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The rupture disk corrosion test (RDCT) method was recently developed to evaluate stress corrosion crack-
ing (SCC) and was found to have great potential for the real-time detection of SCC initiation in a high tem-
perature and pressure environment, simulating the primary water coolant of pressurized water reactors.
However, it is difficult to directly measure the stress applied to a disk specimen, which is an essential fac-
tor in SCC initiation. In this work, finite element analysis (FEA) was performed using ABAQUS™ to cal-
culate the stress and deformation of a disk specimen. To determine the best mesh design for a thin disk
specimen, hexahedron, hex-dominated, and tetrahedron models were used in FEA. All models revealed
similar dome-shaped deformation behavior of the disk specimen. However, there was a considerable dif-
ference in stress distribution in the disk specimens. In the hex-dominated model, the applied stress was cal-
culated to be the maximum at the dome center, whereas the stress was calculated to be the maximum at the
dome edge in the hexahedron and tetrahedron models. From a comparison of the FEA results with defor-
mation behavior and SCC location on the disk specimen after RDCT, the most proper FE model was found

to be the tetrahedron model.

Keywords: Alloy 600, Finite element analysis, Primary water stress corrosion cracking, Rupture disk

corrosion test, SCC initiation
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FINITE ELEMENT ANALYSIS OF STRESS AND STRAIN DISTRIBUTION ON THIN DISK SPECIMEN FOR SCC INITIATION TEST IN

HIGH TEMPERATURE AND PRESSURE ENVIRONMENT

AMgE T Q.

AukH 07 SCC MAIEAS H7187] S35t tiEA

=S
o] Fit= sk SAF-E A Al F &

S Qs 3 HAS A mEAAA SCCE YA

=

N ol 471 71Rte] Ao AdelM= A T
st S7kekaL, A9 7715 AAl & ¢ scert A
A== A71E e 5437171 otk EAF |
ATt

FHL olgd EAlE sidsky] flaf AAgEe® SCC
MA AZHE ST 5 e AR SR direct current
potential drop (DCPD) ®*He] 7= St} [8,9]. o] A
RS QI AES 4] Bl :mE:AT] AL, Al
AFE 7kebaA 54 F919 Adsks xRt w 5
gttt 54 F-9lolA dho] A Hstke] WskE
wAste] #d HAl AlFE BA" ¢ lvh 2
DCPD W2 12 19t QEZHo|H yio Alds
Y, &8s Uksks UEAIRTIS), AFE 17FstaL

H
2, GEAA A A gule] " FAl, AF &
o 4 BAl 5 ole] o) ARg FAe] Al

olgt 7= AU ES] GRS Hekst] flsto]
rupture disk corrosion test (RDCT) *Ho] FH < 7)ake
vl 3ltk [10,11]. RDCT A2 198719 bdS
A8l A¥kA o w AX|eh= 3tAd (rupture disk) %] <]
Nas =kl AAEAY. 12 1o 12} AsS
Aol gR T Al 3% S =EFAITE 54
of Th w2 At 29710l =EAIA, Al A &
2S5 Q7lgith o], PWR 13} A% 846 w29
Al mHoA 1 SHol oJs] pwSCCt AAIE
A, SHEatel olal] Aol =AY, dEE B3l A

A

CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.1, 2023

07 1A} AT 7t s |t olu A
2t Soll AAE FHAR AAFEe R oY wiskE 1A
sto] 7 WA ARES gt ST Alloy 600

o
s
o
ol
ol
2
o
=
[
i)
T
@)
;_]
>
e
=2
>
rlr

KeR
=

Aol AbEE e A SHE 5 olu ANS
o w7lo] Qe Al Ewle] 7 A

A3t SlalA, dEA A feka s
ABAQUS™E ARg-sQiTt. 3xkd -3 3
L5 Agste] giaa AES gxIsHIaL, RDCT A
gloj Aol A= S z2iy AARAE FYHA
tiglsted dlAS SaEkl. fetatals] A
2 19t 12} ASS @A 3% RDCT
W5 H|aste] At s Rds 9

