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Abstract

All structures, systems, and components (SSCs) in nuclear power plants (NPPs) are
subjected to aging degradation during reactor operation because of chemical and
mechanical effects and interactions with the service environment. The objective of this
program is to evaluate the potential cumulative effects of repeated and sudden, below
design basis earthquake (DBE) loading on progressing degradation of NPP structural
materials. Structural damage to NPPs occurs when the cumulative effects of ground
acceleration (i.e., seismically induced vibrations) exceed a certain threshold. The ASME
Code Section Il design rules and U.S. Nuclear Regulatory Commission regulatory
guidance concerning seismic design are summarized, and the postulated and anticipated
seismic loads and response spectra for NPP SSCs are discussed. Seismic loading rate
effects on the cyclic deformation behavior (including microstructural effects), tensile
properties, fracture behavior, and elastic properties of structural alloys used in the primary
coolant pressure boundary and other safety-related systems are reviewed in detail. A
detailed knowledge of the evolution of material microstructure during service is essential for
understanding the fundamental mechanisms of crack initiation and failure. Six specific
information gaps related to cumulative seismic damage analysis are identified.






Table of Contents

F Y o111 = T ST PP PP PPPPPPPPPPPPP iii
Table Of CONTENTS ...cooiii et e e e e v
[T [ =2 J PP PPPPPPPPPPPPPP vii
TADIES ..o Xii
EXECULIVE SUMIMAIY ...ttt ettt ettt et e e e e eeeeeeeeeeeeeeeeeeeeeaaeeaeaeaaeees XV
Acronyms and ADBDIreVIiatioNs ....... oo XXi
N OMIENCI AU ..t e e xXiii
ACKNOWIEAGMENTS ...ttt e e e et ettt ettt ettt ettt e et e e et e e et e e e eeeeaeees XXV
T INrOAUCTION e 1
2. Background INfOrmMation............c.uuiiiiiiiiii e 11
2.1 Service CONAItIONS .......uiiiiiiii i 12

2.2 SeiSMIC DESIGN ..ot 14

2.3 Selection of SeiSmMIC LOAdS..........uuiiiiiiiiiiiiie e 19

2.3.1  Soil Structure INteraction ... 21

2.3.2 Damping Values for Seismic DeSign ..........ccoouiiiiiiiiieiiiiiiiiiieeee e 22

2.3.3 Design Response Spectra .......ccooeeiiiiiiiiieiiie 24

2.3.4 In-Structure Response Spectra..........cccoeeiiiiiiii 28

2.4 Seismic Design and Qualification .............cccuiiiiiiiiiiiii 30

2.5 COmMPONENT DESIGN ...t 32

2.5.1 ASME Section Il NB/NC/NG-3200 Design by Analysis..........ccccceevueee 32

2.5.2 ASME Section Il NB/NC-3600 Design by Rule ...........cccceoiiiiieniinnen. 33

2.5.3 ASME Section Ill Subarticle NB/NC/NG Fatigue Analysis.................... 35

3. Seismic Loading Rate EffeCtS ... 37
3.1 Material Performance Parameters .........cccuuviiiiiiiiiiiiie e 37

3.1.1  Cyclic Deformation Behavior.............c.eeviiiiiiiiiiiiiieee e 38



3.1.1.1 Cyclic Stress-Strain CUrves ..., 38

3.1.1.2 Microstructural Changes...........ccccuviiiiiiiiiiieiiiiieeeee e 43
3.1.2  Tensile Properties ... .o e 53
3.1.2.1 Carbon and Low-Alloy Steels ..........cccuiiiiiiiiiiiiiiiiiieeees 54
3.1.2.2 Wrought Austenitic Stainless Steels...........ccccoooiiiiiiiinnns 60
3.1.2.3 Cast Austenitic Stainless Steels (CASSS) ........ccccvveeeeiiiinnnns 79
3.1.2.4  NICKEI AlIOYS ...t 79
3.1.3  Charpy Impact Properties ........ccccooooiiiieeeeeeeeeees 82
3.1.3.1 Carbon and Low-Alloy Steels ..........cccuiiiiiiiiiiiiiiiiiieees 82
3.1.3.2 Austenitic Stainless Steels and Nickel Alloys ........................ 86
3.1.4 Fracture Toughness Properties...........ccccccouummiiimiiiiiiiiiiiiiiiiienieeieeeees 86
3.1.4.1 Carbon and Low-Alloy Steels .........ccccuiiiiiiiiiiiiiiiiiees 87

3.1.4.2 Types 304 and 316 Stainless Steels and their Weldments ... 92

3.1.4.3 Cast Austenitic Stainless Steels ...........ccccceeiiiiiiiiis 95

3.1.4.4 NICKEI AlIOYS ... 97

3.1.5 Material Elastic Properties ...........coooi e, 99

3.2 Various FOrms of COIMOSION ........uuiiiiiiiiiiiiiii e 99
3.3 Stress Corrosion Cracking in LWR Coolant Environments.................coooeeeieeenn. 99
3.4 Flaw Tolerance Evaluations Including Irradiation Effects ............ccccccceiiiiiiinnnn. 99
T80 010 0 =T 101
g IS 1= =] 0 T o3 I L= o o 101
4.2 Seismic Loading Rate Effects.........c..uuiiiiiiiiii 101
4.2.1 Cyclic Deformation BEhavior...........cccoouiiiiiiiiiiiie e 101

4.2.2 Tensile Properties ... 102

4.2.3 Fracture Behavior........cccocoiiiiiii 102

4.2.4 Elastic Properties ... 102

vi



S I 14 (o4 g g E= (o] T C =T o 1= PP 103
=] 1= L= g To7 =PSRRI 105
Figures
1. Location of all operating nuclear power reactors in the United States......................... 3
2. Examples of reversing and nonreversing dynamic loads (ASME Section I,

