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APPENDIX E
EQUATIONS IN NUREG/CR-6909 REV. 0 AND REV. 1
E.1

Equations and Equation Numbers from NUREG/CR-6909 Rev. 0

Each equation number is formatted as E0.x to indicate that in Rev. “0”, this is equation number “x”.
εa = A1(N)−n1 + A2
E

4�Nf

100
� + Bf
100 - Af

(E0.2)

ln �

on

Sa =

(E0.1)

rs
i

Sa = 59,734 (Nf)-0.5 + 149.2
Sa = 49,222 (Nf)-0.5 + 265.4

Ve

Sa = 58,020 (Nf)-0.5 + 299.9

at
io

ln(N) = 6.726 – 2.0 ln(εa – 0.072)

n

ln(N) = A – B ln(εa – C)

(E0.3)
(E0.4)
(E0.5)
(E0.6)
(E0.7)

ln(N) = 6.339 – 2.0 ln(εa – 0.128)

(E0.8)

ln(N) = 6.954 – 2.0 ln(εa – 0.167)

(E0.9)

Pu
bl
ic

σu - σy

Sa′ = Sa �σ - S �
u
a
Sa′ = Sa

for Sa < σy

(E0.10)

for Sa > σy

(E0.11)
(E0.12)

ln(N) = 6.614 – 0.00124 T – 1.975 ln(εa – 0.113)

(E0.13)

ln(N) = 6.480 – 0.00124 T – 1.808 ln(εa – 0.151)

(E0.14)

ln(N) = 6.583 – 1.975 ln(εa – 0.113)

(E0.15)

ln(N) = 6.449 – 1.808 ln(εa – 0.151)

(E0.16)

Sa = Eεa = C1N–0.05

(E0.17)

Sa = Eεa = C2N–0.01

(E0.18)

∆εth/∆ε = – 0.22 ∆ε + 0.65

(E0.19)

ln(N) = 5.951 – 1.975 ln(εa – 0.113) + 0.101 S* T* O*ε̇ *

(E0.20)

Pr

e-

Ni(Rq) = 1012 Rq–0.21

E-1

ln(N) = 5.747 – 1.808 ln(εa – 0.151) + 0.101 S* T* O* ε̇ *

(E0.21)

S* = 0.015
S* = 0.001
S* = S
S* = 0.015

(DO > 1.0 ppm)
(DO ≤1.0 ppm and S ≤ 0.001 wt.%)
(DO ≤1.0 ppm and 0.001 < S ≤ 0.015 wt.%)
(DO ≤1.0 ppm and S > 0.015 wt.%)

T* = 0
T* = T – 150

(T ≤ 150°C)
(150 < T ≤ 350°C)

O* = 0
O* = ln(DO/0.04)
O* = ln(12.5)

(DO ≤ 0.04 ppm)
(0.04 ppm < DO ≤ 0.5 ppm)
(DO > 0.5 ppm)

ε̇ * = 0
ε̇ * = ln(ε̇ )
ε̇ * = ln(0.001)

(ε̇ > 1%/s)
(0.001 ≤ ε̇ ≤ 1%/s)
(ε̇ < 0.001%/s)

dFen = (Fen – 1) dε /( εmax – εmin)
n
k=1
n

Fen = � Fen,k (ε̇ k ,Tk )
k=1

Δεk
(εmax − εmin )

Pu
bl
ic

Fen = � Fen,k (ε̇ k ,Tk )

Δεk
(εmax − εmin ) − εth

(E0.25)
(E0.26)
(E0.27)
(E0.28)
(E0.29)
(E0.30)

e-

(E0.32)

∆εth/∆ε = – 0.22 ∆ε + 0.65

Pr

(E0.24)

(E0.31)

ln(N) = 6.891 – 1.920 ln(εa – 0.112)

(E0.33)

ln(N) = 6.157 – 1.920 ln(εa – 0.112) + T' ε̇ ' O'

T' = 0
T' = (T – 150)/175
T' = 1

(T < 150°C)
(150 ≤ T < 325°C)
(T ≥ 325°C)

ε̇ ' = 0
ε̇ ' = ln( /0.4)
ε̇ ' = ln(0.0004/0.4)

(ε̇ > 0.4%/s)
(0.0004 ≤ ε̇ ≤ 0.4%/s)
(ε̇ < 0.0004%/s)

O' = 0.281

on
rs
i

at
io

Fen = exp(0.702 – 0.101 S* T* O* ε̇ *)

Ve

Fen = exp(0.632 – 0.101 S* T* O* ε̇ *)

(E0.23)

n

ln(Fen) = ln(NRTair) – ln(Nwater)

(E0.22)

(all DO levels)

E-2

(E0.34)
(E0.35)

(E0.36)
(E0.37)

Fen = exp(0.734 – T' ε̇ ' O')

(E0.39)

T’ = T/325
T’ = 1

(T < 325°C)
(T ≥ 325°C)

ε̇ ’ = 0
ε̇ ’ = ln(ε̇ /5.0)
ε̇ ’ = ln(0.0004/5.0)

(ε̇ > 5.0%/s)
(0.0004 ≤ ε̇ ≤ 5.0%/s)
(ε̇ < 0.0004%/s)

(NWC BWR water)
(PWR or HWC BWR water)

(E0.41)

Pr

e-

Pu
bl
ic

at
io

n

Ve

rs
i

O’ = 0.09
O’ = 0.16

(E0.40)

on

Fen = exp(– T’ ε̇ ’ O’)

(E0.38)

E-3

(E0.42)

E.2

Equations and Equation Numbers in NUREG/CR-6909 Rev. 1

Each equation number is formatted as E1.x to indicate that in Rev. “1”, this is equation number “x”.
εa = A1(N)−n1 + A2
Sa =

E

4�Nf

(E1.1)

100
� + Bf
100 - Af

(E1.2)

ln �

(E1.3)

Sa = 49,222 (Nf)-0.5 + 265.4

(E1.4)

on

Sa = 59,734 (Nf)-0.5 + 149.2

rs
i

Sa = 58,020 (Nf)-0.5 + 299.9
ln(N) = A – B ln(εa – C)

Ve

ln(N) = 6.726 – 2.0 ln(εa – 0.072)

at
io

ln(N) = 6.954 – 2.0 ln(εa – 0.167)

n

ln(N) = 6.339 – 2.0 ln(εa – 0.128)

ln(N) = 6.891 – 1.920 ln(εa – 0.112)
σu - σy

Sa′ = Sa

� t = A(ε̇ ct )n
V

for Sa < σy

Pu
bl
ic

Sa′ = Sa �σ - S �
u
a

for Sa > σy

S(R) = 1.0
S(R) = 1.0 + 1.8R
S(R) = –43.35 + 57.97R

(E1.7)
(E1.8)
(E1.9)
(E1.10)
(E1.11)

(E1.13)
(E1.14)

e-

Pr

ȧ air = 3.43x10-12 S(R) ∆K3.3/TR

(E1.6)

(E1.12)

-6
� in = 1.27 x 10
V

a

(E1.5)

(E1.15)
R≤0
0 < R ≤ 0.79
0.79 < R < 1.0

ȧ env = ȧ air + 4.5x10-5 (ȧ air )0.5

(E1.16)
(E1.17)

N25 = NX/(0.947 + 0.00212X)

(E1.18)

D = {(x-x� )2 + [k(y-y� )]2 }1/2

(E1.19)

1−�

ΣD2
�
ΣZ2

(E1.20)

E-4

(E1.21)

ln(N) = 6.614 – 0.00124 T – 1.975 ln(εa – 0.113)

(E1.22)

ln(N) = 6.480 – 0.00124 T – 1.808 ln(εa – 0.151)

(E1.23)

ln(N) = 6.583 – 1.975 ln(εa – 0.113)

(E1.24)

ln(N) = 6.449 – 1.808 ln(εa – 0.151)

(E1.25)

Ni(R) = 1012 Rq–0.21

(E1.26)

Sa = Eεa = C1N–0.05

(E1.27)

on

where Z = {(x-xʹ)2 + [k(y-yʹ)]2 }1/2

rs
i

Sa = Eεa = C2N–0.01

Ve

ln(N) = 6.891 – 1.920 ln(εa – 0.112)

ln(N) = A – B ln(εa – C) + D S* T* O* ε̇ *

at
io

ln(Fen) = ln(NRTair) – ln(Nwater)

n

ln(N) = 6.859 – 2.0 ln(εa – 0.210)

ln(Fen) = Aair – Awater – Dwater S* T* O* ε̇ *

Pu
bl
ic

Fen = exp((0.003 – 0.031ε̇ *) S*T*O*)

(E1.28)
(E1.29)
(E1.30)
(E1.31)
(E1.32)
(E1.33)
(E1.34)

(S ≤ 0.015 wt.%)
(S > 0.015 wt.%)

(E1.35)

T* = 0.395
T* = (T – 75)/190

(T < 150°C)
(150°C ≤ T ≤ 325°C)

(E1.36)

O* = 1.49
O* = ln(DO/0.009)
O* = 4.02

(DO < 0.04 ppm)
(0.04 ppm ≤ DO ≤ 0.5 ppm)
(DO > 0.5 ppm)

ε̇ * = 0
ε̇ * = ln(ε̇ /2.2)
ε̇ * = ln(0.0004/2.2)

(ε̇ > 2.2%/s)
(0.0004%/s ≤ ε̇ ≤ 2.2%/s)
(ε̇ < 0.0004%/s)

Pr

e-

S* = 2.0 + 98 S
S* = 3.47

(E1.37)

(E1.38)

ln(N) = A – 1.975 ln(εa – 0.113) – ln(Fen)

(E1.39)

ln(N) = A – 1.808 ln(εa – 0.151) – ln(Fen)

(E1.40)

ln(N) = A – B ln(εa – C) + T* O* ε̇ *

(E1.41)

∆εth/∆ε = – 0.22 ∆ε + 0.65

(E1.42)

E-5

Fen = exp(– T* ε̇ * O*)

(E1.43)

T* = 0
T* = (T – 100)/250

(T < 100°C)
(100°C ≤ T ≤ 325°C)

ε̇ * = 0
ε̇ * = ln(ε̇ /7)
ε̇ * = ln(0.0004/7)

(ε̇ > 7%/s)
(0.0004%/s ≤ ε̇ ≤ 7%/s)
(ε̇ < 0.0004%/s)

(E1.44)
(E1.45)

Fen = exp(–T* ε̇ * O*)

(T < 50°C)
(50°C ≤ T ≤ 325°C)

ε̇ * = 0
ε̇ * = ln(ε̇ /5.0)
ε̇ * = ln(0.0004/5.0)

(ε̇ > 5.0%/s)
(0.0004%/s ≤ ε̇ ≤ 5.0%/s)
(ε̇ < 0.0004%/s)

at
io

O* = 0.06
O* = 0.14

(NWC BWR water, i.e., ≥ 0.1 ppm DO)
(PWR or HWC BWR water, i.e., < 0.1 ppm DO)

Pu
bl
ic

dFen = (Fen – 1) dε /(εmax – εmin)
n

Fen = � Fen,k (ε̇ k ,Tk )
k=1
n

Fen = � Fen,k (ε̇ k ,Tk )

Fen =

Fen =
εa,eq =

(E1.48)
(E1.49)

(E1.50)
(E1.51)
(E1.52)

Δεk
(εmax − εmin ) − εth

(E1.53)

∑ Fen,i (εi − εi-1 )
(εmax − εmin )

(E1.54)

Pr

Fen =

Δεk
(εmax − εmin )

e-

k=1

(E1.47)

n

Ve

T* = 0
T* = (T-50)/275

rs
i

on

For DO less than 0.1 ppm, i.e., PWR of BWR HWC water,
O* = 0.29
(all wrought and cast SSs & heat treatments & welds)
For DO greater than or equal to 0.1 ppm, i.e., NWC BWR water,
(E1.46)
O* = 0.29
(sensitized high-carbon wrought and cast SSs)
O* = 0.14
(all wrought SSs except sensitized high-carbon SSs)

∑ Fen,i (εi − εi-1 )
εmax − (εmin + εth )

(E1.55)

(Fen,1 Δε1 + Fen,2 Δε2 + ..)
(Δε1 + Δε2 + ..)

(E1.56)

∑�ni Di �εa,i ��
Di
, Neq = � �ni �
��
∑{ni Di }
Di �εa,eq �

E-6

(E1.57)

1
=𝑓𝑓(εa )
Nf

(E1.58)

Pr

e-

Pu
bl
ic

at
io

n

Ve

rs
i

on

Di =

E-7

E.3

Changes in the Equations or their Number in NUREG/CR-6909 Rev. 0 and
Rev. 1

The first nine equations and their numbers (i.e., Equations 1-9) are the same in both Rev. 0 and
Rev. 1.
εa = A1(N)−n1 + A2

Sa =

E

4�Nf

(E0.1 → E1.1)

100
� + Bf
100 - Af

(E0.2 → E1.2)

ln �

Sa = 59,734 (Nf)-0.5 + 149.2

on

(E0.3 → E1.3)

Sa = 49,222 (Nf)-0.5 + 265.4

rs
i

(E0.4 → E1.4)

Sa = 58,020 (Nf)-0.5 + 299.9

Ve

ln(N) = A – B ln(εa – C)

at
io

ln(N) = 6.339 – 2.0 ln(εa – 0.128)

n

ln(N) = 6.726 – 2.0 ln(εa – 0.072)

ln(N) = 6.954 – 2.0 ln(εa – 0.167)

(E0.5 → E1.5)
(E0.6 → E1.6)
(E0.7 → E1.7)
(E0.8 → E1.8)
(E0.9 → E1.9)

Pu
bl
ic

Equation 32 (Rev. 0) is inserted in Rev. 1 as Equation 10 and also as Equation 29.
ln(N) = 6.891 – 1.920 ln(εa – 0.112)

(E0.32 → E1.10)

The numbers for the subsequent equations are adjusted accordingly. That is, Rev. 0 Equations
10 and 11 are now Equations 11 and 12 in Rev. 1.
σu - σy

e-

Sa′ = Sa �σ - S �
u
a

(E0.10 → E1.11)

for Sa > σy

(E0.11 → E1.12)

Pr

Sa′ = Sa

for Sa < σy

Equation 12 (Rev. 0) has been moved and is now Equation 26 (Rev. 1).
Rev. 1 Equations 13 to 21 are new. The numbers of the remaining equations have been
adjusted accordingly.
� t = A(ε̇ ct )n
V

(E1.13)

-6
� in = 1.27 x 10
V
a

(E1.14)

ȧ air = 3.43x10-12 S(R) ∆K3.3/TR

(E1.15)

E-8

S(R) = 1.0
S(R) = 1.0 + 1.8R
S(R) = –43.35 + 57.97R

R≤0
0 < R ≤ 0.79
0.79 < R < 1.0

(E1.16)

ȧ env = ȧ air + 4.5x10-5 (ȧ air )0.5

(E1.17)

N25 = NX/(0.947 + 0.00212X)

(E1.18)

D = {(x-x� )2 + [k(y-y� )]2 }1/2

(E1.19)

ΣD2
�
ΣZ2

where Z = {(x-xʹ)2 + [k(y-yʹ)]2 }1/2

Equations 13 to 16 (Rev. 0) are Equations 22 to 25 in Rev. 1.

Ve

ln(N) = 6.614 – 0.00124 T – 1.975 ln(εa – 0.113)

on

(E1.20)
(E1.21)

rs
i

1−�

(E0.13 → E1.22)

(E0.14 → E1.23)

ln(N) = 6.583 – 1.975 ln(εa – 0.113)

(E0.15 → E1.24)

at
io

ln(N) = 6.449 – 1.808 ln(εa – 0.151)

n

ln(N) = 6.480 – 0.00124 T – 1.808 ln(εa – 0.151)

(E0.16 → E1.25)

Equation 12 (Rev. 0) has been inserted in Rev. 1 as Equation 26.

Pu
bl
ic

Ni(Rq) = 1012 Rq–0.21

(E0.12 → E1.26)

Equations 17 and 18 (Rev. 0) are Equations 27 and 28 in Rev. 1.
(E0.17 → E1.27)

Sa = Eεa = C2N–0.01

(E0.18 → E1.28)

e-

Sa = Eεa = C1N–0.05

Pr

Equation 19 (Rev. 0) is Equation 42 in Rev. 1.
Equation 32 (Rev.0) has also been inserted in Rev. 1 as Equation 29.
ln(N) = 6.891 – 1.920 ln(εa – 0.112)

(E0.32 → E1.29)

In addition, two new equations have been added as Equations 30 and 31 in Rev. 1.
ln(N) = 6.859 – 2.0 ln(εa – 0.210)

(E1.30)

ln(N) = A – B ln(εa – C) + D S* T* O* ε̇ *

(E1.31)

Equation 26 (Rev. 0) has been inserted in Rev. 1 as Equation 32.
ln(Fen) = ln(NRTair) – ln(Nwater)

(E0.26 → 1.32)
E-9

New Equation 33 has been added to Rev. 1.
ln(Fen) = Aair – Awater – Dwater S* T* O* ε̇ *

(E1.33)

Equations 20 and 21 (Rev. 0) have been deleted, Equations 22 to 25 (Rev. 0) are now
Equations 35 to 38 in Rev. 1, and Equation 26 (Rev. 0) is now Equation 32 in Rev. 1 as shown
above.
Equations 27 and 28 (Rev. 0) have been replaced by a single equation, Equation 34 in Rev. 1.
Fen = exp((0.003 – 0.031ε̇ *) S*T*O*)

(E0.27/E0.28 → E1.34)

on

The updated versions of Equations 22 to 25 (Rev. 0) are now Equations 35–38 in Rev. 1.
S* = 2.0 + 98 S
S* = 3.47

(S ≤ 0.015 wt.%)
(S > 0.015 wt.%)

T* = 0.395
T* = (T – 75)/190

(T < 150°C)
(150°C ≤ T ≤ 325°C)

O* = 1.49
O* = ln(DO/0.009)
O* = 4.02

(DO < 0.04 ppm)
(0.04 ppm ≤ DO ≤ 0.5 ppm)
(DO > 0.5 ppm)

ε̇ * = 0
ε̇ * = ln(ε̇ /2.2)
ε̇ * = ln(0.0004/2.2)

(ε̇ > 2.2%/s)
(0.0004%/s ≤ ε̇ ≤ 2.2%/s)
(ε̇ < 0.0004%/s).

(E0.23 → E1.36)

(E0.24 → E1.37)
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(E0.22 → E1.35)

(E0.25 → E1.38)
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The following Equations 39 to 41 are new in Rev. 1.

(E1.39)

ln(N) = A – 1.808 ln(εa – 0.151) – ln(Fen)

(E1.40)

ln(N) = A – B ln(εa – C) + T* O* ε̇ *

(E1.41)

e-

ln(N) = A – 1.975 ln(εa – 0.113) – ln(Fen)

Pr

Equation 19 (Rev. 0) has been inserted as Equation 42 in Rev. 1.
∆εth/∆ε = – 0.22 ∆ε + 0.65

(E0.19/E0.33 → E1.42)

An updated version of Equation 38 (Rev. 0) is inserted as Equation 43 in Rev. 1.
Fen = exp(– T* ε̇ * O*)

(E0.38 → E1.43)

The updated versions of Equations 35 to 37 (Rev. 0) are inserted as Equations 44 to 46 (Rev. 1).
T* = 0
T* = (T – 100)/250

(T < 100°C)
(100°C ≤ T ≤ 325°C)

E-10

(E0.35 → E1.44)

ε̇ * = 0
ε̇ * = ln(ε̇ /7)
ε̇ * = ln(0.0004/7)

(ε̇ > 7%/s)
(0.0004%/s ≤ ε̇ ≤ 7%/s)
(ε̇ < 0.0004%/s)

(E0.36 → E1.45)

For DO less than 0.1 ppm, i.e., PWR of BWR HWC water,
O* = 0.29
(all wrought and cast SSs & heat treatments & welds)
For DO greater than or equal to 0.1 ppm, i.e., NWC BWR water,
O* = 0.29
(sensitized high-carbon wrought and cast SSs)
O* = 0.14
(all wrought SSs except sensitized high-carbon SSs).

(E0.37 → E1.46)

on

Equation 39 (Rev. 0) and updated versions of Equations 40 to 42 (Rev. 0) are inserted as
Equations 47 to 50 in Rev. 1. Additionally, the transformed variables T’, ε̇ ’, and O’ (Rev. 0) are
T*, ε̇ *, and O* for consistency.
Fen = exp(–T* ε̇ * O*)
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(E0.39 → E1.47)

(T < 325°C)
(T ≥ 325°C)

ε̇ * = 0
ε̇ * = ln(ε̇ /5.0)
ε̇ * = ln(0.0004/5.0)

(ε̇ > 5.0%/s)
(0.0004 ≤ ε̇ ≤ 5.0%/s)
(ε̇ < 0.0004%/s)

(E0.40 → E1.48)
(E0.41 → E1.49)

n
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T* = T/325
T* = 1

O* = 0.09
O* = 0.16
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(NWC BWR water)
(PWR or HWC BWR water).

(E0.42 → E1.50)

Pu
bl
ic

Equations 29 to 31 (Rev. 0) are inserted as Equations 51 to 53 in Rev. 1.
dFen = (Fen – 1) dε /(εmax – εmin)
n

Fen = � Fen,k (ε̇ k ,Tk )
k=1
n

Δεk
(εmax − εmin ) − εth

e-

Fen = � Fen,k (ε̇ k ,Tk )

Δεk
(εmax − εmin )

k=1

(E0.29 → E1.51)
(E0.30 → E1.52)

(E0.31 → E1.53)

Pr

Equations 54 to 58 in Rev. 1 are new.
Fen =
Fen =
Fen =

∑ Fen,i (εi − εi-1 )
(εmax − εmin )

(E1.54)

∑ Fen,i (εi − εi-1 )
εmax − (εmin + εth )

(E1.55)

(Fen,1 Δε1 + Fen,2 Δε2 + ..)
(Δε1 + Δε2 + ..)

(E1.56)
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εa,eq =

(E1.57)

1
=𝑓𝑓(εa )
Nf

(E1.58)
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Di =

∑�ni Di �εa,i ��
Di
, Neq = � �ni �
��
∑{ni Di }
Di �εa,eq �
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APPENDIX F
RESPONSES TO PUBLIC COMMENTS ON DRAFT REPORT
Public comments on draft report NUREG/CR-6909, Revision 1, “Effect of LWR Coolant
Environments on the Fatigue Life of Reactor Materials” (ADAMS Accession Number
ML14087A068) are available electronically at the NRC's electronic Reading Room at
http://www.nrc.gov/reading-rm/adams.html. From this page, the public can gain entry into
Agencywide Documents Access and Management System (ADAMS), which provides text and
image files of NRC's public documents. Comments were received from the following individuals
or groups:
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ML14157A325

5

ML14157A326

6

ML14157A327

7

ML14157A328

8
9

ML14157A330
ML14157A331

10

ML14157A332

Makoto Higuchi

HIGUCHI

on

ML14157A324

Consultant, Japan
Consultant – CF Int.
Engineering, France
AMEC, United Kingdom
Westinghouse Electric
Company, USA
Mitsubishi Heavy Industries,
Japan
Rolls Royce PLC, United
Kingdom
Electricite de France,
France
Hitachi, Japan
AREVA, Inc., USA
Kansai Electric Power
Company, Republic of
Korea
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Abbreviation

Claude Faidy

FAIDY

David Tice

AMEC
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ML14157A323

Commenter Name

James Gresham

WEST

Seiji Asada

MHI

Keith Wright

RR

Thomas Metais

EDF

Akihiko Hirano
Devin Kelley

HITACHI
AREVA

June-soo Park

KEPCO

n

2

Commenter Affiliation
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ADAMS
Accession No.
ML14157A322
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Letter
No.
1
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This table lists each public comment by Letter No. For each comment, the NRC has repeated
the comment as written by the commenter. Each comment is referred to in the form [XXX][YYY]-[ZZZ][a], where: [XXX] represents the Abbreviation from the above table, [YYY]
represents the Letter No. from the above table, and [ZZZ] represents the sequential comment
number from that commenter. Many of these comments have multiple parts. These parts are
denoted as sub-comments throughout this document. The [a] is denotes the sub-comment, as
applicable. The sub-comments have all been enumerated alphabetically for consistency which
has resulted in some changes from the numbering scheme used in some of the original
comments.
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HIGUCHI-1-1 Comment
The UTS and YS used in the fatigue design code are given in Figures Al to A3 in NUREG/CR6909 and shown below:
YS (MPa)
TS (MPa)
E (GPa)

CS
275.8
551.6
206.8

LAS
482.6
689.5
206.8

SS
303.4
648.1
195.1
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The basis of these values is not clear except only ASME data and we have some questions
about these values. These values should be used for the adjusting mean stress effects on
fatigue curves. In such case, two different YS, static or cyclic YS, should be selected. We are
discussing about the relationship of the TS and YS of steels in the DFC (Design Fatigue Curve)
sub-committee in JWES (Japan Welding Engineering Society).

