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ABSTRACT

This study investigated deformation behavior of major nuclear structural materials under cyclic loading conditions
via cyclic stress-strain test. The cyclic stress-strain tests were conducted on SA312 TP316 stainless steel and SA508
Gr.3 Cl.1 low-alloy steel, which are used as materials for primary piping and reactor pressure vessel nozzle respectively,
under cyclic load with constant strain amplitude and constant load amplitude at room temperature (RT) and 316°C.
From the results of tests, the cyclic hardening and softening behavior, stabilized cyclic stress-strain behavior, and
ratcheting behavior of both materials were investigated at both RT and 316°C. In addition, appropriate considerations
for cyclic deformation behavior in the structural integrity evaluation of major nuclear components under excessive
seismic condition were discussed.
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Fig. 1 Dimensions of specimen used for cyclic stress-
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Materials C Si Mn P S Ni Cr Mo Al Cu A%
SA508 Gr.3 Cl.1 LAS 0.22 0.25 1.31 0.006 | 0.001 0.76 0.21 0.49 0.016 0.03 0.002
SA312 TP316 SS 0.009 | 0.385 1.22 0.008 | 0.000 11.2 16.2 2.08 - - -

Table 2 Mechanical properties of materials used for cyclic

stress-strain test at RT

Materi JEAE, AAA=E, TYANE, FAAE, GHTFSE,
aterials YS(MPa) TS(MPa) UE(%) TE(%) RA(%)
SA508 Gr3 CL1 LAS 499.7 644.7 10.05 2330 74.14
SA312 TP316 SS 313.6 590.4 547 71.4 83.18

Transaction of the KPVP, Vol. 13, No. 1



9 gAY E A

mlo

9 wusE

739-oll= 10,000 cyclesoll A A& FE3IATE 714
O =2 17h9] HLAIH (Single)S ©]-€3F] 100 cycles
A HIENZS =7} (0.4% (100 cycles) — 0.8%
(100 cycles) — 1.2% (100 cycles))A 7™ A=
HHE SH-HYE APS FdsATh ddAEES

o] -&3t OhetA Aol e ZF HEERNE EE 100
cycles7HA19] S8 ZE HolHE FRHT

g, A SERE 210 AL stEAlol RER
T o, WHESFL e PuE ZEE AT
Aol A-88 RhEsE HAuigh (P, )< A AlE
W2 AR (19)2] 85% (0, = 0.85x 7)ol 3G
sk steo R AMAAENOH, WHEF] s
(R=P,, /P, ) R=—010°|t}

222 AE 3 9 At

Aol %A RE AR BYRE
#1500714] Arfate] 71A }% l e =X E
5= 7H%‘A]¥i

& A 3}% 1@% ﬁ% %}%‘ ANHo g Aelsta
ANEE 339 2em™, 10,000 cycles7HA] o] A
AEA gom NEE 7P GUAHE o] &

A ANgolAe 24 HEEZZ EE 100 cycles
1t & ot OA REESkES 3
0%%] el A AZE =S stk YA
353E 210 AgAE AE Zﬂioﬂ HAIR]
2 H—t« 300 cycles, 316°Cll A& 1,000 cycle”7}A]

=
4o
- s
ofy
mlo
N

WSS ThetiA W ES] HstE SASIITH
A& oﬂ~ 100kN &3Fo] 2z}l pe27} Bay
U2 AR ARREAT. Ao HEES
Alo]A Ao)7} 12.5mm<! A1EA|°]A] (Extensometer)
£ o] &3t SAHEHUoH, I HIFENE 219
A™

oA HEES AR7] AlolE A% fdY Az
2 AUtk A2 A edA = Aol AEA A

ol A= Al e] & o7l ol AAE A sk
AL Yol A HEES SASIATE Al HEFT
o} o7 oM SAE = MIFE Aol FIas
A4S Tl RAHUT e AdelAs Al
& 2ol SAtE SAst] AW L8 A3}