Subsection NB-3200, NB-3213-1). ..o 13
3.  Ground acceleration record of the Imperial Valley Aftershock May 19, 1940 at El

(071 211 (o TR O N 15
4.  Site-specific ground motion response Spectrum. ... 16
5. A seismic hazard map showing 2% probability of exceedance of design-limit PGA in

D0 YA S. ittt et et e e e et et ettt e e e e e e eeaeana e e e aaeeeeeneaaans 18
6. Documented earthquake activity in the United States since 1568.............ccccccvvvvnnnnnnes 18
7.  Acceleration response spectrum of elastic structures founded on rock........................ 20
8. Horizontal design response spectra scaled to 1 g horizontal ground acceleration....... 26
9.  Vertical design response spectra scaled to 1 g horizontal ground acceleration. .......... 26
10. Horizontal SSE response spectrum with 5% critical damping. .............cc.coooeeii. 28
11. Horizontal SSE response spectrum with 5% critical damping. .............cc.cooeeii . 29
12. Vertical design response spectra scaled to 1-g horizontal ground acceleration........... 30
13. Effect of strain rate and temperature on cyclic stress of carbon and low-alloy steels.. 39
14. Cyclic stress—strain curve for carbon and low-alloy steels at 288°C in air................... 39
15. Effect of strain range on cyclic strain—hardening behavior of Types 304 and

316NG SS in air at room temperature and 288°C at two different strain rates. ............ 41
16. Effect of strain rate on cyclic—hardening behavior of wrought and cast SSs in air at

288 . ittt e e e e e e e e —————eee e e e e e ————teeaeeeaaan—aaataaaeeeeaannrnaeees 43
17. Typical microstructure in A106—-Gr B specimen tested at an 0.4 %/s strain rate

showing immature dislocation walls in three pearlite grains consisting of Fe3C plates

iN the ferrite MatriX. ..o e 45
18. Ferrite grain between two pearlite grains in A106-Gr B specimen tested at an

0.4 %/S Strain rate. ... 46

vii



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Typical microstructure in A106—Gr B specimen tested at an 0.04 %/s strain rate
showing a cell structure in ferrite (C) and two pearlite grains (A and B)....................... 46

Formation of dislocation walls in two pearlite grains (A and B) in A106-Gr B

specimen tested at an 0.004 %/s strain rate..........cccccevvveiiiiiiiiiiiiii 46
Microstructure in Type 316L after ~30 cycles (hardening stage).........ccccccoviiviiieennenn. 47
Microstructure in Type 316L after ~90 cycles (softening stage). .......ccccccevvviiiiiiieennen. 47
Microstructure in Type 316L after ~1500 cycles (Midlife). .......cccccoeiiimiiiiiiiiiiiiiiiiiees 48
Microstructure in Type 316L after ~3000 cycles (end-of-life).........ccccccoeiniiiiiiiiiiininnnns 48

Plots of cyclic stress versus number of cycles for annealed Ferrovac E to
demonstrate potential effect of a decrease in strain amplitude on material
microstructure and fracture PropPerties. .. ..oooo oo 49

Dislocation structure of annealed iron cycled at 0.16% strain amplitude to different
stages of fatigue life: (@) 10% and (D) 100% . ..coeeeeieiiiiiiiiiiiiieiiieeeeeee e 50

Dislocation structure of annealed iron cycled at 0.8% strain amplitude to different
stages of fatigue life: (a) 3%, (b) 10%, (c) 45%, and (d) 100%.........ceeverrrerrereieeriennnnn.. 50

Dislocation structure of annealed iron cycled initially at 0.80% strain amplitude to 3%
of fatigue life followed by cycling at 0.16% strain amplitude for 20,000 cycles............. 52

Dislocation structure of annealed iron cycled initially at 0.80% strain amplitude to
45% of fatigue life followed by cycling at 0.16% strain amplitude for 20,000 cycles. ... 52

Dislocation structure of annealed iron cycled initially at 0.80% strain amplitude to 5%
of fatigue life followed by cycling at 0.16% strain amplitude to fracture........................ 53

Yield stress versus temperature at different strain rates for A508 Class 3 pressure
VESSEI STEEL. ..o e 54

Summary of tensile properties data for A508 CI 3 pressure vessel steel as a function
of strain rate at room temperature in the as-received condition and after being
charged With 2.4 ppmM H. ... e e 55

Summary of tensile properties data for A508 CI 3 pressure vessel steel as a function
of strain rate at 561K (288°C) in the as-received condition and after being charged

WIth 1.1 and 2.4 pPpm H. et e a e 55
Summary of tensile properties data for A508 CI 3 pressure vessel steel as a function

of temperature at four different strain rates. ..........cccccii 56
Plot of of In(oy) versus 1/T at two different strain rates for A508 ClI 3 steel.................. 57
Plot of of In(oy) versus 1/T at four different strain rates for A533 Gr B steel. ............... 57

viii



37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Results of round-robin tensile tests conducted at various strain rates on 20 MnMoNi
55 (similar to A533 Gr B) pressure vessel steel...............ccccc

Variation of yield strength (flow stress at a strain of 0.01) for A533 Gr B pressure
vessel steel with strain rate for three specimen sizes and two temperatures...............

Variation of ultimate tensile strength of A533 Gr B pressure vessel steel with strain
rate for three specimen sizes and two temperatures. ...........ccccccoiiiiiiiiiiiiies

Temperature and strain-rate dependence of yield strength (cy), ultimate tensile
strength (UTS), true ultimate tensile strength (oy), and true fracture stress (of) for
TYPE S04 S i

Temperature and strain-rate dependence of uniform strain (gy), elongation to
fracture (ef), and true fracture strain (ef) for Type 304 SS. ...