Ve

The static and cyclic YS data were obtained from a lot of fatigue and material data for carbon
and low-alloy steels and plotted vs. TS as shown in Figures F-1 and F-2, respectively. In these
figures, a good linear relation can be seen and the linear expressions are also shown in the
figures. The static YS is higher than cyclic YS in the higher TS region and lower in the lower TS
region and thus the trend line is more steep in Figure F-1.

at
io

n

In these figures, the ASME values listed in the above table are also shown. In Figure F-1, the
ASME YS for both of carbon and low-alloy steels are much lower than the trend line, but in
Figure F-2, the ASME YS for carbon steel is still lower than the trend line but YS for low-alloy
steels is much higher than the trend line.
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In any rate, the ASME YS are different from actual material data and seams not reasonable and
should be re-examined.
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Figure F-1 The relation of Static YS to TS for carbon and low-alloy steels.

Figure F-2 The relation of Cyclic YS to TS for carbon and low-alloy steels.
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NRC Response
A new Section 1.5 has been added that discusses the report's bases and assumptions. The
issue raised by this comment is specifically addressed in item (iv) Material Tensile Properties
contained within this new section.
FAIDY-2-1 Comment
1. Introduction - General remarks

on

3 parts in the report:
- Mean and design air curves
- LWR environmental effects on Design air curve through Fen factors
- Consequences on ASME Code

rs
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a. Clear justification of environmental effects on fatigue in certain conditions: small
specimen under membrane tension loads, R ratio -1, N25 criteria...

Ve

b. No test on industrial components close to real operation history and conditions:
temperature and chemistry changes versus transient time...
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c. The validity limits of the proposed rules seem to be larger than the tests conditions: like
limited number of tests on Alloy 690 or on welds, or non satisfactory results over 104105 cycles...
d. Some reduction factors use "conservative" unique value, mainly based on engineering
judgement, like surface finished or temperature effects...

f.
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e. All the points are considered as independent each other: in fact it's not the case
Some definitions have to be added, like:
- LWR environment: in PWR for example the water chemistry has large variation in
particular during shutdown (periode affected by thermal transients in some systems)

e-

g. Figures are too small in many cases, with frequent large differences due to log-log plots.

Pr

NRC Response

A new Section 1.5 has been added that discusses the report's bases and assumptions. This
section has been developed to address many of the general issues raised by this comment, and
specifically sub-comment a., including those related to the testing conditions used in the data
that forms the basis for the consideration of environmental effects in this report. This comment
contains several additional sub-comments that are addressed individually as follows. Subcomment b. is specifically addressed in item (xv) Size and Geometry and item (v) Environmental
Loading within the new Section 1.5. Sub-comment c. is specifically addressed in item (xix)
Limits of Validity in Section 1.5.
In response to sub-comment d., the parameters used for the adjustment factors described in the
report are based on laboratory tests that have demonstrated the effects of these factors on
fatigue life in both air and LWR environments. The tests used have been fully cited in the report
and are not based on engineering judgement as indicated in the comment. In all cases, the
F-4

ranges of the adjustment factors identified in the report (e.g., Section 5) are based on the
experimental data for conditions that are expected to be representative of commercial service
applications.
In response to sub-comment e., the report does consider the effects of the adjustment factors to be
independent. While it is agreed, as the commenter has stipulated, that some of these effects may be
related but the current data does not support the development of rigorous correlations between
parameters. The manner in which these factors have been considered in the analysis has been
clarified in Section 5.5. Additionally, item (xvi) Development of Adjustment Factors has been created
within new Section 1.5 to clarify the approach used in the report to develop these factors.
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In response to sub-comment f., the term "LWR environment" has been defined at the end of the
3rd paragraph of Section 1.0 as follows: "References made to an ‘LWR environment’ throughout
this report refer to any water environment at a temperature greater than 50oC in an LWR power
plant and encompasses both steady-state and transient conditions, such as during a reactor
shutdown." Item (i) Light-Water Reactor Water Environment has also been added to new
Section 1.5 to provide a more expansive definition. Finally, the terms “reactor coolant” and
“coolant” have been replaced by “water”, as appropriate, throughout the report to clarify that the
guidance applies to all LWR water environments.
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FAIDY-2-2 Comment

n

Finally, in response to sub-comment g., Appendix D has been added to the report which
provides enlarged version of the figures in the report.

2. Air fatigue mean and design fatigue curves- Stainless Steels
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2.1 Carbon and low-alloy steels
a. How to handle cladded components? And Heat Affected Zone areas?
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2.2 Wrought and cast austenitic steels and weld metal
b. International agreement on mean curve up to 107 cycles, too limited values over
c. Other proposals are available in different other countries for design curves: curve by
limited group of materials, limited effect on scatter and no scale effect with the new
criteria (3mm)
d. Number of low carbon stainless steels (304L and 316L) and SS welds are limited in the
data bank
e. Are the tests on small weld specimen representative of industrial class 1 components?
How grinding areas are considered?
f. Justification of effects of specimen geometry (§ 3.2.2) is not largely discussed in
connection with the new criteria (3mm): important point to reduce the scale reduction
factor and transferability of results to components
g. Justification of effects of strain hardening behavior (§ 3.2.5) is not sufficient: secondary
hardening in some conditions can affected the crack initiation; include in factor 2 is not
quantified.
h. Confirmation of large scatter of A value for different heats, that will leads to large
conservative results for many cases (§ 3.2.7 and fig. 45)
i. § 3.2.9 on welds: too limited number of data to conclude
j. Surface finish effects: too small values of roughness considered, too limited number of
data to conclude
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2.3 Ni-Cr-Fe and welds
k. § 3.3:17 data points on 690 Alloys and 6 on Alloy 690 WM:
- too small number,
- to be improved in the future
NRC Response

on

This comment contains many sub-comments that are addressed individually as follows. The
new Section 1.5, which discusses the report's bases and assumptions, specifically addresses
the issues raised in sub-comment a. in item (xxvi) Clad Components and item (viii) Weld Data
while the question related to the validity of the curves beyond 107 cycles in sub-comment b. is
addressed in item (xix) Limits of Validity in new Section 1.5.
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In response to sub-comment c., a statement has been added in several places: 1) at the end of
the executive summary, 2) as item (xx) Applicability of Method and Future Work in new Section
1.5, and 3) as a subsection entitled “Applicability of Method and Future Work” in the summary
section. The statement is as follows:
"The ASME Code Section III fatigue design curves for carbon and low-alloy steels and
austenitic SSs are applicable to various grades and compositions of materials having a
wide range of tensile strength. Furthermore, the criterion used in establishing the fatigue
design curve ensures that the proposed curve bounds 95% of the available fatigue data
with 95% confidence. In addition, the mean stress correction for the design curves is
based on a conservative value of mean stress at room temperature. Finally, the fatigue
loading in laboratory specimens is uniformly tensile which is more severe than in many
applications where the loading decreases through the thickness. Therefore, the design
curves should be conservative for most materials and applications, particularly at reactor
operating temperatures where mean stresses are likely to be lower.
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The criteria used for establishing the adjustment factors to account for the parameters
that influence fatigue life but were not considered in the experimental data used to
develop the fatigue design curves (Section 5) also yield conservative values of fatigue
life in applications. These adjustment factors may be further optimized. It should be
stressed that other factors (e.g., component size) may lead to decreases in fatigue life in
applications compared to laboratory testing. Therefore, any modifications of the design
curves or adjustment factors should be performed holistically to develop a technical
basis that addresses all the sources of conservatism and uncertainty mentioned above.

Pr

It is recommended that guidance should be provided for using the high-cycle portion of
the curves for mechanical loading. This guidance is necessary because strain-controlled
fatigue test data are used to develop the ASME Code ε–N fatigue design curves, and
these must be converted to pseudo-stress vs. life curves in most applications."

Please see also the response to related comment, AREVA-9-17j, for additional information
pertaining to this sub-comment.
In response to issues raised in sub-comment d., item (vii) Material Grouping and item (viii) Weld
Data have been added to new Section 1.5 while item (xv) Size and Geometry contains
information to address both sub-comments e. and f.
As sub-comment g. has stipulated, it is agreed that the potential effects of secondary hardening
have not been quantified in this report. The Fen expressions have been developed using
F-6

experimental strain vs. fatigue life data, and in the case of a few load controlled tests, either the
experimental strain at half-life or the total strain determined using the cyclic stress strain curves, was
used in the analyses. It is stated in Section 3.2.5 that in the current ASME Code fatigue evaluations,
the potential effects of secondary hardening are accounted for in the factor of 2 of stress.

on

In response to sub-comment h., the following information has been added at the end of Section
3.2.7 (i.e., above Table 3-7) to explain the relatively large adjustment factor that accounts for
material variability:
"Note that a relatively large value of 2.3 for the adjustment factor for material variability
and data scatter is due to the fact that the ASME Code fatigue design curve for SSs is
applicable to a wide range of material grades; heat-treatments; and compositions,
particularly the low-C and high-C grades of SSs."
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Sub-comment i. implies that there is insufficient data on stainless steel welds to demonstrate
that they are appropriately modeled by the analysis. The analysis is based on the available weld
data. While there is less weld data than base material data, the weld data analyzed generally
falls within the statistical distribution of the base metal data. While some possible bias between
the weld data and the design curves is noted in Section 3.2.9, it is not significant enough to
warrant a separate weld metal curve without the development of additional data. In response to
this sub-comment, Section 3.2.9 has been modified to reflect the need for more data to justify a
separate weld curve. Also, item (viii) Weld Data in new Section 1.5 also addresses this issue.
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The issues raised in sub-comment j. have been addressed in item (xiii) Surface Finish in new
Section 1.5.
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Finally, it is agreed, as stipulated in sub-comment k. that there is much less data for Ni-Cr-Fe alloys
such as Alloys 600 and 690 and associated weld metals in light water reactor (LWR) environments
compared with the data available for carbon steel (CS) and stainless steel (SS) materials. As
indicated in the report (Section 4.3), the data that is available appears to be reasonably, but
conservatively, modeled by the available austenitic SS curves. The Ni-Cr-Fe alloy experimental
data, at lower strain levels, appear to be well represented by the SS curves while the SS curves
conservatively estimate the high cycle fatigue behavior. Because of these noted differences (see
Section 4.3), there does appear to be a basis for developing separate curves for Ni-Cr-Fe alloys. In
response to this sub-comment, a sentence has been added to 4.3.3 to indicate that additional Ni
data is needed, however, to develop unique Ni-Cr-Fe curves. Also, item (vii) Material Grouping in
the new Section 1.5 specifically addresses this subject. See also the response to comment RR 6-20
for additional changes to the NUREG related to Inconel 718.
FAIDY-2-3 Comment

3. Environmental effects on fatigue design rules- Stainless Steels
a. All the reduction factors are considered independent, it's not accepted in all
international approaches in particular a constant Ren independently of number of
cycles is not justified [stet] clearly
b. Application of Fen on air design curve have to be largely discussed
c. The final model seems to be too much conservative over 104 cycles
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NRC Response
This comment contains several sub-comments that are addressed individually as follows. The
first part of sub-comment a. addresses the independence of the adjustment factors. This
comment is similar to FAIDY-2-1e. The response to this earlier comment stipulates that while
the report does consider these factors to be independent, there is insufficient data to develop
correlation factors for a more rigorous analysis. The response to FAIDY-2-1e also identifies
clarifications to the report to stress this point.
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The second part of sub-comment a. addresses the relationship between Fen and strain (or
number of cycles). It is correct that the method presented in this report, for simplicity, assumes
that Fen is not a function of applied strain. The point has been clarified in item (xviii) Fen
assumptions in new Section 1.5. Further clarification on this point is made at the beginning of
Section 4 and in the second paragraph of Section 4.2.13. Please also see the response to
related comment AREVA-9-13 for additional information.
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In response to sub-comment b., it is noted that the application of the Fen approach is clearly
specified in multiple places in this report. For example, the 3rd and 4th sentences of the 8th
paragraph of Executive Summary states, "An approach was presented that incorporates the
effects of LWR coolant environments into the ASME Code Section III fatigue evaluations based
on the Fen. The fatigue usage for a specific stress cycle or load set pair derived using the ASME
Code Section III fatigue design air curves was multiplied by the Fen to account for environmental
effects." Later, the 2nd sentence of the 8th paragraph of Section 1.4 states, "To incorporate
environmental effects into fatigue evaluations, this approach requires multiplying the fatigue
usage factor for a specific stress cycle or load set pair, based on the ASME Code Section III
design fatigue curves, be multiplied by the Fen."
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However, to clarify this point further, the paragraph after Equation A.19 has been revised as follows:
"In the methods in Subarticle NB-3200, ‘Design by Analysis,’ of Section III, ‘Rules for Construction of
Nuclear Facility Components’, of the American Society of Mechanical Engineers Boiler and
Pressure Vessel Code (ASME Code), the partial fatigue usage factors are calculated for each type
of stress cycle in Subparagraph NB-3222.4(e)(5). For piping products designed using the methods
in Subarticle NB-3600, ‘Piping Design,’ of ASME Code Section III, Paragraph NB-3653 provides the
procedures for the calculation of partial fatigue usage factors for each of the load set pairs. The
partial usage factors are obtained from the fatigue design curves in the ASME Code Section III
editions as of the 2009 Addenda. Note that the ASME Code fatigue design curves for austenitic SS
developed in the 1960s (i.e., before publication of the 2009 Addenda) were not consistent with the
fatigue database used to develop the environmental fatigue correction factors in this report and,
therefore, may give nonconservative estimates of environmental fatigue usage factors for most
heats of austenitic SSs used in the construction of nuclear reactor components. Examples of
methods used to calculate partial usage factors are as follows:”
The conservatism of the method raised in sub-comment c. has been previously addressed in
the response to related comment, FAIDY-2-2c. As stated in the response to this earlier
comment, the method is applicable to a wide range of materials which results in some
conservatism and is based on the ASME mean stress method which is also conservative.
Please see the response to FAIDY-2-2 c for more information and a summary of changes made
to the report to address this topic.
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FAIDY-2-4 Comment
4. Code developments

NRC Response
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4.1 Global consistency of the Codes
a. 3mm maximum crack is not usable on thin components (less than 30mm thickness);
10% crack size in generally accepted by ASME Code; in the other hand a reduction of
10% is acceptable for level A where the margins are 1.5 versus collapse and 2.7 for
instability; what's the consequence of 10% thinning on level D criteria?
b. It seems that no roughness requirements are specified in ASME Section III or attached
specifications
4.2 Other points to be considered
c. Class 1 exemption rules have to be revised
d. Crack like defect fatigue analysis has to be reviewed
e. Other components are concerned: pumps and valves
f. Cladded materials have to be considered
g. Class 2 and in some limited cases class 3 components have to be considered
h. Thin components, less than 30mm, have to be analyzed
4.3 Mechanism understanding and new data needs
i. Effect of pre-hardening on fatigue life
j. Effects of bi-axial loads
k. New data for many materials: Alloy 690, 304L, 316L....
l. Radiation effects and environmental fatigue tests: pre-hardening stainless steels
m. Can we consider a correlation between fatigue resistance and stress-strain curves,
effects of radiations or thermal ageing on some materials, or DSA? The argument is
frequently used in the report
4.4 More realistic operation cases needed
n. Temperature variation along the transient
o. Effects of strong water chemistry changes
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This comment contains many sub-comments that are addressed individually as follows. There is
general agreement with the points raised in sub-comment a. In response, item (ii) Definition of
Fatigue Life has been added to new Section 1.5, which discusses the report’s bases and
assumptions. In this section, it is stated that a 3 mm definition of crack initiation is not an
appropriate definition of fatigue life for thin-walled components. Rather, fatigue life should be
defined as the formation of an engineering-sized crack. It is also recognized that plasticity
effects will be different in thin-walled components and that gradient effects can also affect
fatigue life differently in such components. An additional item (xxi) Gradient Effects has also
been added to Section 1.5 to discuss this topic. These complexities can lead to shorter fatigue
lives for applications with thin-walled specimens and, as seen in Section 6.4, the Fen predictions
for such tests are not as conservative as in other applications.
The implication associated with sub-comment b is that surface roughness is not considered
within ASME Section III. The commenter is referred to Section 1.3 of the report entitled
"Subfactors Included in ASME Code Section III Air Fatigue Design Curves". In this section, the
incorporation of surface finish effects within the ASME Code is specifically discussed. Subcomment c. stipulates that Class 1 exemption rules have to be revised. This issue is addressed
in item (xxiv) ASME Code Class 1 Fatigue Exemption in new Section 1.5.
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Sub-comment d. states that the crack like defect fatigue analysis should be reviewed. There is
agreement with this comment in the sense that the method described in NUREG/CR-6909, Rev. 1
only addresses the portion of fatigue life needed to form a 3 mm, or engineering sized, crack. The
commenter is referred to item (ii) Definition of Fatigue Life in new Section 1.5 which discusses this
fact. It is also agreed that an additional flaw tolerance approach is needed to address the further
growth of an engineering crack within a component. Treatise of a flaw tolerance analysis is outside
the scope of this report and is indicated as such in Section 1.5, item (ii).
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Sub-comment e. indicates that fatigue evaluation of pumps and valves should also be
considered. The evaluation method described in the report is also applicable to pump and valve
components. The following statement has been added to item (xxii) Use of Method in new
Section 1.5 to clarify this point: "Generally, the provisions of this document can be used to
predict fatigue lives of any component, or portion of a component, that is exposed to water and
has been evaluated for CUF using the rules in either Subarticles NB-3200 or NB-3600 of ASME
Code, Section III, or in another applicable subarticle. Use extends to both Class 1 and nonClass 1 components. Such components may include piping, pumps, valves, and reactor
internals components."
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Sub-comments f. and g. indicate that cladded materials and non-class 1 components should
also be considered. Item (xxvi) Clad Components and item (xx) Applicability of Method and
Future Work have been added and specifically address both of these sub-comments. Subcomment h. is similar to FAIDY-2-4a which addresses the applicability of the method to thin-wall
components. Please see the response to this comment for disposition of this comment and
corresponding changes made to the report to address this topic.
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Sub-comment i. has been specifically addressed in item (ix) Hardening in new Section 1.5. Subcomment j. is addressed by clarifying, in item (xiv) Loading Sequence and item (xxi) Gradient
Effects within new Section 1.5, that the method has been based on uniaxial test specimens. Biaxial loading has not been explicitly considered. Sub-comment k. has been addressed in item
(vii) Material Grouping in new Section 1.5. Specifically, Section 1.5, item (vii) states that the
materials have been grouped in broad categories: carbon and low-alloy steels, wrought and cast
austenitic alloys, and Ni-Cr-Fe alloys and welds. The materials identified in the sub-comment k.
have been incorporated within these broad categories and, as discussed in the report, the
method is applicable to the “newer” materials that are listed in this sub-comment. Section 1.5,
item (vii) also discusses that, with more data, it would be possible to develop fatigue curves for
specific materials within the broader groupings considered in the report. Sub-comment l. lists
radiation and pre-hardening effects as additional considerations. Item (x) Radiation and
item (ix) Hardening in new Section 1.5 specifically address these issues.
Sub-comment m. asks about the possibility of correlations between fatigue resistance and other
material properties or effects that lead to material hardening, including dynamic strain aging
(DSA). The fatigue analyses, including the effects of the LWR environments on fatigue life have
been developed based on strain vs. life data. Potential variations in strain hardening, dynamic
strain aging, or irradiation hardening would influence the cyclic stress strain behavior of the
material. These effects need to be considered in the ASME Code fatigue evaluation procedures,
and therefore addressed by the ASME Code. Item (xi) Dynamic Strain Aging has been included
in new Section 1.5 to specifically address DSA.
Sub-comment n. implies that more realistic temperature variation along the transient during
operating conditions should be considered. As discussed extensively throughout the report, the
Modified Fen approach has been developed to explicitly address the variation of temperature
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throughout the fatigue transient. This method has been demonstrated to be conservative based
on limited testing as discussed in the report. However, more testing and evaluation is needed
to refine the method further in order to remove some of the current conservatism.
Item (v) Environmental Loading in new Section 1.5 also discusses this issue.

on

Similarly, sub-comment o. implies that the effects of more-realistic, strong water chemistry
changes should be considered. The Modified Fen approach has been developed to explicitly
address the variation of chemical effects throughout the fatigue transient. The method uses firstorder approximations to account for chemical effects. This method has been demonstrated to be
conservative based on limited testing as discussed in the report. However, more testing and
evaluation is needed to refine the method further in order to more accurately consider chemical
effects. Item (v) Environmental Loading in new Section 1.5 also discusses this issue.
FAIDY-2-5 Comment

