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#4.4.3.4(1) BEER TV LAHES ERGSHBRAORMBEHEEHE/ NS A —42—&(1/3)

) X Fa~tik BT O —E S*2 BRT o —RREAEX (m) #2 | KEIRAEY () 2
PRREE | xwas | mr | ma | mma | @ws | veEmm | U 75 PRYE R | WAXIZE | DACZ0% IR
neEx s [ X 8 R " (%)33 2 " o — T | R
a (mm) L (mm) g (um) (mm?) DAC% dB dB BHRE| PHE | EERE
PSF11 1.8 8.2 2.5~4.0 11.6 -8.6~ 9.1 100 166 44 0.6 1.1 13.4 1.7 -8.4 1.6
PSF12 1.8 6.9 2.5~4.0 9.8 +6.9~+47.1 100 192 5.7 0.7 1.6 14.0 16 6.6 2.1
F_-Y,_“:ﬁ-.\ ——
PSF13 [ 16 6.4 2.5~3.0 8.0 +8.2 100 144 3.2 0.9 0.5 12.4 1.1 8.5 1.8
b » A = —
150Ax10t | PSF14 3.5 16.2 2.0~3.0 445 +10.2 100 402 12.1 0.5 1.3 24.6 15 7.9 1.0
PSF15 3.1 12.5 5.5~9.0 30.4 -8.7 100 348 10.8 0.9 2.0 21.2 2.4 -8.9 11
PSF16 2.5 10.2 3.0~4.0 20.0 -8.4 100 302 9.6 0.7 1.0 17.4 2.6 -7.7 0.8
PSF17 5.4 25.2 5.0~7.0 106.9 +9.1 100 203 6.1 0.4 15 20.8 7.0 9.4 0.7
PSF18 49 21.8 4.0~6.5 83.9 -9.6~-10.1 | 100 325 10.2 1.0 1.3 32.0 1.2 -8.0 15
PSF19 3.6 17.2 5.5~6.0 48.6 -8.1~ 8.5 100 339 10.6 1.3 1.9 24.8 1.6 -8.1 0.6
PSF21 4.7 12.0 15~60 44.3 +6.7~+7.0 100 693 16.8 1.9 11 246 0.6 6.3 0.8
PSF22 3.4 8.8 S 23.5 100 460 13.3 0.3 1.3 21.1 1.2 5.3 15
— 5.6~ 7.6 —
PSF22N | 11.0 49.5 160 427.6 - (663) |(16) (+4) = = (68) = 8.1 —
PSF23 3.2 8.6 5~20 21.6 +8.1~+8.3 100 491 13.8 2.2 1.0 23.5 6.6 9.2 0.5
350Ax25t | PSF24 4.7 18.6 5~15 68.7 +7.9~+8.4 100 602 15.6 1.9 4.5 31.3 1.2 7.2 1.5
PSF25 2.8 12.3 5~20 27.0 7.9~ -8.1 100 388 11.8 2.5 0.6 24.7 46 -5.8 2.4
PSF26 2.3 10.3 5 18.6 +8.1~+8.2 100 371 114 2.2 0.9 19.9 2.1 8.6 1.3
PSF27 5.2 29.2 5 90.7 -9.7~-10.1 | 100 370 11.4 3.0 6.6 34.3 1.0 -4.7 1.5
PSF28 4.1 18.5 KIIE 59.6 100 513 14.2 2.8 0.6 28.6 1.1 8.0 1.7
= L = T 4~+8.7 - = —
PSF28N | 82 29.1 120 187.4 - ®87) |17 (g - - (45) - (9.9) -
PSF29 2.4 13.2 10~20 24.9 -8.7 100 342 10.7 1.9 4.1 24.8 1.7 9.0 1.3
*1UK MR BRI LSRR R R T,
*RATI—ES, FRTa—RBHME X R OCRARAM BT,
1#5 150Ax10t: RENSF — LD R RITHE L,

350Ax25t: FEISTF — L+ HENF—21EORBRBERIZE K
*3: L~V SDAC20% DR & &R T,
*4: PSF22N 28NIIHE BN T #% DR B A ML TR\ 4, PSIEt&s S EEL L TRl
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%£4.5.35(1) BEERT > L AMBSCCH 5 HEBAD R MR HIETHE/ S A —% —& (1/3)

R M ~HiE*2 BRxa—mx ™ BRza—BmEpbasEx ¥ REHRAE () ™
: % = =
g B e o LN e |Fen [ e [EE] w@E Dot | g | s %
um (mm) | g(pm) | S(mm*) DACY% aB e () W‘ ’fmﬁ(’i;frfi (mm) (mm)
[ Pssit | 1.2 |418 Jo.2~120[ 39.4 | +8.8~+9.6 | 60 | 48.0 | 6.4 | = * 7.7 * 9.2 *
ossizt | L6 | 9% lo.2~10] 5.5 | 45 7~s21.0 |2 66.0 | 3.6 | * 3.7 * LS *
(12. 3) 40 67.5 -3.4 * * 8.5 * 0° —41.6 *
pss1a” | 2.0 | %9 fo.2~10] 5.7 |+10.5~+20.5}—20 | 380 f 8.4 L * ~* %85 4 * L 100 ) #
(10. 0) 60 6.0 | 6.7 | * * 7.3 * 0 —34.6 *
150ax10t | Ppssi4 | 1.3 | 9.0 |o.2~15] 9.2 | -5.2~6.7 | 80 53.8 | 5.4 | = * 7.0 * 7.4 *
PsS15 | 1.3 | 116 | 1LAF | 18 | +.7~+49 | 60 4.3 | 11| = * 7.7 * 3 | %
PSS16 | 5.6 |34.4 | 1LAF | 151.3 | +5.2~+6.8 | 100 87.6 | -1.1] 0.3 11.3 41,0 3.1 6.9 1.2
pssi7 tagJ 107 [ suF | 50 | +r2~73 | 20 2.0 |-13.6| % | % SPOT * 6.2 *
pssi8 ([2.8 J11.6 |o.2~10| 255 | -6.6~5.2 | 100 108.8 | 0.7 | 1o 0.0 13.2 1.8 7.0 13
pss19 3% ] 23.1 | s F | 70.8 | +3.7~+a5 | 100 135.2 | 2.6 | 1.0 5.2 25. 6 4.2 7.4 0.8
Pss21 | 2.0 | 8.1 | 8~12 | 12.7 | -5.0~5.2 | 100 79.2 | 2.0 | 2.3 0.8 10.7 2.0 3.5 1.8
Pss22 |21 | 9.6 | 13~15] 15.8 | +6.2~+6.4 | 100 1088 | 0.7 | 20 0.8 13.8 2.1 4.6 0.9 -
31.5 23.8
P20 |89 |19 f20~22 | 429 | 5.8~-6.2 | 100 188.5 | 5.5 | 0.9 1.8 e | moe | 20 0.9
Pss24 |2.4 [10.1 [12~14| 190 [ +s8~+6.1 | 100 | 130 | 31 [23 | L2 16.2 3.4 38 | 1.e |
~ pss25 2.0 104 [30~40| 163 | +44~+45 | 100 [ w55 | 3 |25 [ ns 18.5 2.7 "33 | os |
350ax25t | Pss26 |24 [13.0 |10~20| 262 | 5.7~60 | 100 |14z | 12 |28 | 4s | 223 | 26 | 24 | 21 -
pss21 |06 | 36 | 5~8 | 1.7 | -ae~a7 | 17 [ 2000 [-140]| x " SPOT * | 41 | = |
PSS28 | 3.6 | 15.0 | 13~15| 42.4 | -5.3~-5.5 | 100 7.2 | 47 o9 | 1o | 262 | 18 | -1.3 | o9 -
PSs29 | 3.3 | 17.9 | 12~20| 46.4 | +5.8~+6.2 | 100 1612 | 41 | 3.2 1.6 25.3 5.8 3.5 1.9
PSs2A [ 1.4 | 6.7 | 5~8 | 7.4 “4.9~+5,0 | 100 2.8 | 1o | 22 13 11.3 1.2 2.6 L2
PsS2B | 2.7 | 18.8 | 10~15| 39.9 | +6.2~+6.7 | 100 1712 | 47 | 21 0.4 24.7 6.7 5.1 1.2
Pss2c | 0.7 | 15.5 | 25~30 | 8.5 4, 3~+4.4 0 x x x x x x X % |mire
Pss2D | 2.9 | 80 | 5~10 | 182 | -5.7~6.1 | 100 1292 | 22 | Lo 13 29. 4 0.5 3.4 0.9
PSS2E 3.0 | 9.0 | 5~20 | 21.2 | +5.6~+6.2 | 100 152.0 | 3.6 | 2.0 2.2 22.0 9.1 4.5 1.2
PSS2F | 1.4 | 4.5 | 5~20 | 4.9 +5.8~+7.4 | 100 53.0 | 5.5 | 1.7 0.9 11. 4 6.1 6.4 1.4 o
Pss26 | 1.5 | 5.0 | 5~10 | 59 | +53 | w0 | o2 | 02|18 | s | 120 | 12 5.2 1.2 o
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Report No. F40(_)-03 -
HITACHI TEST CERTIFICATE Dae ___Dece 2T, 1988
Hitachi Melals, Lid. Mitsubishi Heavy Industries, Lid,
Yasugi Works Messrs. Kobe Shipyard & Engine Works. Order No, 003207
2107-2, Y i-ch N WL
Yasugi-shi, Shimane-Ken Part Name: 4BAVAT 274 % B Reg.No.  ZK302448-03 SE
" Japan DWG.No.  ZKZ-T7626Rev,0=-02(YA3-218215Rev, 2) Spec. No.  MSBZK2-1002Rev. 1
Tel. Yasugi (08542) 23501 - Materinl __ 9IS G3214(1977)SUS F316 Condition___ Solution Heat Treated & Rough Machined
“?"e,.'. Chemical Composition (%) No, of | Weight
liem 6."*!:,- c Si Mn P S Ni Cr Mo N Co Picce (kgs )
22 [ max max max max max 10.00~ | 16.00~ | 2.00~ -
Charge Neo.\| 0.08 1.00 200 0.040 | 0.030 14.00 18,00 300 -
1 Ladle B3856 0.05 [0.56 [1.87 0.025| 0.006 |12.57 | 16,46 2.20 | 0,03 0.04 2
2 Check " 0.05 |0.62 |1.88 | 0.025| 0.006[12.63 | 16.47 | 2.19 | 0.03 | 0.05
3 ' '
4
Mechanical Properties
Tension Test Impact Test |Bend Test| Havdness Hest Treatment )
- 0.2 Foolsel Tensil . |Reducli Chorpy (Cold )} ? bl
item Y Yield St Slrcm;lhe Elongation) a: "I':r::" (zo0 )
ke (/nd kg 1/ad % % | kgl-m /ck ftlhs HBS | Felatment
. Gauge min min min min max
DiaX {'oooth 21 53 a5 50 - & 187

1 12.5x%50.0 28 55 60 73 146 1050x90!
2
3
4 L]

Marking : [F40003  1~.2

Liquid Penetrant Inspection:
Ultrasonic Inspection:

Good

Good

Manager of Quality Control Section,

Yasugi Works, Hitachi Metals, Ltd.