2
X ood
S~

2004 A Fa FEAR] AFAT §7b 77

3.AE" 2ot | B9

3.1 B Asoist HE

3.1.1 SA312 TP316 =H|1&E 27 vj&A]

Fig. 2& &3} 316°CollA SA312 TP316 ZH|Q
g7} wjFAA 2] vkE A3ds A Tty
A, ZA7ke] M EZIZ A cycle Toﬂ 2§
G F0o WslE verd Zlolth A9 A, Fig
2()0ll A & = = nke} o] P ERIZS A7)0
AIgle] oF 20 cycles7HA] RHE7d3}ol] o3 32X

h 1__
Zo] Zrsgon, SHNE Frh UHERE
o] 75 ﬂo T 0}0111} 20 cycles ©]3-ol|&= Hk
B35 Zo| WE} AEH NPENE
o) 27190 W el x}o]—g— BT ¥R EKZo]
& 739 (¢, = 0.4%)°I= 10,000cycle”7FA] HHE- A}
800 ;
SA312 TP316 (12") : RT, £=5x10"s"
g
=. 600
[
©
= AAdsin A Adaad
o L A
IS 40045 :00“ ® %0 ¢ cocemm o
© T Y T
% " N o ——
£ 200( ™ £,=04%
@ o 5 =08%
A ¢ =12%
0‘0“‘““”1‘ l2 I3 l4
10 10 10 10 10
No. of cycles
(a) RT
800
SA312TP316 (12"):316°C [ m ¢ =04%
T ¢=5x10""s™ o ¢ =08%
= 600r A ¢ =12%
q.) a
©
2
S 400+
§ - A%t Adaagy,
(0] A o 000ty
» h AL '“--A oo
%] °®
O 200 Suswmes wENEEE 5 apmms w ufee.
n
O 1 5 1 ; 1 > 1 3 1 "
10 10 10 10 10
No. of cycles
(b) 316°C

Fig. 2 Variations in the stress amplitudes with number
of cycles of SA312 TP316 stainless steel

=523 A13d A1z 20179 6¥



(

fo
i)
2

I
o
N

olo
v

o ™ J
I
o

Mg 2
fo dob >

I e (0 o
ox
3

Fa3lt} 9F 200 cyclesF-E] HME-
HF &go] A wizhA|
AES Bk MY EZZ] & 7

R3S
S7h 27Vl ek $97

o

&P
)
i~}

ORI
S

&/ (Secondary Hardening)S HE-$1t}.
24204 SA312 TP316 2<H|Q1 2] 27wl
A o2 WHE A5} & A3} @Ado] UERton,
sl/dst @42 ZAEEE HYEXZ0] 5
TR, Z7] BHE A3} o]$9] A3} A

HAT (Fig. 2(b)). ¥3
E31F 0l me} ¢, =0.4% A= WHESFO W §
FEoIth ¢, =0.8%%

m

_\?Lgo}&
'ol'

5% ]

=)

—_

3

]

R

)

::rl-

o 2

ox oy El
e

ro b

2
=

N
-

—

o PR Ko R

A
g &
W

T T
e
X

®

L o
rlo
r]i ::1‘

L

- WebA, SA312 TP316 2-H|21E]
Lo A FAKSE Wt
B A3l AxolA zfo]

N
,
—\OH(E
X

i g (>

3.1.2 SA508 Gr.3 CL1 A7 =EA

Fig. 3& ¢,=0.4,0.8,1.2% HIENZ
cycle 7ol W SA508 Gr.3 CL1 Ag=74
$9ZS Yepd Zlolth delA= Fig. 3(a)dl
UERA e} Zo] My EZZ o] F7]d BAIglo] A
o] FAkEE WS A3y At AsS BATE S, o 5~
6 cycles7tA = YR F o] F7138laL, o] THE HF
&2 NA7A A&H 07 dhE o3l o)) <&z
29| Zhavh Yehgth =3, eSS e 8
o] A 71E71% A FAHITH

™

Transaction of the KPVP, Vol. 13, No. 1

SA508 Gr.3

)]
o
o

,—-—-A‘M-_____
_ o-© ool —

..— -

(a) RT

ude [MPa]

8

o
o

SA508 Gr.3 Cl.1: 316°C, £¢=5x10™s™

6

o
o

o —A
~EY L
!_._II#.'-'.