NRC Response
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5. Conclusion
a. Clear environmental effects is justified under certain conditions that are material and
environment dependent
b. In front of a so large number of parameters the existing proposal is probably extremely
conservative and more data are required to progress
c. In air a design curve can be derived with lower reduction factors than 12 and 2, 10 or 8
and 1.4 for 316L and 304L; all the Fen approach will be also affected
d. Surface finish, mean stress and scale reduction factors need more justifications
e. Fen applied to air design rules, instead of air mean curve, is not an optimum solution;
some reduction factors can be different in air and under LWR environment
f. Too much materials have to be considered in accordance with Section II and III of
ASME Code that leads consequently to conservative predictions
g. Application of Fen to vessel ASME existing rules is possible, not for piping and valves
h. Many other details remarks need larger review time...
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This comment contains many sub-comments that are addressed individually as follows. It is
agreed that, as stipulated in sub-comment a. that environmental effects are dependent on the
specific environmental conditions and material being assessed. The data and models in the
report have been developed to conservatively evaluate these dependencies. Further, to address
sub-comment b., the models have been intentionally designed to be somewhat conservative.
This approach is necessary to account for the wide variability in fatigue testing results and to
recognize that there is little data to evaluate more complex dependencies than are explicitly
modeled. As the commenter has indicated, more data is needed if there is an interest in refining
the models to explicitly evaluate the effect of more complex dependencies on fatigue life.
In response to sub-comment c., it is noted that the environmental fatigue correction factor Fen is
the ratio of the fatigue life in room temperature air and fatigue life in water at service
temperature. Therefore, changing the fatigue air design curve has no direct effect on the
proposed expressions for Fen. However, using a different fatigue design curve would change the
fatigue life in room temperature air, and consequently, the fatigue life in water would also
change. Therefore, using a fatigue design curve other than that in the ASME Code with the
current Fen approach would have to be justified.
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Sub-comment d. is similar to other comments made by this commenter, specifically FAIDY-2-1d,
FAIDY-2-1e, and FAIDY-2-3a. There are also similar comments about the basis of the
adjustment factors contained in AREVA-9-6a, AREVA-9-6d, and AREVA-9-13. The disposition
of this topic and the associated changes made to the report are summarized in the responses to
these other comments. Further, item (xiii) Surface Finish has been added to new Section 1.5 to
summarize the basis for the analysis presented in the report.
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Sub-comment e. has two parts. The first part of the comment questions the appropriateness of
using the design curve instead of the mean curve to account for environmental effects. The
authors believe that the design curve is appropriate because of the variability among the heats
of material which fall below the mean curve. These heats would not be conservatively
predicted if the mean curve were used as the basis for the environmental effects. An
alternative approach could be to develop material-specific curves, but additional data is needed
to assure that such curves are statistically significant.
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The second part of comment is related to adjustment factors. The only factor that the current
data suggests may be different in air and environment is surface roughness. There are some
tests which suggest little or no effect of surface finish in LWR environment compared with the
effect in air. However, there is not enough data to conclusively demonstrate this. Lacking such
conclusive data, it is conservative to assume that the effects of surface roughness are the
same in air and LWR environments.
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Sub-comment f. is related to earlier comment, FAIDY-2-4k. As indicated in the response to
FAIDY 2-4k, item (vii) Material Grouping has been added in new Section 1.5 to address this
topic. As described in Section 1.5, the materials have been grouped in three broad categories
that incorporate all the ASME materials indicated in this comment. Also, as documented in
Section 5.1, such grouping contributes to data scatter. Because the design curve has been
chosen to bound 95% of the data, such grouping will result in increased margin for some
materials. As indicated in Section 1.5, material specific design curves could be developed with
additional data.
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There is not agreement with the issues raised by sub-comment g. but the NUREG report has
been clarified to address the comment. EPRI TR-107943 cited as an example of NB-3600
analyses in item (xxiii) Use of Fen in NB-3600 Analyses that has been incorporated in new
Section 1.5. Also, in all places throughout the NUREG where Appendix C was cited, it has
been added that that example problem is an example for NB-3200 methodology. Finally, also
see the response to FAIDY-2-4e related to the application of the Fen method to pumps and
valves.
Sub-comment h. requires no response.
AMEC-3-1 Comment
General comment
This is clearly a very useful update to the original document. However, because it's an update
there are a number of confusing statements which arise from retention of text and figures from
the earlier version of the report. For example references to the ASME-11 air design line in some
cases refer to the pre-2009 line and in others to post 2009. This is made clear in some of the
figure captions but not all.
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NRC Response
In response to this comment, the report has been reviewed to ensure that the correct edition of
the ASME Code fatigue design curve for austenitic SSs is mentioned in the report and figures.
Specifically, the reference to "2009b Addenda" has been changed to "2009 Addenda"
throughout the report in the text, figures, tables, and associated captions. See also the response
to RR-6-1 for related information.
AMEC-3-2 Comment
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In Section 6, several "component-like" tests or tests using transients closer to those in plants
are evaluated against the recommended ANL model. The overall conclusion drawn is that the
data (with one exception) are consistent (within a factor of 2) with the model predictions and the
inference is that the model is applicable to predicting fatigue damage in plant. The exception
relates to the so-called stepped pipe test which is the only one of these tests to use thermal
loading which produces decreasing through-wall stresses rather than the membrane stresses in
the remainder of the tests. The stepped pipe loading is more representative of many (but not all)
plant transients. In the report, these tests are dismissed on the basis of
NRC Response
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AMEC-3-3 Comment
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In response to this comment, a paragraph has been added to the end of Section 6 (just before
Section 6.1) stating that the Fen approach yields conservative results for component-type tests,
possibly due to stress gradient effects. See also the responses to similar comments, AMEC-3-5,
RR-6-4, RR-6-32, EDF-7-8b, AREVA-9-14e, and AREVA-9-7h, on gradient effects for additional
information on how this issue has been dispositioned.

Page 2, penultimate and final paragraphs. It is agreed that a 3mm crack is representative for the
typical membrane loaded tensile specimens use to develop the database. It is then stated that this is
"assumed to equate to crack initiation in an actual component". It is important that this should not be
taken to infer that a cumulative usage factor of 1 corresponds to a 3mm crack in a component, since
for many plant transients, the stress field will decrease away from the wetted surface.

e-

NRC Response

Pr

Item (ii) Definition of Fatigue Life and item (xxi) Gradient Effects have been added in new
Section 1.5 to specifically address this comment.
AMEC-3-4 Comment

Page 5. Should Ely be cyclic yield stress?
NRC Response
Equations 11 and 12 in the report are based on the modified Goodman relation described in the
Section III criteria document (Ref. 8 in NUREG/CR-6909, Rev. 1). In these expressions, the
terms σy and σu represent monotonic yield strength and ultimate strength, respectively. In this
report, cyclic stress-strain curves are used only when applied stress from a load control test is
converted to applied strain so that the fatigue data can be compared with the fatigue strain vs,
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life curves. To further clarify this point, the word “monotonic” has been added before yield
strength whenever it occurs in the report.
AMEC-3-5 Comment

on

Pages 6-8 provides a useful overview of occurrences of thermally-induced fatigue damage. Most of
the observations have previously been explained without the need to include an environmental
enhancement factor, despite the fact that many of the consequential transients referred to occur at
strains rates below the threshold for environmental enhancement. Thermal transients of this type will
result in substantial through wall stress gradients. This is likely to reduce fatigue damage compared
to uniform stress conditions. The application of a Fen factor to an S-N curve based on membrane
stressed test data may be excessively conservative for such transients.
NRC Response
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In order to address this comment, the third paragraph in Section 1.3.1 has been revised to
discuss the effects of gradient stresses on the calculated fatigue lives of components.
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AMEC-3-6 Comment
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Page 37. The final paragraph states that enhancement of fatigue crack growth of Alloy 600 and
austenitic stainless steels in LWR environments are similar. This isn't consistent with much
recent stainless steel data which shows much higher enhancement than Alloy 600 at longer rise
times.
NRC Response

Pr

e-

Pu
bl
ic

It is agreed that the statement cited in the comment requires additional context and clarification.
Therefore, the last paragraph of Section 2.2.2.4 (formerly on page 37 in draft report) of the
report has been deleted and the following statement has been added at the end of the
preceding paragraph to clarify the point that environmental effects on growth of microstructurally
small flaws (MSCs) is more significant than environmental effects on the growth of mechanically
small cracks:
"Thus, the reduction in fatigue life in LWR environments relative to that in air cannot be
explained on the basis of enhanced CGRs in LWR environments. In LWR environments,
the growth of MSCs is increased much more than the growth of mechanically small
cracks. The data in Figure 2-21(a) demonstrate that the environmental effects on the
growth of cracks less than or equal to 200 μm (i.e., Stage I of crack initiation) are
significantly higher than on the growth of cracks greater than 200 μm (i.e., Stage II of
crack initiation)."
AMEC-3-7 Comment
Page 59. A monotonic yield stress of 303MPa seems too high. Surely the fatigue limits relates
more closely to the cyclic yield stress?
NRC Response
The cited yield strength is a monotonic yield strength value that is within the range of acceptable
yield strengths for this material. To clarify that this is the monotonic yield strength, the following
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modification has been made to the following sentence in middle of the 5th paragraph of Section
3.2.1 (formerly on page 59 in draft report):
"Furthermore, for the mean air curve in ASME Code Section III before publication of the
2009 Addenda, the 106-cycle fatigue limit (i.e., the stress amplitude at a fatigue life of
106 cycles) was 389 MPa, which is greater than the upper range of the
room-temperature monotonic yield strength of austenitic SSs used for the mean stress
correction in this report (approximately 303 MPa in Table B-2 in Appendix B)."
See also the response to related comment, AMEC 3-4 for additional information.
AMEC-3-8 Comment
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Pages 68 and 124. The discussion of surface finish effects for stainless steel in air excludes
more recent data. Recent data in water are discussed but no attempt is made to determine
whether or not effects of surface finish and environment interact - the recommended approach
assumes the surface finish "adjustment factor" and Fen are multiplied.
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Sections 4.1.12 and 4.2.14 discuss the effect of surface finish on fatigue life in air, boiling-water
reactor (BWR), and pressurized-water reactor (PWR) environments. The results indicate that for
carbon and low-alloy ferritic steels and austenitic stainless steels, the surface finish effect is
similar in air and a PWR environment, but are insignificant in a BWR environment. However, the
available data on surface finish effects are very limited and additional data are needed to
accurately establish these effects on fatigue life. Furthermore, as discussed in Section 5.5, the
individual adjustment factors for data scatter, size, surface finish, and loading history are not
multiplied to determine the cumulative factor. That approach would result in a much larger
adjustment factor than the factor of 12 on life used in this analysis.
AMEC-3-9 Comment

Pages 77/78 and 110. The superseded Rev 0 equations presented here are open to
misinterpretation by the reader. Modified equations are presented later but the earlier equations
could easily be used in error.

e-

NRC Response

Pr

It is agreed that the retention of the original NUREG/CR-6909 equations could lead to
confusion. The following steps have been taken to address this comment. Appendix E has been
created with all the old equations. It is also identified in Appendix E which equations remain the
same and which ones have been modified in this revision to the NUREG. Only the updated
equations are contained in the main body of the NUREG, although the NUREG does reference
the original equations in the new Appendix E.
AMEC-3-10 Comment
Page 115. The justification for the strain rate threshold of 10%/s is unclear from the plotted data.
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NRC Response
The strain rate threshold value of 10%/s was an estimate based on the available data on strain
rate dependence of austenitic SSs in LWR environments. However, based on the limited data
presented in Figure 4-31 and Figure 4-32, a value of 7%/s better represents the existing data.
This is the value where the predicted fatigue life from the strain-rate dependence lines in
Figure 4-31 and Figure 4-32 is approximately equal to the fatigue life of austenitic SSs in air.
Therefore, in response to this comment, the value of the strain rate threshold for SSs has been
changed from 10%/s to 7%/s in the entire report.
AMEC-3-11 Comment
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Page 141-144. For nickel-based alloys, it is unclear whether the quoted expressions on page
141 or the stainless steel equations in the previous section are preferred.
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NRC Response
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In response to this comment, the expressions that should be used for Ni-based alloys have
been clarified in the report. Specifically, the statement at the end of Section 4.3.3 has been
revised to state,
“The updated Ni-Cr-Fe Fen expression should be used along with the SS design fatigue
curve to incorporate environmental effects into ASME Code Section III fatigue
evaluations for all Ni-Cr-Fe materials except Inconel 718. Because of insufficient
experimental data on environmental effects for Inconel 718, the Fen expression for
Ni-Cr-Fe alloys contained in this section is not applicable to Inconel 718. The modified
rate approach discussed in Section 4.4 also applies to Ni-Cr-Fe materials. Appendix C of
this report presents a sample application of the Fen approach using the methodology in
Subarticle NB-3200 of ASME Code Section III."
AMEC-3-12 Comment

e-

Page 176. The discussion about fatigue adjustment factors refers to a factor of 10 on life being
supported by Monte-Carlo analysis, but a factor of 12 is recommended for use pending further
validation with "applicable fatigue E--N data". It is unclear what validation data are required
because the existing database is already large. No clear justification of the factor of 2 on stress
is provided.
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NRC Response

The report has been clarified to address the issues raised by this comment. While the current
analysis supports a factor of 10 without the need for additional data, the report has maintained a
factor of 12 to remain consistent with the factor used in the ASME design curve. The factor of 2
was similarly chosen simply for consistency with the factor in the ASME Code. These points
have been made in the executive summary. Also, for clarification, the following sentence has
been added to the summary (end of 2nd paragraph of the subsection entitled, Fatigue Design
Curve Adjustment Factors):
"Although this report justifies an adjustment factor of 10 on life, a value of 12 was used
to develop the air design curves from mean-data curves for each material to be
consistent with the adjustment factor used in the ASME Code fatigue design curves."
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In addition, a similar statement has been included at the end of the second to last paragraph in
Section 5.5, Fatigue Adjustment Factors. Comments related to this subject were also contained
in RR-6-31 and AREVA-9-11a. Please also see the responses to these to comments for
additional information.
WEST-4-1 Comment
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Introductory Comment
There remains much industry discussion about the applications of factors on fatigue data to
determine fatigue curves, the applicability of compounding factors, appropriate curves for the
availability of data, etc. We support further investigation and development of these issues with
respect to the material presented in this draft report, and encourage acceptance of alternatives
as they are developed in industry programs, In light of this, we do not offer further comments
on the metallurgical science presented in the report. The comments below are focused on the
areas in the draft report that pertain to application of the Fen factors to the fatigue analysis.

No response is required for this particular comment.
WEST-4-2 Comment
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NRC Response

Pr

e-

Pu
bl
ic

at
io

n

Section 4.1.14 Modified Rate Approach
a. This section seems to be out of place as a subsection of the Carbon and Low-alloy
steel fatigue life behavior, as if it only applied to these materials. It would be better
placed as Section 4.4 or in Appendix A.
b. The section does not address the situation where the strain rate history is not
continuously positive between the valley and the peak, as depicted in the ideal
examples in the figures, and the impact of such situations on the denominator of
Equation 49 for consistent calculation of Fen.
c. The context of the introduction of equation 50 could lead the casual reader to conclude
that a threshold can be used (i.e., the equation is appropriate), whereas the discussion
that follows concludes the opposite (i.e., that only equation 49 should be used).
Introductory wording that makes it clear that equation 50 is only hypothetical may be
beneficial.
d. Application of a strain amplitude threshold in the context of equation 50 should be
distinguished from application of the threshold in general for a fatigue pair - i.e., the
analyst should be able to apply Fen of 1.0 to pairs whose Salt corresponds to a strain
amplitude within the threshold, precluding consideration of a strain rate method needed
for the pair. (This comment may be more applicable to the notes in Appendix A that
disclaim the use of threshold with modified rate.)
e. Points (b) and (c) in this subsection seem to only be talking about application of the
average strain rate approach, and not the modified rate approach application, and could
be confusing to the reader with respect to their points. Perhaps the subsection should
be re-titled and both approaches explicitly described, then addressed with the
applicable points about the temperature recommendations for each approach.
f. Point (b) concludes that "appropriate temperatures" should be selected for average
strain rate calculations, after stating that maximum temperature is most conservative. Is
this just a lead-in to point (c), or is the conclusion to use maximum temperature with
average strain rate method? Please clarify what is discussion vs. recommendation.
g. It is not clear if the conclusion of point (c) is intended for the average strain rate method
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or the modified rate method. It seems to be the former, since modified rate applications
use an integration step that results in insignificant difference from using the average or
maximum temperature in each step, as stated in its last sentence. Suggest separating
what is recommended for temperature input to the average approach, and then for the
modified rate approach.
h. Figure 81: Please check that the legend entries appropriately describe the quantities
being represented by the lines on the graph, especially "Average Strain Rate", which
would be expected to be one value over the interval.
i. The single bullet occurring after Figure 81 seems to get lost. It appears, based on the
comments above, that a number of recommendations about strain rate calculation
using either average or modified rate should be made in conclusion of this subsection.
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NRC Response
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This comment contains many sub-comments that are addressed individually as follows. In
response to sub-comment a., Section 4.1.14 has been relocated to new Section 4.4 and all
references to the original Section 4.1.14 have been changed accordingly.
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The issue raised in sub-comment b. is outside of the scope of the NUREG and is not relevant to
the Fen approach. In going from a valley to a peak strain, the analyst should only evaluate the
increasing strains and ignore any intermittent valley or lower peaks. However, the appropriate
source for this clarification is within the ASME Code. The ASME Code is currently working on a
strain rate Code Case and this issue is addressed within this Code Case. Therefore, no
changes were made to this document.
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Three changes were made in response to sub-comment c. in new Section 4.4. First, the
sentence before Equation 53 (original Equation 50) was changed to,
"In application of the modified rate approach when a threshold strain, εth, is considered,
the following equation can be used to calculate Fen for the total strain transient:".
In addition, the first sentence of the paragraph following Equation 53 (original Equation 50) was
changed to, "The modified rate approach defined by both Equations 52 and 53 was used to
evaluate fatigue lives under cyclic loading conditions where both temperature and strain rate
were varied during the test24,37,38."
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Finally, Item (1) under Equation 53 (old Equation 50) was changed to, "The use of a strain
threshold, εth, for calculating Fen by the modified rate approach (i.e., Equation 53) was not
necessary because it did not improve the accuracy of estimation.38 As discussed in Section
4.1.3, application of the modified rate approach, without the consideration of a strain threshold
(i.e., Equation 52), gave the best estimates of fatigue lives."
The changes made in response to the sub-comment c., coupled with the existing language in
Appendix A, are also used to address sub-comment d. Appendix A already states that "one-half
of the strain range" can use Fen = 1.0 when the strain is below εth and that the use of εth is not
applicable to the modified rate approach.
In response to sub-comment e., the information on the modified rate approach that was
previously contained in Section 4.1.14 has been moved to a new Section 4.4 which solely
discusses the modified rate approach. Further, the following statement about the conservative
nature of the average strain rate approach and the use of temperature in each method has been
added as item (3) to new Section 4.4:
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"For the modified rate approach, the difference in Fen results is insignificant when either
average or maximum temperatures are used if the integration time step is sufficiently small.
However, as shown in Figure 4-67, use of an average temperature with the average strain
rate approach does not always yield a conservative Fen estimate when compared to the
results obtained from an integrated Fen using the modified rate approach. Therefore, an
average temperature should only be used if it is demonstrated that it yields a comparable or
conservative estimate of Fen compared to the Fen obtained using the modified rate approach.
If an average temperature is justified for the average strain rate approach, the temperature
can be calculated to estimate Fen during a load cycle using one of the following procedures:

on

a) as the average of the maximum temperature for the transient and the higher of the
threshold temperature for the material under consideration (i.e., 150oC) or the minimum
temperature for the transient
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b) as the average of the transient maximum temperature and the Fen threshold
temperature”
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Additional changes in response to similar comment, WEST-4-2i, were also made to the report.

at
io

n

To address sub-comment f., the last sentence of Item (2) in new Section 4.4 was changed to,
"Thus, calculations of Fen based on an average strain rate for the transient are expected
to yield conservative estimates of fatigue lives as long as the calculations use
appropriate temperatures (either maximum temperatures or appropriate average
temperatures in accordance with Item 3 below)."
Sub-comment g. has been addressed by the changes to item (3) to new Section 4.4 discussed
previously to address sub-comment e.
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In response to sub-comment h., the legend entry, "Average Strain Rate" was changed to "Strain
Used for Average Strain Rate" in Figure 4-67 (Figure 81 in draft NUREG). In response to this
sub-comment i., the information on the modified rate approach has been moved to a new
Section 4.4. Further, the following statement about the conservative nature of the average strain
rate approach and the appropriate use of temperature in each method has been added to the
Executive Summary and the Summary:
"The procedure allows evaluation using either a modified rate or an average rate
approach. Fen calculations based on an average strain rate for the transient are expected
to yield conservative estimates of fatigue lives as long as the calculations use
appropriate temperatures selected in accordance with the recommended procedures in
Section 4.4. Using an average transient temperature within the average strain rate
approach does not always yield a conservative estimate of Fen. Therefore, an average
temperature should only be used if it has been demonstrated that it yields a comparable
or conservative estimate of Fen compared to the Fen obtained using the modified rate
approach."
See also the response to related comments WEST-4-2e and WEST-4-2g.
WEST-4-3 Comment
Appendix A, Section A2
The final paragraph states that the maximum temperature limit of 325°C (617°F) is "adequate
for all expected operating LWR conditions considering the use of average temperature." In the
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case of applying the modified rate approach, the integration over the strain history may include
time steps for which the temperature over the interval is above 325°C (617°F). Is the statement
intended to justify the use of the equation using the upper limit in the situation where the
integration interval temperature is higher? Please clarify the intended application of this
statement.
NRC Response
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The last paragraph of Section A.2 states that to cover all anticipated LWR operating conditions,
a maximum temperature limit of 325°C was selected. This is adequate for all expected operating
LWR conditions considering the use of average temperature. However, to address this
comment in the event that higher average temperatures are required, the following additional
language has been added to the end of the last paragraph in A2:
"If the applicable average temperature for the transient exceeds 325°C, the user should
thoroughly document this exceedance and justify the rationale for it as part of the
analysis."
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This comment is similar to AREVA-9-18e and KEPCO-10-2. See also the responses to those
comments for additional information on this issue.
WEST-4-4 Comment
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Section A3
a. The text of the continued sentence after Table A.2 needs to follow equation A. 19; it
should not be separated by the figures and tables.
b. Wording at the bottom of page A-5: "tensile stress producing portion of the stress cycle"
is not consistent with the intent previously described as "increasing strain or stress". A
compressive stress producing portion of the stress cycle may still exhibit increasing
strain or stress, and vice versa.
c. Page A-6, item (2): What is the purpose of requiring a "linear temperature response" for
this case? Is this the only case where an average strain rate and average temperature
can be used?
d. Page A-6, item (2): "the "average" temperature used ... should produce results that are
consistent with ... modified rate approach" (emphasis added) - is this a statement of
support for using average temperature as described, or is this a requirement that must
be demonstrated for each evaluation? It seems to be the former, but this should be
clarified considering the statements in Section 4.1.14 regarding the use of average
temperature.
NRC Response

This comment contains many sub-comments that are addressed individually as follows.
Equation A19 and the preceding sentence have been moved to after the figures and tables to
address sub-comment a. Sub-comment b. has been addressed by revising the sentence cited in
the sub-comment (originally on the bottom of page A-5 in draft report) to now clarify that the
"…increasing strain or stress portion of the loading cycle constituting a load pair…" should be
considered. This change now makes this statement consistent with the intent as identified in the
sub-comment.
Regarding sub-comment c., it is correct that a linear temperature response is the only case
where an average temperature and strain rate can be used. The strain accumulated at different
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temperatures would vary for a non-linear temperature response. To address sub-comment d.,
the original item 2 is intended as a statement of support as indicated in the comment. Therefore,
the last two sentences of the second bullet (originally item 2 in draft report) on page A-6 have
been clarified as follows:
"Using the average temperature in fatigue evaluations should produce results that are
consistent with the results that would be obtained using the modified rate approach
described in Section 4.4 of this report. The maximum temperature can be used to
perform the most conservative evaluation.”
WEST-4-5 Comment
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Appendix C, Section C2
Page C-2: "The transients were linked in sequential order" - There is no sequence to transients
in an ASME design analysis, or to those evaluated in this sample problem, as implied by this
wording. The order may have been chosen based on anticipated transient pairings and
methods of linking to obtain strain rate, but the subject of transient linking with respect to
application of the modified rate approach is not addressed in this report. It is suggested that
this be clarified and/or expanded.
NRC Response
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To address this comment, the paragraph containing this phrase on page C-2 was expanded and
modified as follows:
"For the purposes of this example, the transients were arbitrarily linked in sequential
order to obtain the overall stress histories used in the Fen evaluation, as shown in
Figure C-5. In the general case, the transient order would be defined by the stress
history, as required by Subparagraph NB-3216.2, ‘Varying Principal Stress Direction,’ of
Section III, ‘Rules for Construction of Nuclear Facility Components,’ of the ASME Code
(see Section C.3(A) below). Peak cycle counting as specified in the ASME Code was
used to calculate CUF in the analysis."
WEST-4-6 Comment

Pr

e-

Section C3
a. Page C-8, point A and sub-point a. - "Table C.2" is not stress history; is the intended
reference Table C.5 instead of C.2?
b. Page C-8, point A and sub-point b: "maximum total stress" - expanded in step h to also
include membrane plus bending stress.
c. Page C-8, point A and sub-point h: suggest a reference back to step b to define "which
case" to use for the extreme time to provide clarity.
d. Page C-9: "Strain rates were calculated based on the total S'31 history which was the
limiting CUF case." - Please consider clarifying with respect to the following:
- If the principal stresses were ordered classically, S1>S2>$3, then S'3 I is expected
to control the CUF. It would also be expected to provide the maximum strain range
over an interval.
- If the principal stresses were not ordered classically, then this result and method
may be unique for this example.
- If there are any NRC expectations with respect to the principal stress difference
history to be used for strain rate calculation, these should be clarified for general
applications.
- Until this sentence in Appendix C, a "case" has been associated with one of the
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k.
l.
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m.
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j.
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i.

n

Ve

h.

on

f.
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e.

stress quantity extremes described in step h. This sentence suggests that there
were also principal stress difference "sub-cases" for each of the step h cases
evaluated to determine the limiting CUF. If this is correct, please clarify how the
principal stress difference subcases were used to determine the limiting CUF value
and associated strain rate conditions. If this is not correct, please revise this
sentence appropriately.
Page C-9, A. Average Strain Rate Approach, sub-point ii:
- The stress intensity range between the peak and the valley in the general case
should be based on the stress component ranges as in NB-3216.2.
- The basis for using E at the maximum temperature should be clarified, as well as
any NRC expectation in this regard.
Page C-9, A. Average Strain Rate Approach, sub-point iii: For the average strain rate
approach, linking from valley to peak in each fatigue pair, it is not expected that strain
rate should be less than zero. Please clarify this point.
Page C-10, Average Strain Rate Approach, sub-point v: Assignment of Fen to "both the
peak and the valley" is not clear, since Fen is determined for the whole stress range in
the pair. Please clarify this point.
Page C-10, A. Average Strain Rate Approach, point vi: Please see comment above on
page C-2 "transient linking issue" with respect to the implied "stress intensity history".
The history to be considered for each Fen should be between the valleys and peaks
determined from the fatigue pairs formed in step f on page C-8, which is not necessarily
the history implied by Figure C-5 in the general case. Therefore, this statement as
presented in the context of this example could be misleading.
Page C- 10, B. Modified Strain Rate Approach, point ii: The stress intensity range
between the time points in the general case should be based on the stress component
ranges as in NB-3216.2.
Page C-10, B. Modified Strain Rate Approach, point iii: It is not clear how setting Fen to
1.0 for intervals of negative strain rate provides a consistent integration over the
complete strain range, with the denominator of the Fen integration equation being emax emin. It would be helpful to provide the explanation for this.
Page C-10, B. Modified Strain Rate Approach, point v: The numerator of the Fen-n
equation does not agree with Equation 49, which uses delta-strain.
Page C-10, B. Modified Strain Rate Approach, point vi: Assignment of Fen to "both the
peak and the valley" is not clear, since Fen is determined for the whole stress range in
the pair. Please clarify.
Page C- 1l, B. Modified Strain Rate Approach, point vii: Please see comment above on
Average Strain Rate Approach, point vi.