V144
N
Y
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01T

REBREFGRERER
LIQUID PENETRANT EXAMINATION REPORT

E X %
Customer MITSUBISHI HEAVY IND., LTD. KOBE SHIPYARD & MACHINERY WORKS
c] & fE 2 & & : .
Project KON-3 RCS -M- Mill Work No. INKX4983 SUM%E%%{) ¥5§£ng‘JR);(SL'I'D
I® %% ' QUALITY ASSURANCE SECT.
Job No.
X F = RO 718 B2312 SUS3Ib
Order No. 20032397JH22727-02-SE Stand. ( J1S G3459 SUS316TP)
B R OR o AELERS015
K & B I B
A No.
Aeoe e, LTI Code No S Spec.  7JE-2101-0 Date of Exam.563./2.27
ASVE=Seem=f-
+ & 4B SCH.180 EOE(L) ] >4
§ ti 2
' EER Ty Size Quentiy 2
Examination Condition Mark the applicable column
3 i itk
RO B M ?’J\ja 155*@ ﬁ:fhiud
Exam. Stage ~ v Surface  [Q Z21v5-fE g R 2
2 B & p-7 | Cendition R L= Result ACCEPTABLE
- T=0F 9P RmrFz s ;enelr;-t = T Cold;.‘lrawn A )
e O | MARKTEC Drveloper D- *, s O | Brhi .
g & A SUPER-CHECK & oa R-T 2E A7LA K =
Medium é;"'; = PeneFrant j‘i',‘_’:_" Examined by - (Level - 4L )
Material IKS+z4 7 ;enelr;!t o P Application Dﬂﬁ;‘pﬁi“ .
Develaper D B8 B K = s
IKS CHECK g ¥ @ R Penetrant Time 20 min| ¥ ZF _
emover
e . B ] 3 Judged by {Level - & )
BMEBR IR ES %m&w%ﬁf_mﬁﬁ7 Developing Time 20 min
Method of rcmov.ing excess penetrant remover ¥ = ] KOQIEL = £ DR
SRIROEIHE 7€}y ERE AT x®a =z T e
Method of Plu.annl before and Wiped with cloth soaked with Temperature b T = comparator - :
after examinstion acetone JE mﬁ.\gh
Lo 4
" snRE o] HELE WiELE : 5% |z
Examined Area 9 Whole outside surface Whole inside surface ‘F% & ]
# & Mok m Bldo
End surfaces Bevelled ends
:ﬁﬁ;ﬁ n&k?ﬁiﬂ:&s{&f iﬁﬂfﬁﬁ 2 = & %
nside o en
(gamesr:n;:;of ouot.side di‘;meter) Whole surface -

&
~

A 14

(9/9) v—F
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ULTRASONIC EXAMINATION REPORT

No. NKX4983

E X &
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[J Cos? m’;r 102
® & ¥k SOURCE SIZE 01% o Or2x2m 3 = -
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2 8 , EXPOSURE ]
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o = 1 NTENSIFYING I M & | 50 b0 1.0m O% LEAD 10w
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]
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Dwg. No,

" # 1xn 0 smnial) |y 57757,008
ltem Spec. Actual
() I /) e P i
Test tem \/zkug Hydrostatic Test /KIE Hydrostatic Test
RO PN é:«n: Pnoumatic Test St Pneumatic Test
Working Prassure IEhdtEE 72 ()D()
AN A 3
Test Pressure ™ 2/5‘ 8 kg/edG o M 2 / ) kg/edG
._b\' BN O Adlil) Standing Water Test (744K Standing Water Test
Hotding Time {¥1305}L | 30minutes and Over ' SO 5 Minutes
i 1% 1% ébﬂﬂ'lﬂ |- 6Ominutes and Over
wall Temperature M ‘CBLI: and Over M/ 44_ c
e X MUk Nou Required [ BEAE 4 Not Measured
Testing Medium W AMIK Grade A Water [ T9%( Air A$A Grade A Watar W5 Air
e |[hEAS S HERA | AR omiu HIY
Bubble Solution [J—vy &R Perlex I“} 2=V g & R Perlex
WAoo é’ i Not Required [ HHEE  Not Used
Sketch of Weld No. to be Tested. . . [
MBS AR A 4} i Pressure Pressuro Chart
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ERSRT R H g
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W5 Time —
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@I1] Journal of Nuclear Materials 426 (2012) 59-70
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ABSTRACT

There are several standards or guidelines pertaining to the specimens and methods for stress corrosion
crack (SCC) growth tests, e.g., ISO 7539-6. However, there is no standard explicitly for SCC growth tests
in a high-temperature water environment such as the primary water system of light water reactors (boiling
water reactor (BWR) and pressurized water reactor (PWR)), and the precautions for testing in such an
environment are not described. In response to this need, the nuclear subcommittee of the Japan Society of
Corrosion Engineering (JSCE) has developed a standard of the test method for measuring the SCC growth
rate in high-temperature water that simulates the primary water environment of light water reactors. This
standard applies to austenitic steels and alloys except for irradiated materials. Since local deformation of
the crack tip of irradiated materials differs from that of unirradiated materials and a smaller specimen is
generally used for irradiated materials, irradiated materials are excluded from the application of the
standard. This paper presents an outline of the developed standard with a supplementary explanation of
the technical basis.

Keywords: Stress corrosion crack growth rate, high temperature water, austenitic stainless steel, nickel
based alloy, boiling water reactor, pressurized water reactor, potential drop method

1. INTRODUCTION

From the viewpoint of assessing the structural integrity of nuclear power plant components, it is
important to prepare crack growth rate reference curves based on reliable SCC growth rate data. There are
several standards or guidelines pertaining to the specimens and methods for SCC growth tests, e.g., ISO
7539-6. Howevet, there is no standard explicitly for SCC growth tests in a high temperature water
environment such as the primary water system of light water reactors (BWR and PWR), and the
precautions for testing in such an environment are not described. In response to this need, the nuclear
subcommittee of the Japan Society of Corrosion Engineering (JSCE) has developed a standard of the test
method for measuring the SCC growth rate in high temperature water that simulates the primary water
environment of light water reactors (BWR and PWR). In the course of developing the standard, some
items have been prescribed based on the test data analysis with technical discussion while related
standards and guidelines have been referenced and accepted. This standard applies to austenitic steels and
alloys (including weld metals, heat-affected zones, cold-worked materials and precipitation-hardening
steels and alloys). Basic items, such as the specimen, test equipment, test procedure, and evaluation
method, are specified in the text of the standard. Several items have been discussed based on experimental
data and actual conditions experienced in the primary water systems of light water reactors. For example,
the water chemistry conditions at the testing for BWR and PWR are set up precisely taking into
consideration the primary water environments of actual nuclear power plants. Also, the crack growth rate
is determined according to several criteria, such as crack engagement, crack extension in the tested
environment and ratio of maximum crack length to average crack length. Supplementary items, such as
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the guideline for crack length measurement by potential drop method (PDM), basic specifications of test
equipment and environmental precrack introduction, are specified in the appendices of the standard. This
paper presents an outline of the standard.

2. TERMS AND DEFINITIONS

The main terms and definitions used in this standard are indicated below as well as in JIS Z0103.

K; = stress intensity factor (mode I)

E, . = corrosion potential

T = specified temperature measured at the position close to a specimen installed inside the pressure vessel
ft = circulating water flow (value of the pressure vessel capacity divided by the circulating flow per hour)
apys = precrack length at the position of 1/4B

ays = precrack length at the position of 2/4B

ag3s = precrack length at the position of 3/4B

ay = average precrack length of g4, aps and aps

ays = average of surface precrack lengths

a = initial crack length (distance from loading point to fatigue precrack tip)

as = final crack length (distance from loading point to final crack tip in test environment)

W = specimen width

b = specimen ligament (= W—a)

o, =yield stress at testing temperature

Gnowr = flow stress at testing temperature (= ([oyr + 6ur] / 2)

A, = average crack length ([SCC area / specimen thickness] or equal divided method)

A, = average crack length in crack engagement area (SCC area / engaged crack width)

C = maximum crack length

D = fatigue precrack length

[da/df]q = provisional crack growth rate (interim crack growth rate calculated using the standard test
method described herein)

da/dt = [da/dl]q in a case where all validity criteria are met

B, = effective specimen thickness (= (B-B0)")

where B is the distance between the sides of the specimen and By is the distance between the roots of
the side groove notches. If no side groove is adopted, B. = B.

3. SCOPE OF THE STANDARD

This standard applies to austenitic steels and alloys (including weld metals, heat-affected zones, cold-
worked materials and precipitation-hardening steels and alloys), which are considered to be important for
SCC issues in light water reactor (LWR) primary coolant systems. Since local deformation of the crack
tip of irradiated materials differs from that of unirradiated materials and a smaller specimen is generally
used for irradiated materials, irradiated materials are excluded from the application of the standard.
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The standard provides a test method for determining SCC growth rate using compact tension (CT)
specimens in simulated light water reactor environmental conditions (primary water) in a nuclear power
plant.

4. PRINCIPLE OF TEST

Stress corrosion cracking is a phenomenon in which a crack initiates in an environment when stress is
applied to a material susceptible to SCC. Thus, SCC is influenced by three factors: material, stress and
environment. If SCC grows beyond a certain extent, subsequent crack growth behavior is considered to be
influenced by the stress field at the crack tip. Therefore, the SCC growth rate is related to the stress
intensity factor, Ki, which is the parameter expressing stress distribution at the crack tip. SCC growth rate,
da/dt, is defined as the temporal differentiation of crack length. By applying a load to the specimen in an
environment and measuring the crack length (a) continuously using PDM, the crack growth rate (da/dl) is
calculated in which K; can be determined from the crack length (a) and the applied load. The average K is
determined by the average of the stress intensity factors calculated from the crack length at the start point
for the evaluation and the final crack length (the crack length at the final point of the term for the
evaluation). This standard specifies the preparation of specimens, adjustment of testing environment,
method for applying load, and crack growth calculation method required to measure the crack growth rate
using the fracture mechanics specimen in the simulated water environment of light water reactors.