Variation of tensile and magnetic properties of Type 304 SS with strain rate at room
temperature: (a) yield strength [oy], ultimate tensile strength [UTS], true ultimate
tensile strength [oy], and true fracture strength [of]; (b) uniform strain [gy], true
fracture strain [ef], and apparent magnetic permeability at ey [Hal: «cccvveeriieriieeiinnnnnn.

Variation of tensile properties with temperature and strain rate for A358 (Type 304
SS) piping Material..........ooooiiiiii

Variation of room-temperature tensile flow stress at 0.2 and 2.0% strain with strain
rate for TYPe 304 SS. ... e

True stress-true strain behavior of Type 304 SS at room temperature for two
different Strain rates. ...

Room-temperature engineering tensile stress-strain curves at various strain rates for
(a) Type 304 (EN 1.4301-2B) and (b) Type 301LN (EN 1.4318-2B) SS.........ccevvvvnnees

Effect of strain rate on the tensile properties of solution-annealed Type 304 stainless
steel irradiated at 385-388°C in EBR-II to fluences of 8.8 to 10.3 x 10?2 n/cm? and
tested at RT, 232, and 371°C (450 and 700°F). .....ooveveuieeeeeeeeeee oo

Variation of 0.2% offset yield strength and ultimate tensile strength with strain rate
for Types 304L and 309 SSS. ....uiiiiiiiiiiiiiiiii e

Variation of uniform elongation with strain rate for Types 304L and 309 SSs. .............

Room-temperature flow stress at 2y® = 2%, where y® is the principal shear strain, as
a function of strain rate for Type 304N SS. . . resseeesnsnessesansaniane

Ductility (uniform and total elongations) of as-received Type 316 SS at 650°C (923
K). Plot of In(oy) versus 1/T at four different strain rates for A533 Gr B steel. .............

Flow stress as a function of strain rate for titanium-modified (0.22% Ti) Type 316 SS
At B00°C .

58

59

59

61

62

63

64

64

65

65

66

68

68

69

70

71



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Flow stress as a function of strain rate for titanium-modified (0.22% Ti) Type 316 SS
At BO0°C.

Flow stress as a function of strain rate for titanium-modified (0.22% Ti) Type 316 SS
At 700°C.

Variation of flow stress at 0.2% and 1.0% strain for Type 316L SS tested in tension
At rOOM tEMPEIALUIE. ... .. ettt e e e e e e eean s

Variation of flow stress at 5% and 10% compressive strain for Type 316L SS tested
at rOOM tEMPEIALUIE. ... .. et e et e e e et e e e eean s

Variation of tensile properties for 17% cold-worked Type 316L SS with temperature
for three different strain rates. ....... ...

True stress-strain curves for Type 316L SS deformed at different strain rates and
temperatures of (a) 25°C, (b) 200°C, (c) 400°C, and (d) 800°C. ......ccoevvrirriiiirierrennnnnnn.

Variation of (a) normalized tensile strength and (b) normalized yield strength with
temperature at three different strain rates for Type 316LN SS.........ccooiiiii.

Variation of (a) uniform elongation and (b) reduction in area with temperature at
three different strain rates for Type 316LN SS. ...

Effect of strain rate on the tensile properties of Type 308 SS weld metal and Type
304 SS base metal at 538°C. . ...

Effect of strain rate on the tensile properties of Type 308 SS weld metal and Type
304 SS base metal at B49°C. . ...

Effect of strain rate on the elevated-temperature reduction of area for Type 308 SS
weld metal and Type 304 SS base metal. ...

True stress-true strain curves at 288°C (550°F) for a SA weld in a Type 304 SS pipe
at several different strain rates..........cccooiiiiiiiiii s

True stress-true strain curves at room temperature for Type 304L/308L shielded-
metal arc weld joints tested at several different strain rates. ..........ccccccccoiiiiiiiinnnis

Variation of true stress with true strain over a range of strain rates at 900°C for Alloy
800, i e e e e e e e e e e e ——————aeee e e e e e ————teeeaeaeaaan—aareaaaeeeeaannnnneees

Room-temperature true stress-true strain curves for Alloy 690 obtained at various
strain rates under compressive [0adiNg. .....cc.cvvviiiiiiiiiiiiiiiii

Room-temperature dependence of flow stress at various strains on strain rate for
Alloy 690 under compressive 10ading. ..... ..o

Shear stress-strain curves of Alloy 690 deformed at different strain rates and
(] 0 0] 01T = 1T TP PPPPRTRPPIN

71

72

72

73

73

75

75

76

77

77

78

78

79

80

80

81



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

True stress-true strain curves for Alloy 690 obtained from hot compression tests at
L0 LT R PR

Charpy V-notch fracture toughness transition curves for A508 CI 3 steel specimens
tested at three different impact velocities. ...

Charpy V-notch fracture toughness transition curves for A508 CI 3 steel specimens
in the unirradiated condition and after irradiation to a fluence of 4.65 x 10" n/cm?
(31 MV, oo eee e ee e e e e e ee e ee e e e e s ee e e s ee e e e ee s e s eer e

Charpy-V (Cv) and dynamic tear test data for a 12-in.-thick A533 Gr B Class 1 steel
plate before and after 550°F (288°C) irradiation..............eeveeiiiiiiiiiiiieeen

Effect of loading rate on the DBTT of A533 GrB steel. ...,

Effect of loading rate on the ductile-to-brittle Charpy transition curve for A508 Cl 3
(20MnMoNi55) and A533 Gr B (JSPS) pressure vessel steels. ..........cccccvvviviiiiiininnnnes

Effect of thermal aging on the ductile-to-brittle transition temperature for Type 308
SS weld filler metal in the unaged condition and after aging for 7,700 h at 400°C.......