NRC Response

This comment contains many sub-comments that are addressed individually as follows. It is
agreed that, as stipulated in sub-comment a., that the cited reference to Table C-2 is incorrect.
The reference to "Table C-2" in bullet "C.3.A" has been changed to cite Figure C-3 – Figure C-5.
The reference to "Table C-2" in sub-bullet "C.3.A.a" has been changed to cite Figure C-3 and
Figure C-4. To address sub-comment b., Step C.3.A.b has been expanded to reference Step
C.3.A.h and clarify that six cases were investigated (each of three stresses for both membrane
plus bending and total stress histories) and "total" has been deleted from "maximum total
stress." It is also agreed that clarification is needed to address the issues raised by subcomment c. The subscript "i" has been added to refer to the separate cases run at the times
when each of the six stress components peak. C.3.A and the footnote on page C-10 have also
been revised accordingly.
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Sub-comment d. contains several issues. In response to the first part of the comment regarding
the arrangement of principal stresses, step C3.A.d has been expanded to note that the principal
stress differences were ordered classically. Also, it has been clarified that since the principal
stresses were sorted classically, the use of S'31 is expected to produce the highest CUF. In
response to the second part of sub-comment d. regarding the sub-cases, Steps C3.A.h through
C3.A.m were clarified to discuss how the sub-cases were evaluated in the sample problem.
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Sub-comment e. also contains two separate issues. The clarification made to Steps C3.A.b and
C3.A.h to address sub-comments b. and d. also address the portion of sub-comment e.
pertaining to the selection of the stress intensity range. The portion of this comment pertaining
to the use of maximum temperature to compute E has been addressed by expanding the
definition of E to state that the maximum temperature was used for this sample problem.
Additionally, in Section 4.4 of the NUREG, clarification regarding the use of temperature for
determining the value of E was added under new bullet (4).
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It is agreed, as stipulated in sub-comment f., that the strain rate should not be less than zero.
However, this statement was originally made because of perturbations in the calculated FEA
stress response. In response to this comment, step iii of the "Average Strain Rate Approach"
section has been clarified to state that setting Fen = 1.0 for negative strain rates was necessary
only to factor-out anomalies in the FEA calculated stresses. Sub-comment g. asks for
clarification of the assignment of Fen to both the peak and valley in step v of the Average Strain
Rate Approach. For a valley-to-peak portion of a stress history, the strain rate increases over
that range, so a Fen value is computed over the range. The Fen value is assigned to both the
valley and the peak associated with the range. Therefore, each peak and valley in the entire
stress history has a calculated Fen. When peaks and valleys are paired to compute CUF, the
maximum of both Fen values is selected. In response to this comment, the preceding clarification
has been made to step v of Average Strain Rate Approach.

e-

Sub-comment h. is similar to earlier comment, WEST-4-5. As indicated in the response to this
earlier comment, the report has been clarified to indicate that while the stress histories were
arbitrarily linked in sequential order for the example problem, the more general problem should
arrange the transients using the stress history as required by NB-3216.2. Sub-comment i. is
similar to comment, WEST-4-6e. The clarification made to Steps C3.A.b and C3.A.h to address
WEST-4-6e also addresses this comment.

Pr

Sub-comment j. is also analogous to Comment WEST-4-6f related to the average strain rate
approach. Similar changes were made to the NUREG report as those identified in the response
to WEST-4-6f. Specifically, clarification was added to step iii of the "Modified Strain Rate
Approach" section to state that setting Fen = 1.0 for negative strain rates was necessary only to
factor-out anomalies in the FEA calculated stresses.
The issue related to the numerator of the Fen-n equation in step v of the modified strain rate approach in
sub-comment k. is valid. The strain variable in numerator of the Fen-n equation has been changed to
reflect that it is the change in strain between points i and i+1 that is to be used. Sub-comment l. is
similar to earlier comment WEST-4-6g on the average strain rate approach. Identical changes to the
"Modified Strain Rate Approach" section (Step vi) were made to be consistent with the modifications to
the "Average Strain Rate Approach" section (Step v) in response to WEST-4-6g. Finally, subcomment m. raises similar issues as the earlier general comment WEST-4-5 and WEST-4-6h, which
is related to the "Average Strain Rate Approach" section. Please see the responses to these earlier
comments to identify how this issue has been addressed.
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WEST-4-7 Comment

on

Section C4
a. First paragraph: It could be inferred from the wording here that only the membrane plus
bending stress was used in the fatigue evaluation. Suggest clarification that both
membrane plus bending and total stresses were used.
b. It would be helpful to address how the strain rate integration period was determined
using Total Stress when the valley and/or peak time of the Total Stress did not
correspond to the times selected based on the Membrane plus Bending stress
difference.
c. Table C.4: It would be beneficial to provide the time intervals corresponding to Fen-nA
and Fen-nB calculations.
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NRC Response

Pu
bl
ic

MHI-5-1 Comment
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This comment contains several sub-comments that are addressed individually as follows. As
stated in sub-comment a., it is agreed that additional clarification on the stresses used in the
example is needed. Therefore, the second sentence of first paragraph in Section C.4 has been
expanded to state that both the membrane plus bending and the total stresses from the
identified case were used in the determination of the cumulative usage factor (CUF).
Similarly, it is agreed, as stipulated in sub-comment b., that clarification on determining the
strain rate integration period would be helpful. A new paragraph has been added to the end of
Section C.3 to explain how the peak and valley times were selected for both Fen approaches.
Finally, to address sub-comment c., the time values for Loads A and B have been added as new
columns in both Table C-3 and Table C-4.

Section 3.1.10: Extension of the Best-Fit Mean Curve from 10A6 to 10^A 1 Cycles Extension of
the best-fit mean curve from 10A6 to 10^A 1 cycles is too conservative.
EN 13445 uses the cut-off limit at 10A8 cycles and the following equation based on the
Haibach Model is applied to variable amplitude loading.

e-

∆SR=(C3/N)AO.1 for N>= 2x 10^6 cycles

Pr

Also, Giga-Cycle-Fatigue Subcommittee of the Atomic Energy Research Committee of the
Japan Welding Engineering Society studied on fatigue in giga-cycle regime. Fatigue tests of
316NG and SFVQ1A (equivalent to SA 508 Gr.3 Cl. 1) up to 10A9 cycles were performed and
confirmed that internal fracture did not cause a sudden drop in fatigue strength [*1, 2].
Fatigue tests above 10^8 cycles are very difficult and the extension over 10^8 cycles is not
realistic. Therefore, the provision of EN 13445 is a reasonable methodology.
* 1: Ogawa, T., et al., "Investigation of Effect of Pre-Strain on Very High-Cycle Fatigue
Strength of Austenitic Stainless Steels," Journal of Power and Energy Systems, Vol.3,
No. 1, 2009.
*2: Sato, M., et al., "Giga-Cycle Fatigue Strength Properties of Low-Alloy Steel SFVQ1A
Evaluated by Ultrasonic Fatigue Test," Transactions of the Japan Society of Mechanical
Engineers, Series A, Vol.78, No.789, 2012. (in Japanese)
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NRC Response
It is agreed, as stated in this comment, that the extension of the fatigue curve is conservative.
As indicated in NUREG/CR-6909 Rev. 1, the curve to extend the fatigue life prediction from 106
to 1011 cycles is the extension proposed by the ASME Code committees. This extension is
based on data that has a prominent mean stress component. Basing the curve on such data is
meant to be both conservative and also allow application to engineering components, which
often experience high mean stress loading. As stated in the NUREG, for data without a
significant mean stress effect, this proposed curve could be significantly conservative.
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However, it is not agreed, as stipulated in the comment, that this curve should be limited to 108
cycles or less. While there is agreement with the commenter that there is limited fatigue data
beyond 108 cycles, the data that does exist supports the notion that this extensive curve is
conservative out to 1011 cycles. This extension curve will be reevaluated if additional data
become available in the high cycle regime between 108 and 1011 that challenges its intended
conservativism.

Ve

MHI-5-2 Comment

at
io

n

Section 3.1.6: Fatigue Life Model
The dependency of tensile strength on fatigue curve is well-known. The fatigue design curves
of EN 13445 are specified for tensile strength class. Design-Fatigue-Curve Subcommittee of
the Atomic Energy Research Committee of the Japan Welding Engineering Society is
developing design fatigue curves and has confirmed the dependency of tensile strength on
fatigue curves [*3].

Pu
bl
ic

And so, the dependency of tensile strength on fatigue curve should be incorporated into the
design fatigue curves so as to perform reasonable design.
*3: Kanasaki, H., et al., "Proposal of Fatigue Life Equations for Carbon & Low-Alloy Steels
and Austenitic Stainless Steels as a Function of Tensile Strength," PVP2013-97770,
ASME, 2013.

e-

NRC Response

Pr

It is agreed that fatigue design curves could be developed as a function of ultimate tensile
strength for ferritic materials as long as an appropriate technical basis is established. In
response to this comment, the above observation has been inserted in item (vii) Material
Grouping in new Section 1.5. However, the actual development of fatigue design curves is
outside the scope of this report. Such development should occur under the purview of the
ASME Code.
MHI-5-3 Comment
4.2.2: Strain Rate (Austenitic Stainless Steels)
The upper strain rate is determined 10%/s by extrapolating from the data less than 1.0%/s in
Figure 85 and 86. However, Fukuta, et al. [*4] showed the data above 0.4%/s in PWR
environment and concluded that the threshold strain rate at Fen = 1 was estimated to be lower
than 3%/sec for all austenitic stainless steels. Therefore the upper strain rate of 10%/s should
be reexamined.
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*4: Fukuta, Y., et al. "High Strain Rate Effects on Environment Assisted Fatigue for Austenitic
Stainless Steels in PWR Environment," PVP2013-97158, ASME, 2013.
NRC Response
Please see the response to AMEC-3-10 which, based on reevaluation of existing data, provided
the impetus to change the strain rate threshold from 10%/s to 7%/s throughout the report.
However, the existing data on strain rate dependence of austenitic SSs in LWR environments is
insufficient to more accurately establish the lower threshold strain rate for these materials.
Additional data will be needed to justify decreasing the threshold strain rate further.
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MHI-5-4 Comment
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3.1.7: Heat-to-Heat Variability
95% criterion is applied. The validity of 95% criterion on fatigue data should be described.

Ve

NRC Response

MHI-5-5 Comment
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Because the existing fatigue database shows significant variability, the 95/95 criterion has been
used to ensure that the estimated values of life bounds 95% of the experimental data, with 95%
confidence, to account for the specific parameter. The report cites References 214-216 in
support of the approach used.

NRC Response
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Errata
a. The upper side of pp. 100: "(c)" should be deleted.
b. Figure 88: "0.3%, DO" should be corrected..

e-

These errata have been corrected in the final report. Specifically, item a. has been addressed
by ensuring that the figure numbers and captions are kept together with the figures. Item b. has
been addressed by revising Figure 4-34 (Figure 88 in draft NUREG) to ensure that the dissolved
oxygen (DO) contents for the data are correctly displayed in the figures.
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RR-6-1 Comment

General
Descriptions of "current" and "new" information need to be reviewed throughout the document to
ensure they are clear in the context of the publication date of this Revision i to NUREG/CR6909. For example, Section 3.2.11 discusses "the current ASME Code Section III fatigue design
air curve" for austenitic stainless steels which, it is found later, means the pre-2009-addenda
curve (and therefore not the curve that will be "current" when Rev 1 is to be issued). This
paragraph is carried over almost unchanged from Rev 0. There are many other examples of this
throughout the document, including paragraphs in which it is difficult to distinguish between
"new" data added to the database prior to analysis reported in Rev 0, and "new" data added
between the update from Rev 0 to Rev 1. Due to these confusions, it would be easy to
misinterpret some of the information in the document.
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NRC Response
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Please also see also response to AMEC-3-1 for related information.

on

In response to this comment, the report has been reviewed to correctly reference the ASME
Code fatigue design curve for austenitic SSs presented in Code editions prior to 2009 from the
curve presented in 2009 and later editions of the Code. Appropriate figures and portions of the
text have been revised. The reference to "2009b Addenda" has also been changed to "2009
Addenda" throughout the report. Finally, the following corrections were made in the text of the
report:
1. Executive Summary, 5th paragraph, 2nd sentence: The term "best-fit mean air data" has
been changed to read "best-fit mean air curve",
2. Table 3-8: the 2nd and 5th column headings have been changed to "Current ASME Code
Design Curve", and
3. Table A-2: the 2nd and 4th column headings have been changed to "ASME Code Design
Curve".
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RR-6-2 Comment
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General
There are several figures showing predicted life versus experimental life within the document. It
would be useful if run-out (runoff) data were identified in these figures to aid visual assessment
of the goodness of fit of the model to the data.
NRC Response
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All run-out data are identified in the figures in the traditional manner of using arrows after the
data-point to indicate that the test was stopped prior to failure so that actual fatigue life for that
specimen is greater than indicated on the figure (e.g., see Figure 2-5). For clarification, the
following sentence has been inserted after both the reference to Figure 2-5, the first figure with
run-out data, and the Figure 2-5 caption: "Runouts, in this and subsequent figures, are identified
in the traditional manner of using arrows after the data-point." Also see the response to RR 6-12
which discuss how this data was included in the analysis.

e-

RR-6-3 Comment

Pr

General
Some data available in open literature suggest an interdependence of effects considered in the
sub-factors and the effect of environment. This leads to possible excessive conservatism when
using the approach of applying Fen to design curves (which are already adjusted to account for
the sub-factors). These interdependencies are not discussed in the document.
NRC Response
Item (xvi) Development of Adjustment Factors has been incorporated in new Section 1.5 to
discuss the assumptions and approach for the analysis that is more fully discussed in Section 5.
Section 5.5 documents how the adjustment factors have been developed based on the
accumulated data and a Monte Carlo analysis. It is clarified in this section that independence of
these effects is assumed and that there is insufficient data to develop correlation factors among
these effects using a more rigorous analysis. In addition, after the first sentence of the
paragraph below Table 5-2, the following statement has been added: "In this analysis, these
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effects are conservatively considered to be independent even though some effects, as
discussed previously, may be correlated. However, current data are insufficient to develop
quantitative correlation factors needed for a more rigorous analysis."
RR-6-4 Comment

Ve
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General
Rev 1 of NUREG/CR-6909 provides no comment on strain gradients within a component, which
can account for a significant amount of conservatism with the ASME fatigue method. A basic
assumption of the ASME III method is that a small crack (ie 3 mm depth) in a cylindrical test
specimen initiates and grows at the same rate as in a pressure vessel component when both
are subject to the same cyclic surface strain range. This similitude holds true for some
definitions of crack initiation (say, the formation of a 0.25 mm crack), but in many cases, with
continued cycling, this equality is not maintained. It depends upon the immediate sub-surface
conditions into which the crack grows. If the crack enters a decreasing stress field (typical of
that due to thermal shock) it will take more cycles for the crack to grow to a pre-defined length
(3 mm) than for a stress field that is uniform across the section, as is the case in a standard
strain-controlled E-N test. This potential conservatism should be discussed in Rev 1.
NRC Response

RR-6-5 Comment
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There is general agreement with this comment. Please refer to the responses to similar
comments AMEC-3-2, and AMEC-3-5, RR-6-4, RR-6-32, EDF-7-8, and AREVA-9-17h for a
discussion on modifications to the NUREG to address this issue.
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General
The Federal Register Notice for NRC-2014-0023 dated April 17, 2014 (Vol.79, No.74) stated
that the NRC was particularly interested in stakeholder feedback on three areas, the third of
which was: "Accuracy check of the technical content of the NUREG, particularly with respect to
all of the numerical content of the report."

e-

As a stakeholder, we do not consider that the time allowed for public comment, ie up to June 2,
2014 allows us to give detailed feedback on the numerical content and accuracy of the report.

Pr

NRC Response

It is recognized that it can be challenging to perform a thorough review in the time allotted in the
Federal Register Notice (FRN). For future consideration, a reviewer can always request that the
NRC extend the public comment period. Additionally, future comments on this document are
always welcome and can be provided to the NRC at any time. These comments can be
considered and addressed in any future revisions of the document.
RR-6-6 Comment
Section 1.2, Page 4
The NUREG needs to be clear with respect to what the factors applied to derive the design
fatigue curve are for. This was clear in the past, ie "not safety margins but rather adjustment
factors that are applied to small-specimen data to account for the effects of variables that are
known to affect fatigue life but are not accounted for in small-specimen data". Page 4 indicates
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that the fatigue design curves are now defined to estimate an acceptable fatigue life for 95% of
the population. Please provide a definition of the purpose of the design factors that clearly
identifies whether they are transference factors or are derived to provide an acceptable fatigue
life for 95% of the population (or both?). Also provide a reference to the section in NUREG/CR6909 that provides substantiation to the 95% value.
NRC Response
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The report clearly states that the factors applied to derive the fatigue design curve are not safety
margins but adjustment factors that are applied to the mean-data curve to account for the
uncertainties caused by data scatter, component size, surface roughness, and fatigue loading
sequence. In order to clarify this, the second sentence of the paragraph after Equation 10 has
been revised to state as follows:
"However, this report includes a rigorous evaluation for defining an adjustment factor to
derive the fatigue design curve from the mean-data curve, to account for the variability
resulting from data scatter, size, surface roughness, and loading sequence."

RR-6-7 Comment
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Ve

Furthermore, the 95/95 criterion has been used in the report to define the maximum values of
the adjustment factor needed to account for the effect of a specific parameter. However, as
discussed in the response to RR-6-3, the maximum values of these parameters are not used to
define the combined adjustment factor. The value of 12 for the combined adjustment factor used
to derive the fatigue design curve is less than half the product of the maximum values of the
adjustment factor for the four parameters that influence fatigue life. This is discussed more fully
in Section 5.5.

NRC Response
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Section 1.2, Page 5
σy should be specified as cyclic yield strength for the modified Goodman relationship – e.g.,
Jaske and O'Donnell, Journal of Pressure Vessel Technology, November 1977.

Pr

e-

The report follows the guidance in the technical basis document for performing the ASME Code
Section III fatigue evaluations. The expressions specified for the modified Goodman relation in
the technical basis document use the monotonic yield strength to establish the value for
maximum mean stress, and not the cyclic stress.
RR-6-8 Comment

Figure 16, Page 28
Figure 16 does not seem to match the text in Section 2.2.1.4 indicating that the figure has not
been scanned into the document correctly.
NRC Response
The report content has been verified to ensure that Figure 2-11. (Figure 16 in the draft report) is
displayed accurately in the document.
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RR-6-9 Comment
Section 2.2.2.4, Page 34
With respect to the cited paper (Reference 44), a more recent paper by Kamaya is available:
"Environmental effect on fatigue strength of stainless steel in PWR primary water - Role of crack
growth acceleration in fatigue life reduction, Int. Jnl. Fat. 55 (2013) 102- 111".
Kamaya's paper concludes that "reduction in fatigue life due to PWR water environment was
brought about not by enhancement of crack initialisation but by the acceleration of crack
growth".

on

The tests reported in the paper were carried out at relatively high strain amplitude. Therefore
there is some evidence to suggest that the predominant effects of environment, with respect to
the phases of crack development, may be dependent upon strain amplitude. Rev 1 should
recognise more recent research in this topic area.
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NRC Response
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This comment discusses the role of crack growth rates on environmental effects on fatigue
crack initiation. The report acknowledges that the environmental effects on fatigue crack
initiation show dependence on strain amplitude, in fact, environmental effects are greater at low
strain amplitudes. But the decrease in fatigue life is due to the effect of environment on growth
of microstructurally small cracks (i.e., cracks <200 micron) as well as mechanically small cracks.
Environmental effects on the former are much greater, but do not adhere to a fracture
mechanics methodology. Therefore, the overall environmental effects cannot be accurately
estimated using solely a crack growth rate approach as in the Kamaya study. These details are
already discussed in the report.