5. SPECIMEN FOR TEST
5.1 Specimen Position and Direction

The position and direction of the specimen from the test sample is shown in Figure 1, which is basically
determined from ISO 7539-6. Identification of the specimen position and direction is expressed using the
letters L, T, S, R and C, defined as follows. In this notation, the first and second letters indicate the
direction of the loading axis and crack growth, respectively.

(1) Plate material

L: long direction (final rolling direction, main forging direction)
T: width direction

S: thickness direction

(2) Round bar and hollow circular cylinder

L: axis direction

R: radial direction

C: circumferential direction

5.2 Specimen Geometry

The geometry of the specimen is the CT type as shown in Figure 2, which is similar to that of other
standards, e.g., ISO 7539-6, ASTM E399, ASTM E647, and E1820. A narrow notch (2) can be formed at
the tip of the straight notch (1). The specimen thickness, B, shall be equal to or greater than 25.4x1 0~ m.
However, it can be set to between 12.5x1073 m and 25.4%10° m based on discussions. The specimen
width, 77, shall be equal to or greater than two times the specimen thickness (B). Side grooves can be
prepared on both sides of the specimen. Taking into consideration existing related standards, e.g. 1ISO
7539-6, the depth of the side groove is 5% of the specimen thickness in general. This can be omitted
based on discussions.
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5.3 Size Requirement of Specimen

Following the existing fracture mechanics test standards using CT specimens, this standard prescribes the
size requirement of the specimen in terms of the size of the plastic zone and small-scale yielding.
Specimen thickness Be and ligament b shall satisfy the following formulas (1) and (2). The factor S has
been derived by analyzing existing SCC growth data and the test conditions including specimen size,
stress intensity factor, etc. However, these formulas can be changed depending on the test objects based
on discussions. The technical basis of the specimen size requirement will be presented in another paper at
this conference [1].

Be > B(Ki/oyr) )]
b > 4/n (Ki/oy) (2)
where

Be: effective specimen thickness (m)
b: ligament (m)
K;: stress intensity factor (MP\/m)

B : factor relating to specimen thickness. Normally, #=0.5. In the case of cold-worked materials, and
precipitation-hardening materials and alloys, #=2.5 is appropriate.

oyr: yield stress at testing temperature (MPa)
Oowr: TlOW stress at testing temperature (MPa)

However, in formula (2), when (ultimate tensile strength our)/(yield stress oyr) > 1.3 is satisfied, Onowr
can be used instead of oyr-

5.4 Specimen Finish and Dimensional Measurement

The surface of the specimen is mechanically finished in order to remove the working layers and residual
stress, and the surface roughness is as shown in Figure 2. Prior to testing, the dimensions of the specimen
are measured and confirmed to be within the fabrication tolerance as shown in Figure 2.

5.5 Stress Intensity Factor K;

The stress intensity factor, Kj, is defined as follows, which is the same as that in ISO 7539-6 and ASTM
E399.

P (2+0c)

Be«/W (1-(1)3/2

K = (0.886+4.640-13.320" +14.720° - 5.60*) 3)

where

K;: stress intensity factor (MPa\/m)

P: load (MN)

a: a/W, ais crack length (m), W is specimen width (m)
Be: effective specimen thickness (m)

Note: The accuracy of formula (3) is £0.5% and the effective range is 0.2 < & =< 1.0. K; may be obtained
by methods other than formula (3) based on discussions.
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5.6 Precrack Introduction

A fatigue precrack is introduced at the tip of the machined notch of the specimen in the atmosphere as
well as the fracture toughness test and fatigue crack growth test, e.g. ASTM E813 and ASTM E647. The
conditions for introducing the precrack into the specimen have been determined as follows, taking into
consideration existing related standards and experimental data. The fatigue precrack shall not be less than
0.05B or 1.0x10™ m. The geometries of the notch and fatigue precrack should be within the required
envelope shown in Figure 3. The final maximum load during precracking shall not exceed the initial load
of the SCC growth test in the water environment, preferably less than 80%. The crack length (aos) after
precrack introduction is measured at both sides of the front and back faces of the specimen and recorded.
The loading condition during precracking is recorded for reference.

6. TEST EQUIPMENT

The test equipment consists of a high-temperature high-pressure water circulation system that can
simulate the water chemistry environment in light water reactors, and a pressure vessel (autoclave) with
the loading machine connected to the high-temperature high-pressure part. Figure 4 shows an example
schematic diagram of the test equipment. The test equipment includes a continuous measuring device for
the crack length of the specimen and a measuring device for the corrosion potential (the corrosion
potential may not be measured in the test in the simulated PWR environment). The basic specifications of
the test equipment simulating BWR and PWR water environments are shown in the appendix in the
standard.

7. TEST METHOD

7.1 Installation of Specimen, Terminals for Crack Length Measurement, and Electrodes
for Corrosion Potential Measurement

The specimen with the introduced precrack described earlier is set on the loading axis and the terminals
for crack length measurement by PDM are installed. The indicated value of the crack length means the
crack length obtained from the output of this method.

Two types of terminals are installed on the specimen; one is for supplying DC or AC current to the
specimen and the other is for measuring the electrical potential drop across the crack. The locations of the
terminals are set with reference to literatures (e.g. [2]). To prevent electric conduction between the
terminals except through the specimen, the specimen is sufficiently isolated from the fixtures.

In the simulated BWR environment test, a sample electrode and a reference electrode are installed close
to the CT specimen in the pressure vessel to measure the corrosion potential (Ecor) of the material tested.
The sample electrode is the CT specimen itself or a coupon specimen made of the same material as the
CT specimen. The sample electrode and the reference electrode are installed to face each other. In the
PWR simulated environment test, Ego; is not measured in principle, but it is measured for any objects if
necessary.

7.2 Adjustment of Test Water Chemistry

By adjusting test water in the water chemistry controlled tank and circulating the test water at a high-
temperature and high-pressure condition through the pressure vessel containing the specimen, the water
chemistries at the inlet and the outlet of the pressure vessel are set as the target test conditions. The test
conditions are set to meet the test purposes. The simulated BWR environment includes normal water
chemistry (NWC) and hydrogen water chemistry (HWC). Typical water chemistry of the simulated BWR
environment test under NWC conditions is shown in Table 1 as an example. Typical water chemistry of
the simulated PWR environment test is shown in Table 2. Temperatures A, B and C for the PWR test
provide the temperature at the outlet of the pressure vessel, the outlet of the steam generator and the
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typical temperature acceleration condition, respectively. Environment I for the PWR test provides the

initial water chemistry condition considering the extension of the running cycle. Environment II for the
PWR test provides the typical average water chemistry.

In the case of the test in the water chemistry simulated BWR environment as shown in Table 1, test water
from the pressure vessel should go through the ion exchange resin to eliminate impurity ions. Then, the
test water is circulated from the water chemistry controlled tank to the pressure vessel. On the other hand,
in the simulated PWR environment, if the test water contains boric acid or lithium ion as shown in Table
2, the test water from the pressure vessel flows through the bypass line, not the ion exchange resin, to the
water chemistry controlled tank and is circulated to the pressure vessel.

When E.,,, is measured during the test, measurement begins after the test water chemistry is adjusted to
the target condition. E. is monitored continuously by measuring the potential difference between the
sample electrode and the reference electrode using a high input impedance electrometer.

The measurement items during the test are shown in Table 3. There are differences in some of the
measured items for the BWR test and the PWR test due to the difference in water chemistry for the tests.

7.3 Introduction of Environmental Precrack

In the case of the SCC growth test using materials with low SCC susceptibility (e.g., low carbon stainless
steels), an intergranular SCC crack generally does not occur from the tip of a transgranular fatigue
precrack and/or an SCC crack front becomes uneven. Also, in the case of the SCC growth test using Ni
base weld metal, it is known that the crack front of the specimen has an uncracked ligament and takes on
an uneven form. This situation is considered to result in low-quality data. From this viewpoint, in the case
of a test using such materials, the environmental precrack introduction before the constant load test can be
adopted so that an intergranular SCC crack can easily occur from the tip of the fatigue precrack at the
beginning of the test. This process will shorten the incubation time and result in the uniform SCC crack
front. For this purpose, cyclic loading with the combination of a high stress ratio (R = min. stress/max.
stress) and a low frequency, constant loading with periodical unloading, etc., are used for the
environmental precrack introduction. In this standard, it is prescribed that a precrack may be introduced at
the front face of the fatigue precrack in the atmosphere by applying cyclic loading to the specimen in the
test environment.

Based on the results of literature survey concerning this issue, examples of recommended loading
conditions for environmental precracking introduction are indicated in this standard.

As for low carbon stainless steels, the loading condition of high R (e.g., 0.9) and low frequency (e.g.,
0.0001 Hz) was applied to intergranular precrack introduction for SCC crack growth test in a simulated
BWR environment [3], [4]. For nickel based alloy weld metal, the method for regular environmental
intergranular crack through the CT specimen thickness was investigated in a simulated BWR reactor
water environment [5]. The test was conducted under various cyclic loading conditions, the shape of the
crack, and the morphology of the extended crack in the environment were investigated. The test results
revealed that intergranular precrack on the fracture surface through the entire thickness of the specimen
could be obtained using gentle load cycling with R = 0.9 and /= 0.01-0.0001 Hz for the materials. Thus,
an intergranular precrack can be introduced in a test environment by using the adequate conditions
combined with the R ratio and frequency.

Andresen [6] proposed the guideline for a test method to obtain a high-quality SCC crack growth rate
from the viewpoint of intergranular precracking introduction. Several loading methods were applied for
environmental crack introduction at the initial stage of the test as follows: after changing R=0.5 — 0.6
— 0.7 in steps at = 1 Hz, the frequency was decreased to 0.0001 Hz at R = 0.7 accompanied by periodic
unloading with a hold time prior to final constant loading [7]. It was pointed out that the transition from
transgranular morphology to intergranular morphology can be done by such loading mode at the initial
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stage and that the loading mode change and resulting crack growth behavior should be closely monitored
at this stage so that the appropriate load setting and change can be made in accordance with the crack
behavior [8].

Crack growth tests have also been carried out using Ni-based alloys in a simulated PWR reactor water
environment, and intergranular crack growth was observed under the loading conditions of Tyqq = 0.3 h,
R =0.5 or 0.7 [9] and [10]. Toloczko et al. applied several loading modes in steps at the initial stage of
the SCC growth test in order to introduce intergranular precrack to specimens [11], [12]. In these tests, the
strain rate at the crack tip gradually decreased by decreasing the frequency at R= 0.5 ~ 0.7 at the initial
stage. Then, the loading condition just before the start of the final constant X condition was set to /= 0.01
Hz, R=0.5, and Tyuq = 2.5 h, for example.

Based on the above information, examples of the recommended loading conditions for the combinations
of material and environment where the introduction of environmental precrack is effective are shown in
Table 4.