—m—¢ =0.4%
—e—¢.=0.8%
a5 =1.2%

10° 10*

400

200

Stress amplitude [MPa]

10
No. of cycles
(b) 316°C
Fig. 3 Variations in the stress amplitudes with number
of cycles of SA508 Gr.3 Cl.1 low-alloy steel

0| 1
10° 10’

Fig. 3(b) 316°CollA] BEE3}Zol w2 $HZIE
o] Wsks Yehd Zlojtk A & 4 & vt
7o) 316°Col A= SA508 Gr.3 ClL1 AFE4 =

MY EZZo| A Fe] =719 2F 10 cycles7HA]
SEXIFo] gt FUVSIARE o] FHE] HF
ANZ7HA] wHE Agle) o8l - FEo]
ok e, 32 Adtel vlash,

SUNE Zat vn|

®

=
=

2

ST

w2
>
W
()
3
0
w
a



i)
[H
Iyl
=

e
ue)
rit
&
ke
<
o

o
2

jus)

13l 316°COllA] HEE- A3}
w7t A YehdE AL 53H
3 A= SV o ZIdskeE AL

Joluol e 22)& 2] wEo.
]
],

T
lo
N
B

o9t
>
i:o{:
o
of ™
ot
=2
o
p

T oox e :

FE o [UIO _ll'ﬂ‘,

- o ok X
>y ofy i
ot
.

o3
-
o
ol
L
i,
oo
)
™
dg
&
o
i
fru

27
Eo[o
T
;
L
>
/NG
rlo olft
k=)
o
o R
P
2 e
oz
)

==

(AN
{ nu
I
N

I 30 o oo U
N

S+ 2F 100 cycles =0l A HHaE- 73

Q Ao LA Yo

webA, 714 NEAET DLAE A ollA F

17 100 cyclesoll #@dh= YR EE o] &3] wb

2 $H-UYE dolHE AUk THF 100 cycles

o|Fol| = A &LH 07 PHE Aslol| of3f 3T Zo]
B

2
2
[
ox
)
[
X
R
n
H

3.2.1 SA312 TP316 AEIQ1E] A7 vj#A)
Fig. 4= SA312 TP316 Z=El¢le] 27t wjdA ol of
23} 316°C 27004 ¥ SH-HEE HolH
Q)
=

o o <P+ e
oftt
i

T ]|
fo rx
k)
o
X
v
o
=
sl
o
=
=
a0
N
=2
>
oo
I8

rlo
o
o
2
>
N
2
bl
e
el
3
fz

AT 2(1)~(3) <
HFE o, @)~ ()2 AW 2L

U(l Ja
(%) = -2 +(

195

g

(%) =950+

o o 2.59
€, (%) = — +( ‘ ) for TP 316 NG (2)
) for TP304 A3)

B Sl WYE AWe B9 wEeE 204 97 T TrARe WEAS W 79

o o 2.19
07 — a a
(%) 1760+(496.8) for TP 316 4
(%) = Ta ( T )324 TP 316 NG (5
a7 9760 T\ 3301 for )

2.31
for TP304 6)

(7)_ O-(I +( J(I
)= 760 "\ 3739

o
3!

0
S
R
3
R
o
Iy

SA312,TP316 (12°): RT, i=5x10"s"

True stress [MPa]
N
o
o

Tensile
O  Single @100cy|
e Multi @100cy

0 L L

0.00 0.02 0.04 0.06 0.08 0.10
True strain

(a) RT

SA312 TP316 (12"): 316°C, £=5x10"s"

Ra

D

o

o
T

True stress [MPa]
N
o
o

N

o

o
T

o Single @100 cy
® Multi @100 cy
* Multi @ saturated

o 1 1 I
0.00 0.02 0.04 0.06

Tensile

0.08 0.10
True strain
(b) 316°C
Fig. 4 Cyclic stress-strain data of SA312 TP316 stainless