_,d
to
B~
:Oé
X
ul
)

2. A8 US4y
2.1 RDCTE 0|38l

S FATH THAIAIE
PWSCC 7|A] Al S AAze g 437 $lsiA 7
el RDCT 9] /IEEE Fig. 1o YRS Fig.
lai= Alo] 317 Ax|ol] F2he AeElE 12 31549
o] w=E%7] Molt} Fig. 1b= AL 18t Sof |
b AFS7E F]0E 0, Aol WgE AJeE HoFEth
Fig. le 3l 3199 12} AleT 3HAolA] AlAe] &
AIZF w=ZE o] o] PWSCCZt 7iA1E AEIS e
A Zlo]th. Fig. 1di= SCC A= <l&] AlHo] TdE]
A, 7S 3 12 AleTrt T HE AdEelth
oju Aqt Sofl AAH AR AXTEe R = Wi}
= X 7 B T ud AHS A &
Attt PWSCCe 75 &7 7l ~ 2718] dAlelA +F
Aol BT A 7 MAE GAVL TbsstEE, &
ATeA RDCTel| AHES &= taa AlAe] FAE
0.1 mm Uj9|= Azst A4, 7 7NA] A5 T/ U
o7 Ao dEstAY e R, ofe wst 7t
A NS 7 WA Ao E Aelsitt T1lellA] dl
2 gAaa AlEe] A & w=E3He] A4, &2 Haa
AlEe] 18t & =EWe A, De AlEY A, =
AlEe] FAelt P12 A%t & o, e 28 5 ¢

2ol

45



TAE-YOUNG KIM, SUNG-WOO KIM, DONG-JIN KIM, AND SANG-TAE KIM

—_

Fig. 2= RDCT Aglellx AJsdo] gatw= 14 A
GAEE A YERd Zlolt), v AlE S A
= w229 AAdD)E 5mm, 1% = =EHo Z

(22 8 mm, Al A (D) 12mm=z AASSI T}

HE F@ME 0.1 mm We]ollA thekstAl Al &tsto],

P13} P29 ¢t xpolof o8t QI7} &8-8 A 4= 9l

T= ik Al FA S sk e xjolE W

Zste] 7F $8E 2EE Fx QU IdA fi

A A AL F3 ks A 14 A 7Y 2

E W R)E 0.5 mm=z AASITE AlES 24 12F
Alsa Fdoll 2gt b5 Zpolol| ofaiA Al EelA

g2 WA oty FAg o A7 =EE = A

o

= > ool

3EHel PWSCC 7iAI7F W8etes, 7] EdolA
1% S8 F-E 7k (threshold stress)?l F 450 MPa [12]
th 52 SEo] Qb EE AAlstazt sk3ict. Ald
<= RDCT A|@A]ol| 14st7] {1st Asht 14784
= WRte s AdsteSs A7 wikel, 187
A5 3]skl AAE ] vl oJs] AlH FEHel| B
A7} A7t g WAERAA A el WEs
TAet7] f1ete] Ni 7kAE ARgsHolTh

B oM RDCT A F32 484 oA,
PWSCC 54o] & <zl & Fx2AZA Alloy 600
ANEE A3t ABAQUS™ Z 2 7o) AN
A4S fl8ted, Fig. 594 2ol Alloy 600 A|52] %1-3-2

Low pressure

side (P1)

P1<P2

Tensile
stress

P1=P2

leakage
or
rupture

Fig. 1. Schematic diagram of real-time detection of PWSCC initiation from disk specimen for RDCT method, (a) flat disk
specimen hold in fixture before pressurization, (b) specimen deformed by exposure to primary water, (c) PWSCC initiation on
specimen, (d) leakage of primary water or rupture of specimen [10]
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Fig. 2. Cross-sectional drawing of disk specimen and RDCT device
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Fig. 3. Load and boundary condition of disk specimen (a) in high pressure side and (b) in low pressure side for finite element

analysis
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(b)