7.4 Test Load

7.4.1 Basic Procedure

The setup of a test load for the duration of the crack growth test is based on the measured crack length
and the test load is calculated from formula (3) so that K] at the crack tip becomes the target value. The
test load is basically constant during the crack growth test.

7.4.2 Optional Procedures

(1) Periodic unloading operation

Under the condition that the stress corrosion crack growth rate is significantly slow, constant loading with
periodic unloading operation can be applied during the test time in order to promote stable crack growth.
In this case, in order to set the unloading conditions, it is necessary to consider fatigue crack growth
because of cyclic loading during the loading and unloading operations. Therefore, the loading conditions
(stress ratio, time spent for loading and unloading) shall be adequately set so that the amount of fatigue
crack growth by cyclic operations of loading and unloading becomes negligibly small compared with the
amount of stress corrosion crack growth.

The loading condition shall be established so that the amount of crack growth by fatigue by periodic
unloading becomes 5% or less of the amount of stress corrosion crack growth. An example condition that
has displayed good performance is shown in Table 5. The periodic unloading operation may be adopted
based on discussions.

(2) Crack-tip activation operation

In a case where it is necessary to stop the SCC growth test, the crack-tip activation loading may be
performed after restarting the test, where appropriate. When the SCC growth test is performed under the
condition that continuous crack growth is difficult because of small test load, etc., crack growth may
become very slow or may stop. In addition, long-time discontinuation of a test or a change in conditions
during testing might influence the behavior of SCC growth. Therefore, in an SCC growth test, the
promotion of crack growth by crack-tip activation and the mitigation of effects of long-time
discontinuation and previous test conditions are possible by cyclic unloading of the test load, which is
referred to as crack-tip activation loading.

Crack growth in the term for crack-tip activation loading includes fatigue crack growth because in crack-
tip activation loading, cyclic unloading of the test load is performed. Therefore, the term for providing
crack-tip activation loading is not included in the term for measurement in the SCC growth test.
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An example of the loading conditions of crack-tip activation loading is shown in Table 6, where R is the
stress ratio (minimum load/test load in periodic unloading), Tia is the interval of periodic unloading
(duration of the test load), Tfy is the time required for unloading from the test load to the minimum load,
and T is the time required for loading from the minimum load to the test load.

7.5 Crack Growth Test

After the water chemistry is stabilized, the test load is applied to the specimen. Measurement of the crack
length using PDM is started simultaneously with loading, and the behavior of the acquired data is
monitored. In accordance with the planned test procedures and the situation after starting the test, the test
shall be conducted as follows:

(a) If an environmental precrack is introduced, the required cyclic load is applied after the water

chemistry is stabilized. Measurement of the crack length is started simultaneously with applying the load.
After the indicated value of the crack length shows the target value, which is set by the concerned persons,
the test load is applied to the specimen.

(b) When the water chemistry for introduction of the environmental precrack differs from that for the
SCC growth testing, the required test load is applied to the specimen after the water chemistry is adjusted.

(c) When the indicated value of the crack length shows no significant increase for the duration of the SCC
growth testing, crack-tip activation loading as described in Section 7.4 may be performed by cyclic
loading, as needed.

(d) When the water chemistry is changed during the SCC growth testing, after adjusting the water
chemistry, crack-tip activation loading as described in Section 7.4 may be performed, where appropriate.

(¢) When the test load is changed during the SCC growth testing, it can be changed only in the case of an
increased load. After changing the test load, crack-tip activation loading as described in Section 7.4 may
be performed, where appropriate.

(f) When the water chemistry or the test load is changed during the SCC growth testing, the SCC crack
growth rate is evaluated in the period when the conditions of the water chemistry and the test load are
kept constant.

The test is completed after the increase in the indicated value of the crack length measured continuously
during testing is judged to satisfy the average crack length specified in Section 8.4. However, even if the
indicated value cannot be judged to satisfy the increase in average crack length, the completion time of
the test can be determined based on discussions.

8. EVALUATION METHOD OF TEST RESULTS

After the test, the CT specimen is forced to fracture by fatigue in the atmosphere. The fatigue precrack
and the SCC growth surface developed in the high-temperature and high-pressure water environment are
determined by observing the crack tip at an identifiable magnification with an optical microscope and/or
scanning electron microscope (SEM). The crack geometry, the area of growth region and the maximum
growth length are recorded. The typical SCC growth surface of the crack growth region in the high-
temperature and high-pressure water environment is observed with SEM, and is recorded. The test results
are evaluated as follows.

8.1 Crack Length Measurement and Evaluation

The average crack lengths 4, (average crack length), 4, (average crack length in crack engagement area),
C (maximum crack length), and D (precrack length) are determined from the SCC growth surface of the
specimen. The methods for determining the crack lengths are shown in Figure 5 as an example. Then, the
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precrack lengths at the positions of 1/4B, 2/4B and 3/4B from the surface are measured and expressed as
Qpiya, Agais, a0 a3, TESPECtively.

The following check is performed for the precrack, which is similar to that of a Japanese test standard for
elastic-plastic fracture toughness [13].

- Difference of each of gy, apzs and aysa is less than 0.1 ap.
* apos is greater than 0.9 ap.

where

apo: average precrack length of ay14, ap2i and apis

ays: average of surface precrack lengths

In order to establish a crack length versus test time curve, the initial crack length (o) and final crack
length (ay) are calculated by the following equations.

a, = D + (distance from loading point to machined notch)

ar= D + A, + (distance from loading point to machined notch)

8.2 Crack Growth Rate Determination

The crack lengths measured at the starting point and at the end of the test by PDM are corrected so as to
meet the initial crack length (ao) and final crack length (ay) calculated in Section 8.1, respectively. Based
on the results, a figure showing the relationship between the crack length and the test time is prepared.
When the crack length measured with PDM increases linearly with time in the evaluation period and
shows a change beyond the fluctuation of PDM defined in the standard, the provisional crack growth rate
[da/dt]q is calculated. Examples of the conceptual figures for the method of estimating the provisional
crack growth rate from the crack length versus test time curve are prepared as reference in the standard.
However, the crack lengths in obtaining the provisional crack growth rate are determined based on
discussions. '

8.3 KjDetermination

The stress intensity factor K; at the time of testing is determined from the crack length and the setting load
by the method described in Section 5.5. The stress intensity factor is calculated by averaging the stress
intensity factors calculated from the crack length at the start point and the final crack length at the final
point of the term for evaluation.

8.4 Validity Criteria of Crack Growth Rate

The criteria for valid crack growth rate have been discussed in terms of crack shape and length, and are
defined as follows in the standard. In a case where all the criteria are satisfied, [da/dt}q = da/dt.

a) Crack engagement (ratio of SCC to the specimen thickness) is 50% or more.

b) Ratio (C/4,) of the maximum crack length C to the average crack length A4, is three or less.
c¢) Average crack length 4; is 0.2x 10~ m or more.

d) The requirement for the precrack length given in Section 8.1 is satisfied.

e) Ligament b satisfies the requirements given in Section 5.3.

As for item c), the average crack length (4, > 0.2x 107° m) has been set from the idea that more than one
grain is necessary for intergranular crack growth. The average crack length 4, includes precrack growth
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area. More details of the technical basis for the criteria are described in an explanatory document in the
standard.

9. OTHER ITEMS

The standard also includes several other items as appendices, such as the basic specifications of the test
equipment, the procedures for determining the crack growth rate from a schematic diagram of crack
length vs. time curve, guideline for crack length measurement by PDM, and so on, in the text.

The standard is accompanied by an explanatory document describing the background and technical basis,
etc. Also included are several other items, such as the methods for measuring the water chemistry, method
for measuring Eon, the use of CDCB (contoured double cantilever beam) specimens for the SCC growth
test, and so on.

CONCLUSIONS

The nuclear subcommittee of the JSCE has developed a standard of the test method for measuring SCC
growth rate in high-temperature water that simulates the primary water environment of light water
reactors (BWR and PWR). In the course of developing the standard, some items have been prescribed
based on the test data analysis with technical discussion while related standards and guidelines have been
referenced and accepted. Basic items such as test equipment, test procedures and evaluation method are
specified in the appendices. Also, the standard is accompanied by an explanatory document describing the
background and technical basis, etc. The standard is going to be published in the near future. This
standard will be revised based on technological progress and improved knowledge.

This standard has been developed by the JSCE subcommittee for the SCC growth test method. The
subcommittee consisted of experts from industry and academia as follows: Chubu Electric Power Co.,
Hitachi Ltd., Institute of Nuclear Safety System Inc., Kansai Electric Power Co., Japan Atomic Energy
Agency, Japan Atomic Power Co., Mitsubishi Heavy I ndustries Ltd., Nippon Nuclear Fuel Development,
Nippon Steel and Sumitomo Metal Corp., Nuclear Regulation Authority, Tokyo Electric Power Co.,
Toshiba Corp., and Tohoku University.

REFERENCES

1] Arai, T., Hirano, T., Aoike, S., and Terachi, T.: “Technical Basis of the JSCE Standard of the
Method for Measuring SCC Growth Rate in High Temperature Water — Specimen Size
Requirement,” Proc. 17th Inter. Conf. on Environmental Degradation of Materials in Nuclear
Power Systems — Water Reactors, CNS, August 10-13, 2015, Ottawa, Ontario, Canada.

2] Catlin, W.R., Lord, D.C., Prater, T.A. and Coffin, L.F.: “The Reversing D-C Electrical Potential
Method,” in “Automated Test Methods for Fracture and Fatigue Crack Growth,” ASTM STP-877,
pp. 67-85 (1985).

3] Itow, M., Itatani, M., Kikuchi, M., and Tanaka, N.: “Crack Growth Behaviors of Low Carbon 316
Stainless Steels in 288°C Pure Water,” Proc. 12th Inter. Conf. on Environmental Degradation of
Materials in Nuclear Systems — Water Reactors, Allen, T.R., King, P.J. and Nelson, L., eds.,
TMS, pp. 65-71 (2005).

4] Ando, M., Nakata, K., Itow, M., Tanaka, N., Koshiishi, M., Obata, R., Miwa, Y., Kaji, Y., and
Hayakawa, M. “CGR Behavior of Low Carbon Stainless Steel of Hardened Heat Affected Zone
in PLR Piping Weld Joints,” Proc. 13th Inter. Conf. on Environmental Degradation of Materials
in Nuclear Systems — Water Reactors, King, P.J., Allen, T.R., Busby, J., eds., Canadian Nuclear
Soc., No. P0045 (2007).