Pr
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In addition, it should be noted that the Kamaya study is on Ti-modified stainless steel, which
shows temperature effect on fatigue life at temperatures >300°C. The stainless steel data
evaluated in this report does not include Ti-modified stainless steels and therefore, the
proposed methods are not applicable to such steels. To reinforce this point, the authors have
added the following statement in the Executive Summary (at the end of the 4th paragraph):
"Note that, as with the original evaluation, the reevaluation in this report was still based
on various compositions of wrought Type 304 and 316 SSs, associated weld metals, and
a few heats of CF-8M cast austenitic SSs. The reevaluation did not consider other
grades of austenitic SSs, particularly the titanium- or niobium-modified SSs, which have
better fatigue resistance. Therefore, fatigue lives based on the proposed fatigue design
curve are expected to be conservative for SSs with improved fatigue resistance, such as
the titanium- or niobium-modified steels. "
It is also clarified that in new Section 1.5 (item (vii) Material Grouping) that the method is only
applicable to the materials listed in Table B-1, Table B-2, and Table B-3, except for Inconel 718.
RR-6-10 Comment
Section 2.2.2.4, Page 35
With respect to referring to Reference 208 "as existing fatigue crack growth data", this data is
very old, circa mid-nineties. For PWR it has been superseded by that which forms the basis of
the draft ASME Code Case N809. This data is extensive and has been reported via several
PVP papers and unlike Reference 208 fully recognises the possible deleterious effects of PWR
environment. Reference to the more up to date data should be made.
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NRC Response
Section 2.2.2.4 presents results of the analysis described in the original version of NUREG/CR6909 report. The slope of the log(da/dN) vs. log(∆K) curve is 3.3 in the NUREG/CR-6909
expressions and 2.25 in Code Case N-809. There are also other minor differences in the
adjustment factor used in the two expressions. No attempt was made to update the analysis in
this revision. However, the differences are not expected to have any significant effect on the
analysis presented in the report.
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This comment has been addressed by inserting the following footnote in Section 2.2.2.4 after
reference 208 is introduced:
"Since the study by Shack and Kassner was completed, American Society of Mechanical
Engineers Boiler and Pressure Vessel Code (ASME Code) Case 809, ‘Reference
Fatigue Crack Growth Rate Curves for Austenitic Stainless Steels in Pressurized Water
Reactor Environments,’ dated June 23, 2015, has been approved. ASME Code Case
809 is based on a more extensive data base than the Shack and Kassner expressions.
While there are differences in the CGR parameters used in the Code Case and the
Shack and Kassner expressions, these differences are not expected to affect the
conclusions drawn in this section on the importance of the effects of environment on the
growth of MSCs."
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RR-6-11 Comment

NRC Response
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Section 2.2.2.4, Page 37
It is judged that based upon more recent SS fatigue crack growth (FCG) rate data a comparison
of Alloy 600 with austenitic SS in PWR environments would show the SS to be significantly
higher. The statement "Fatigue CGR data indicate that enhancement of CGRs of Alloy 600 and
austenitic SSs in LWR environments is also comparable" is therefore open to question. To
substantiate the statement made, a comparison of the SS laws of Code Case N809 with those
in NUREG/CR-6176 should be provided.

e-

This comment is similar to comment AMEC-3-6 and has been addressed by the modification to
the last paragraph of Section 2.2.2.4 as described in the response to comment AMEC-3-6.
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RR-6-12 Comment

Section 3.1.6
The description of the method used by ANL to develop a best-fit line is greatly improved.
However, there is no mention of how run-out (runoff) data are considered in the analysis. It
would be useful for this to be clarified in the text.
NRC Response
The report describes in details that unlike most best-fit analyses of fatigue strain vs. life data,
which ignore runoffs, the runoffs are included in the analyses because the error in the distance
of the data points from the best-fit-curve is minimized. The details are presented in Section
3.1.6. For clarification, the sixth sentence of the first paragraph of Section 3.1.6 has been
modified to state, "A predictive model based on a least-squares fit on N or ln(N) is biased for low
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strain amplitude (εa). In addition, the data obtained at strain amplitudes less than the constant C
in Equation 6 (e.g., most runouts) cannot be included in the analysis."
RR-6-13 Comment
Section 3.1.7, Page 49
Why is the dataset for A216-Gr WCC excluded? Is it excluded because it is a casting? It does
not appear that inclusion of the value of A of 4.899 for this dataset would significantly change
the median value for carbon steels. Does exclusion of this material mean that the best-fit for
carbon steels is not considered relevant to this alloy? If so, which best-fit should be used for this
alloy?

on

NRC Response
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As described in Section 3.1.7, the average value of Constant A for this material at 325°C was
significantly lower than the average value for the rest of the data. Therefore, it was considered
an outlier and was not included in the analysis. Since there is no other data for this material, it is
difficult to assess whether this value is representative of this material or unique to this particular
heat. If it is the latter, including this value would unnecessarily bias the result. Additional data
are needed to confirm whether the proposed methodology is applicable to A216-Gr materials.

n

RR-6-14 Comment

NRC Response
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Section 3.2.1, Figure 38, Page 58
For lives > 105 cycles, data for Type 304L SS at both 150'C and 300°C show significantly lower
lives than suggested by the ANL best-fit. There is no reference to this in the text except a
generic statement that "`results...show excellent agreement with the ANL model with respect to
the mean data curve". Figure 38 suggests that the high cycle fatigue behaviour of Type 304L is
quite different to the ANL model; this requires further clarification and discussion. A difference in
behaviour of Type 304L compared to other austenitic stainless steels is discussed in Section
4.2.1 (Page 114).
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It is agreed that a few heats of Type 304L or 316NG show poor agreement with the ANL best-fit
curve. To address this issue and the comment, the following paragraph has been inserted on
Page 3-22 during the discussion of the data in Figure 3-12 (Figure 38 in the draft report):
"A few heats of Type 304L and 316NG show poor agreement with the ANL best-fit curve.
Typically, for such heats, the slope of the fatigue ε–N curve is steeper; therefore, fatigue
lives are slightly longer at high strain amplitudes and lower at low strain amplitudes. This
behavior is also observed in PWR environments, as shown in Figure 4-28 and
Figure 4-30 in Section 4.2.1. Because the methodology is applicable to several grades,
heat-treatments, and compositions of materials, a single slope of the fatigue ε–N curve is
assumed for all materials."
RR-6-15 Comment
Section 3.2.1, Page 59
The quoted "commonly used" monotonic yield strength for austenitic stainless steels of 303
MPa is well above the average yield strength for materials in the database, from review of the
information provided in Appendix B2. It is suggested that this value is updated or a range of
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"typical" values quoted. Also, in the context of mean stress correction described here, should a
cyclic yield strength be quoted instead of a monotonic value? (see also Comment No. 7)
NRC Response

on

Several clarifications have been made to the NUREG to address this and similar comments.
First, the term "monotonic" has been added before yield and tensile strength throughout the
document to emphasize that it is the monotonic and not cyclic strengths that are considered in
mean stress correction. Also, it has been clarified in the 5th sentence of the 5th paragraph in
Section 3.2.1 that 303 MPa is at the upper range of yield strength values for SSs. Finally, item
(iv) Material Tensile Properties has been incorporated in new Section 1.5, which documents the
bases for the values used in the report. See also the response to similar comment EDF-7-4 for
more information on how this comment has been addressed.
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RR-6-16 Comment

Ve

Section 3.2.2, Page 60
The effects of specimen geometry are considered, but only for parallel- sided gauge and
hourglass specimens, whereas the database includes tube specimens. Are results from tube
specimens also comparable?
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NRC Response

Pu
bl
ic

at
io

The experimental fatigue lives obtained using tube specimens were within the data scatter
observed for the solid cylindrical gauge specimens. The constant A for a dataset obtained from
tube specimens under specific temperature, loading, and environmental conditions, were within
the range of cumulative distribution plots shown in Figure 3-19 (Figure 45 in draft report), but
had a marginally lower median value.
RR-6-17 Comment
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Section 3.2.3, Page 61
The effect of strain rate on fatigue life of stainless steels in air is concluded to be insignificant.
For temperatures less than 400°C, this is based on a single paper. More recently published data
suggests that there could be a significant effect in this temperature range, for example:
De Baglion and Mendez, "Low cycle fatigue behaviour of a type 304L austenitic stainless steel
in air or vacuum, at 20°C or at 300°C: relative effect of strain rate and environment", Procedia
Engineering 2 (2010), pp 2171-2179.
Similarly, Figure 42 of NUREG/CR-6909 Rev 1, shows a potentially significant effect of strain
rate on life at 288°C for Types 316NG and 304 SS.
NRC Response
The paper by Baglion and Mendez on Type 304L SS has been reviewed and it is noted that the
strain rate dependence at 300°C is comparable to what was reported in NUREG/CR-5704.
Further, the results indicate that effect of strain rate are rather small and within the scatter due
to material variability and experimental data scatter. Therefore, in NUREG/CR-6909, Rev. 1, the
strain rate effects in air have been ignored. Regarding the effect of temperature, the results
obtained by Baglion and Mendez exhibit little or no difference in fatigue lives at 20 and 300°C.
For example, at a strain rate of 0.4%/s, Nf values obtained from the figures at 20 and 300°C are
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approximately 4800 and 5300 cycles, respectively, at strain amplitudes of 0.6%. At a 0.3%
strain amplitude, the Nf values at 20 and 300°C are 31000 and 30500 cycles.
RR-6-18 Comment
Equation 29, Page 64 and Figure 38, Page 58
Equation 29 is stated to be valid for Types 304, 304L, 316, 316L and 316NG stainless steels.
Following the addition of a chart for Type 304L, data for all of these grades are now shown in
Figure 38 (Page 58) with the exception of Type 316L. Could a chart for Type 316L also be
added to Figure 38?
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NRC Response
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The only 316L data in the database is ANL material ID 47 which is a dataset from JNES as
indicated in Table 3-6 in the report. There are few data points (i.e., less than 10) and the
behavior is consistent with the 316NG data. Therefore, the 316L data have been grouped with
the 316NG data in Figure 3-12 (bottom right) (Figure 38 in the draft report). Because the data is
so similar, it is not meaningful to differentiate between the 316L and 316NG data in this figure.
However, it is agreed that more data is needed to develop statistically significant curves solely
for 316L
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RR-6-19 Comment

NRC Response
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Section 3.2.10, Page 68
The implication here is that the "surface finish and environment" sub-factor is sufficient to
account for the effects of variations in surface finish in the air environment, but this is based on
just two data points for specimens with non-standard surface finish that show an approximate
factor of 3 reduction in life. Additional relevant data for the air environment from Le Duff is
shown in Figure 109 (Page 136) and should also be discussed here. Further data of relevance
is available in open literature and could also be discussed.
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Although the maximum value of the adjustment factor for surface finish is 3, the combined
adjustment factor to account for all for parameters is not the product of the maximum values of
individual parameters. The combined adjustment factor of 12 is based on a Monte Carlo
statistical evaluation. Please see also the responses to AMEC-3-8, which discuss the surface
finish effects specifically, and the responses to RR-6-3 and RR-6-6 which discuss the
development of the design curve adjustment factors.
RR-6-20 Comment

Section 3.3
The fatigue behaviour of Inconel 718 is discussed. It is stated that "the fatigue behaviour of
Inconel 718 should be represented by a separate fatigue E-N curve", but it is not clear whether
the Jaske and O'Donnell model reviewed in the text is being recommended or if development of
a new fit is proposed. Further, this statement of a requirement for a separate curve is not
consistent with the summary at the end of Section 3.3.2, which suggests that the current model
for austenitic stainless steels is acceptable (if conservative) for Inconel 718. Is a separate curve
required or not?
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NRC Response

on

In order to clarify the document and address this comment, Section 3.3 has been modified to
reflect the fact that Inconel 718 is more resistant to fatigue than typical Ni-Cr-Fe alloys. While
the use of either the NUREG/CR-6909, Revision 1 stainless steel or the ASME Section III
curves is recommended, it is now recognized that these curves are conservative for Inconel
718. The following change was also made at the end of the first paragraph of Section 4.3 to
indicate that the environmental fatigue correction factors are not applicable for Inconel 718 due
to lack of experimental data: "Note that experimental data on environmental effects for Inconel
718 are not available. Therefore, the Fen expression for Ni-Cr-Fe alloys contained in this section
is not applicable to Inconel 718." See also the response to related comment FAIDY-2-2k on
changes to the report to address other Ni-Cr-Fe alloys.
RR-6-21 Comment
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Section 4.1
The potential non-conservatism of environmental factors for low-sulphur steels is dismissed as
"associated with laboratory test data and not likely to be applicable to LWR operating
conditions". Presumably this is because the DO content (2ppm) is greater than found in
operating LWRs. The reason for the dismissal of this identified nonconservatism should be
stated.
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NRC Response
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In response to this comment, the last sentence of the 2nd paragraph after Equation 33 has been
revised as follows: "However, because this behavior was observed in laboratory data at DO
concentrations (i.e., 2 ppm) that are much greater than those in LWR environments, the
behavior is not likely to be applicable to LWR operating conditions."
RR-6-22 Comment

e-

Section 4.1, Pages 77 and 78
Equations presented on Pages 77 and 78 should be clearly marked as being superseded by the
updated equations presented in Sections 4.1.10 and 4.1.11. There is only a brief mention in this
section that these equations have been updated, within the text and without a reference to the
section containing updated equations. There is a risk that users of this large updated document
(Rev 1) could unwittingly use the old equations, believing that they are the current versions.
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NRC Response

In response to this comment and similar comment AMEC-3-9, the original, Rev. 0 expressions
that have been revised have been deleted from the main body of the report. The original Rev. 0
expressions are now only contained in new Appendix E. Please see also the response to
comment AMEC-3-9 for more information.
RR-6-23 Comment
Page 82, Paragraph, Line 10
First Clarify what is meant by "'...slow compressive loading near peak tensile loads." Is it a
reducing strain, but just after reaching the peak tensile condition?
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NRC Response
It is agreed that the clarification stipulated in this comment is needed. In response, the 5th
sentence of the 3rd paragraph in Section 4.1.1 has been revised as follows: "However, the
decrease in life was relatively small. For fast/slow strain rate tests, the major contribution of
environment occurred during the slow reducing strain, but just after the peak tensile condition."
RR-6-24 Comment
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Equation 41, Page 98
The new form of Fen expression is not consistent with statements elsewhere in the document.
For example, Section 4.1.2 (Page 82) states that "only a moderate decrease in fatigue life was
observed in ...PWR water"; Section 4.1.3 (Page 88) states that "the equations may consider a
threshold strain rate below which environment has no effect on fatigue lives (i.e., Fen = 1)";
Section 7 (p174) states that, for carbon and low-alloy steels, "expressions were revised so that
the value of Fen was 1... when any one of the threshold conditions was not satisfied". In fact, Fen
values considerably greater than 1 can result when one or more of the threshold values is not
satisfied.
NRC Response
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This particular comment contains 3 separate issues. The document has been revised as follows
to address each issue.
1. In Section 4.1.2, the 4th sentence of the 2nd paragraph has been changed to read:
"The decrease in fatigue lives in simulated (low-DO) PWR environments
(e.g., DO levels ≤ 0.04 ppm) was less than in high-DO environments (i.e., a
maximum of a factor of 3.5 to 4.5 lower)."
2. The 1st sentence of the bullet in Section 4.1.3 has been revised and the second
half of the sentence has been deleted. The modified sentence is as follows:
"Section 4.1.11 describes the procedure for calculating Fen in LWR water
environments and Section 4.4 discusses the modified rate approach.“
3. In Section 7, the 4th sentence of the 3rd paragraph of the section on carbon and
low-alloy steels has been revised to read: "In the present report, the Fen
expressions for carbon and low-alloy steels were revised so that the Fen value is
1.0 (i.e., no environmental effects) when the strain rates are very high
(i.e., greater than 2.2%/s), the DO level is less than 0.04 ppm, and the
temperature is less than 150°C."
RR-6-25 Comment

Sections 4.1.11 and 4.2.13
Threshold strain amplitudes are not mentioned in these sections (which deal with environmental
fatigue correction factors). Reference to these thresholds should be included for clarity; although
it is noted that the factors are included in preceding sections - ie Sections 4.1.10 and 4.2.12 and in Appendix A. It is suggested elsewhere in the document that these thresholds are
documented in these sections – e.g., the final paragraph of Section 4.2.3 (Page 118).
NRC Response
To address this comment, the following sentence has been added to Section 4.1.11 at the end
of the 4th paragraph:
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"A threshold strain amplitude (one-half of ∆ε) is also defined, below which LWR water
environments have an insignificant effect on fatigue life. The threshold strain amplitude
is specified as 0.07% or a 145 MPa (212 ksi) for both carbon and low-alloy steels."
The following similar statement has been added at the end of the 5th paragraph in Section
4.2.13:
"In addition, a threshold strain amplitude (one-half of ∆ε) has been defined, below which
LWR water environments have insignificant effects on fatigue lives (i.e., Fen = 1). The
threshold strain amplitude is specified as a strain of 0.10% or as a stress amplitude of
195 MPa (28.3 ksi) for wrought and cast austenitic SSs."

on

Finally, a similar statement has been added to the first paragraph after Equation 50 of Section
4.3.3 for Ni-Cr-Fe alloys
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RR-6-26 Comment
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Ve

Section 4.1.11
There is no mention of whether the revised Fen expression is recommended only for fatigue lives
up to 106 cycles. The previous (Rev 0) expression was recommended only for up to 106 (Section
4.1, Page 78), as are the Rev 0 and revised (Rev 1) expressions for stainless steels (Section
4.2, Page 110; Section 4.2.13, Page 129). The figures in Section 4.1.11 suggest that this
limitation should apply. Please clarify.
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NRC Response
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The sentence stating, "These models were recommended for predicting fatigue lives of less
than or equal to 106 cycles," was included in Rev. 0 of the report, and also in the draft version of
Rev. 1 of the report in Section 4.1 after Equation 38 for carbon and low-alloy steels and Section
4.2 after Equation 55 for austenitic SSs. This sentence is no longer needed because applying
the strain threshold for these materials would limit the applicability of the Fen expressions for
cases with fatigue lives ≤106 cycles. Therefore, the above sentences have been deleted in the
final report. Additionally, similar statements in Section 4.1 (the first sentence of the 2nd
paragraph after Equation 33), Section 4.2 (the 1st sentence of the 2nd paragraph), and Section
4.2.13 (the 3rd sentence of the paragraph after Equation 46) have been deleted in the final
report.
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RR-6-27 Comment

Section 4.2, Page 110
As for Section 4.1, equations in this Section should be clearly marked as being superseded by
equations in Section 4.2.13 (Page 129).
NRC Response
As discussed in the response to RR-6-22, the original Rev. 0 expressions that have been
revised have been deleted from the report. The original Rev. 0 expressions are now only
contained in new Appendix E.
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RR-6-28 Comment
Section 4.2.2
The upper threshold for an effect of strain rate has been increased from 0.4%/s (Rev 0) to 10%/s
(Rev 1). It is stated that this change is based on re-analysis of the increased database, yet Figures
85 and 86 show only the same data that were presented in Rev 0 (Figures 44 and 45) which extend
to a maximum strain rate of 0.4%/s. What is the basis of the increase to 10%/s?
NRC Response

on

Please see the responses to similar comments AMEC-3-10 and MHI-5-3 which provide the
basis for the strain rate threshold and identify subsequent changes to the NUREG related to this
issue.
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RR-6-29 Comment

NRC Response
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Section 4.3.3, Pages 141 and 144
It is confusing that on Page 141 a set of equations are provided for Fen factors for Ni-Cr-Fe
Alloys, yet on Page 144 the following statement is made "Due to significantly less available data
for Ni-Cr-Fe materials compared to carbon and low-alloy steels and austenitic SS, the updated
austenitic SS Fen expression may be used to incorporate environmental effects into ASME
Code Section lII fatigue evaluations for Ni-Cr-Fe materials". The inference is that there is little
confidence attached to the equations given on Page 141 and their use is questionable. A clear
statement should be provided on whether:
(i) the austenitic SS Fen expression should be used for Ni-Cr-Fe alloys, or,
(ii) the Ni-Cr-Fe Fen expression described earlier in the section should be used (which is
consistent with Appendix A), or,
(iii) the Ni-Cri-Fe Fen expression should be used but it is acceptable to use the austenitic SS
expression instead.
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It is agreed that the recommendations related to Ni-Cr-Fe materials were unclear in the draft
report. See response to AMEC-3-11, which also raised this issue. As stated in this response
(and in the changes made to the NUREG resulting from this comment), for Ni-Cr-Fe alloys, the
updated Ni-Cr-Fe Fen expression should be used along with the SS air design fatigue curve to
incorporate environmental effects into ASME Code Section III fatigue evaluations for Ni-Cr-Fe
materials.
RR-6-30 Comment

Section 5
This section should clearly state a recommendation for factors that should be used to derive
design curves from best fit data. It is implied elsewhere that the continued use of factors of 12
and 2 is proposed. If this is the case, why is it not appropriate to recommend use of the revised
factor of 10 on life? A brief explanation is included in the Executive Summary, but not in the
Section 5 discussion.
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NRC Response

on

The report clearly states that to be consistent with the adjustment factor used in the ASME
Code fatigue design curve for austenitic stainless steels, a value of 12 was used to develop the
air design curves from mean-data curves for each material. Although a preliminary analysis
indicates that it may be adequate to further reduce the adjustment factor on life from 12 to 10,
such reduction is not proposed in the report because of other potential uncertainties due to the
effects of temperature and strain rate on the secondary hardening behavior and DSA and their
subsequent effect on fatigue life. The authors believe that further optimization of the factor on
life should be performed together with a detailed evaluation of the adjustment factor of 2 on
strain (or stress). Please also see the response to similar comment RR-6-31 for related
information.
RR-6-31 Comment
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Section 5, Pages 148 and 154
It is a concern that significant effort has been made in shifting the factor on cycles from 20 to 12
and now 10, but very little time and effort has been spent in understanding and explaining the
factor of 2 on stress.
NRC Response
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In this report, no attempts were made to evaluate an acceptable value of the adjustment factor
on strain or stress because the existing data are inadequate. At present the adjustment factor of
2 on strain/stress is used to account not only for data scatter, size, surface finish, and loading
sequence, but also for potential effects of a combination of temperature and strain rate on
secondary hardening and DSA. Significantly more data are needed to accurately evaluate the
individual effects of these parameters and their potential interaction (either detrimental or
beneficial). Changes have been made to Section 5.5 to address this comment. Further, item
(xvii) Factor of Two on Strain (or Psuedo-Stress) has been added to new Section 1.5 to discuss
this issue. Similar comments are provided in AMEC-3-12 and AREVA-9-11. Please see those
responses as well for additional information on this issue.
RR-6-32 Comment
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Section 6, Page 158
This section assesses validation of the revised Fen expressions against a number of existing
component feature tests and claims that they all tie-in with the model in terms of experimental
versus predicted cycles to within a factor of x2 that would be expected for material
variability/data scatter. However, all of the feature tests are considered to be mainly membrane
loading tests. The one key test that is repeatedly discussed by those involved with this
environmental fatigue issue, and appears in various PVP papers, is the Bettis Stepped Pipe
test. This test did include a strain gradient from severe thermal shocks yet the NUREG/CR-6909
Rev 1 discounts this test due to the claim (Page 158) that the reported estimates of elastic and
plastic total strains are not reliable. This is something that is vitally important to resolve. There
are reliable elastic and elastic-plastic strain estimates available from several independent
sources that could be used to compare numerical predictions with the stepped pipe results. The
basis for excluding the stepped pipe tests from the validation study should be further explained,
or the results included.
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NRC Response
It is agreed that the Bettis stepped pipe test provides a good example for validating estimations
of environmental effects on fatigue life. The criteria for selecting the examples for validating the
proposed methodology was the availability of required information to accurately estimate the
fatigue life. Because the stepped pipe test did include a strain gradient, and its effect on the
fatigue life was not well known, an accurate estimation of fatigue life was not considered
possible as part of this report. However, the potential effects of strain gradients are currently
being evaluated in the ASME Code Subgroup on Fatigue Strength.
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The results of the stepped pipe test could be used for validating the methodology proposed in
this report once the effects of strain gradients are finalized. In order to address this issue more
clearly in the report, the following text was added to the second paragraph from the end of
Section 6.0 (i.e., just prior to Section 6.1):
"In addition, the assessments to estimate the overall Fen for the thermal fatigue tests of a
stepped pipe indicated that the reported estimates of the total applied strain (elastic and
plastic) were not reliable. Therefore, additional finite element analyses are needed to
provide meaningful thermal strain values for use in the evaluation. As a result, the
dataset for the stepped pipe thermal fatigue tests was not considered further, and this
report does not include those results."