(c)

Fig. 4. 3D finite element model of disk specimen; (a) hexahedron, (b) hex-dominated, (c) tetrahedron
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Fig. 5. Typical true stress-strain curve of Alloy 600
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Table. 1 Finite Element analysis condition of Tetrahedron,
Hexahedron, Hex-dominated model
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Fig. 6. Cross-section of deformed disk specimen after RDCT
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Fig. 7. SEM image of (a) PWSCC initiated on the disk specimen in high pressure side after RDCT, and more magnified images

of (b) crack S1 and (c¢) crack S2

AL o AARI QI ZHo] =2 7R elA 7}
& =A A7HE T A Qi
47| RDCT A#elA tlaa Al Wy Asd &
g 2XE EAEH] f18te] Table 100 AAIEE TRk
freteadld] A ol Ao F A A
Fig 8, 9, 10°] Z=AI3FITE. Fig. 8a$} 8bi= C3DSR
A2 7% Hexahedron @04 t]A3 57 0.1 mm
seed 7] 0.1 mme] A H=2A, ]~ Wiy}t 19t

fo o rot

CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.1, 2023

= ¥WO] Von Mises 58 X5 712t TA|gE Aol
Fig. 8a2] tj~= whdwo} o] 13} 2l
Aol oF Aol I3 At Fox 553 & FH
2 W13} Fig. 8b°ﬂ*1 TS Al I S %
o] &8 FEE HH, 5o S B oz} F
©&#o = ¥
- o

TR o . - 01” sHol del= As &
‘”E} shd, =9 7HgARE °ﬂ"1 -8 FXE AAE]
, Hexahedron =.21°] Q4w 4] wWh2jo] WAL

49



TAE-YOUNG KIM, SUNG-WOO KIM, DONG-JIN KIM, AND SANG-TAE KIM

S, Mises

(Avg: 75%)
+5.893e+02
+5.402e+02

(a)

9 +02
455e+02
+1.964e+02
+1.473e+02
+9.821e+01
+4.911e+01
+0.000e+00

5, Mises (b)

(Avg: 75%)
+5.921e+02
+5 +02
+3.93de+02

+9.

:g 0009:86
Fig. 8. Von-mises stress of
deformed disk specimen with
hexahedron model (C3D8R with
seed size of 0.1 mm) simulated by
v ABAQUS™; (a) in cross-section

of disk, (b) on disk surface in high
pressure side
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Fig. 9. Von-mises stress of
deformed disk specimen with hex-
dominated model (C3D8R with
seed size of (0.1 mm) simulated by
ABAQUS™; (a) in cross-section of

disk, (b) on disk surface in high
I_. x pressure side
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Fig. 10. Von-mises stress of deformed disk specimen with tetrahedron model (C3D10 with seed size of 0.1 mm) simulated by
ABAQUS™; (a) in cross-section of disk, (b) on disk surface in high pressure side
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Fig. 11. Height of dome of disk (a) with 0.1 mm thickness calculated from various finite element models as a function of seed
size, and (b) height of dome calculated as a function of disk thickness with seed size of 0.1 mm. The measured value of disk
specimens after RDCT were also plotted
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a function of seed size

= Aol B BdoA fAFsHAl HERE AL, RDCT 4 ol S22 oF 675 MPaEA] A5 WO UM

3 Al A %"éf& h #t e AR WS, =8 AN Al S 3k(SF 555 MPa)
Fig. 122 571 0.1 mm<! ©jA= Al 3], seed Hoh A veRT

IS HER 39S oA 59 7Pk (edge)2t Hexahedron =.2°] 79~ seed 7717} 0.05 mm ©]3}

S (center)?] &#= EAISE Zlolnt T1g ) o] B o)A tetrahedron 2.2 2] AXkatH fFAFSHA SIS