10

1562



17™ International Conference on Environmental Degradation of Materials in Nuclear Power Systems — Water Reactors
August 9-12, 2015, Ottawa, Ontario, Canada

(5]

[6]

7

(8]

[9]

(10]

[11]

[12]

[13]

Ozawa, M., Yamamoto, Y., Itow, M., Tanaka, N., Kasahara, S., and Kuniya, J.: “Interdendritic
Crack Introduction before SCC Growth Tests in High-Temperature Water for Nickel-Based Weld
Alloys,” Proc. 2nd Inter. Conf. on Environmental-Induced Cracking of Metals (EICM-2),Vol. 2,
p. 153 (2004).

Andresen, P.: “SCC Testing and Data Quality Consideration,” Proc. 9th Inter. Symp. on
Environmental Degradation of Materials in Nuclear Power Systems — Water Reactors, S.
Bruemmer, P. Ford, G. Was, eds., TMS, pp. 411-421 (1999).

Andresen, P., and Morra, M.: “SCC of Stainless Steels and Ni Alloys in High Temperature
Water,” Corrosion 2007, NACE International, Paper No. 07612 (2007).

Andresen, P.: “Irradiation Effects on Reactor Internals: IASCC,” International Boiling Water
Reactor and Pressurized Water Reactor Materials Reliability Conference and Exhibition, EPRI,
Maryland USA, July 16-19 (2012).

Yamamoto, Y., Ozawa, M., Nakata, K., Yoshimoto, K., Toyoda, M., and Okuda, J.: “Evaluation
of Crack Growth Rate for Alloy 600 Vessel Penetration in a Prlmary Water Environment,” Proc.
12th Inter. Conf. on Environmental Degradation of Materials in Nuclear Systems — Water
Reactors, Allen, T.R., King, P.J., Nelson, L., eds., TMS, pp. 1019-1028 (2005).

Yamamoto, Y., Nakata, K., Ozawa, M., Yoshimoto, K., Kanasaki, H., Tomimatsu, M., and
Okuda, J.: “Development of the Crack Growth Rate Curves for Stress Corrosion Cracking of
Nickel Based Alloys in a Simulated Primary Water Environment,” Fontevraud 6th, Paper A061-
T04 (2006).

Toloczko, M.B., Olszta, M. J., and Bruemmer, S.M.: “One Dimensional Cold Rolling Effects on
Stress Corrosion Crack Growth in Alloy 690 Tubing and Plate Materials,” Proc. 15th Inter. Conf.
on Environmental Degradation of Materials in Nuclear Power Systems — Water Reactors, TMS,
pp. 91-106 (2011).

Toloczko, M.B,, Olszta, M.J., and Bruemmer, S.M.: “Stress Corrosion Crack Growth of Alloy
52M in Slmulated PWR Primary Water,” Proc. 15th Inter. Conf. on Environmental Degradation
of Materials in Nuclear Power Systems — Water Reactors, TMS, pp. 225-243 (2011).

«Standard Method of Test for Elastic-Plastic Fracture Toughness Ji;,” JSME S 001-1981.

11

163



17" International Conference on Environmental Degradation of Materials in Nuclear Power Systems — Water Reactors

August 9-12, 2015, Ottawa, Ontario, Canada

Table 1 Water chemistry for simulated BWR environment test (typical example)

Analysis items

Controlled values for water chemistry

Temperature 288+3°C
Conductivity (inlet) <0.01 mS/m (at 25°C)
Conductivity (outlet) <0.02 mS/m (at 25°C)
Dissolved oxygen concentration 200 to >8000 ppb

Corrosion potential 0.15+0.05 V vs. SHE
2_
Sulfate jon (SOs ) concentration <5 ppb
Chloride ion (Cl_) concentration <5 ppb

Table 2 Water chemistry for simulated PWR environment test (typical example)

Analysis items

Controlled values for water chemistry

Temperature A 325+3°C
Temperature Temperature B 290+3°C
Temperature C 360+3°C
Environment I 3.5+0.3 mS/m (at 25°C)
Conductivity -
Environment II 2.15+0.3 mS/m (at 25°C)
Environment I 6.2540.15 (at 25°C)
pH
Environment II 7+0.15 (at 25°C)
Boric acid concentration Environment I 1800180 ppm (as B)
(As H;BOs is added) Environment II 500+50 ppm (as B)
. 0.
Lithium ion concentration Environment I o
(As LiOH is added) Environment I 2+0.2 ppm
Dissolved oxygen concentration <5 ppb

Dissolved hydrogen concentration

3045 cm®-STP/kg-H,0 *

2_
Sulfate ion (SO, ) concentration <50 ppb
Fluoride ion (F~) concentration <50 ppb
Chloride ion (Cl-) concentration <50 ppb

1564

* cm>-STP/kg-H,0 = 0.0893 ppm
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Table 3 Measurement items in test

Measured items Simulated BWR condition | Simulated PWR condition
Conductivity (inlet) o o
Conductivity (outlet) o A
DO concentration (inlet) o A
DO concentration (outlet) o A
DH concentration (inlet) A
Note 1)

DH concentration (outlet) A
Specified temperature o} o

E__ o Note 1)
Boric acid concentration = A
Lithium acid concentration = A
Sulfate ion (SO42-) concentration o A
Chloride ion (Cl_) concentration o A
Fluoride ion (F ) concentration Note 1) A
pH Note 1) A

o: continuously measured items

A: items measured at the beginning of the test

0: items measured one or more times during the test
Note 1) Measured, if needed
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Table 4 Examples of conditions of environmental precrack introduction

Loading condition

Test environment

Material

- Maximum load: test load

Stainless steel

- Load waveform is triangular wave

- Stress ratio (R) = 0.9 Simulated BWR
- Frequency = 0.0001 Hz environment
- Load waveform is triangular wave
- Maximum load: test load . Stainless steel
- Stepwise load mode change Slmulated BWR | Ni-based alloy base
Step 1: Frequency =0.1 Hz, R=0.3 — 0.5 — 0.7 environment metal or weld metal
Step 2: R= 0.7, Frequency = 0.01 Hz — 0.001 Hz
Step 3: Frequency = 0.01 Hz, R=0.7, . Ni-based alloy
Maximum load hold time = 9000 s Simulated PWR | a5e metal or weld metal
- Load waveform is triangular wave environmen
- Maximum load: test load Ni-based alloy
-R=0.9 Simulated BWR | base metal or weld metal
- Frequency = 0.01 — 0.0001 Hz environment
- Load waveform is triangular wave
- Maximum load: test load Ni-based alloy
-R=0.50r0.7 Simulated PWR base metal or weld metal
- Maximum load hold time =0.3 h environment

Table 5 Example of periodic unloading condition

Item Condition
R 0.7 or more
Lo 9000 (s)
in About 10 (s)
e 150 (s)

Table 6 Example of crack-tip activation loading condition

Item Condition

R 0.7 or more
o 9000 (s)
. 500 (s)
i}_ 500 (s)
Duration 100 (h)
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The rates of SOC growth were measured under simulated PWR primary water conditions (500 ppm
B+2 ppm Li + 30 em®kg-HyO-STP DHy) using cold worked 316SS and 304SS. The direct current potential
drop method was applied to measure the crack growth rates for 53 specimens. Dependence of the major
engineering factors, such as yield strength, temperature and stress intensity was systematically exam-

ined. The rates of crack growth were proportional to the 2.9 power of yield strength, and directly propor-
tional to the apparent yield strength. The estimated apparent activation energy was 84 kJmol. No
significant differences in the SOC growth rates and behaviors were identified between 316SS and
304SS. Based on the measured results, an empirical equation for crack growth rate was proposed for engi*
neering applications. Although there were deviations, 92.8%of the measured crack growth rates did not
exceed twice the value calculated by the empirical equation.

© 2012 Hsevier BV. All rights reserved,

1. Introduction

Stress corrosion cracking (SOO) is an important degradation
issue, especially for keeping reliability of pressurized water reac-
tors (PWRs). In nickel-based alloys such as Alloy 600 and their
weld metals, SCC has been reported since the 1980s in steam gen-
erator tubing, and since the 1990s in the nozzles of pressure ves-
sels and steam generators [1,2]. In comparison with nickel-based
alloys, SCC incidence of austenitic stainless steels has not been
reported except in some particular cases such as for nradiated
materials [3] or in oxygenated environments [4]. However, in re-
cent years, limited examples of SCC were reported in high strain
hardened areas or in heat affected zones of stainless steels in
PWR primary systems [5,6].

Studies have been done on the SOChehaviors of austenitic stain-
Joss steels in simulated environments of light water reactors [7-20].
old work (CW) significantly enhanced SOC growth in both BWRs
and PWRs. One explanation for the acceleration was reported as
due to the reduced plastic zone size at a given stress intensity which
produced steeper strain gradients at the crack tip [21-24]. Asimilar
effect of OW on SOC growth was observed in various alloys and
environments [24]. Furthermore, formation of vacancies and defor-
mation structures in materials might have some role in the acceler
ation effect from CW [25]. Arioka et al. [25] reported that the
diffusion of vacancies at the grain boundary might be an important
process because some similarities were observed between inter
granular (IG) creep and SCCin high temperature water. In addition,

* Corresponding author. Tel: +81 770 32 3650.
- mail address: terachi.takumi@a4.kepco.co.jp (T. Terachd.

0022-3115/§ - see front matter © 2012 Hsevier BV. All rights reserved.
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nickel enrichment was observed ahead of the crack tips at the grain
boundary which suggested that grain boundary diffusion did occur
before crack advancement. Alternatively, Lozano-Perez et al. [26]
pointed out that the length of the localized oxidation region at
deformation bands increased with decreasing chromium content
in the alloy. Since the deformation bands were formed by CW, the
oxidation at crack tips seemed to have some role in the SOCgrowth
PIOCESS.

Rolling direction of CW also affected the crack growth rate
(OGR). Using 316 stainless steel (31659, Arioka et al. [27] found
that much faster OGRs were observed in the T-Lorientation than
in the T-S orientation; a schematic drawing showing definitions
of the orientations is given in Hg. 1. Moshier and Brown [20]
reported that OGRs were 10 times more rapid in the S-Torientation
compared to the L-Torientation of Alloy 600. The effect of the CW
orientation is not well clarified, except that S-L, ST and T-L
orientations provide aggressive cracking compare to T-Sand I-S
orientations [20,27.28). In considering an actual component with
elbow structures, for example, while the bending method is not
simple rolling, the crack direction for penetration might corre-
spond to T-Sor L-Sorientations. In the present paper, T-Sorienta-
tion specimens were used to estimate OGRs for 3165S and 30455
specimens.