NRC Response
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Section 6.1, Page 159
Figure 122 is missing.
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RR-6-33 Comment
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See also the response to similar comment AMEC-3-2.

The report has been revised to ensure that Figure 6-1 (Figure 122 in draft report) is displayed
accurately in the document.
RR-6-34 Comment
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Section 6.2, Page 164
With regard to the data from Le Duff et al, it is stated that the "behaviour is considered unique to
this specific strain loading cycle". In fact, the loading rates and waveform are representative of
an actual load cycle within plant, unlike the idealised triangular waveforms used in the standard
cylindrical test specimen testing. Further explanation is therefore required to explain why the
behaviour is considered unique. The same comment applies to discussion of these tests in the
summary (Section 7) on Page 176.
NRC Response
The term "unique" refers to the fact that the estimation method assumes that once the protective
surface oxide film is ruptured it remains ruptured until the end of the transient. In reality, the
oxide film is likely to re-form during the very low strain rates at the end of the lower half of the
transient, and an additional minimum strain would be needed to again rupture the film for
environmental effects to occur.
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The following statement has been added for clarification in both Sections 6.2 and 7 after
invoking the term “unique”:
"For example, the calculations assumed that the surface oxide film forms during the
decreasing strain portion of the cycle and does not re-form until the peak strain. The
protective oxide film is likely to re-form at the end of the transient when strain rates are
very low and strain accumulation is negligible. Therefore, an additional threshold strain
would be needed to rupture the surface oxide film for environmental effects to occur."
RR-6-35 Comment
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Section 6.2, Page 164
The summary statement "....however the predicted values were within the range of data
scatter", is true, but all the values are consistently at the lower extreme, and this conclusion is
misleading in suggesting that the results obtained were due to data scatter. Apart from loading
waveform, all other parameters (surface finish, loading, size) are the same between the tests,
and a reasonable expectation would be that the complex waveform tests should provide
experimental Fen values closer to those calculated, not consistently under-predict them.
Reasons for the apparent conservative nature of the calculated Fen values should be provided.
Are the calculated Fens "best estimate", in which case the experimental values would reasonably
be expected to be scattered either side, or are they purposefully conservative? In light of the
results provided by Le Duff this should be discussed in NUREG/CR-6909 Rev 1.
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NRC Response
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The Fen approach is expected to be conservatively biased, in part because it adjusts the ASME
air design curves which are generally conservative and also because fatigue loading in many
applications is not uniformly tensile as in the laboratory tests (i.e., there are gradient effects).
Item (xxi) Gradient Effects has been added to new Section 1.5 to address this latter point.
However, other factors may lead to decreases in fatigue life in applications compared to
laboratory testing (e.g., component size). All of these factors need to be considered in
assessing the conservatism of the method in any service application.
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To address this comment within the report, the following statement has been added to item (xx)
Applicability of Method and Future Work in new Section 1.5 of the report:
"The fatigue design curves developed in this report for carbon and low-alloy steels and
austenitic SSs are applicable to various grades and compositions of materials having a
wide range of tensile strength. Furthermore, the criterion used in establishing the fatigue
design curve ensures that the proposed curve bounds 95% of the available fatigue data
with 95% confidence. In addition, the mean stress correction for the design curves is
based on a conservative value of mean stress at room temperature. Finally, the fatigue
loading in laboratory specimens is uniformly tensile which is more severe than in many
applications where the loading decreases through the thickness. Therefore, the fatigue
design curves should be conservative for most materials and applications, particularly at
reactor operating temperatures where mean stresses are likely to be lower.
The criteria used for establishing the adjustment factors to account for the parameters
that influence fatigue life that were not considered in the experimental data used to
develop the fatigue design curves (Section 5) are also expected to yield conservative
estimates of fatigue life in most applications. These adjustment factors may be further
optimized. Note that other factors (e.g., component size) may lead to decreases in
fatigue life in field applications compared to laboratory testing. Therefore, any
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modifications of the design curves or adjustment factors should be performed holistically
to develop a technical basis that addresses all the sources of conservatism and
uncertainty mentioned above.”
Similar statements have been added to the Executive Summary and Summary sections of the
report.
RR-6-36 Comment

on

Appendix A
The recommendation that Fen expressions should be used only for predicting fatigue lives up to
106 cycles is not mentioned in this section. It should be included to avoid inappropriate
application of these expressions.
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NRC Response

This comment is similar to earlier comment RR-6-26. Please see the response to this comment.
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RR-6-37 Comment
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Appendix B, Table B2
Please check that the values of YS and UTS are correct for Mat. ID 13 and 14.
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NRC Response
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The values presented in Table B-2 are correct. Mat. ID 13 was hot rolled and annealed by the
supplier and Mat. ID 14 was cold drawn. As indicated in the last column of Table B-2, the
properties for these materials were obtained from the following reference:
Smith, R. W., M. H. Hirschberg, and S. S. Manson, “Fatigue Behavior of Materials Under
Strain Cycling in Low and Intermediate Life Range,” NASA TN D-1574, Lewis Research
Center, April 1963.
RR-6-38 Comment
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Appendix B, Table B3
Please check that the values of YS and UTS are correct for Mat. ID 8.
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NRC Response

The yield strength (YS) and ultimate tensile strength (UTS) values in Table B-3 for Mat. ID 8 are
correct. This material is a high-strength Alloy 600 forged bar, hot-cold worked, Heat #NX0173.
As indicated in the last column of Table B-3, the properties for this material were obtained from
the following reference:
Mowbray, D. F., G. J. Sokol, and R. E. Savidge, “Fatigue Characteristics of Ni–Cr–Fe
Alloys with Emphasis on Pressure–Vessel Cladding,” KAPL–3108, Knolls Atomic Power
Laboratory, Schenectady, NY, July 1965.
Specifically, the information is located on page A.26 of this report.
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RR-6-39 Comment
Appendix C, Figure C-1
Please show the x, y and z axes on Figure C.A in order to correlate with the stresses shown in
Figures C.3 to C.5.
NRC Response
As requested by this comment, the x, y, and z axis labels have been added to Figure C-1.
RR-6-40 Comment
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Appendix C, Section C3
The value of Young's Modulus used in the sample problem should be provided.
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NRC Response

Ve

It is agreed that the requested information should be provided. A new Table C-1 was added to
the report that provides the material properties as a function of temperature used in the
calculation.

n

RR-6-41 Comment

at
io

Appendix C, Page C-10, B iv
There is incorrect wording or missing text.
NRC Response

Pu
bl
ic

It is agreed the wording in B(iv) in the draft is incorrect. The wording in B(iv) was corrected by
eliminating the term "for" from the draft document.
RR-6-42 Comment

e-

Appendix C Table C5
Consideration should be given to presenting this data graphically.

Pr

NRC Response

The S'31 stresses in Table C-5, which were used for the CUF calculation, are already plotted in
Figure C-6. These are the most important stresses in the analysis. Therefore, no changes were
made to the report in response to this comment.
EDF-7-1 Comment
p.5 - Paragraph under equation (12): it seems from former References( 1 )(2) that oy is the
cyclic yield stress.
NRC Response
This comment is nearly identical to comments AMEC-3-4, RR-6-7 and AREVA-9-10. It is also
similar to comments RR-6-15 and EDF-7-4. Please see the responses to AMEC-3-4 and RR-6-7
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for the disposition of this comment. Related information is also contained in the responses to
RR-6-15 and EDF-7-4
EDF-7-2 Comment

on

p. 48 - Figure 32:
a) What do the Data points "Several Heat" correspond to in relation to the data exposed in
Table 1?
b) How are the categories of data points arranged together? Based on similar temperature
loads, similar specimen type? This affects greatly the statistical analysis performed to
obtain the coefficient A and should be clarified.
c) The hypothesis for performing the analysis with the t-distributions is the unbiasedness
and the normality of the residuals: was these checked when running the analysis?
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NRC Response

e-

Pu
bl
ic

at
io

n

Ve

This comment contains three sub-comments which are addressed as follows using the
corresponding label.
a. As indicated in Section 3.1.1, the database used in these analyses consisted of 19 heats
of carbon steels and 22 heats of low-alloy steels. In the plots shown in Figure 3-6 (Figure
32 in draft report), data for 6 heats of carbon steel and 10 heats of low-alloy steels are
identified separately, nearly all of the other datasets are presented as "other heats" in
these plots. No change resulted in the report from this comment.
b. The fatigue design curves for carbon and low-alloy steels and austenitic stainless steels
were developed using completely reversed, strain-controlled fatigue tests on smooth
cylindrical test specimens in an air environment, only a few tests were conducted on
hourglass specimens. The various data sets were categorized in accordance with the
material compositions (i.e., heats) and test temperature. The data sets were not
categorized on the basis of strain rate, although the strain rate varied over a wide range
of 0.05 to 10 %/s.
c. Such information is documented in Ref. 130 (NUREG/CR-6335, 1995, by J. Keisler, et
al.), where rigorous statistical analysis was used to obtain best-fit curves for fatigue
strain vs. life data. This reference provides the information of how the t-test was
performed. This reference is already cited in the NUREG and the commenter can refer
to this document for additional information on this analysis. Therefore, no changes to the
report have been made to reflect this comment.

Pr

EDF-7-3 Comment

p. 49 - First paragraph: from a statistical point of view, it should not be authorized to withdraw a
set of data points from the analysis, except if it is based on experimental or physical arguments.
What is the reason for withdrawing the set of data pertaining to A216-Gr from the analysis?
NRC Response
This comment is similar to comment RR-6-13. This comment has been addressed in the
response to comment RR-6-13.
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EDF-7-4 Comment
p. p. 59 - "...than the monotonic yield strength of austenitic SSs most commonly used
(approximately 303 MPa).": it seems from former References( 1 )(2) that the value given is the
cyclic yield strength of austenitic steels. It is unclear in those References(1)(2) how the value of
303 MPa was obtained, and a more typical value of cyclic yield strength for austenitic stainless
steels range from 180 MPa to 250 MPa: could NURER/CR-6909 clarify this value?

on

(1) Manjoine, M., Tome, R.E., 1983, "Proposed Design Criteria for High Cycle Fatigue of
Austenitic Stainless Steel," International Conference on Advances in Life Prediction
Methods, D.A. Woodford and J.R. Whithehead, eds, ASME, pp.51 - 57
(2) Jaske, C.E., Mindlin, H., and Perrin, J.S., "Cyclic Stress-Strain Behavior of Two Alloys at
High Temperature," Cyclic Stress-Strain Behavior Analysis, Experimentation, and Failure
Prediction, ASTM STP 519, American Society for Testing and materials, 1973, pp. 13 -27
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NRC Response

EDF-7-5 Comment
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The term "room-temperature" has been added after, " … which is greater than the upper range
of the…" in the 5th sentence of the 5th paragraph of Section 3.2.1. The revised sentence reads:
"Furthermore, for the mean air curve in ASME Code Section III before publication of the
2009 Addenda, the 106-cycle fatigue limit (i.e., the stress amplitude at a fatigue life of
106 cycles) was 389 MPa, which is greater than the upper range of the
room-temperature monotonic yield strength of austenitic SSs used for the mean stress
correction in this report (approximately 303 MPa in Table B-2 in Appendix B)."

e-

NRC Response
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p.98 - Equation 41: the paragraph 4.1.5 concludes on no environmental effect of dissolved
oxygen for DO<0.04 ppm which is in contradiction with the equation 41 which gives a value of
Fen of up to about 6 for DO<0.04 ppm. This seems inconsistent with the Rev. 0 as well as with
the paragraph 4.1.5 of Rev. 1. It is also in direct contradiction with the Section 7 - Summary, p.
174, where it is stated "In the present report, the Fen expressions for carbon and low-alloy
steels were revised so that the value of Fen was 1 (i.e. no environmental effects) when any one
of the threshold conditions was not satisfied".

Pr

In response to this comment, the 1st sentence of the 2nd paragraph in Section 4.1.5 has been
revised to read:
"Environmental effects on the fatigue lives of carbon and low-alloy steels were
insignificant at DO levels of 0.04 ppm and strain rates greater than or equal to 1%/s;
they increased with decreasing strain rate (Fen was about 2 at 320°C, 0.010% S,
0.04 ppm DO, and 0.04%/s strain rate)."
EDF-7-6 Comment
p. 152 - Section 5.5: in the first paragraph, it is stated that the effects of various parameters are
not cumulative because the various parameters affect life through the propagation of small
cracks. It is then concluded that the parameter with the largest effect is therefore the controlling
one. This should be clarified as it seems unclear why cumulating various aggravating
parameters would not enhance crack initiation, even though the cracks are of a short size.
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NRC Response

Ve
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on

The comment and the quoted reference from Section 5.5 is referring to the adjustment factor for
strain. Starting at the 3rd sentence, Section 5.5 has been clarified and now reads:
"… the adjustment factor of 2 on strain is used to account not only for data scatter, size,
surface finish, and loading sequence but also for the potential effects of a combination of
temperature and strain rate on secondary hardening and dynamic strain aging. These
effects are not cumulative within the high-cycle fatigue region and only the most
dominant of these effects controls the net adjustment factor. However, these parameters
principally affect the growth of MSCs and their significance depends on the operating
conditions, environment, material, and fabrication process. Therefore, the effect that
dominates is a function of material and environmental conditions. The factor of 2 on
strain is sufficient to account for the dominant effect within the high-cycle fatigue region.
In addition, when comparing the fatigue lives of laboratory test specimens to those of
actual reactor components, the factor of 2 on strain used to develop the ASME Code
Section III air design curves was adequate to account for the uncertainties associated
with material variability, component size, surface finish, and load history.”
Also item (xvii) Factor of Two on Strain (or Pseudo-Stress) in new Section 1.5 has been added
which discusses the basis for the factor of two on strain.
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EDF-7-7 Comment

NRC Response
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p. 176 - First paragraph: it is stated that the behavior with complex type loadings is unique to the
specific strain loading cycles used in the [AREVA] tests. This loading signal is nevertheless very
close to what is experienced on real life components and this should be emphasized in the
report rather than calling the results unique.

This comment is nearly identical to RR-6-34. Please see the response to this comment for how
this issue has been dispositioned.

Pr
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EDF-7-8 Comment
General comments:
a) The NUREG/CR-6909 document recognizes many detrimental effects in air such as surface
finish, size effects, etc... Many of these effects have not been studied in PWR environment and
many testing carried out around the world seems to indicate that some effects might be
intricately linked to one another (e.g. surface finish and PWR environment as demonstrated by
Le Duff et al. (1) and other organizations).
b) NUREG/CR-6909 does not recognize any effect of thermal gradients that may be beneficial
on general fatigue life, as indicated in presentations made by Rolls-Royce during the 2013 EPRI
Fatigue Workshop held in San Francisco from July 30th - August 1st.
(1) Le Duff J. A., Lefranqois A., Vernot J. P. And Bossu D., 2010, "Effect of Loading Signal
Shape and of Surface Finish on the Low Cycle Fatigue Behavior of 304L Stainless Steel in
PWR Environment," PVP2010-26027, ASME 2010 Pressure Vessels and Piping
Conference, Bellevue, USA.
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NRC Response
In response to part a. of this comment, the investigation by Le Duff et al. has been reviewed and
referenced in the report (Refs. 155-157). In addition, fatigue tests have been conducted at ANL
on rough and smooth specimens of austenitic stainless steels in PWR environments. The
proposed methodology is consistent with the results from both studies. Note that the combined
adjustment factor is not based on the product of the maximum values of the individual
subfactors. The adjustment factor of 12 on life is less than half of the product of individual
subfactors. Additional limitations are also listed item (xvi) Development of Adjustment Factors in
new Section 1.5. This comment is also similar to earlier comments FAIDY-2-1e, FAIDY-2-3a,
and RR-6-3. See the responses to these comments for additional information.
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In response to part b. of this comment, the effect of thermal gradients is being addressed by the
ASME Code committees associated with Code fatigue design procedures. These effects can be
incorporated into the fatigue design procedure independently by using another adjustment factor
similar to the Fen factor used for incorporating environmental effects. There are also other similar
comments on the effects of strain gradients, including RR-6-4, RR-6-32, AMEC-3-2, AMEC-3-5,
and AREVA-9-17h. Please see the responses to these comments for additional information and
the changes made to the report to address this issue.
HITACHI-8-1 Comment

at
io
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Section 5.3 Surface Finish
This comment is about the sentence 'Limited data in LWR environments on specimens that
were intentionally roughened indicated that the effects of surface roughness on fatigue lives
were the same in air and water environments for austenitic SSs, but were insignificant in water
for carbon and low-alloy steels, particularly in NWC BWR environments.'

NRC Response

Pu
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It is better that the references on this topic are shown.

Pr

e-

Section 5 simply presents a summary of the results that have been previously discussed. A
detailed discussion on surface finish effects is presented in Section 3.1.9 and 4.1.12 for carbon
and low-alloy steels in air and water environments, respectively, and in Section 3.2.10 and
4.2.14 for austenitic stainless steels in air and water environments. All related references are
identified in these specific sections.
HITACHI-8-2 Comment
Section 5.4 Load Sequence
This comment is about the sentence 'Therefore, because the fatigue c-N data used to develop
the ASME Code Section III fatigue design curves were obtained from fatigue tests at constant
strain amplitudes, the effects of loading sequence on the fatigue lives and the fatigue limits of
materials were included in the ASME air design curves.'.
Current fatigue design curves do not seem to include design margin for load sequence effect. Is
the description of the sentence correct?
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NRC Response
It has been well documented since the late 1960s that a few cycles of high strain amplitude prior
to cycling at constant low strain amplitudes, decreases the fatigue life significantly. More
recently, the studies by J. Solin on austenitic stainless steels tested with random blocks of
random cycle as well as at constant strain amplitude, indicate similar results. Since the concept
of cumulative fatigue usage factor is based on Miner's rule, such effects need to be considered
in ASME Code fatigue evaluations.
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In order to clarify this point further, the end of the 2nd paragraph of Section 5.4 (2nd to last
sentence) has been changed from, "Therefore, because the fatigue ε–N data used to develop
the ASME Code Section III fatigue design curves were obtained from fatigue tests at constant
strain amplitudes, the effects of loading sequence on the fatigue lives and the fatigue limits of
materials were included in the ASME air design curves." to "Therefore, because the fatigue ε–N
data used to develop the ASME Code Section III fatigue design curves were obtained from
fatigue tests at constant strain amplitudes, the effects of loading sequence on the fatigue lives
and the fatigue limits of materials were incorporated into the adjustment factor of 12 on the
number of cycles when developing the ASME Code fatigue design curves from the best-fit
curves of the data."
HITACHI-8-3 Comment
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Section 5.5 (d) Air Fatigue Design Curve Adjustment Factors Summarized
This comment is about the sentence 'Factors ranging from 1.0 to 2.0 were used to incorporate
the possible effects of load histories on fatigue lives in the low-cycle regime.'.

NRC Response

Pu
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The technical basis for the range from 1.0 to 2.0 is required to be shown.

As also noted in the response to comment HITACHI-8-1, Section 5.5 merely summarizes the
results from previous sections. The technical basis supporting the range of 1.0 to 2.0 to account
for loading history effects on fatigue lives is provided in Section 5.4.

e-

HITACHI-8-4 Comment

Pr

Appendix C, Section C3
This comment is about the equation which calculates the strain rate in the descriptions about
the Average Strain Rate Approach.
The description indicates that the Young's Modulus is determined at the maximum metal
temperature. In this case, a higher value of the strain rate is calculated comparing with the case
employing the Young's Modulus at the average metal temperature. To estimate the
conservative Fen, the Young's Modulus determined at the maximum metal temperature is not
considered to be relevant. It is better to employ the Young's Modulus at the average metal
temperature for example.
NRC Response
It is agreed that more clarification is needed on how to determine the Young’s Modulus, E,
especially for the average strain rate approach. Therefore, to address this comment, in new
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Section 4.4 of the NUREG, clarification was added under new bullet (4) regarding the use of
temperature for determining the value of E. Similarly, the definition of E in Section C.3 was
expanded to state that the maximum temperature was used for the sample problem in Appendix
C. Finally, Section A.3 was modified to refer to this expanded definition of E. This comment is
also similar to part of the WEST-4-6e comment. Please refer to this response for additional
information.
AREVA-9-1 Comment

Pr
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Comments on the definition of the design crack initiation
a. It is stated in several places and for example on pages 2 and 20 that the "fatigue life is
described in this report as the number of cycles of a specified strain amplitude that a
specimen can sustain before the formation of a 3-mm-deep crack (i.e., an "engineering
crack") and that this "equates to a 25% load drop in test specimens, and is assumed to
equate to crack initiation in an actual component". Please provide the depth of the crack
corresponding to the crack initiation in an actual component. Is it 3mm too?
b. The 25% load drop criterion may be questionable for the specimen sizes used in the
studies that used the "5.1 - 9.5mm (0.2 - 0.375 in.) diameter cylindrical specimens" on
page 39. Indeed this criterion is closely linked to the macroscopic crack growth in the
specimen. It is very likely that using 5.1mrm diameter cylindrical specimens cannot
correspond to a 3-mm deep crack with the 25% load drop criterion but to a significantly
lower deep one. The same comment may be reported for using 4mm diameter cylindrical
specimens (page 158). This generates prejudicial data scatter, and the objective to share
a common fatigue damage target is not reached. Please provide an explanation for this
assessment.
c. In the same way, the failure criterion for 1 or 3 mm wall thickness tubular specimens
(pages 39, 128, and 170) and 3.38 mm wall thickness tube U-bend specimens (page 166)
may be questionable. Macroscopic crack growth kinetics in these specimens is
significantly different from those in 9 mm diameter cylindrical specimens, mainly because
of plasticity effects in the remaining un-cracked section. Again this necessarily generates
prejudicial data scatter and the objective to share a common fatigue damage target is not
reached. Please provide an explanation for this assessment.
d. Equation 18, on page 39, provides the relation between cycles N25 and cycles Nx, where
X is the failure criterion (e.g., 10, 50 or 100% decrease in peak tensile stress). Since this
formula is supposed to model the growth of a macroscopic crack, it is very surprising that
such a unique relationship can be found with no dependence on materials, strain
amplitudes, and specimen sizes. Please provide a justification for the use of this formula.
NRC Response

This comment contains several sub-comments that are addressed individually as follows. Subcomment a., and other similar components, asked that the definition of fatigue life used in the
report for test specimens be clarified and then discuss how this definition applies to structural
components. In response to sub-comment a. and other similar comments, item (ii) Definition of
Fatigue Life has been incorporated in new Section 1.5 to explain the definition of fatigue live
used in the report.
Sub-comment b. questions the uniformity of the 25% load drop criterion for other specimen
sizes. In the report, fatigue life in not defined in terms of a 25% load drop, but as the number of
cycles to create a 3-mm crack. The 25% load drop was a convenient way to monitor the crack
depth during a fatigue test on solid 9.5-mm diameter cylindrical fatigue specimen. Most of the
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tests in air have been conducted on 9.5-mm cylindrical specimens. None of the LWR
environment data used in the analysis was taken from 5.08 mm cylindrical test specimens. In
order to clarify this point, the last two paragraphs of Section 1.1 have been rewritten. See also
the response to AREVA-9-1a in the preceding paragraph for additional related information.
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In response to sub-comment c., it is generally agreed, as stipulated in the comment, that
differences between thin-walled tubular and solid diameter specimens can lead to different
fatigue test results. As stated in Section 4.2.12, the experimental fatigue lives for the 1 to 3 mm
thick tube specimens were up to a factor of approximately 4 lower than the predicted values. Of
course, the predicted values are based largely on the solid diameter test results. Sub-comment
c. identifies some of the reasons for these differences. While it's true that exclusion of the thinwall tests would decrease the scatter in the fatigue database, their exclusion wouldn't not
significantly alter any of the findings in the report. Therefore, they have been included in the
fatigue database both for completeness and as a recognition of the historical significance of
these tests.
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Sub-comment d. requests that additional justification be provided for the use of Equation 18.
Equation 18 correlates the crack depth and percentage load drop and was developed by
monitoring the crack depth vs. load drop during constant-strain fatigue testing. This equation is
used in the report to convert the measured fatigue lives from testing that used a percentage
load drop other than 25% to the lives associated with a 25% load drop. This conversion is
necessary so that the measured fatigue lives all correspond to a 25% load drop which, as
discussed in item (ii) of new Section 1.5, is approximately equivalent to a 3 mm crack for the
cylindrical specimen geometry and size used in the fatigue database. The technical basis for
this equation is provided in cited reference 10. However, the percentage load drop really reflects
the percentage of cracked area in the specimen which is why it is largely insensitive to material,
strain amplitude, and even specimen size for the relatively narrow range of specimen sizes used
to develop this test data.
AREVA-9-2 Comment

Pr
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Comments on test data base
a. The use of bending fatigue tests (page 15) increases the scatter and does not allow for a
uniform fatigue damage target to be achieved. Macroscopic crack growth kinetics in these
specimens may be significantly different from the one in 9 mm diameter cylindrical
specimens. Please state in the report the type of the bending fatigue test (3 or 4-point
bending, rotating bending), the load ratio, and the definition of the fatigue criterion. Figures
such as Figure 38 on page 58 could specify the points obtained through bending tests.
Using this kind of tests necessarily generates prejudicial data scatter.
b. Few test results in the high cycle regime are under load control. This data should only be
used, plotted, and compared to strain-controlled data that has been properly adjusted
under consideration for cyclic deformation behavior, which has not been conducted.
c. Using load control tests (page 15) raises the same question about the objective to share a
common fatigue damage target. The interpretation of these tests is made significantly
difficult by hardening issues. Figure 38 on page 58 should specify the points obtained
through load control tests. Again this essentially generates prejudicial data scatter. Please
provide a justification.
d. Chapter 4.2.1: Should cantilever beam specimens tested in deflection control really be
included in the database (Ref. 14 and 15, Hale et al.)?
e. A lot of papers compile the database, which do not contain listed fatigue data values, (e.g.,
Ref. 59) and instead only pictures of the results (fatigue e-N data plots). Was the fatigue
F-50

f.

data obtained from the institutes, or were the fatigue lives read out of the diagrams?
On page 110, it is mentioned: "The least-squares fit of the experimental data in LWR
environments yielded a steeper slope for the E-N curve than the slope of the curve
obtained in air (Ref. 45 and 121)." Is the literature reference 121 correct?