N

£ 2ol seed A7|7F obdeE, S 24T S 53] C3DSRO] C3D200] HIS) AR seede] 7]
Zhdas s S 2o PR ek w SRl 7F Aolok Skl Al sk AdE He
oHE AR #lew sEss Aol UEhkth W, C3D8RY siAARe] iAo Frls adds
Tetrahedron =.2°] ¢~ seed =717} 0.15 mm ©]&}e] etste] AHEg Q4 F79) seed 7] A7o] B3}

A SE gkl AR ek, =] PRk el F Atk $HH, hexahedron FHe] 79 seed 7|9} -

il

>n[ﬂ

52 CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.1, 2023



FINITE ELEMENT ANALYSIS OF STRESS AND STRAIN DISTRIBUTION ON THIN DISK SPECIMEN FOR SCC INITIATION TEST IN

HIGH TEMPERATURE AND PRESSURE ENVIRONMENT

sHA = 7}72};‘}3]01]7\1 S84 g WAe] MAEE 4

o] $IAelA 3= Hulgko] ArtElor, THA 2
2 2 = 4"]5} nie} o] A5 ko
7% AA et

$HH Hex-dominated ¥19] -9~ & Aol A4
seed 7] HL]olM = HHE DH]CJ’}L e =2 4
o gEgke] 7P Rt =4 yebsth 28,
seed 1717} 0.05 mm= ZASHHA e RAEY
AReE gt ® sk FAIZE e R, seed 2715
o WA A A o 2ay A Aot fARH
228t Ao 7 ZAH T}

A7] Bt asr A3E £36PH, Hexahedron, Hex-
dominated, Tetrahedron R@ oA QAHT7} F718kaL
AR @ ARA7E Sk, SEwte] Al
sh= Zo= vkt a28u & A9 i Al
H s gl 914 Hexahedron X2 2] 7

i 2lo] MAEE A ollA AU
32 HAPF ARAEER, 5] 7PEAR7E obd o
2 AAE Ha7t 3tk Hex-dominated®] 73
A71& 0.05mm ©|st= Fofof stEE ALk AZHS 1L
HE o], AT Haa Al s el Slof

o
o

r oo —10
do i o

ML F HE

O
9 seed
Fdes

A el kthal sdE T} Tetrahedron 222 7
seed 3717} 0.15 mm ©J3flME tE RdE ]

S AxATT) s 21 WSkl S WA
okar, QA "gﬂﬂ Lo, ALk AR F A 55
2 AT taa Al B4 el 7

2 pdto| B

= 7PEAE el SR
g]': 675 MPa= :‘,:E‘ég o7 E/] X/Rh:loﬂ/q Oeﬂﬁ__
oF 555 MPa® <R3 tE. PWSCC 7HA] &8 EE#:
21 450 MPa [12] U} o2 =9 7PRle] 9 T4
TOW PWSCC 7HAI7} 5 w8 7hsobAt, =2 5
Aol mIsl S akel 20% o =A Q7= 7P
oA WA A ThsAdo] A, o]i= RDCT A¥
A7KFig. 7)elA tl~zm BHEO GA| FPo] tiFd =
o] 7Pt el s A & dA S

W AT E FEQ A HlAaa Al w24
e BEAke] S8l 1:]— W AAEAE deskete
A7k oLy, Al RD *‘?"‘Oﬂfﬂ Had Al Ee B
o H53ketk s = ]‘7} A=, Al 1 A= e} 7}
27 Aolef] Alde] o)t %HE—IIOH ofal 3= w7}
HE 9l w FEHlE WY u vy g 3
_LU:]/] ;G&OE u].;d—e‘:]oﬂ /]-5]_ OE'_:II T,‘Z_LJIE Eﬂﬂli
A Thssith & ATE FE P Ajs Jow &
tetrahedron =25 &-g-sto], tiA A|HE] 7,
O] A, W 25 T opekst A Wy X