Flucidating the temperature dependence on SOC is of great
importance not only for a mechanistic viewpoint, but also for the
prediction of OGRs of each system at operating power plants, The
reported activation energies of SCC in CW stainless steels under
PWR conditions range from 56 kJmol to 107 kJmol [25,29,30].
Several factors including chemical reaction, diffusion at a grain
boundary and mechanical properties have some potential to
change the apparent activation energy of cracking [31]. If the
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Fig. 1. Schematic of rolling oxientation in relation to the longitudinal (D, thickness
(T) and short transverse (S directions.

surface reaction at a metal-water interface controls the thermal
activation process, activation energy will be affected by the water
chemistry conditions. From this perspective, obtaining systematic
(GRs is important to get accurate activation energies and elucidate
the SOC mechanism.

The objective of this study is to quantify systematically the rate
of SOC growth of CW 3168S and 30455 in PWR primary water con
ditions. The influences of yield strength, temperature dependence
and stress intensity factors were examined using 53 0.5T compact
tension (CT) specimens.

2. Experimental
2.1. Materials

Specimens of 316SS and 3048S were used to determine the
OGRs of SCCin hydrogenated high temperature water. The elemen-
tal components and material properties are listed in Tables 1 and 2,
respectively. The materials were solution-treated at 1060-1080°C
for 10 min then water quenched. Tb examine the influence of CW,
materials were cold-rolled in one dimension to produce 5% 10%
15%and 20% reductions in thickness at room temperature (RD.

The yield strengths of specimens at the test temperature were
required to confirm the validity of the SOCtest, and they were esti-
mated fiom the measured data at RI'and 320 °Cusing the trend of
reported temperature dependence as shown in Fg. 2 [32]. The esti-
mated values are listed in Table 3.

2.2. Specimen preparation

Specimen morphology was as shown in Fig. 3. The CT'specimens
were extracted from the CW plate. Prior to the OGR measurement,
each specimen was pre-cracked in air by fatigue stress by applying
a symmetrical triangle wave equal to or less than 10 Hz. The stress
intensity factor of pre-cracking was controlled so that it did not
exceed 80%of the stress intensity factor of the initial CGR measure-
ment. However due to the difficulty of pre-cracking under quite a
small stress condition, the minimum stress intensity factor for

Table 1
Compositions of alloys (mass%.
(o} S Mn P S Ni Cr Mo
31658  0.047 0.45 1.42 0.024 0.001 11 16.45 2,07

30485 0.04 031 159 0031 0.001 921 1834 037

Heat treatment: 316SS, 1080 °C 304SS, 1060 °C, water quenched.

Table 2
Mechanical properties of alloys.

Cold work (%  Yield strength Tensile strength ~ Fongation ~ HV

(N'mm? (320°C) (Nmm? (320°0 (% (320°0 (1kg)

316SS

5 243 458 36 184
10 345 495 29 219
15 495 565 15 254
20 572 607 10 270
304SS

5 270 434 38 205
10 365 466 32 214
15 436 503 24 243
20 498 564 16 267

316 (20%CW)
{316 E1s%cwg

304 (20%CW.
Tredd04 (15%CW)

222, 304 (10%CW)
316 (10%CW)

Yield strength (MPa)

Z22=+| 304 {5%CW)
316 (5%CW)

[ X316 and 316H[32]
0316 (5%CW)
©316 {(10%CW)
316 (15%CW)
® 316 (20%CW)
o304 (59 N
250 500 750 1000 |0 ey
Temperature (K) w304 (15%CW)
&304 (20%CW)

y = -6.16E-07x" + 1.44E-03x" - 1.20x + 5.09E+02

Hig. 2. Yield strength as a function of temperature [32]. Prediction curves for CW
alloys are roughly parallel to the reference data.

pre-cracking was fixed to 10 MPay/m. Target length of a pre-crack
was set to 2-2.5 mm and actual length was assessed after the SOC
test.

2.3. Crack growth rate measurements

All 0GR measurements were carried out using water circulation
type autoclaves. An example of the SOC test facility set-up is shown
in Mg, 4. Specimens were immersed in simulated PWR primary
water that contained 500 ppm boron as borie acid, 2 ppm lithium
as LiOH and 30 em®-STP/kg-H,0 of dissolved hydrogen (DH).
Dissolved oxygen in the water was continuously monitored at
the inlet of the autoclave and controlled not to exceed 5 ppb.
OGR trends of most specimens were monitored by the direct cur-
yent potential drop method (PDM) described in ASTM standard
1547-11[33). Applied reveming direct current was 0.8-5A and
potential drop signals were detected by a high precision nano-volt-
meter. Hectric noise was reduced by analog and digital filtering,
and noise possibly derived from temperature fluctuation of the
water (less than #1 °Q was eliminated by a smoothing technique.
Calculated OGR resolution from PDM signal was roughly 10-
501 m. RT which would also affect the entire monitoring system
was maintained 25 + 2 °C

Fxample OGR measurement results are shown in Hg. 5. A
trapezoidal wave loading with R=0.7, x =0.0178 ! was applied
every 4 h for 10-20 days to initiate crack growth through a grain
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Table 3
Fstimated yield strength at high temperature (N/mm?).
Temperature (°C) 316SS 304SS
SUCW 10%CW 15%CW 20%CW 5%CW 10%CW 15%CW 20%CW
250 268 389 513 587 285 395 453 506
270 264 385 509 583 281 391 449 502
280 262 383 507 581 279 389 447 500
290 260 382 506 580 278 388 446 499
300 259 380 504 578 276 386 444 497
310 257 379 502 576 275 385 443 496
320 256 377 501 575 273 383 441 494
330 254 376 500 574 272 382 440 493
340 253 374 498 572 270 380 438 491
350 252 373 497 571 269 379 437 490
360 251 372 496 570 268 378 436 489
Trapezodlal loatl
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Fig. 3. Example of compact tension specimen morphology.
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Fig. 4. Example of SCC test equipment set-up.

boundary. After the trapezoidal wave loading, the stress condition
was kept constant to measure the OGRdata. Several (GRdata were
obtained from a specimen by changing the test conditions such as
applied stress, as shown in Fig. 5, or the temperature condition.
After the test, the specimens were fractured by fatigue stress in
air, and the crack length was measured using a scanning electron
microscope (SEM). The PDM signals for the OGR were corrected
by means of the average crack length that was measured by SEM
fracture surface observation. However, on account of the difficulty
for maintaining electrical insulation in high temperature water, the
PDM technique was not applied for tests above 330 °C. This is be-
cause the present system used polytetrafluoroethylene for insula-

171

Fig. 5. Potential drop measurement of 316SS (20%CW, T-S Specimen No. SBC2P
under simulated PWR primary water conditions.

: oy ¥ o oo
a) Optical micrograph image (c) Cross section showing SCC

Fig. 6. Example of fracture surface and cross-sectional observation of 3168S
(20%CW, T-S Specimen No: S6C2P), tested under simulated PWR primary water
conditions (500 ppm B+2 ppm Li + DH,: 30 cm”-STP/kg H,0, 320 °C

tion. In the case of no PDM signal, trapezoidal wave loading was
not applied as a starter due as it was not possible to eliminate
the effect of fatigue loading.

3. Results
3.1. Crack growth rate measurements

Fig. 6 shows an example of a fracture surface and a cross-
sectional observation of a tested 316SS (20%CW) specimen
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Fig. 7. Crack growth rate measwement of 31658 (20%CW, T-S Specimen No. G316A8) and 3048S (20%CW, T-5 Specimen No. G304F: 9) under simulated PWR primary water

conditions.

TS O L e
Fractured after test:

(b) SEM image in low magnification

x5 0k b

(c) SEM image

in high magnification

Fig. 8. Practure surface of 3168S (20%CW, T-§ Specimen No. G316A8), tested under simulated PWR primary water conditions for 6650 h (500 ppm B+2 ppm Li+DHy:

30 cm®-STP/kg H;0, 270-320 °0).

revealing that the SCCpropagated through the grain boundary. The
cross-sectional image showed the crack deviated in two directions,
approximately 60° from normal cracking. This kind of splitting was
reported on T-S orientation CW specimens [27]. Bven though the
mechanism is not clear, the important crack orientation for operat
ing plants is propagation in the wall thickness direction; therefore
in the paper, the crack length was defined as the measured length

observed from the loading direction using an SEM image. Theoret-
ically branching also affects the calculation of stress intensity fac-
tor, because the stress to open the ¢rack mouth decreases and
shear stress increases [34]. However it is difficult to determine
the branched angle for the entire thickness especially in specimens
with short cracks, so from a practical viewpoint, apparent stress
intensity factor was calculated using the ASTM E399-09 [35] code
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(b) SEM image in low magnification

R PR T

(c) SEM image in high magnification

Fig. 9. Fracture swface of 3048S (20%CW, T-§ Specimen No. G304E 9), tested under simulated PWR primary water conditions for 6650 h (500 ppm B+2 ppm Li+DHy:

30 cm®-STP/kg H,0, 270-320 °C).

Table 4
SCC grow th rates of 316SS (5-10%CW, T-9.

Specimen no. Cold work (% Temperature Test time Apparent stress Average crack Average crack
(({¢] (days) intensity factor length increment growth rate
(MPa,/m) (mm) (mm/s)
SBC5A 5 290 31 341 0.02 6.3E-09
5 300 55 34.0 0.02 4.2E09
5 320 42 26.1 0.02 5.5E-09
5 320 36 33.9 0.05 1.5E08
GCS6C5 C 5 320 182 31.9 0.27 1.7E-08
S6C10A 10 320 26 20.3 <0.01 <5.0E-09
10 320 32 279 0.05 1.8E-08
10 320 28 34.6 0.11 4.4E08
S6C10B 10 290 60 30.2 <0.01 <5.0E 09
10 270 35 30.2 <0.01 <5.0E-09
10 310 25 30.2 0.02 9.6E-09
S$6C10D 10 300 71 309 0.04 5.8E-09
S6C10C 10 290 71 30.0 <0.01 <5.0E-09
S6C10E 10 290 27 26.1 0.01 <5.0E- 09
10 290 15 40.2 0.03 2.3E:08
10 320 47 25.8 0.15 3.6E-08
S6C10-2 10 320 55 28.0 <0.01 <5.0E-09
10 310 33 22.9 <0.01 <5.0E- 09
10 290 49 28.0 <0.01 <5.0E-09
10 270 17 28.0 <0.01 <5.0E-09
10 300 98 28.0 <0,01 <5.0E 09
GS6C10-4 10 320 41 282 0.166 4.7E:08
G316-10-TS'1 10 360 20 30.9 <0.01 <5.0E 09
G316-10-TS2 10 340 34 31.7 <0.01 <5.0E 09
G316-10-TS3 10 330 61 31.7 0.07 1.3E08

for non-branched cracks. The apparent stress intensity factors in
this paper were the averaged values during crack propagation.
Crack propagation curves of 316SS (20%CW) and 304SS
(20%CW) below 320 °C are shown in Fig. 7. Initially a trapezoidal
wave load was applied for IG cracking, and then it was switched
to a constant load for a SOC test. The crack growth rates of 31655