steel

a7 Fets =253 A13d A1E 20179 62



800

80

o o B RO W MY T R BT oo o W T T &
§|° | 5|c M mﬁo#obt_w7mu:1_k|£ﬁ.w\ﬂx_m_%1mkmﬂﬁ@wﬁ
Est ! 558 - RETELSZE as Ealy
°S 58 _ S8 2| r A I o =~ N
- 8560 P 554l o TFEUPEBE o MT 209 €
o\ 8 299 2 2 o® g TP LTSy BT T
A £33l 5 | PR YREAT N eI mgzen® ) w
3 n22S ¢ Aoy 2 »=E|3 € &8 Aoﬂl%ﬂloté.mﬂ T D B B
& oox|® £ oo\ m OA*OM Wu lﬂmﬂﬂLﬂﬂLEESﬂoﬁoty\ﬂWﬂL@LmE
= 2e | W ® 2 2 oo R o W oy, W
o 0 = o L B ™ E,Ww_ K &2 = o
o 18 2~ ™ S 2 - N N - oo fom o do = o
- 2 FZ2 | -O.T),m _ T x%ﬁrﬁlbto{io» ol
3 3w ° =7 Sheo g~ aip T eien
2 . 23} « £ Eafavteriiaa MEM
2 E 2 2 18 2 B e R T E
% © %M © m (] O#EH - EOiiﬂ‘AI]mMoﬂom_u
ry) o 3 @ﬂ%Eo. ‘DILELEJIV B3N o~ i
5 DM o & = o 2 M%ﬂﬂ%ﬁi%ﬂ7:ﬂ|%@ﬂ%ﬁmo#o
. . . n o © ; j— T <X Npop o & X
S g g = g 8 8 g = 58 TEiwgparTliEvd %P .
© < Y @ © 2 Y w AL - i B Lo Lom Koy O Ak
o N Z o voor Tt By g o oE
edIA] ssaujs ani edIN] ssadis ani] = o|) T RT o oo do T =0 T
[edi] LT & N P T
H%Eﬂw%mﬂj ﬂ%mm%mm%ﬂmviom%ﬁ%%o_oﬂr ﬂiﬁﬁﬂ%%&mﬁﬂﬁ%%ﬂﬁm%
T o D X No O ~ X X N S DR o = T = Mo KD o0 oo X 00 oo
2 N2 o XN O N gy K Ko o M T N F 5T o~ W o X & o
gzl YT wswr®le phrdE o TEE IR N B R T 5 TSy
Sl plol BENENETTogEme 2N WET mmgELTweh s
cSEEERE Fr i RRlLTIINLE WMo, EREPmRecniSRec
= S B o®m 2 il g o - 0 i : — Br T
TSI AR50 é%o_o&%%ﬂn3yeoﬁeowol&_ui¢ Jﬁﬁﬂaﬂ%aﬁ%oﬁoo%ﬂﬂﬁlﬂ%
LW g o o - & 1T o mx D ™ N ot g 2 = do o M Mo =R Ay g
ppelreT £24lgtntRexiazy RRERILIILPTIsTEcS
= o = e — R W NF N " 2= Bo o = Wik~a
iryyTEL Eglotamasiwotel  eo M ikIle2 el Ry
22 WP T umﬂmﬁng_@m&%%mmﬁél SEEY sy YT ERER ]
ST - ) _ 5 . of o ®W = X o o = 0 om ! n 2o O Ho T N K ~
TEEIBIY IPElIBuwcorEREyiE OcImtpzgugRiofsce
o0 T o= N 0 — % T K0 07 O] —= %I — X n © W Ay T T . ~ o
B lysmw TRZO FREFR2aguiay SEFeC Smfeioriass
oW gD w R wf.%mmﬁﬂi%E%ﬁ@@_om% smwﬂﬂWa.éﬁﬂH%Hﬂm%o_aﬁw
EpHE BT Em N B oY kT Ay PEY  ELTEToexTo3sRIkES
Hp @2 TaW®< gl ST e g oW 2N ET TS T A g N w
pEE s m T g ey BT gIR T LT EY gl T BTy
o P REX PPl eEaadsy Fguiw JgCsd ey U wEpgl® e
N E2dHaw HEPBPTNEETITRENT Y P smHTRpETBDE N

Transaction of the KPVP, Vol. 13, No. 1



W Se HYE AYS B9 uEeE 20N 97 22 FaAne] WEAE W) 81

o 9.09

(%) = To65+

20,

1
21 962—30.310g(¢)

™

2= A4 SA508 Gr.3 Cl.1 A%

[e)
R
w4 =2 3 AAVE2IAR 219 AEe

Mo R PrE o, A5 vHE SY-HPE A
FOZ N9 $H-HMIFE FA4S HET F 9
S HoE Fadn =3, ddsE 213 s}
F 244 Y- AFE AT Aol7t IA ¥
0=, dddtFoA Fo17 SH-HPYE JFHAE 3
7t AE8A T HHg ] eSS 7HA L
HHESs 2400A & AsS A5 F s
Ao 2 Aadn. Ty, ddAE ddstFol
Al FoR SH-HYE FAS A Hote] &
e A HHEstE 2 &9 AFE HR
FHO R Pt 4 Qi wehA, Gkl 3
ot¥l SAS08 Gr.3 CL1 AR A5 8-
E A%E F &3t Aedde A5 18t 8
o}