General effect of loading rate on fracture toughness of most structural alloys. ............
Fracture toughness versus temperature behavior for A508 Cl 3 steel. ........cccceeeeeee.

Dependence of crack initiation toughness J,; on loading displacement rate and
temperature for A508 Cl 3 pressure vessel steel........cccccceeeiiiiiiiiiiiiiiic,

Dependence of crack growth resistance dJ/da on loading displacement rate and
temperature for A508 Cl 3 pressure vessel steel........ccoccceeeiiiiiiiiiiiiiic,

Crack resistance behavior for the German 20MnMoNi55 steel at 25 and 290°C
under both quasi-static and dynamic loading conditions. ...............oiiiiiiii e,

Crack resistance behavior for the JSPS special heat of A533 Gr B steel at 25 and
290°C under both quasi-static and dynamic loading conditions. ............ccccccoeeviiiiinneen.

Fracture toughness versus temperature behavior for A533 Gr B steel under both
static (solid line) and dynamic (dK/dt of approx. 104 ksi-in'/2) conditions.....................

Temperature dependence of static Kic, dynamic Kp, and crack arrest K5 fracture
toughness measurements for A533 Gr B steel. ...,

Effect of temperature and strain rate on the crack initiation fracture toughness (here
designated J,) of A533 Gr B pressure vessel steel. ..........cccccoiiiiiiiiiiiiii

Crack resistance behavior for two different heats of A533 Gr B pressure vessel steel
at room temperature under both quasi-static and dynamic loading conditions.............

Change in fracture toughness, Ji¢, as as a function of neutron exposure for irradiated
AUSTENITIC SSS. .. e

Xi

82

83

83

84

85

85

86

87

88

88

89

89

89

90

90

91

91

92



88. Change in fracture toughness, Ji;, as as a function of neutron exposure for SSs........ 93
89. Crack resistance behavior for A376, Type 304 SS Schedule 120 piping material at

288°C under both quasi-static and dynamic loading conditions. ............ccccccoeviiiiiinnnen. 93
90. Crack resistance behavior for an SA girth weld specimen from an A358, Type 304

SS 406-mm (16-in.) diameter, Schedule 100 pipe with ER-308 filler metail.................. 94
91. Crack resistance behavior of sensitized Type 304 SS at 288°C in simulated BWR

coolant with two dissolved oxygen levels at three different displacement rates. .......... 94
92. Effect of strain rate on J and dJ/da (values of the latter parameter are given next to

each bar in MPa) for Types 304 and 316 SSs and Type 308 SS weld metal under

(2= 1 (o0 L3 oTo] g o [1{[o] o I TR 95
93. Effect of loading rate on the J-R curve at 0°C for thermally aged CF-3M CASS

= 10T =1 PR 96
94. Fracture toughness J-R curve data for thermally aged Heat 68 of CF-8M plate at

B . et e e e e —eee e e e e e ————taeeaeaaaan——rtaaaaeeaeaannrneeees 97
95. J-R curves for Alloy 600 in air and water at temperatures of 54 to 338°C. .................. 98
96. J-R curves for Alloy 690 in a water environment at a temperature of 54°C and

displacement rates of 0.005 t0 305 MM/h.......oooiiiiiiiiiiiiii 98
Tables
1. List of operating nuclear power reactors in the United States and their type, vendor,

location, and date Of lICENSE. .......ieeeiiee et e e e ean 4
2. PGAVvalues for U.S. NPPS. ... 6
3.  Safe-shutdown earthquake (SSE) damping values. ..o 24
4.  Operating basis earthquake (OBE) damping values. .........ccooocuiiiiiiiiiiiiiiiiiiieeeee s 24
5. Horizontal design response spectra: relative values of spectrum amplification factors

fOr CONTIOI POINTS. ...ttt et e e et e e et e e e e e e e e e e e eeeeeeeeeaaaeees 27
6. Vertical design response spectra: relative values of spectrum amplification factors

fOr CONTIOI POINTS. ...ttt et e e et e e et e e e e e e e e e e e eeeeeeeeeaaaeees 27
7. Effect of test temperature and strain rate on the tensile properties of A533 Gr B steel

plate and forged 20MNMONISS. .........ooiiiiii e 59
8. Room temperature tensile properties of solution annealed Type 304 steel at different

SHrAIN FALES. .o 63

Xii



10.

11.

Room-temperature tensile properties of temper-rolled Type 304L SS at different
LS (= T =1 (=1 T 67

Effect of strain rate on the tensile properties of Type 316 SS at room temperature
AN B50°C. ..o e e e e e e e e e e e ———taeaaeaaaan——reaaaaeeeaaannnnnneees 70

Tensile properties of Type 308 SS weld metal for various weld locations at 427°C
and a strain rate 0f 0.03 S, ... .ot 76

Xiii



Xiv



Executive Summary

All structures, systems, and components (SSCs) in nuclear power plants (NPPs) are
subjected to aging degradation during reactor operation because of chemical and
mechanical effects and interactions with the service environment. The objective of this
program is to evaluate the potential cumulative effects of repeated and sudden, below safe
shutdown earthquake (SSE) loading on progressing degradation of NPP structural
materials. The program addresses knowledge gaps in a fundamental manner, considering
the mechanical response of degraded material to establish their basic properties under
various stages of degradation and determine whether repeated below design basis
earthquake (DBE) events could adversely affect ongoing material and component
degradation. Included is a literature review to evaluate the effects of repeated and sudden
below-SSE loading on specific degradation mechanisms. This research addresses the U.S.
Nuclear Regulatory Commission’s (NRC's) long-term research project related to determining
the effects of repeated and cumulative below-DBE loading on progressive nuclear reactor
material degradation

The SSCs important to safety are designed to meet consensus codes and standards for
NPPs to help ensure that a sufficient design margin is maintained throughout the plant's
operating life to ensure that premature failure of such SSCs does not result in unacceptable
consequences. In particular, these SSCs are designed to withstand the effects of the DBE,
which is also termed as the safe shutdown earthquake (SSE). The SSC design takes into
account historical experiences of ground motion at the site and SSE, and this ensures that
in the event of an occurrence of an earthquake of concern, the safety systems will function
and the plant will shut down in an orderly manner. However, it is not clear if and how this
design approach is applicable to reactor coolant pressure boundary (RCPB) components that
have ongoing degradation.