173

(20%CW) and 304 (20%CW) at 320 °C were estimated from the
PDM trend as 1.2 x 1077 mm/s and 1.1 x 10~7 mm/s, respectively.
While similar OGRs were obtained at 320 °C, slower OGRs in 316SS
(20%CW) were observed at 310 °C. During the test at 290 °C and
270 °C, similar OGRs trend were observed in both steel types, and
they decreased with decreasing temperature conditions. When
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Table 5
SCC growth rates of 316SS (15%CW, T-9.
Specimen no. Cold Temperature Test time Apparent stress Average crack Average crack
work (0] (days) intensity factor length increment growth rate
% (MPa,/m) (mm) (mm/s)
SBCL5A 15 320 26 20.8 0.10 44E08
15 320 32 29.1 0.19 6.9E 08
15 320 28 36.9 0.28 1.2E07
S6C15B 15 270 35 30.8 0.02 6.1E09
15 290 60 30.7 0.07 1.3E08
15 310 25 30.4 0.04 1.7E08
$6C15C 15 290 71 30.0 0.01 <5.0E 09
S6C15D 15 300 71 30.1 0.21 34E08
S6CL5E 15 290 15 25.7 0.02 14E08
15 290 27 25.7 0.04 1.6E08
15 290 15 39.7 0.07 5,0E-08
15 320 47 25.3 0.18 4.5E08
$6C15-4 15 320 27 8.5 <0.01 <5.0E 09
15 290 84 13.0 0.04 5.6E-09
15 320 84 13.0 0.03 4.1E09
S6C15-5 15 290 56 13.5 0.10 2.0E08
15 290 21 173 0.04 2.2E-08
15 290 63 17.9 0.01 <5.0E-08
15 290 48 21.8 0.01 <5.0E-09
15 290 50 219 0.09 2.0E08
15 290 356 26.1 <0.01 <5.0E 09
G316 15-TS 1 15 360 30 31.7 <0.01 <B5.0E-09
G316-15-TS 2 15 340 34 31.6 <0.01 <5.0E 09
G316-15-TS 5 15 330 61 30.9 0.11 2.1E08
G316-15-TS 3 15 250 409 30.1 0.08 2.3E09
Table 6
SCC growth rates of 31658 (20%CW, T-9.
Specimen no. Cold work Temperature Test time Apparent stress Average crack Average crack
(% (e (days) intensity factor Jength increment growth rate
(MPa,/m) (mm) (mm/s)
S6C2E 20 250 75 38.4 <0.01 <5.0E-09
20 270 32 40.8 0.05 1.7E-08
$6C20D 20 290 27 26.6 0.12 5.0E08
20 290 15 26.9 0.09 7.1E-08
20 290 15 42.2 0.24 1.8E-07
20 300 71 30.1 0.83 1.4E07
20 320 47 25.8 0.39 9.5E-08
S6C2E 20 290 30 38.6 0.10 3.8E08
20 290 22 40.2 0.07 3.4E08
20 320 17 39.3 0.20 1.4E:07
S6C2D 20 320 61 29.6 0.55 . 1.1E07
S6C2F 20 320 30 21.6 0.17 6.5E-08
20 320 38 31.1 0.35 1.1E07
20 320 26 41.7 0.37 1.7E-07
G316A8 20 320 55 324 0.57 1.2E-07
20 310 33 344 0.11 4.0E-08
20 290 66 34.9 0.21 3.7E08
20 270 32 35.1 0.05 1.8E-08
20 300 91 35.2 <0.01 <5.0E 09
S6C20-1 20 290 83 13.6 0.04 5.6E09
20 320 84 13.5 <0.01 <5.0E 09
S6C20-2 20 280 56 14.4 0.09 1.9E08
20 290 63 19.3 0.21 3.8E08
20 290 21 20.6 0.03 1.5E-08
20 290 48 24.0 0.21 5.1E-08
20 290 50 25.7 0.29 6.8E-08
20 290 35 29.7 0.28 9.1E08
GCS6C20-K 20 360 30 32.5 0.52 2.0E07
GCS60020-L 20 340 34 32.9 0.79 27807
GCS6C20-M 20 340 30 32.8 0.88 3.4E07
GCS6C20-N 20 350 30 32.9 0.86 3.3E07
GCS6C20-0 20 360 30 32.1 0.36 1.4E-07
G316-20-TS 1 20 250 409 31.7 0.28 7.9E09
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Table 7
SCC growth rates of 304SS (5-15%CW, 9.
Specimen no. Cold work Temperature Test time Apparent stress Average crack Average crack
(¢2) (((¢] (days) intensity factor length increment growth rate
(MPa/m) (mm) (mm/s)
G304B-1 5 290 72 20.8 <0.01 <5.0E09
5 280 58 25.8 <0.01 <5.0E-09
5 290 58 31.2 0.16 3.3E08
G304B-2 5 320 182 30.9 0.07 4,609
G304C1 10 310 68 30 0.10 1.7E08
10 320 33 31.1 0.08 2.9E08
10 290 34 314 0.08 2.9E08
10 270 29 316 <0.01 <5.0E 09
10 280 51 31.6 0.04 1.0E08
10 300 64 31.6 <0.01 <5.0E 09
(G304-10-1 10 340 76 30 <0.01 <5.0E-09
G304C2 10 290 72 201 <0.01 <5.0E 09
10 290 58 25.1 0.07 1.4E08
10 290 58 30.5 0.19 3.8E08
G304D-1 15 320 33 31.5 0.22 7.7E08
15 290 34 32.1 0.08 2.9E08
15 270 29 32.2 <0.01 <5.0E 09
15 280 51 32.5 0.01 <5.0E-09
15 300 64 32.7 0.03 6.1E09
15 310 68 33 0.14 2.4E-08
G304D-2 15 290 72 15.3 <0.01 <5.0E- 09
15 290 58 19 0.09 1.8E08
15 290 58 23.1 0.30 6.0E-08
G304-15-2 15 340 76 34.2 0.60 9.2E08
G304-15-TS3 15 330 61 31.8 0.13 2.40E-08
G304-15-1 15 250 409 30.1 0.10 2.8E09
Table 8
SOC growth rates of 304SS (20%CW, T-9.
Specimen no. Cold work (% Temperature Test time Apparent stress Average crack Average crack
0 (days) intensity factor length increment growth rate
(MPa/m) (mm) (mm/s)
304E3 20 290 35 27.8 013 4.3E08
20 290 50 138 0.08 1.8E08
20 290 63 18.5 0.13 2.4E 08
20 290 48 22.9 0.13 3.1E08
20 290 50 23.6 0.17 4.1E08
20 290 21 18.8 0.05 2.7E:08
G304E 1 20 320 33 30.5 0.25 B.7E-08
20 290 34 31 0.06 1.9E 08
20 280 51 311 0.02 5.1E-09
20 280 64 31.2 0.04 6.5E-09
20 300 32 31.3 0.01 <5.0E-09
20 310 19 31.4 0.05 2.9E-08
20 310 17 31.6 0.05 3.3E08
G304E 5 20 290 84 14 0.01 <5.0E-09
20 320 27 9.17 <0.01 <5.0E-09
20 320 84 14 0.03 3.7E-09
G304E9 20 320 55 31.1 0.54 1.1E07
20 310 33 31.8 0.30 1.0E 07
20 290 66 32.9 0.22 3.8E-08
20 270 32 333 0.06 1.6E- 08
20 300 91 334 0.45 5.7E-08
G304-20-4 20 340 76 32.8 0.98 1.5E07
G304 20-2 20 250 409 29.2 0.35 9.9E-09
the temperature was increased from 270 °Cto 300 oC, the OGR of The fracture surface of the 316SS (20%CW), as shown in Fg. 8a,

304SS (20%CW) was increased, although retardation of the OGR indicated that unfractured metallic segments remained in the SOC
(<5 x 10~? mm/s) was observed in 316SS (20%CW)., According to area. The existence of the metallic segments meant that the SCC
Ozawa et al. [36], similar retardations of crack propagation in Alloy susceptibility was not homogeneous. If the unfractured segments
600 have been confirmed by COGR measurements using CT resisted the erack mouth opening, the crack growth could be ar
specimens. rested. From this consideration, it should be noted that even if

175



66 T Terachi et al./ burnal of Nuclear Materials 426 (2012) 59-70

the signal noise ratio is high enough and the test conditions are
well controlled, reliability of OGRs in certain alloys is difficult to
obtain. From this aspect, systematic investigations are required
to elucidate the cracking phenomenon.

Figs. 8 and 9 show the fracture surfaces of 31655 (20%CW) and
304SS (20%CW) specimens; they exhibited similar surface mor-
phologies. Typical IG facets were observed at the S0C area, and
granular cormosion products, up to 2 1m in size, were scattered
on the surfaces. Previously, it was reported that the corrosion prod-
ucts consisted of spinel type iron-rich oxide [15]. No obvious dif-
ferences were observed between 316SS and 30455,

In order to obtain systematic data, 83 crack growth tests were
conducted using 38 specimens of 316SS with CW from 5%to 20%
as shown in Tables 3-5. The influences of CW, test temperature
and applied stress on OGR were examined. Since the OGR of 316SS
under simulated PWRconditions is slower than that under the oxy-
genated condition, average OGR measurement times of 53 days
were needed to improve the data accuracy. In many cases a longer
test time (maximum: 409 days) was used, while 22 tests were eval-
uated as below the detection limit or had no crack initiation. When
the PDM is applied to monitor crack growth, theoretically the
detection limit depends on the signal to noise ratio. However,
(OGR data for less than 10 1 m crack length were regarded as being
for an invalid length to eliminate the unknown error. It should be
noted that several tests did not apply the PDM due to unavailability
of the facility; in those cases, periodical loading was not performed
as a starter for crack initiation. The purpose of periodical loading is
to induce the transition from the transgranular (TG) fatigue pre-
crack to the IG crack. This could affect reproducibility of SCCgrowth
rates especially in low susceptibility specimens by reducing the ef-
fect of crack initiation period. The required crack length for less
scatter of OGR measurements and the detection limit under high
temperature conditions are discussed later.

In the same way, 49 OGRs of 304SS with 5-20%CW were mea-
sured using 16 specimens, and 12 CGRs were evaluated as below
the measurable limit or no cracking was observed as listed in
Tables 6-8. Since relatively low temperature tests were performed
on 304SS, average test time for each OGR measurement was about
69 days. The total number of suitable OGRs was 98, excluding the
35 data omitted because they were below the detection limit.