NRC Response

on

This comment contains several sub-comments that are addressed individually as follows. Subcomment a. addresses the inclusion of bending fatigue tests. The fatigue database used by JNES to
develop fatigue strain vs. life data includes a relatively small number of strain-controlled bending
tests. As shown in Figure 3-14 (Figure 40 in the draft report), the data from the bending tests are
evenly distributed along the ANL best-fit mean data curve for austenitic stainless steels. Therefore,
these results do not appear to unnecessarily bias the statistical analysis. The test details for the
bend tests are given in reference 210 which is cited in the report.
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It is agreed, as stipulated in sub-comment b., that there are few load control tests in the highcycle regime. This exact notion is discussed in detail at the end of Section 4.2.1. See the
discussion related to Figure 4-29 and Figure 4-30 (Figures 83 and 84 in the draft report), and the
summary statement at the end of the section. The report further argues that improper
interpretation of the test data can lead to incorrect conclusions regarding environmental effects
in PWR environments. The typical ANL test procedure is to start the test in strain control and
only convert to load control once the cyclic deformation behavior has stabilized.
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Sub-comment c. further questions the inclusion of constant load data in the analysis. This report
presents a methodology for estimating environmental effects on fatigue life of carbon and lowalloy steels, austenitic stainless steels, and Ni-Cr-Fe alloys used as structural materials in
nuclear power plants. The experimental data used to develop this methodology is based mostly
on strain-controlled tests. A few tests performed at ANL at low strain amplitudes (i.e., high-cycle
regime), were conducted partially under load control. As previously indicated, these tests were
started and run under strain control until the material (e.g., austenitic stainless steel) reached a
steady state strain hardening condition (i.e., the cyclic stress reached a steady-state value). The
test is then switched to load control for the remaining duration of the test. Because the applied
strain also reaches a steady-state value, results from these load-control tests can be compared
with the data obtained on strain-controlled tests without biasing the results.

Pr
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Sub-comment d. questions the inclusion of cantilever beam test data from references 14 and 15
in the report. The values of the constant A in the cumulative distribution curve in Figure 4-56 are
7.25 (Ref. 14 data) and 7.63 (Ref. 15 data) compared to the average of 6.81. These data points
are within the data scatter of the population and as such, do not significantly alter the results.
However, the results in references 14 and 15 were the first study that evaluated environmental
effects on the fatigue life of reactor structural materials. Given their historical significance, the
results were included in the present analysis.
Sub-comment e. asks about the nature (i.e., tabular or digitized) of the fatigue data. Most of the
data were obtained from the authors of the cited references, including the large database from
Japan. At least 80% of the data is from tabulated values. The data from a few studies were
digitized from strain vs. life plots. The authors have also performed quality assurance auditing
on many of the digitized data points to verify that the digitization is within 10% of the actual
strain and life values. Errors less than 10% are insignificant with respect to fatigue life.
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Finally, in response to sub-comment f., reference 121 is the correct reference. This reference
contains fatigue strain vs. life data on austenitic stainless steels in air and LWR environments.
AREVA-9-3 Comment
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Comment on austenitic SS best fit mean air curve
a. Figures 38 and 44 (pages 58 and 64 respectively) show that the fit of the austenitic
Stainless Steel (SS) data points is not optimal. Data points are not homogeneously
distributed in the scatter band according to the number of cycles. It seems that the
prediction in Low Cycle Fatigue (LCF) is a little bit un-conservative and that the one in the
High Cycle Fatigue (HCF) is too conservative. This choice impacts significantly the fatigue
limit of the final design curve.
b. Chapter 3.2.1 lists the experimental data (770 tests in total). The data base concentrates
on some types of SS (primarily 304 and 316). The applicability to other grades of SS
remains open. This also substantiates the derivation of separate design fatigue curves for
grade 347 SS in the German KTA 3201.2 Safety Standard according to the reference [1]:
[1] Schuler, X.; Herter, K.-H.; Rudolph, J.: Derivation of design fatigue curves for austenitic
stainless steel grades 1.4541 and 1.4550 within the German Nuclear Safety Standard
KTA 3201.2. Proceedings of PVP2013, Paper No. PVP2013-97138, 2013 ASME
Pressure Vessels & Piping Division Conference, July 14-18, 2013, Paris, France
c. The in-air stainless steel mean fatigue curve is a fatigue curve based on the worst between
different types of stainless steel. This penalizes a lot the stainless steels that have a more
favorable fatigue resistance. In addition to existing technical papers on that sub-topic, this
discrepancy (design stainless steel fatigue curve being much too low) can be seen very
clearly in the Tables A.1 and A.2 of Page A-5: stainless steel at 1E+04, 1E+05, 1E+06 and
1E+07 cycles: 368, 196, 126 and 99 MPa versus for Carbon Steel at 1E+04, 2E+05, 1E+06
and 1E+07 cycles: 373, 201, 142 and 115 MPa, respectively. This would mean that - for the
same stress or strain range - stainless steel sees fatigue damage before carbon steel, which
is the opposite of what should be expected. Therefore, the in-air stainless steel Design
Fatigue Curve needs to be moved upward (less severe) in the future.
d. The data scatter obtained in this report for 55 may also be questionable because of the
choices such as no potential temperature effects and inappropriate interpretation of the
load control tests. Again, this choice could result in a too conservative fatigue limit in the
final design curve.
e. Concerning the influence of temperature on the in-air fatigue data it is stated that
"Temperature had no significant effect on the fatigue lives of austenitic SSs in air at
temperatures from room temperature up to 450°C." The comprehensive database used to
derive new design fatigue curves for the German KTA 3201.2 Safety Standard (see [1])
clearly required a temperature differentiation for grade 347 SS in the high cycle regime.
The presented data in Rev. 1 of NUREG/CR-6909 is relatively sparse specifically in the
high cycle regime, where the expected temperature differentiation is most significant (see
Figure 41).
NRC Response
This comment contains several sub-comments that are addressed individually as follows. Subcomment a. is similar to previous comment RR-6-14. Please see the response to this comment
to see how this comment has been addressed. Sub-comment b. questions the applicability of
other stainless steels (SSs), such as 347, to the method. The fatigue database used in this
study consists entirely of high- and low-C Types 304 and 316 SSs. As stated in the report, for
these materials, the existing data indicate no effect of temperature at temperatures below
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400°C. Experimental data on other grades of SSs such as the Ti or Nb modified SSs are not
included in the report. These modified SSs do exhibit effects of temperature on fatigue life at
temperatures ≥300°C. These results have recently been confirmed by studies in support of the
German Nuclear Safety Standard KTA 3201.2. Therefore, the use of the ASME Code fatigue
design curve for estimating fatigue lives in air for these Ti and Nb modified SS would require an
adjustment to account the effects of temperature and strain rate on fatigue life. Please see the
response to RR-6-9, which is also related to this topic, for additional information.
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It is agreed, as stipulated in sub-comment c., that since the ASME Code Section III fatigue
design curve for austenitic stainless steels is applicable to a wide range of grades, heat
treatments, and compositions of material, it is conservative for high-strength stainless steels.
Separate fatigue design curves, based on material strength need to be developed to avoid such
conservatism. However, the existing fatigue data for austenitic stainless steels indicate that the
difference among the different grades and compositions most significant affects the value of the
fatigue limit (at low strain amplitudes) and the slope of the strain vs. life curve (at high strain
amplitudes). See also the response to similar comment RR-6-14 for additional information on
how the report has been modified to address this issue.
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Sub-comment d. raises two concerns, one regarding the effect of temperature on fatigue life and
the other about the interpretation of load-control tests. The effect of temperature of the fatigue
life of stainless steels is addressed above in the response to AREVA-9-3b. Regarding the
interpretation of load-control tests, the comment does not identify what is considered
inappropriate treatment of the data. However, the database used in this study essentially
consists of data from strain-controlled tests. Less than 20 test results were from load-control
tests. For these tests, the applied load is converted to strain either using the cyclic stress strain
curve or the strain at the half-life reported by the authors. Furthermore, the fatigue data used to
develop the ASME fatigue design curve is based only on completely reversed strain-controlled
tests at constant-strain amplitudes. For solution annealed Types 304 and 316 SS, the cyclic
stress during these tests reaches a steady state value within few hundred cycles.

e-

However, for load control tests, since the strain is continuously changing, a true steady-state
behavior is not achieved. The strain at half-life is used in used to compare such results with the
fatigue strain vs. life behavior from the strain-controlled tests. This procedure is described while
discussing Figure 4-29 and Figure 4-30 in the report. These issues are also discussed more fully
in item (vi) Testing Procedures for High-Cycle Fatigue in new Section 1.5.

Pr

Finally, the issue raised in sub-comment e. about the applicability of 347 grades to the method
in the report and the need for material-specific fatigue curves has been previously addressed
above for sub-comment b. and also in the response to RR-6-9. As previously discussed, the
development of fatigue curves specifically for the German Ti or Nb modified SSs which do
require a temperature correction is encouraged.
AREVA-9-4 Comment
Comment on the heat-to-heat variability
a. Please provide how the analyses on heat-to-heat variability (pages 48 and 65) have been
treated. More precisely, how are the categories of data points arranged together e.g.,
same temperature conditions, same specimen geometries, same laboratories?
b. What do the data points named "Several Heats" in Figures 32 and 45 of pages 48 and 65,
respectively correspond to?
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NRC Response
Sub-comment a. asks how data was categorized for the analyses on heat-to-heat variability. For
a specific heat of material, the various datasets were based on similar temperature, strain rate,
and in a few cases comparable heat treatment. Therefore, the plots of cumulative distribution of
the constant A, would also account for the variability of fatigue life due to processes that are
influenced by temperature and/or strain rate (e.g., secondary hardening, DSA, etc.). This
comment is similar to EDF-7-2b. Please see the response to this comment for additional
information.
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In response to sub-comment b., as stated in Section 3.1.1, the database used in these analyses
consisted of 19 heats of carbon steels and 22 heats of low-alloy steels. In the plots shown in
Figure 3-6 (Figure 32 in draft report, data for 6 heats of carbon steel and 10 heats of low-alloy
steels are identified separately, and in Figure 3-19 (Figure 45 in draft report) only 11 out of 38
heats are identified. Most of the other datasets are presented as "other heats." This comment is
similar to EDF-7-2a. Please see the response to this comment for additional information.
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AREVA-9-5 Comment
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Comments on the size effect
a. It is stated on page 150 that "specimen sizes are not likely to influence crack initiation in
specimens with rough surfaces" and "Consequently, for rough surfaces, the effects of
specimen sizes are not appropriate for consideration in the factor of 12 applied to the
fatigue design curves developed in this report". But finally it is added that "a factor ranging
from 1.0 to 1.4 on fatigue lives was used to incorporate size effects on fatigue lives in the
low-cycle regime." Please provide if 2 parameter ranges (one for size effect and one for
surface finish effect) have been well taken into account in Monte-Carlo statistical
evaluation. Considering the first statements and the fact that the actual components have
an industrial surface finish and not a laboratory smooth one, why only one for surface
finish effect is not enough?
b. In this report the size effect is only presented as a statistical probability to present "an
increased number of sites for crack initiations" (page 150). But it is well known that the
fatigue failure of the specimen is not necessarily driven by the first initiated crack.
Microstructural fatigue crack growth mechanisms are more complex. The theory of the
weakest link cannot be applied for fatigue failure prediction. So the size effect, as
presented in this report without any consideration of beneficial or detrimental effects on
fatigue crack growth, may be questionable for design purpose. Please comment.
c. Factor of 12.0 from Table 14: The size and the surface finish effects are considered in the
calculation of the stress ranges, for example through the piping design stress indices.
Therefore, considering those size and surface finish effects again for the calculation of the
factor of 12.0 on the number of cycles means that the same effects are considered twice
(and therefore much too penalizing) for the calculation of the allowable number of cycles
when applying that factor of 12.0 of Table 14 to the number of cycles from the specimen
mean fatigue curve.
d. Has a detailed examination for dependency been conducted for the sub-factors
considered in the factor on cycles of 12 or 10? For example, the surface finish and size
are correlated and in several cases they coincide. Have the variables been correlated in
the Monte Carlo simulations?
e. For variables such as size a normal distribution could have been used. Instead, a
lognormal distribution was selected. Please specify the degree of introduced conservatism
and the reason behind it.
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NRC Response
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This comment contains several sub-comments that are addressed individually as follows. In
response to sub-comment a., the effects of size and surface roughness are both included in the
analyses to ensure that the estimates bound 95% of the data. However, the maximum values of
the individual factors for size and surface roughness are not used. The final adjustment factor is
only 12, which is not the product of the maximum values for all factors. In the same paragraph
of Section 5.2 that the commenter quotes, it is stated that the adjustment factor for size was
varied between 1.0 and 1.4 in the Monte Carlo statistical evaluation instead of between 1.2 and
1.4 as in the earlier evaluation in Rev. 0 of NUREG/CR-6909. The lower bound of 1.0 reflects
data where the size and surface roughness effects are insignificant. To provide further
clarification and address this comment, the 3rd sentence of the second paragraph of Section 5.2
has been revised to read: "However, specimen sizes are not likely to have a significant effect on
crack initiation in specimens with rough surfaces because cracks would initiate at existing
irregularities on the rough surface."
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In response to sub-comment b., it is agreed that hundreds of cracks are formed along even a
short gauge length of a test specimen and that the first cracks that initiate do not necessarily
lead to failure. Out of the hundreds of cracks that form, only one or two cracks ultimately lead to
failure and it is the initiation and growth of these cracks that define the fatigue life of a specimen
or component. Potential effects of size, or the interaction between other parameters, on the
beneficial and detrimental aspects on fatigue crack growth were not evaluated in this study. The
existing data on fatigue crack initiation in air and LWR environments is inadequate to accurately
establish the individual effects and interaction of certain variables that can influence fatigue life.
Until such information is available, the use of adjustment factors is an appropriate engineering
incorporate such effects in fatigue evaluations.
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Sub-comment c. stipulates that size and surface finish effects are considered in the calculation
of the stress range. While the ASME stress indices do consider gross geometric discontinuities,
it is not apparent that they also account for smaller surface variations that are representative of
surface finish effects. However, the ASME design curves do explicitly account for surface finish
effects and, as discussed in this report, part of the adjustment factor of 12 from the mean to the
design curve is due to surface finish effects. If the commenter is concerned that surface finish
has been accounted for in both the stress indices and the design curves, this issue should be
raised to the appropriate ASME code committee.

Pr

Sub-comment d. asks if dependencies were considered during the development of the adjustment
factors. In the Monte Carlo simulations, for each iteration the value of the four parameters is
independently and randomly varied between the minimum and maximum values and their product
is used in the calculation. As shown in Table 5-2 (Table 14 in draft report), the factors for size and
loading history were varied between 1 and the maximum value, and surface finish was varied
between 1.5 and 3.5. As discussed above, there is not expected to be a size effect on crack
initiation for rough surfaces but any dependencies on the growth of microstructurally small cracks
have not been studied in this report. Therefore, there is no basis for developing a correlation
between surface roughness and size effects on the formation of a single, dominant engineering
crack (i.e., a 3 mm crack). Such work would require further research.
In response to sub-comment e., a normal distribution for variables such as size was not used in
this analysis. Both the normal and lognormal distributions can be considered consequences of a
central limit theorem, which can be expressed in several forms. In the case of the normal
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distribution, averages of random variables independently drawn from independent distributions
become normally distributed when the number of random variables is sufficiently large. A lognormal process is the statistical realization of the multiplicative product of many independent
random variables, each of which is positive.

on

Thus normal distributions have values that range from -∞ to +∞, lognormal distributions range
from 0 to +∞. Lognormal variation is widely observed in physical processes that result in values
from 0 to +∞ such as would be expected by the variables considered in this analysis. The
lognormal distribution is also a maximum entropy distribution which minimizes the amount of
prior information built into the distribution. There is not sufficient data to demonstrate that a
lognormal is the best distribution to describe the distribution of A, but it is a plausible distribution
that fits the available data reasonably well.
AREVA-9-6 Comment
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Comments on the surface finish effect
a. Some conclusions on surface finish effect are based on inadequate literature for design
purpose, regarding the in-service conditions. Ref. 217 and 218 (page 51) is inappropriate in
terms of temperature conditions (high temperature of 593°C), specimen surface finish (low Ra
close to 1) and fatigue damage definition (0.1-mm-deep crack). Finally, Equation 26 (page 51,
Ref. 217) is obtained with only a few data points. Please provide an explanation for this
method.
b. Figure 48 (page 68) for austenitic SS in air, and Figure 108 (page 136) for austenitic SS in
PWR or BWR water exhibit very few data points to discuss about surface finish effect. A larger
literature review could have been performed. For that purpose, Ref 155-157 could notably be
used as well (page 135).
c. Please add to the abbreviations list the meaning of surface finish parameters: Ra = Average
surface roughness, Rq = Root-mean-square value of surface roughness and Rt = Maximum
height of the surface roughness profile.
d. Please provide the choices made in paragraph 5.5 (page 152) for air fatigue design curve
adjustment factors. Table 14 presents a parameter range for surface finish but in the text, it is
stated that a "factor of 2.0 was used for austenitic SSs in both air and water environments for
surface finish effects". How have Monte Carlo simulations been performed for austenitic SS?
More precisely, is a parameter range or a unique value considered for the surface finish
effect?
e. Please clarify the link between the surface finish effect covered by the present report and the
potential other specifications of the ASME Code. In other words, is the surface finish effect
presently covered consistent with the ASME Code specifications in terms of Ra? Please
explain this point which is not currently addressed in NUREG/CR-6909 Rev. 1.
f. Please clarify the following statement on Ref. 155-157 (page 135): "Note that the strain
accumulated under specific strain rates decreased with decreasing strain rates". Does it mean
that given total strain amplitude, the cumulated plastic strain decreases because of DSA?
g. On page 135, sub-section 4.2.14 is not definitive concerning the effects of the surface finish in
LWR environments. The second sentence of that sub-section states that the contribution from
the surface finish effect is assumed to be 1.5 or lower, although Table 14 of page 153 states
that it is 2.3 (geometric average between 1.5 and 3.5). Also, sub-section 4.2.14 mentions the
effect of the surface finish in air and in LWR environments, but does not discuss the fact that
both of those effects (surface finish and LWR environment) should not be multiplied.
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NRC Response
This comment contains several sub-comments that are addressed individually as follows. The
two references identified in sub-comment a. provide information on the effect of surface finish
on fatigue life for specimens with RMS value of surface roughness in the range of 0.0075 to 2.9
mm. This range of surface finish falls within the range of the roughness of machined surfaces,
which is between 0.8 to 6.0 mm (Section 5.3). These data are obtained at a higher temperature
than in commercial nuclear applications but they provide an indication of the possible order of
magnitude of surface finish effects. As stated in the report, other lower temperature data
corroborate these results, and indicate that a factor of 2 to 3 appears to be appropriate to
account for surface finish effects in air for carbon and low-alloy steels.
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Sub-comment b. is similar to the previous sub-comment. All of the information related to surface
finish effects available when the report was prepared has been presented. As indicated in the
response to the previous sub-comment, there is limited data related to surface finish effects, but the
data that does exist supports the adjustment factors discussed in the report. More data is needed to
further refine these factors. It is agreed, however, that the available information on surface finish
effects on fatigue life in LWR environments is limited and additional data is required to more
accurately quantify these effects. In response to sub-comment c., the authors have added the
abbreviations suggested by the commenter to the list of abbreviations in the report.
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It is agreed, as stipulated in sub-comment d., that the following statement, "A factor of 2.0 was
used for austenitic SSs in both air and water environments for surface finish effects," is
inaccurate and leads to confusion. The following changes have been made to the report based
on this comment. The last sentence in the third bullet in Section 5.5 (formally item (c)) has been
deleted and the third sentence has been revised to state,
"Because additional data are not available to verify that the surface finish effects are
lower or insignificant in LWR environments, this investigation used a range of 1.5 to 3.5
to account for the effects of surface finish on the fatigue lives of carbon and low-alloy
steels and wrought and cast austenitic SSs both in air and LWR environments."