A number of analytical and experimental studies have been conducted to better understand the
structural response of NPPs considering the presence of cracks in piping components.
Many of these studies use seismic hazard analysis in evaluating failure response to SSE
conditions, based on the frequency and the size of seismic load and using original material
properties, though at elevated operating temperatures. The NRC has also sponsored
research on the concept of a "cracked-pipe element" as a "degraded condition” and tested
simple and component tests of girth welds. The results of these studies are summarized
here.

Seismic Design

Structural damage to NPPs occurs when the cumulative effects of ground acceleration
exceed a certain threshold. Design codes typically include an analysis of seismic fatigue
degradation based on one SSE and 5 to 20 operating basis earthquakes (OBEs) with 10 to
20 cycles per event, depending on the location. However, seismic events less than the
OBE are not considered in the analysis. The fatigue damage from all design transients is
evaluated for the period of reactor operation to determine a characteristic-derived property
known as the cumulative usage factor (CUF). Strain-rate effects are also an important
consideration in seismic damage analysis, and the stress-strain behavior under short-term
high strain rate loading may be quite different than that under normal loading conditions.

The present investigation includes a review of NPP design criteria and standards for
seismic design, as contained in 10 CFR 50 regulations, the ASME Boiler and Pressure
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Vessel Code, and NRC Regulatory Guides. In general, designs of NPPs during the 1960s
and 1970s used a deterministic approach to seismic design based on site-specific examinations
of local and regional seismic, geological, and geotechnical soil conditions to determine the
maximum credible earthquake. After 2000, there were attempts to standardize the design of
NPPs to include not only a standardized reactor coolant system but also a standardized
balance-of-plant. Furthermore, as more data became available on actual recorded earthquake
activities, a better understanding developed regarding the shape of the design basis ground
response spectra recorded at various sites around the world. However, the analytical
techniques and procedures necessary to convert input earthquake motions to resultant seismic
forces, moments, or stresses in components need to be examined, considering the current
material condition of the components and high-frequency, cyclic elastic straining, to evaluate
potential impact on component design.

The seismic loads on a structure are inertial loads generated by the deformation of the structure
as it vibrates, and the seismic forces depend on the distribution of mass and stiffness
throughout the structure. Because structures are typically designed to respond inelastically
under vibration, the seismic forces also depend on the manner by which plasticity spreads
through the structure, and these forces are typically amplified by resonance effects. In addition,
the maximum vibratory accelerations of the SSE must take into account the characteristics of
the underlying soil material in transmitting the earthquake-induced motions. Finally, damping
effects within the structure must be taken into account.

The information needed for a seismic design includes (a) design ground response spectra,
(b) in-structure response spectra, (c)acceleration time history, and (d) seismic anchor
movements. The seismic design specifications include (a)the scope and boundaries of
components to be seismically designed; (b) the applicable design and construction code; (c) the
required seismic function (e.g., operability, leak tightness, and position retention) on the
component or piping system; (d) the free-field seismic input for the design basis earthquake;
(e) the in-structure seismic response spectra; and (f)the operating and design loading
conditions concurrent with the seismic load.

The requirements for the acceptability of a component design by analysis are described in
ASME Section lll, Division 1 Subarticle NB-3210, “Design Criteria.” Alternatively, a design by
rule approach as described in Subarticle NB/NC-3600, may be used for piping and piping
components. The design methods in Section Ill Subarticle NB, NC, or NG for ASME Class 1, 2,
and CS components also require a fatigue analysis as well as a fracture mechanics evaluation
to prevent the likelihood of nonductile failure. The ASME Code fatigue analysis considers all
transient loads, and for each load-cycle or load-set pair, an individual fatigue usage factor is
determined by the ratio of the number of cycles anticipated during the lifetime of the component
to the allowable cycles.

Seismic Loading Rate Effects

The imposed loading rate has been found to be a significant variable in the response of large
structures to seismic events. The strain rate imposed during an earthquake is variable, but a
range of 0.1 to 10 s appears to be typical of strong earthquakes. The effect of loading rate on
the cyclic deformation behavior, tensile properties, and fracture behavior of NPP structural
alloys is reviewed in detail.
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Cyclic Deformation Behavior

Existing fatigue strain-versus-life (e-N) data indicate that in the temperature range of dynamic
strain aging (200-370°C), some heats of carbon and low-alloy steels are sensitive to strain rate
even in an inert environment; with decreasing strain rate, the fatigue life may be either
unaffected, decrease for some heats, or increase for others. The cyclic stress—strain response
of these steels varies with steel type, temperature, and strain rate. In general, they show initial
cyclic hardening, followed by cyclic softening or a saturation stage at all strain rates. At high
strain amplitudes, a secondary hardening stage is observed prior to fracture.

For the wrought austenitic stainless steels (SSs), the fatigue life is generally independent of
strain rate at temperatures up to 400°C. During cyclic straining, austenitic SSs exhibit rapid
hardening during the first 50—100 cycles, and the extent of hardening increases with increasing
strain amplitude and decreasing temperature and strain rate. The cast austenitic stainless
steels (CASS) CF-3, CF-8 and CF-8M generally show behaviors similar to the wrought
austenitic SS, though the cyclic-hardening behavior may be influenced by aging in some cases.