4. Discussion
4.1. Influence of cold work

Fg. 10 illustrates the influence of CW on the OGRin 316SSspec-
imens exposed to simulated PWR primary water conditions. Since
it is difficult to measure the CW ratio of an actual component, Vick-
ers hardness was used instead to describe the effect of CW. The
acceleration effect on OGRs by CW clearly appeared for both
320 °C and 300 °C conditions. According to Tsubota et al. (371,
the critical hardness for initiation of SOC for 316L stainless steel
under simulated BWR conditions was HV = 300. On the other hand,
the cracks propagated even for HV =184 with 31655 (5UCW). This
discrepancy indicates that the critical hardness for initiation is
higher than that for propagation as OGR under BWR conditions is
generally faster than that under PWR conditions,

A comparable enhancement effect on yield strength for 31614
304, 304L.and 347Lstainless steels is well documented [8,12,13,
29.38]. Comparing the absolute value of OGRs is difficult by reason
of different test conditions and materials, but the tendency for an
increase in OGR by cold working was consistent with the reported
data as shown in Hg. 11.

In addition, the enhancement effect by high yield strength has
been reported not only for stainless steel, but also nickel-based
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Fig. 11. Effect of yield strength on the crack growth rate of 316 and 316L under
various simulated PWR primary water conditions [12,13,29.38]. (Specimen Nos.:
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alloys which have been used as nuclear reactor component mate-
rials, Speidel and Magdowski [39] measured the OGRs of Alloy
600 by a double cantilever beam (DCB) test and found the OGRs
could be expressed using the yield strength to the third power.
Fig. 12 compares 31688, 3045S and Alloy 600 as a function of yield
strength. While the test methods were different, the figure indi-
cated that similar yield strength dependency was observed be:
tween stainless steels and nickel-based alloy.

The corrosion phenomenon of these alloys does not correspond
to the OGRs [40], therefore the effect of yield strength might not
correlate to corrosion factors. The proposed role of high yield
strength has been described by Andresen et al [41] and Shoji
et al. [12]: the plastic zone size at a crack tip becomes smaller in
high yield strength alloys to provide a higher strain gradient.

The theoretical yield strength dependence is not clear, but
empirically it can be described as the following equation (Fig. 12).

OGRx r2 (a=2-3) (1)
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4.2. Influence of stress intensity factor

The crack growth rate is generally induced by the applied stress
which the results from this study exhibit clearly as shown in Figs.
13 and 14. The apparent K(K,) dependence on OGR often is empir-
ically described by the following relation:

OGRx K’ (b=0.6-3.2) 2)

where b is a constant that describes the K, dependence. Fg. 13
shows the K, dependence on 316SSindicated that 20%CW alloy pro-
vided a lower b value in comparison with 15%CW. However, it
should be noted that this varying of trends was not obvious, if the
data from K, =13 MPa,/m were not there, there would be much
slower OGRs with a fair amount of scatter due to difficulty of mea-
surement. The OGRs of 316SS and 304SS obtained at 290 °C were
slower and had more scatter as shown in Hg. 14. The statistical K,
dependence is discussed later, the obtained b for 316SS and 304SS
ranged from 0.6 to 3.2.

The effect of K, on OGRs has been evaluated for various alloys
and water chemistry conditions as shown in Fg. 15. The accelera-
tion effect by CW and temperature was recognized for several
alloys, highest CGRs were observed for Alloy 600 with 31.9%CW
in the S-T orientation. While OGRs were strongly influenced by
the materials and test environment, comparable K dependences
were observed in Alloy 600, 316SS and 304SS. This indicated that
the influence of stress intensity on SOC was similar between nick-
el-based alloy and stainless steels under these conditions.

Regarding the threshold for the crack propagation, Scott [42]
proposed that the threshold of Alloy 600 was 9 MPa,/m at
350 °C. The lowest K, value of the present study was 13 MPa,/m
for 316SS (15%CW). The existence of a threshold could not be elu-
cidated because the data tended to be scattered for low OGR tests.

4.3. Influence of temperature on 0GR

The temperature dependences of several cold-worked 316SS
and 304SS specimens are shown in Figs. 16 and 17 respectively.
The tests were performed under a constant load with an apparent
stress intensity factor between 25 and 35 MPa,/m. Arrhenius type
temperature dependences were observed from 250 °C to 320 °C
but they disappeared above 330 °C in 15%CW and 10%CW 316SS
specimens.
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S6C20-2, 304E 3, G304E-9)

Because the PDM could not be applied above 330 °C true OGRs
in high temperature were not elucidated, but the results implied
that the OGRs were inhibited at higher temperature particular in
lower percent CW alloys. One of the explanations for the suppres-
sion effect is decreasing the corrosion rates of stainless steels in
simulated PWR primary water conditions [43]). The reason for the
suppression effect above 330 °C was not clear, but a surface elec-
tro-chemical reaction seemed to be the rate limiting process for
the corrosion of specimens and SOC

The estimated apparent activation energies, which were ob-
tained using the least squares method, were 75 kJmol, 81 kJmol
and 145 kJmol in 316SS with 20%CW, 15%CW and 10%CW, respec-
tively, as shown in Fig. 16. On the other hand, the respective appar
ent activation energies of 304SS (20%CW) and 304SS (15%CW)
were calculated as 91 kJmol and 90 kJmol. Estimated apparent
activation energies always include OGR measurement errors, but
the trend of apparent activation energy decreases with increasing
percent of CW has been reported by Rebak et al. [19], Moshier
and Brown [20], and Cassagne and Gelpi [44] in Alloy 600. In addi-
tion, according to Shoji et al. [12], no consistent effect of tempera-
ture on crack growth rate was obtained for higher percent CW 304L
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and 3161, which had yield strength of 750-1000 MPa. On the con-
trary, Speidel and Magdowski [39] reported no significant influ-
ence of CW on the temperature dependence in experiments
using double cantilever beam specimens. All these data implied
that mechanical properties have some potential to change the acti-
vation energy but it is difficult to determine the accurate activation
energy.

Fg. 18 shows the temperature dependence on OGRs of cold
worked stainless steels and Alloy 600 as reported from several
sources [17,29,30,38,45,46]. Reported apparent activation energies
in CW stainless steels were around 60 kImol, while slightly higher
values ranging from 75 to 145 kJmol were obtained in this study.
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Fig. 18. Temperature dependence on crack growth rate of cold worked stainless
steels and Alloy 600 under simulated PWR primary water and deaerated water
conditions [17,29,30,38,45.46],

On the other hand, slightly higher apparent activation energies
were reported for Alloy 600 ranging from 80 to 168 kdmol.

Arioka et al. [25] reported a similar temperature dependence for
(GRin IGereep OGRs of 31683 The OGRs of SOCwere over 10 times
higher, and a comparable thermal activation process might influ-
ence the crack growth.

4.4. Bmpirical formula for OGR calculation

This paper presents the influences of CW, stress intensity factor
and temperature on the CGR of 316SS and 30455 Tach of the fac-
tors was precisely assumed as deseribed above, but variability of
data complicates the accurate prediction of (GRs. For instance
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the coefficient for yield strength () varies from 2 to 3 (Eg. (1)), the
coefficient for apparent K(b) ranges from 0.6 to 3.2 (Eg. (2)) and
activation energy varies from 75 to 145 kJmol. If the mechanism
is fully understood and accuracy of OGR measurement is enough,
it might be possible to use each obtained parameter. However,
(GRs of CW stainless steels under PWR conditions tend to be scat
tered and the role of each parameter has not been clarified, then
statistical data treatment presents a feasible way to evaluate the
OGRs.

In the study, the empirical formula was established from the
obtained correlations as described in Egy. (3). Factors for yield
strength, apparent stress intensity factor and temperatures were
caleulated by multivariable analysis using all OGRs obtained in
the study except for those evaluated for a crack length less than
0.01 mm:

@—95><10’10><I‘29><K;0><ex;""ﬁ?ﬁi 3
ik : p (3)
where da/dt is crack growth rate (mm/s), T, is yield strength at test
temperature, K, is apparent stress intensity factor, Ris gas constant
(8.314 kJmol K and Tis absolute test temperature, SOC test results
indicated the existence of a peak temperature, and the applicability
range of the formula was between 250 ° Jand 320 °C. It should be
noted that the base OGRs were for T-S orientation and cracking
was branched, so technically, an absolute value for precise OGRs
in operating power plants is not predictable.

Fig. 19 compares the calculated CGRs, which were derived from
the empirical formula, and the measured CGRs; the data seemed to
scatter in some extent. There are many reasons for variability of
each measurement, for example crack arrest by an uncracked seg-
ment or specific material structures, and actual (GRs have some
irregularities. In addition, PDM measurements of such low (GRs
have some errors from electric noise, insulation of wires, ete. The
empirical formula of Fig. 19 includes these irregularities and mea-
surement errors from 98 OGRs. Theoretically, each factor might
influence it mutually, then establishing the precise equation re-
quires further fundamental studies.

Fven though the precise OGRis not predictable, similar param-
eter dependences were observed between 31655 and 30455 Both
steel types were used with the same empirical formula and no
obvious differences were observed. The results indicated that CGRs
of 316SS and 304SS could be estimated using the same empirical
formula.

Regarding the maintenance of operating power plants, the accu-
racy and margin of the safety ratio is important. Hg. 20 shows the
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Fig. 19. Comparison of OGRs measured and calculated by the empirical formula.
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frequency of distribution of measured/calculated OGR ratio; 92.8%
of the measured OGRs did not exceed twice the calculated CGRs.

5. Conclusions

The crack growth rates of 316SS and 304SS under simulated
PWR primary water conditions have been summarized to develop
an empirical formula providing better engineering applications.
Fifty-three cold worked compact tension specimens were em-
ployed to clarify the influences of yield strength, temperature
dependence and stress intensity factors:

(i) The influences of each parameter for 3165S and 304SSwere
similar, so the same empirical formula for crack growth rates
could be applied. The estimated apparent activation energy
was 84 kJmol and it was calculated from all the obtained
crack growth rates, On the other hand, crack retardation
was clearly observed above 330 °C in lower cold worked
stainless steel specimens, therefore the applicability range
of calculated activation energy was regarded as between
250 °C and 320 °C.

(i) The crack growth rates increased with increasing yield
strength for 5%and 20%cold worked 31655 and 304SSspec-
imens. These rates were proportional to the 2.9 power of
yield strength at test temperature.

(ii)) The crack growth rates increased with increasing apparent
stress intensity in the region between 13 MPa,/m and
40 MPa,/m, and these rates were proportional to the appar-
ent yield strength.

(iv) Cracking of T-S orientation specimens propagated through
the grain boundary, and then branched off in two directions.
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