tdo| A#se F<b Johnsong ubA 4
< o] &3 AFAN Yol e AHPE HEE

o

a.

-

Fig. 2 Schematic of fracture toughness test and
DC-potential system

&8 AISI 3167 A1 &a4e] ehand shzjeld =

T

7} 521

o

J3) A2AE s, A2 ¢ FTAYF
s A 9l abshel BAE skelely] el AT 6}
o wAtaE A4 FRE FA7D FA
of o5 HelAg ol fdhel TAFAANE ¥

s A 7S,

Aol 93t 71A" AL Fig 30 Az|3)
ok 2ol B vpel o] A& whE A
e 1417k A EAe] A $el 611.2MPaz 7}

Elyta o] X718 7]F o2 thi ol 3}
ko) AlaAst b e 3

Algme] shga wdlde sbE

AR5 (400~700°C) *2=

A7 A 7ol o) Al AU WFor Ales

=N
3

odl l-ﬁ
o
o ofn 1~u‘.

[}
Ho] mYgg

ot z2la AAlEe] QlejAE, A9 WskE Mo
650 80
[—o—'rmuesm
—— i
E‘ 825 |- 475
-3 g
Sz :
500 o 1n g
@ \' 8
& —
) k..
g 575 | : 1%
550 d L 60
0 1 10 100 1000 10000

Aging Time, [Hrs]
Fig. 3 Results of tensile test for aging time

Error rate : 0.9%

——— Predicted crack length
@  Measured crack leagth

8

3

B

Crack Length, a[mm]

R

R

0 5000 10000 15000 20000 25000
Applied Cycle, N

Fig. 4 Crack length(a) vs. applied cycle(N) curve
for calibration



522 olzf+F - AA A4 - Y. lino
=] okthrb 1000041 7+e] EAM A FLE B gs, Table 32 A% zlel 27 TLZol9
ol et 29} APFE #F stdola ZH3 FAAl
=22 vlmd Holeh, whiiel Algaie] 3%¢]
3.2 ZFNAxIHel MM H@It Wel o xabubg woli glo] AAYE & T
Johnsone] A& A& AFAS abulel] chah 4 A FEE 242 Astyol U&E UFH F
g4e HArstaxt dzAgde @ Aa) Fig4sh Ak
7o a-NFAS & 4+ Adch 28lels H
ulol o]l Ael Edg FAALAATE & F U2 B Ty s e
o] #Z gpwg vl Az AFHet dFA Ao [ ---- UIUZ:z.osssk(alW)'m
o) o it oF 0.9%¢ FFol el Aol 9 5 f |
3 Fadgel Hrbe Asdel AT xAFD PRy
olch, =3, Fig.5% s2AFcM ode Zis £
Fedn] (a/ W)ell s A 2] (U/Us) 2 e A 'g 2r
mFa daz FHe JAolch, a2lolM FR &
(@/W)7F 0.78 5742 79 A siekrh 2 o] Adell T
M okzre] ze]lE Mozl dhxlul, FAAMAE 08 i 1 L
BE ¢/ W=0.7 ol Hol Astr) wFol Ay P
o ojgd FANAA A& E4dol 2UeE  Fig. 5 Calibration curve obtained from fatigue test
RvolZ 3 9t for CT specimen
Table 3 Comparisons of predicted crack length by PDM and measured crack length
Items Specimen Predicted crack Measured crack
. ; Error rate(%)
Aging time ID length (mm) length {mm)
A-1 29.451 29.368 —0.28
Virgin A-2 29.795 30.663 2.83
A-3(Fat.) 32.448 31.662 —2.48
B-1 28.509 28.767 0.9
1 hr aged B-2 29.848 29.200 —-2.21
B-3(Fat.) 30.853 31.558 2.23
10 hr aged C-1 28.335 28.259 —0.27
D-1 30.591 30.975 1.24
D-2 29.843 29.544 —1.01
100 hr aged D-3 29.372 30.654 4.18
D-4 28.411 28.765 1.23
D-5(Fat.) 30.717 30.976 0.84
E-1 29.966 29.633 —1.12
E-2 29.158 29.431 0.93
E-3 28.924 29.163 0.82
1000 hr aged  —F7, 27.703 28.289 2.07
E-5 28.034 28.362 1.16
E-6(Fat.) 31.618 32.139 1.62
F-1 28.281 28.227 —0.19
10000 hr aged F-2 28.767 28.985 0.75
F-3(Fat.) 31.384 31.566 0.58
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Table 4 Results of fracture toughness test
Aging time Jo KJ/m? |(dJ/da)x N/mm? T et Jin KJ/m? Aay, mm?
. A-1 641 372 428 499 0.786
Virgin
A-2 629 335 386 506 0.761
B-1 612 404 445 652 1.041
1 hr aged
B-2 681 405 446 657 0.938
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