>,
FEL

R
oX i,

CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.1, 2023

Aol T2z A Sea W

ol
2 7} elo] okt S ALE et Aol

&

N

rh

B oJqrof| A= PWSCC 7HA1S AA|7te 7 Bx]al7]

el 7idEl RDCT WHollA] tja Alie] S8 Al

a7 S13k, 539 RN DAE o o

A3 AL T, Q48] ., seed A7(LAaE )9

5 GElete] OHM* TGl AA Ad At
HlI 2AEke] thEe] AES ATt

1. 323+ #3te 434 A3}ol A Hexahedron, Hex-
dominated, Tetrahedron 5.9-& #8353l t] A~ A|Ho| L
F % AER fARP) MREE A0 ekl o
23 Ae] FAE S w52 Aol Eole
4t Aoz AT, 44 2 20 14 A%
TS RDCT A3 & faz AlEA

2. El*ﬂ f\lJU SEE 4 35,
Aol wet o2 Ax A3 b}E‘rM_b} 275t A
AT A A SERCE FHES 4§
| w9 FAF 1o 7Rkl =2 S
Ho] B¥311, AA] RDCT A3 F tjA3 AJ#A
AA Fdo] it B2 PdRtE]el wEE Axfel
z A8kt

3. RDCT A3 Azs} fete s Ao tjaa
Aol Mg &8 FE] AN, dlA] Solid 9 &
5735 AekelS W, Tetrahedron R2o] 7Hd 23t
Zo7 waE ).

rudg 3HH %=

_1

30 BN A
fll

32 A

L

i
ol

i)

X

ZAel 2

A7 FEATASS B8 AT AT
(2021M2E4A1037979, RS-2022-00143718)] A& 1+
of 3Tt

References

1. D. Feron, J.M. Olive (Eds.), Corrosion issues in light
water reactors - stress corrosion cracking, Woodhead
Publishing Ltd., New York (2007).

2. Y. S.Kim, H. S. Kim, Y. H. Kwon, S. W. Kim, H. P. Kim,
H. Y. Chang, Relationship between the initiation and
propagation of SCC and the electrochemical noise of
Alloy 600 for the steam generator tubing of nuclear power
plants, Corrosion Science and Technology, 9, 57 (2010).

53



10.

11.

12.

54

TAE-YOUNG KIM, SUNG-WOO KIM, DONG-JIN KIM, AND SANG-TAE KIM

https://www.j-cst.org/opensource/pdfjs/web/pdf viewerhtm?
code=C00090200057

. Y. . Lee, S. W. Kim, H. P. Kim, S. S. Hwang, Study on

localized corrosion cracking of Alloy 600 using EN-
DCPD technique, Corrosion Science and Technology, 12,
93 (2013). Doi: https://doi.org/10.14773/cst.2013.12.2.093

. S. S. Hwang, M. J. Choi, S. W. Kim, D. J. Kim, Review

of factors affecting IASCC initiation of stainless steels in
PWRs, Corrosion Science and Technology, 20, 210
(2021). Doi: https://doi.org/10.14773/cst.2021.20.4.210

. ASTM G39-99 (2016). Standard Practice for Preparation

and Use of Bent-Beam Stress-Corrosion Test Specimens,
ASTM Standards, West Conshohocken, PA (2016).

. ASTM G30 (2016). Standard Practice for Making and

Using U-Bend Stress-Corrosion Test Specimens. ASTM
Book of Standards. ASTM West Conshohocken, PA
(2016).

. ASTM G-38 (2013). Standard Practice for Making and

Using C-Ring Stress-Corrosion Test Specimens. ASTM
Standards. West Conshohocken, PA (2013).

. Z. Zhai, M. B. Toloczko, M. J. Olszta, S. M. Bruemmer,

Stress corrosion crack initiation of alloy 600 in PWR pri-
mary water, Corrosion Science, 123, 76 (2017). Doi:
https://doi.org/10.1016/j.corsci.2017.04.013

. P. J. Meadows, P. L. Andresen, M. B. Toloczko, W.-J.