For ferritic steels at low constant cyclic strain amplitudes, the dislocation bundles produced
during the rapid hardening stage shake down into bundles of fragmented dislocations, whereas
a cell structure is developed at higher strain ranges. The saturation cell size generally
increases with either a decrease in strain amplitude or an increase in temperature. For the
austenitic SSs, initial cyclic hardening is associated with the formation of an increased
dislocation density in a uniform planar structure. During subsequent cyclic softening and
stabilization, the dislocations eventually evolve into a well-defined cell structure.

Under variable strain fatigue, the dislocation cell structure formed under initial higher strain
amplitude can change gradually upon subsequent cycling at lower amplitude, with the cell size
increasing by the disintegration of some of the existing cell walls. Depending upon the
microstructure that had developed at the high strain amplitude, decreasing the strain amplitude
may not lead to the behavior observed for cycling a virgin specimen at the low strain amplitude;
some memory of prior strain cycling may remain in the material.

Tensile Properties

Literature data indicate that the yield and ultimate tensile strengths of A508 CI 3 and A533 Gr B
steel generally increase with increasing strain rate, while the ductility decreases or shows little
effect. However, some data suggest a reversal in the yield and tensile strength behavior with
strain rate in the region of the normal light-water reactor (LWR) operating temperatures.
Dynamic strain aging appears to play a role in this strain rate sensitivity, with serrated flow
observed in the temperature range of 140 to 350°C, depending upon temperature and strain
rate.

For Type 304, 304L, 304N and 304LN SSs, the yield stress and flow stress are generally found
to increase with increasing strain rate, the ultimate tensile strength tends to decrease, and the
ductility decreases or shows little change. However, a study on Type 304L SS showed an
unexpected decrease in flow stress with increasing strain rate at 427 and 538°C.

For Type 316 SS, the yield and ultimate tensile strengths were found to increase with increasing
strain rate at 650°C, while the effect on the ductility was relatively small. Subsequent research
indicated variable results, with an increase in ductility with increasing strain rate observed at
700°C. Most researchers report an increase in flow stress with increasing strain rate for Types
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316L and 316LN SSs, but there is some indication of a reversal in the strain rate effect on the
ultimate tensile strength at temperatures on the order of 300 to 500°C. Elongation and
reduction of area also appear to increase somewhat with increasing strain rate, though the
opposite effect has been observed for cold-worked material.

The tensile data for Type 304/308 welds and Type 308 SS weld metal show mixed results.
Some researchers observe a marked increase in flow stress with increasing strain rate, while
others observe only a small effect. The elongation appears to decrease with increasing strain
rate for the weld metal and remain roughly constant or increase slightly for the base metal.
However, none of these data were obtained in the temperature range of interest for LWRs.

The limited data on the strain-rate effect on the flow stress of Alloy 600 indicate little effect of
strain rate on flow stress and ductility at temperatures up to 760°C and marked increase in flow
stress with increasing strain rate at higher temperatures. The tensile data for Alloy 690 indicate
an increase in flow stress with increasing strain rate over the entire temperature range from
-100°C to 1,200°C, though the magnitude of the effect appears to be temperature dependent.

Fracture Behavior

The Charpy impact data for A508 CI 3 and A533 Gr B pressure vessel steels indicate either little
effect or an increase in the ductile-to-brittle transition temperature (DBTT) with increasing
loading rate. An increased loading rate also appears to increase the upper shelf energy
somewhat for both steels. Neutron irradiation clearly increases the DBTT, and Type 308 SS
weld filler metal appears to be increasingly susceptible to brittle fracture with elevated-
temperature aging.

The fracture toughness of A508 Cl 3 and A533 Gr B steels generally increases with increasing
loading rate, and the fracture toughness-versus-temperature curves shift to higher
temperatures. However, a decrease in the crack initiation toughness, J., with increasing strain
rate has been observed by some researchers in the temperature range of interest for LWR
applications. The J-R curves generally show an increase in cracking resistance with increasing
loading rate.

The fracture toughness data for Types 304 and 316 SSs generally suggest a beneficial effect of
increasing loading rate on the crack resistance. However, the variability in the data indicates
that the loading conditions of interest must be well defined before these results can be reliably
applied to a specific loading situation. The limited data in the literature on the effect of loading
rate on the fracture toughness properties of the CASS materials are somewhat inconsistent, and
as-cast and aged material show different behaviors. Recent work on low-temperature crack
propagation for aged CASS CF-8 material in pressurized water reactor (PWR) environments
investigated the potential synergy between thermal and hydrogen embrittlement associated with
decomposition of the ferrite at reactor temperatures, and a large effect of the coolant
environment on fracture toughness was observed.

For Alloy 600, a dramatic degradation in fracture toughness is observed in hydrogenated water
at temperatures below 149°C, an effect attributed to hydrogen-induced intergranular cracking.
This behavior is similar to that observed for aged CF-8 material in LWR shutdown water
chemistry. At higher temperatures in the same environment, the fracture toughness increases
with increasing loading rate. A qualitatively similar behavior occurs for Alloy 690.
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Elastic Properties

No strain-rate dependence is observed for the elastic properties of NPP structural alloys.

Information Gaps

Five information gaps were identified in this work, as follows:

1.

The possible impact of (a) current material condition, (b) loading rates associated with
typical seismic events and with low-level seismic fatigue cycles (e.g., magnitudes associated
with seismic accelerations between 0.01 g and OBE) on reactor component design needs to
be investigated for at least two components, one from reactor core internal components and
the other from primary pressure boundary piping.

The cumulative effect of elastic strain cycling on material microstructure and the resulting
effect on fracture properties of reactor structural materials needs to be examined.