33 2HE Y &4

423} 316°C 2794 SA312 TP316 ZHIQIE] 2~
Z Al dA e BA" 8y AsS Teshr] $I8IA,
I stFRE 24 WHE SH-AHFE APS
AT Fig. 62 AlgolA FoIF Hysteresis
loop= UERA Zlolth. 22 Alg-2 303 cycles, 316°C
ol A= 1,000 cycles7A] REE3150] 2HE-E ATt Fig.
6(a)°ll A & 7 = kel o] Aol A= 303 cycles
o] RhESLFo] 2-g-g o wet +2 W FEC| oF 5%
T Z7FHATE e, wESkgo] Ahe-d ol wek
PEL FEFL2 A7) Fhdhe AEFE Bk
, Aol A SA312 TP316 ZE|lg| 27} HlaA=
o7l WHE S A 2pAE o] WAYsHA|
131 Shakedown® &= Z 0.2 <15 2t) 316°Coll A
Fig. 6(b)oll Yebd A3} o] o\ =085 TS
gsh= skl 1,000 cycles 285 -0
E73la 7 WEEY Vs FAE AENS
HHESo] e AP EZES] Halx Ao #

g2 &tttk whehA, SA312 TP316 ZH| Qg ~7}
A= g2 olUE) 316°CAME Aol A&
H 3% 2dodAE Y HEo] dAskA] ok

o)

2oz A=A,

2 AN N R o

rr s

=2

ORIy

rr o

800
SA312 TP316 (12"): RT
600 | TC-25
E L —
s 400 |t
2
o A" E—" e
2 olys=zrsawea (NN
s TS =611.9MPa
UE = 58.88%
-200 F7¢ = 75.06% 6..=0.:85xTS
E = 195/12GPa R=-0.1
-400
0 5 10 15 20 25
Strain [%]
(a) RT
800
SA312 TP316 (12"): 316°C
600 |-B-09
g
s 400
(2]
8 200
i’,-, ol YS=154.1MPa
S TS = 431.4MPa
= %
200 £ 227 0o, 6,7 085xTS
E = 174.4GP R=-0.1
-400 eTa . .
0 5 10 15 20 25
Strain [%]
(b) 316°C

Fig. 6 Stress-strain curve of SA312 TP316 stainless steel
under cyclic load with constant load amplitude

SHA, Fig. 72 SAS08 Gr.3 CL1 AE=4 =E2AE

V=] 85%0) sldsh= At
=—0.1¢1 3tz =4 TP jHE SH-H1E
A& 9] Hysteresis loop& WERH Zlo|Th Fig. 7(a)
oAl & 4= gl vk} o] AF2ellA] 300 cycles®] W
E3lzo] ZAgEE B2 03% A= My Ee] 73
Hlom, vhEstgo] 2-g-Hol met HEE 1F
o] A3 Zrashs A4S Bt 316°ColM = o
A SA312 TP316 ZE|Ig] 27 wj#A|} FAFSHA
1,000 cycles7bA] HHES}Fo] ZHEEASAE B
stal 72 MY EY ST FAE A= oH, vt
Ealzo] W HIPENF] ¥ste A9 Uk
(Fig. 7(b)). @EHA, SA508 Gr.3 CL1 AF=4 =&
A2l 7ol 5 4 A LALToA BF Q1%
A= 85%0l s Histe S 2t R=—0.1
Q1 WhESkEo] A-gEA gt Al WE-e dAst
A ge AoE FIFHIIT

T~V

a7 Fets =253 A13d A1E 20179 62



82 714
800
SA508 Gr.3 Cl.1; RT o= 0.85xTS
SC-08 R =-0{1
__ 600
©
o //
= 400
2]
[%2]
¢ |
2) 200 YS = 497.4MPa
< TS = 644.7MPa
w 0 UE =.10.0%
TE = 23.3%
E = 203.39GPa
-200 .
0 2 4 6 8 10
Strain [%]
(a) RT
800
SA508 Gr.3 Cl.1: 316°C o= 0.85xTS
A-04 =
600 0 R=-0.1
©
o
= 400}
2]
%]
-
g 200 YS = 428.3MPa
s TS =619.0MPa
ot UE = 11.58%
TE = 25.43%
E = 184.09GPa
-200 ; ; . ;
0 2 4 6 8 10
Strain [%]
(b) 316°C

Fig. 7 Stress-strain curve of SA508 Gr.3 Cl.1 low-alloy
steel under cyclic load with constant load
amplitude
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