Kuang, S. Ritter, M. Bjurman, L. Zhang, M. Ernestova,
A. Toivonen, F. Perosanz-Lopez, J.W. Stairmand, K.J.
Mottershead, International round-robin on stress corro-
sion crack initiation of Alloy 600 material in pressurized
water reactor primary water, Corrosion, 76, 719 (2020).
Doi: https://doi.org/10.5006/3532

S. W. Kim, G. W. Jeon, D. J. Kim, Proc. Korean Nuclear
Society 2021 Spring Meeting, Virtual, Korea (2021).

G. Y. Jeon, S. W. Kim, D. J. Kim, C. Y. Jeong, New Test
Method for Real-Time Measurement of SCC Initiation of
Thin Disk Specimen in High-Temperature Primary Water
Environment, Nuclear Engineering and Technology, 54,
4481 (2022). Doi: https://doi.org/10.1016/j.net.2022.07.025

Y. Garud, Validation of stress corrosion cracking initia-
tion model for stainless steel and nickel alloys: Effects of
Cold Work, EPRI, Palo Alto, CA (2012).

13.

14.

15.

17.

18.

20.

21.

22.

M. Smith ABAQUS/Standard User's Manual, Version
6.9. Providence, RI: Dassault Systémes Simulia Corp
(2009).

H. Zhu, W. Xu, Z. Luo, H. Zheng, Finite element analy-
sis on the temperature-dependent burst behavior of domed
3161 austenitic stainless steel rupture disc, Metals, 10, 1
(2020). Doi: https://doi.org/10.3390/met10020232

J. Y. Jeong, S. B. Lee, W. S. Jo, H. S. Kim, S. H. Baek,
Structural Analysis on the Superficial Grooving Stain-
less-Steel Thin-Plate Rupture Discs: International Jour-
nal of Precision Engineering and Manufacturing, 15, 1035
(2014). Doi: https://doi.org/10.1007/s12541-014-0433-7

. T. Schneider, Y. Hu, X. Gao, J. Dumas, D. Zorin, D.

Panozzo, A Large Scale Comparison of Tetrahedral and
Hexahedral Elements for Solving Elliptic PDEs with the
Finite Element Method: ACM Transactions on Graphics,
41, 3 (2022). Doi: https://doi.org/10.1145/3508372

I. Simonovski, S. Holmstroem, M. Bruchhausen, Small
punch tensile testing of curved specimens: Finite ele-
ment analysis and experiment, International Journal of
Mechanical Science, 120, 204 (2017). Doi: https://
doi.org/10.1016/j.ijmecsci.2016.11.029

R.W. Werne, Stress analysis of a rupture disk, UCID-
16761, University of California (1975).

. X. Kong, J. Zhang, X. Li, Z. Jin, H. Zhong, Y. Zhan, F.

Han, Experimental and Finite Element Optimization
Analysis on Hydroforming Process of Rupture Disc, Pro-
cedia Manufacturing, 15, 892 (2018). Doi: https://
doi.org/10.1016/j.promfg.2018.07.408

K. F. Nilsson, D. Baraldi, S. Holmstr?m, I. Simonovski,
A Numerical and Experimental Assessment of the Small
Punch Creep Test for 316L(N) Stainless Steels, Metals, 11,
1609 (2021). Doi: https://doi.org/10.3390/met11101609

V. Brown, Finite Element Modelling of the Small Punch
Test for Structure Critical Design, PhD Thesis, Univer-
sity of Sheffield (2020).

J. Petruska, J. Hulka, K. Halka, Computational Simula-
tion of Small Punch Test: In Applied Mechanics and
Materials, Trans Tech Publications, 232, 497 (2012). Doi:
https://doi.org/10.4028/www.scientific.net/ AMM.232.497

CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.1, 2023


https://doi.org/10.1016/j.net.2022.07.025
https://doi.org/10.1016/j.net.2022.07.025