The reason for the reversed strain rate dependence (i.e., decrease in yield and flow stress
with increase in strain rate) at 400°C and its potential impact on seismic design of safety-
related structures and components needs to be determined.

The possible decrease in fracture toughness of CASS materials and austenitic SS welds
thermally aged at 300 to 370°C and tested under dynamic loading conditions at
temperatures between room temperature and 100°C needs to be investigated.

The potential effect of reduced fracture toughness of Alloys 600 and 690, aged CASS CF-3
and CF-8 materials, and austenitic SS welds in LWR SWC on the seismic design of reactor
safety-related components needs to be determined.
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Acronyms and Abbreviations

AEC Atomic Energy Commission

AMP aging management program
Argonne Argonne National Laboratory
ASB adiabatic shear banding

ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials

BAC boric acid corrosion

BCC body -centered cubic

BPV boiler and pressure vessel

BWR boiling water reactor

CASS cast austenitic stainless steels
CAV cumulative absolute velocity

cC concrete containment

CEUS central and eastern United States
CGR crack growth rate

CT compact tension

CUF cumulative usage factor

DBE design basis earthquake

DBTT ductile-brittle transition temperature
DRS Design Response Spectra

DSA dynamic strain aging

DSHA deterministic seismic hazards analysis
EBR-II Experimental Breeder Reactor-ll
EPRI Electric Power Research Institute
FAC flow-accelerated corrosion

FCC face-centered cubic

GALL Generic Aging Lessons Learned
GDC general design criteria

GMRS ground motion response spectrum
GTA gas tungsten arc

IAEA International Atomic Energy Agency

IASCC irradiation-assisted stress corrosion cracking
IGSCC intergranular stress corrosion cracking

ISI in-service inspection

J-R J-integral resistance

JSPS Japan Society for Promoting Science

LRT leak rate test

LWR light water reactor

MC metal containment
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MIC
MMI
Mn
Mo
Nb

Ni
NPP
NRC
OBE
PGA
PSB
PSHA
PWR
PWSCC
RCPB
RG
RIS
SA
SCC
SFE
SMA
SRSS
SS
SSC
SSE
SSi
SWC
TGSCC
WwWus

microbiologically induced corrosion
Modified Mercalli Intensity
manganese

molybdenum

niobium

nickel

nuclear power plant

Nuclear Regulatory Commission
operating basis earthquake

peak ground acceleration

persistent slip band

probabilistic seismic hazard analysis
pressurized water reactor

primary water stress corrosion cracking
reactor coolant pressure boundary
regulatory guide

radiation-induced segregation
submerged arc

stress corrosion cracking

stacking fault energy

shielded metal arc

square root of the sum of squares
stainless steel

structure, system, and component
safe shutdown earthquake

soil structure interaction

shutdown water chemistry
transgranular stress corrosion cracking
western United States
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Nomenclature
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w

m

c -

crack length; in some cases it represents acceleration
maximum rock acceleration
coefficient of the power-law J-R curve

room temperature “normalized” Charpy-impact energy, i.e., Charpy-impact energy per
unit fracture area, at any given service and aging time (J/cm?2). The fracture area for a
standard Charpy V-notch specimen (ASTM Specification E 23) is 0.8 cm2. The value
of imzpact energy in J has been divided by 0.8 to obtain “normalized” impact energy in
J/icm?.

increment in crack length

increment in fracture toughness J

elongation at fracture

uniform elongation

elastic modulus, in some cases it represent Charpy V-notch impact energy in joules
acceleration equal to the acceleration of gravity (980.665 cm s2 or 32.2 ft/s)

J mode of frequency

J mode of frequency associated with parameter number n

J integral, a mathematical expression used to characterize the local stress-strain field
at the crack tip region (parameter J represents the driving force for crack propagation)

value of J near the onset of crack extension

stress intensity factor

critical stress intensity factor

critical stress intensity factor for crack arrest

critical stress intensity factor for crack extension

critical stress intensity factor for crack extension under dynamic loading
J-integral critical stress intensity factor

equivalent critical stress intensity factor for crack extension

exponent of the power-law J-R curve, and for fatigue usage factor determination it
represents number of applied fatigue cycles

number of fatigue cycles to failure

number of significant parameters considered in structural frequency broadening
load ratio

spectral acceleration

maximum value of stress intensity

tearing modulus or temperature

usage factor

strain

strain rate or de/dt
applied strain
fracture strain

total strain

XXxiii



alQ

G1
O3
Oa
Of
Oy

&(52

uniform strain

Poisson ratio

stress

Von Mises effective stress

principal stresses in or parallel to the mid plane of the wall of a component
principal stress perpendicular to the mid plane of the wall of a component
applied stress

flow stress, defined as the average of yield and ultimate stress

ultimate stress

yield stress

Sl units of measurements have been used in this report. Conversion factors for measurements
in British units are as follows:

To convert from to multiply by
in. mm 254

J Ft-Ib 0.7376
kJ/m?2 in.-1b/in.2 5.71015
kd/mole kcal/mole 0.239
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1. Introduction

All structures, systems, and components (SSCs) in nuclear power plants (NPPs) are
subjected to aging degradation during reactor operation because of chemical and
mechanical effects and interactions with the service environment, all of which are influenced
by such factors as reactor coolant chemistry, material condition, temperature, neutron
irradiation, and mechanical loading.’-'" The effects of these environmental variables are
typically addressed by the plant-specific design and operational technical specifications.
Operational experience has shown that depending up on the operating conditions, general
corrosion,12-15 pitting,'6.17 crevice corrosion, cavitation,'® boric acid corrosion (BAC),19-25
microbiologically-induced corrosion (MIC),26 flow accelerated corrosion (FAC),27-31 erosion
corrosion,32 wear,'4 mechanical and thermal fatigue,’#:33 and loss of material due to
selective leaching of some of the constituent of material’4 are the most commonly observed
aging degradation processes for NPPs. Furthermore, various mechanisms operate, in
synergy with temperature, stress state, strain rate and material condition, resulting in
intergranular stress corrosion cracking (IGSCC), transgranular stress corrosion cracking
(TGSCC), or primary water stress corrosion cracking (PWSCC) in light water reactors
(LWRs).

In addition, exposure to neutron irradiation for extended periods changes the microstructure
(radiation hardening) and microchemistry (radiation-induced segregation, or RIS)34-38 of reactor
core support structures and internal components. Neutron irradiation results in damage at the
atomistic and microstructural scale, which is manifested by an increase in the tensile
strength and hardness of the material and a decrease in fracture toughness or resistance to
brittle fracture,39-53 commonly known as embrittlement. Neutron irradiation also increases the
susceptibility of structures and components to irradiation-assisted stress corrosion cracking
(IASCC).52-61

Time-dependent material degradation can lead to formation of voids, and micro- and macro-
cracks, which can then slowly grow because of chemical and mechanical interactions of the
material at the tip of the progressing crack. Metallurgical aspects also control the growth of
such cracks. Dissimilar-metal welds in particular are vulnerable regions in the component
because of (a) different microstructure and the redistribution of alloying and interstitial
elements compared to base metal and (b) high residual stress resulting from welding. During
operation, such cracks can propagate through the component wall resulting in observable
coolant leakage. Furthermore, for core internal components, neutron irradiation enhances the
growth rates of these cracks.

This research addresses the U.S. Nuclear Regulatory Commission’s (NRC's) long-term
research project related to determining the effects of repeated and cumulative below design
basis earthquake (DBE) loading on progressing nuclear reactor material degradation. The
proposed study considers specific aging degradation mechanisms that, from previous
operating experience, have been found to be operative for structures and components
important to safety and require an aging management program (AMP) to ensure structural
and functional integrity. These aging degradation mechanisms include corrosion, FAC,
MIC, thermal and neutron embrittlement, and crack growth rates (CGRs) for IGSCC,
TGSCC, PWSCC, fatigue loading, and irradiation-assisted stress corrosion cracking
(IASCC). The structures and components affected by these aging degradation
mechanisms include Class 1 pressure boundary components and those whose functionality
is safety-related.



The SSCs important to safety are designed to consensus codes and standards for NPPs
such that sufficient design margin is maintained throughout the life of the plant operation to
ensure that premature failure of such SSC does not result in unacceptable consequences.
The SSCs important to safety are those that are necessary to ensure (a) the integrity of the
reactor coolant pressure boundary, (b) the capability to shut down the reactor and maintain
it in a safe-shutdown condition, or (c) the capability to prevent or mitigate the consequences
of accidents that could result in potential offsite exposures comparable to the guideline
exposure of Title 10, Part 50, of the Code of Federal Regulations (10 CFR 50), “Domestic
Licensing of Production and Utilization Facilities,”82 Section 50.34(a)(1). General design
criteria (GDC)®3 2, “Design Bases for Protection Against Natural Phenomena,” of Appendix
A,%4 to 10 CFR Part 50, “Seismic and Geological Siting Criteria for Nuclear Power Plants,”
requires that NPP SSCs important to safety be designed to withstand the effects of natural
phenomena such as earthquakes, tornados, hurricanes, floods, tsunamis, and seiches
without loss of capability to perform their safety function.

All SSCs important to safety are designed to withstand the effects of the DBE, which is also
termed as the safe-shutdown earthquake (SSE). A DBE or SSE is the largest possible
earthquake at the site, considering the regional and local geology and seismology and
specified characteristics of local and subsurface material. Ground shaking of a DBE might
be exceeded, but the probability of this happening is considered small. The SSE
represents the vibratory ground motion for which SSCs important to safety must be
designed to remain functional and within applicable stress, strain, and deformation limits.
The SSC design takes into account historical experiences of ground motion at the site and
SSE and ensures that in the event of an occurrence of an earthquake of concern, the safety
systems will function and the plant will shut down in an orderly manner so that no
radionuclides are released to harm the public and the environment.

An operating basis earthquake (OBE) is the largest earthquake that reasonably could be
expected to affect the plant site during the operating life of the plant. It is typically a third or
half of the SSE. All NPPs are designed to withstand the OBE and still operate without
undue risk to the health of the public. Furthermore, various NPP structures and
components vibrate at different frequencies during a seismic event. Vibrations in the range
of 1-10 Hz are of particular concern, because they correspond to damaging response
frequencies for most structures and components. Earthquakes below 15 Hz predominate in
the western United States (WUS). All NPPs in the WUS are designed to withstand low
frequencies. Although NPPs in central and eastern United States (CEUS) are also
designed to withstand low frequencies, the typical earthquakes in CEUS are associated
with higher frequencies. Higher frequencies are less damaging to large structures, but may
adversely affect small components.

For concrete and other building structures, the concept of "cumulative absolute velocity"
(CAV) exists as an index for the onset of structural damage from cumulative effects of
ground acceleration.65.66  However, it is not clear if and how such concept is applicable to
reactor coolant pressure boundary (RCPB) components with ongoing degradation. For
example, in the NRC Generic Aging Lessons Leamed (GALL) report,3 it is required that the effects
of concrete degradation be considered after an earthquake event. However, no such
consideration is required for metallic materials degradation inthe GALL report.

In the GALL report, the “Detection of Aging Effects” program element of AMP XI S4, 10 CFR
Part 50, Appendix J,67 states that a containment LRT (leak rate test) program is effective in
detecting leakage rates of the containment pressure boundary components, including seals and



gaskets. While the calculation of leakage rates and sati