e-

Sub-comment e. asks for clarification on the link between surface finish effects and other ASME
Code specifications. The surface finish effects presented in this report are characterized with
respect to Rq. These effects have not been evaluated with respect to other ASME Code
Specifications for surface roughness, such as Ra, for consistency. That evaluation is beyond the
current scope of the report.
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It is agreed that this statement identified in sub-comment f. is confusing and has been deleted.
The end of the 2nd paragraph of Section 4.2.14 now reads as follows:
"In these tests, the Fen value for the portion of the transient at the slowest strain rates
was high, but this was compensated by the small total accumulated strain during the
same portion of the transient. Therefore, the slow strain rate portion of the transient did
not significantly contribute to the overall Fen value for the entire transient."
The intent of this statement has always been to indicate that the effects of the lowest strain rate
portions of the transient in these tests is not particularly significant.
In response to sub-comment g., the 1st sentence of the 1st paragraph in Section 4.2.14 has been
deleted because it was confusing and appeared to contradict the rest of the section. Section
4.2.14 now starts with "Fatigue tests were conducted on Types 304 and 316NG SSs that were
…". Additionally, some minor clarifications have been made to this section so that the factors
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are consistent with those in Table 5-2 (Table 14 in draft report), and to more clearly indicate the
effect of surface finish in high-DO (i.e., BWR) and low-DO (i.e., PWR) environments for the
limited data presented.
AREVA-9-7 Comment
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Factor on sequence effect
a. In Table 14 of page 153, the sequence effect of 1.41 (geometric average of 1.0 and 2.0)
should not be considered due to the choice of the most severe combination of the Peaks
and Valleys within the ASME-Code Fatigue Methodology and due to the fact that - in a
nuclear power plant - the cycles are well distributed within the 40-year or 60-year plant life.
Therefore, the factor of 12.0 should be approximately 8.5 (12.0 / 1.41, where 1.41 is the
sequence effect factor; see above). Also, the simple multiplication of the factor of 12.0 on
the number of cycles by the Fen factor is not at all reasonable and much too severe. This
combination should be a square-root of the sum of the squares combination, and not a
simple multiplication. This is one of the most important points. As an additional reference,
PVP Paper PVP2010-26027 (by Jean Alain Le Duff and others) has clearly shown that for example - the surface finish effects and the Fen factor should not simply be multiplied
by each other. A less severe combination of those effects needs to be established for the
future Fatigue Design Rules of the Class 1 Components.
b. On page 154, from the explanation in the paragraph above Table 15 and from Table 15
itself, the current factor of 12.0 on the number of cycles needs to be reduced to 9.6 for
stainless steel, and then to 9.6 / 1.41 = 6.8 to consider the fact that the load sequence
effect is not required when applying the ASME-Code Fatigue methodology for nuclear
power plant Class 1 components.
NRC Response
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There are two separate points contained within sub-comments a. and b. that will be addressed
together. The first part argues that a factor for load sequence effects should not be applied to
the life "due to the choice of the most severe combination of the Peaks and Valleys within the
ASME-Code Fatigue Methodology and due to the fact that - in a nuclear power plant - the cycles
are well distributed within the 40-year or 60-year plant life." There is not agreement with this
contention because the load sequence factor does not result from ASME Code requirements to
consider the most severe load combinations. The effect of load sequence has been well
documented since the mid-1960s; a few fatigue cycles at high strain amplitude decreases the
life of subsequent fatigue at low strain amplitudes more than that predicted by Miner's Rule.
Since the concept of the cumulative fatigue usage factor is based on Miner's Rule, such effects
need to be considered in ASME Code fatigue evaluations. However, this adjustment is not
needed in purely random load tests.
The second part of this comment refers to the inappropriateness of simply multiplying the most
detrimental effects for each of various factors on fatigue life to develop the overall adjustment
factor. It is agreed that such an approach is inappropriate and, as discussed in Section 5.5, a
simple multiplication of these factors is not performed to get the adjustment factor. Rather, a
Monte Carlo analysis is done to consider the full range of possible combinations of these
factors. This point has been clarified in revisions to Section 5.5 as discussed in the responses to
RR-6-3 and AMEC-3-8. Also, as discussed in responses to similar comment FAIDY-2-1e and
FAIDY-2-3a, item (xvi) Development of Adjustment Factors has been incorporated in new
Section 1.5 to address this issue.
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AREVA-9-8 Comment
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Comments on the temperature effect
a. Figure 38 (page 58) shows a potential temperature effect. Could inappropriate data points
such as results from bending tests, load control tests, or very high temperature conditions
be the cause of this situation? Moreover, it is finally stated (page 61) that "Temperature
had no significant effect on the fatigue lives of austenitic SSs in air at temperatures from
room temperature up to 450°C". Please explain this assumption, which in fact contributes
to potentially a large number of data scatter.
b. Please clarify the conclusions on secondary hardening. It is stated (page 61) that "For a
heat of Type 304L SS, the fatigue limit was higher at 300°C than at 150C because of
significant secondary hardening at 300*C" and that "Variations in fatigue lives due to the
effects of secondary hardening behavior were accounted for in the factor applied on stress
that was applied to obtain the design air curve from the mean data air curve." How
practical has this beneficial effect been taken into account in the decision to consider a
factor of 2 on stress for austenitic SS fatigue design curve?
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NRC Response
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In response to sub-comment a., there are two aspects of the data in Figure 3-12 (Figure 38 in
draft report) that could be interpreted to be potential effects of temperature. As mentioned in the
report, nearly all of the data are evenly distributed along the ANL best-fit curve, except for the
316 SS data at 400°C and the low-C Type 304L SS. However, the difference in the data for
Type 304L SS is because the slope of the strain vs. life curve is steeper than that for the other
SSs; fatigue lives at high strain amplitudes are slightly longer and at low strain amplitudes are
shorter. This trend is consistent for all the data up to 400°C. However, it is agreed, as stipulated
in this sub-comment, that temperature effects may be significant above 400°C and have
changed the bullet at the end of Section 3.2.4 to reflect this. This change is due to limited data
between 400 and 460°C and the possible role of secondary hardening on fatigue life above
400°C. This bullet now reads as follows:
"Temperature had no significant effect on the fatigue lives of austenitic SSs in air at
temperatures below 400°C. Limited additional data also showed no temperature effects up
to 450°C. However, the existing fatigue data are inadequate to establish the effects of
secondary hardening on fatigue life, especially at temperatures above 400°C. In the
proposed methodology, these secondary hardening effects are accounted for in the factor
applied on stress that was applied to obtain the design curve from the mean-data curve.”

Pr

It is also agreed, as stipulated in sub-comment b., that the discussion on secondary hardening
effects in Section 3.2.4 of the draft report needs clarification. The sentence at the end of the 2nd
paragraph of Section 3.2.4 stating that the results that fatigue limit was higher at 300°C than at
150°C has been deleted from the report for clarity. These results are discussed in detail later in
the report while discussing the effects of PWR environments. However, the difference in fatigue
limit in these tests is likely due to a misinterpretation of the load control data, and is not a real
effect. Additionally, as indicated in the above response, the sentence quoted in sub-comment b.
has been revised to state,
"However, the existing fatigue data are inadequate to establish the effects of secondary
hardening on fatigue life, especially at temperatures above 400°C. In the proposed
methodology, these secondary hardening effects are accounted for in the factor applied
on stress that was applied to obtain the design curve from the mean-data curve.”
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AREVA-9-9 Comment
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Comments on the Dynamic Strain Aging (DSA) effect
a. The Dynamic Strain Aging (DSA) phenomenon is first treated on page 16 and most
specifically on page 34 for the austenitic SS and in several other pages of the report.
Please note that the DSA phenomenon is temperature and time dependent but appears to
be independent of the environment as shown in the following references [2] and [3].
[2] L. De Baglion, J. Mendez, Low cycle fatigue behavior of a type 304L austenitic
stainless steel in air or in vacuum, at 20 degrees C or at 300 degrees C: relative
effect of strain rate and environment, in: P. Lukas (Ed.) Fatigue 2010, 2010, pp.21712179.
[3] L. De Baglion et aL.; PVP 2012-78767, "Influence of PWR Primary Water on LCF
Behavior of Type 304L Austenitic Stainless Steel at 300'C - Comparison with Results
Obtained in Vacuum or in Air"; July 15-19, 2012, Toronto, Ontario, Canada.
b. The pieces of information reported on page 61 for the DSA effect are questionable
because this phenomenon is also strain rate dependent and is mainly observed for
austenitic SS's between 300 and 400°C at low strain rates (see references [2] and [3]).
Please provide a justification or explanation for this information.
c. It is not clear, if the potential detrimental effect of DSA on the fatigue lives of austenitic
SS's, mentioned on page 113 for instance, is also considered for fatigue life predictions in
this report. Please clarify.
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This comment identifies various issues related to the dynamic strain aging (DSA) effect
discussed within the report. In response, item (xi) Dynamic Strain Aging has been incorporated
in new Section 1.5 to clarify how DSA was treated in the report. As stated in new Section 1.5,
the potential effects of dynamic strain aging (DSA) are provided in the report for information only
and are not included in any of the evaluations contained in this report. This is a topic that
requires further research and data in order to adequately assess its effects, several of which are
identified in this comment.
AREVA-9-10 Comment
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Comment on the mean stress correction
a. Please clarify the mean stress correction discussed on pages 5 and 59. Parameters σu
and σy remain ambiguous in literature. Is cy a cyclic yield stress or a monotonic yield
stress? Is it a total or half amplitude? In particular the value of 303 MPa for austenitic SS is
unclear in the following references [4] and [5]. Please clarify.
[4] Manjoine, M., Tome, R.E., 1983, "Proposed Design Criteria for High Cycle Fatigue of
Austenitic Stainless Steel," International Conference on Advances in Life Prediction
Methods, D.A. Woodford and J.R. Whithehead, eds, ASME, pp.51 -57.
[5] Jaske, C.E., Mindlin, H., and Perrin, J.S., "Cyclic Stress-Strain Behavior of Two
Alloys at High Temperature," Cyclic Stress-Strain Behavior Analysis,
Experimentation, and Failure Prediction, ASTM STP 519, American Society for
Testing and Materials, 1973, pp.13-27.
NRC Response
There are several similar comments related to use of monotonic or cyclic yield strength
throughout the report. Please see the responses to comments AMEC-3-4, AMEC-3-7, RR-6-7,
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RR-6-15, EDF-7-1, and EDF-7-4 for information on how these comments have been
dispositioned and how the report has been modified to address these issues.
AREVA-9-11 Comment
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Comments on air fatigue design curve adjustment factor on strain
a. Please clarify the references or figures of the present report that support the decision to
consider a factor 2 on strain for air fatigue design curve adjustment factor (page 152).
b. Assuming that "the adjustment on strain is controlled by the variable that has the largest
effect on fatigue life" (page 152), please clarify which is the most detrimental effect among
material variability and data scatter, component size, surface finish and load history.
c. Please clarify the following statement (page 152): "Because these variables affect life
through their influence on the growth of short cracks (less than 100pm), the adjustment on
strain to account for such variations is typically not cumulative." It is unclear why
cumulating detrimental effects would not enhance fatigue growth of short cracks.
d. In High-Cycle Fatigue (> 10^6 cycles), the Curves A, B and C from before the 2009 Edition
of the ASME-Code make sense, are logical and should remain. The current factor of 2.0
on the High-Cycle Fatigue portion of the specimen mean fatigue curve is much too high
and needs to be reduced to a value between 1.33 and 1.4, as suggested by others.
NRC Response

Pu
bl
ic

at
io

n

This comment contains several sub-comments that are addressed individually as follows. In
response to sub-comments a., b., and c., item (xvii) Factor of Two on Strain (of Pseudo-Stress)
has been incorporated within new Section 1.5. This item discusses the rationale for choosing
this factor primarily to be consistent with current ASME Code practices but then verifying its
acceptability through Monte Carlo analysis in the report. As indicated in this item within new
Section 1.5., the adjustment factor on stress or strain of 2 was assumed to be consistent with
current ASME factors. No attempt was made to evaluate an acceptable value of the adjustment
factor on strain or stress or the individual effects of different parameters such as material
variability and data scatter, component size, surface finish, and load history.
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However, the controlling parameter will vary in actual applications such that any of these effects
could dominate. In order to clarify this point, the following phrase has been added to item (xvii)
in new Section 1.5:
"At present, the adjustment factor of 2 on strain is used to account not only for data
scatter, size, surface finish, and loading sequence, but also for the potential effects of a
combination of temperature and strain rate on secondary hardening and dynamic strain
aging. These effects are not cumulative within the high-cycle fatigue region, and only the
most dominant of these effects controls the net adjustment factor. However, these
parameters principally affect the growth of microstructurally small cracks, and their
significance depends on the operating conditions, environment, material, and the
fabrication process. Therefore, the effect that dominates is a function of material and
environmental conditions. The factor of 2 on strain is sufficient to account for the
dominant effect within the high-cycle fatigue region.”
A similar statement has been used in Section 5.5 to replace the statement quoted by the
commenter. Please also see the responses to similar comments AMEC-3-12, RR-6-30 and RR6-31 for additional information on how this issue has been addressed.
Sub-comment d. raises two issues. The first issue is that the A, B, and C curves before the 2009
edition of the ASME code should remain. This issue is outside the scope of this report and the
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commenter should raise this concern to the appropriate ASME Code Committee. However, it is
the authors' opinion that these pre-2009 fatigue curves for stainless steels should not be used
because the best-fit curve of fatigue data used in developing these curves was based on very
limited data. This was pointed out in the paper by Jaske and O'Donnell in 1978. The details
regarding the procedure for developing the current ASME fatigue design curve for austenitic
SSs and the difference between the pre-2009 design curves and the current design curve are
discussed in the original version of NUREG/CR-6909.
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The second issue expressed in sub-comment d. is that the factor of two on high cycle data is
too high. The additional data evaluated in this revision of the report continues to support the
current ASME fatigue design curve. The existing data is also inadequate to more accurately
determine this factor such that it can be reduced. Therefore, additional study is required to
develop an appropriate technical basis.to support reducing this factor as stipulated in the subcomment.
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AREVA-9-12 Comment
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Comment on temperature effect in water
a. In Figure 88 (page 118) it is unclear why the threshold temperature has been reduced
from 150°C to 100°C. Indeed, data points were the same in the Rev.0 of the NUREG/CR6909 and the choice of a 150'C threshold was appropriate. Please comment.
b. Moreover, it is reported that "the results from the EdF sponsored study at GE on Type
304L SSs tested in PWR water at 150'C showed significant environmental effects in the
high-cycle regime" (page 128). This statement is questionable considering Figure 18 of
Ref.60 where few differences are shown between fatigue lives experimentally obtained at
150*C in Air and in PWR water. Please comment.
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NRC Response
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In response to sub-comment a., as shown in Figure 4-34 (Figure 88 in draft report), the revised
figure shows that fatigue life varies with temperature even at 0.4%/s strain rate. Compared to
the expressions in the original version of NUREG/CR-6909, this change does not affect the
fatigue life at 150°C, but the life at 100°C is longer than that in the original version of
NUREG/CR-6909. In order to clarify this point further, the following sentence has been added at
the end of the first paragraph of Section 4.2.4:
"Note that the Fen expression in the original version of NUREG/CR-6909 included a
temperature threshold of 150°C below which environmental effects were considered
insignificant. In addition, the Fen expressions developed by JNES do not consider a
temperature threshold. Therefore, to better represent the existing fatigue ε–N data, the
temperature dependence relationships in the Fen expression were modified and the
temperature threshold was decreased from 150°C to 100°C.”
The work by GE referenced by the commenter in sub-comment b. is presented in Figure 4-29
and Figure 4-30. Figure 4-30 is a recreation of Figure 18 of Ref. 60. This figure has been created
by recalculating the strains from the load data in Ref. 60 and plotting the results together with
other data obtained from strain control tests. The data sets show excellent agreement.
However, in the recalculated data of Ref. 60, the effect of environment at 150°C is minimal,
consistently lower. Therefore, to address the issue raised by sub-comment b., the first four
sentences of the 3rd paragraph of Section 4.2.13 have been revised as follows:
"A review of the updated fatigue database indicated that the results from the EdFsponsored study at GE on Type 304L SSs tested in PWR water at 150°C showed some
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environmental effects in the high-cycle regime (i.e., greater than 104 cycles). Therefore,
as discussed earlier, to better represent the existing fatigue ε–N data, the
temperature-dependent relationships in the Fen expression have been modified and the
temperature threshold has been decreased from 150°C to 100°C.”
AREVA-9-13 Comment
Comment on water reduction factor
a. It is noted that at a given strain rate and temperature, the water reduction factor increases
with decreasing strain amplitude. Why was this effect not considered in the report's
model?

on

NRC Response
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The approach followed in the report uses a simple environmental adjustment factor, Fen, which
presumes that the slope of the fatigue strain (or stress) vs. life curve is the same in air and
water environments. Based on the totality of the data in the report, this assumption appears
reasonable. If environmental effects increase with decreasing strain, the use of an adjustment
factor would be a function of strain and the concept becomes more complex. It is not clear
whether the apparent increase in environmental effects with decreasing strain is a true strain
dependence or just an artifact of the dataset being used to evaluate environmental effects. Most
of the fatigue data on austenitic SSs in PWR environments is for low-C Type 304L or 316NG
SSs. As mentioned in the report, the slope of the fatigue strain vs. life curve in air for these lowC SSs is steeper than that for the high-C SSs. Additional data are needed to investigate this
topic more completely. This point is clarified in item (xviii) Fen Assumptions that has been added
to new Section 1.5. Further clarification on this point is made at the beginning of Section 4 and
in the second paragraph of Section 4.2.13.
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Comments on validation of Fen expressions
a. A validation of Fen expressions is presented in paragraph 6 (page 157). The choice made
by the authors is to study only the environmental effects by considering a best fit
assessment of the other effects (material variability, surface finish, etc.); in the various test
campaigns the air fatigue design curve is never used. Please explain why no global
assessment of the fatigue design process (air design curve + Fen expressions) has been
performed. The latter is the most important for design purpose and the level of
conservatism should be clarified.
b. For the VTT tests please specify surface roughness values of the specimens (page 158)
and please correct Figure 122 (page 159), which is not visible.
c. For the tests on U-bend specimens (page 166), please specify the level of theoretical Fen
values.
d. No Fen value higher than 6 has been tested in the various test campaigns; please provide
a comment.
e. On page 158, the five lines just above the title for sub-section 6.1 states the NRC was not
able to complete the stepped pipe fatigue finite element analyses to calculate the thermal
strains and, therefore, was not able to include the stepped pipe fatigue test results in this
Report. The official PVP technical paper of the Bechtel-Bettis stepped pipe fatigue tests
(PVP technical Paper PVP2004-2748, by Dr. David Jones and others) gives the strain
range of 1.63 %, based on the actual stress-strain curve of the stepped pipe material.
Thus, based on that strain range, the ASME-Code in-air number of cycles is 161, when
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compared with the minimum number of cycles of 365, leading to a severity for the ASMECode in-air Design Fatigue methodology of 365 / 161 = 2.27. This means that the in-air
ASME-Code Fatigue Design Methodology is already leading to a number of allowable
cycles that is 2.27 times too small, and this is before reducing the number of cycles of 161
by the Fen factor. These results, including the strain range of 1.63 % above, have been
confirmed by others in their finite element analyses of these tests. The crack depth
considered in these fatigue tests for the recordings of those numbers of cycles (minimum
365) is 0.25 mm crack depth, which is 12 times less than the 3.0 mm crack depth
postulated in NUREG/CR-6909 and much smaller than the through-wall crack depth of the
ASME Code Fatigue Design methodology (see 11-1520(b) of the Appendix II of Section III,
Division 1 of the ASME-Code). The code clearly states: "Failure is herein defined as a
propagation of a crack through the entire thickness, such as would produce a measurable
leak in a pressure retaining member." In addition, 11-2340(b) of the same Appendix
states:" ... subjected to fully reversed cyclic displacements until a visible through-wall leak
develops in the component or its weld to the pipe." Furthermore, pipe fatigue tests at the
origin of the stress indices were performed up to through-wall leakage to calculate the
number of allowable cycles. The conclusion from the stepped pipe fatigue tests is that the
Section III Division 1 Design Fatigue methodology, before applying any penalizing Fen
factor, is already very severe for these usual nuclear power plant events; such as the
sudden in-surges and out-surges of alternating high temperature and low temperature
flows. This needs to be made very clear inside NUREG/CR-6909, Rev. 1, and this is the
main point for not applying any penalizing Fen factor for those typical nuclear power plant
transients.
f. In sub-section 6.3 (EPRI U-bend fatigue tests), Figure 131 of page 170 is not clear as it
shows environmental data points on both sides of the main diagonal line. It is not clear
whether this confusion is due to the approximate estimate of the ratio between the inside
surface strain and the axial control strain (75% is unclear; see middle of page 167) or due
to the factor of 2.3 from the top of page 168 (2.3 is unclear). The very simple conclusion of
these EPRI U-bend fatigue tests is that the Fen factors based on these component tests
are lower than 1.0 for the strain rate of 0.01 % / sec. and only 1.92 for the very low strain
rate of 0.5E-03 % / sec. As a result, these EPRI U-bend fatigue tests have clearly shown
that the Fen factors from NUREG/CR-6909, Rev. 1, are between four times and eight
times too severe.
g. The sub-sections 6.1, 6.2 and 6.4 only pertain to specimen fatigue tests. It should be
noted that component fatigue tests have shown the Design Fatigue Methodology especially when applying the Fen factors to the revised Design Fatigue Curves from 2009
and beyond - is overly conservative.
h. As the stresses leading to the maximum cumulative usage factors of the nuclear power
plant components are in most cases peakish (or very peakish), using the fatigue results
from specimen fatigue tests does not represent what actually happens, as far as fatigue of
the component is concerned. As in the example of the stepped pipe fatigue tests, the
peakish stress ranges do not grow the crack through the thickness and the specimen
fatigue tests cannot simulate those conditions appropriately.
NRC Response
This comment contains several sub-comments that are addressed individually as follows. In
response to sub-comment a., the purpose of Section 6 is to validate the accuracy of the Fen
expressions for estimating environmental effects, not to validate the ASME Code Section III
fatigue evaluation procedure. Given the conservativism of the ASME Section III procedure, this
combined use of the ASME design curve with Fen is also conservative. The level of
F-64

conservatism for individual materials increases as their margin above the design curve
increases. A more rigorous assessment of the conservativism in this approach could be
performed to remove conservatism but it is outside the scope of this current report.
In response to sub-comment b., the report provides all the information that is available for the
tests in Refs. 158 and 159. Also, Figure 6-1 (Figure 122 in draft report) is visible in the final
report. Sub-comment c. requests information about the evaluation of the U-bend tests. The Fen
value for the U-bend tests was predicted using the equations provided in the NUREG and it is
compared with the experimental results in Figure 6-10. The adjustment factor for these tests is
1.4 (recalculated from 2.3 as indicated in the draft report) and it is provided in the 6th paragraph
of Section 6.3, just below Figure 6-9, of the report.
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Sub-comment d. requests a comment on the Fen limit in the tests presented in Section 6. The
Fen values are below six for the tests documented in the report, which use complex loading to
simulate actual plant transients. In these tests, the Fen value for the portion of the transient at
the slowest strain rates was high, but this was compensated by the small total accumulated
strain during the same portion of the transient. Therefore, the contribution of the slowest strain
rate portion of the test to the overall Fen is not significant and the overall Fen is less than six.
Similarly, the sample problem in Appendix C uses the modified rate approach and to compute
an average Fen of less than 5. However the Fen for slowest strain rate portions of the transient
(see Table C-5) are significantly higher than the average. This feature is characteristic of most
plant transients as most of the strain during a transient is accumulated at relatively high strain
rates. However, it is not possible to categorically presume that Fen will be lower than 6 for all
actual plant transients. Please also see the response to AREVA-9-6f for additional information
on how this point has been clarified in the final report.
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It is agreed, as stipulated in sub-comment e., that tests like the cited Bettis stepped pipe test,
which simulate more closely actual components and loading transients, are extremely valuable.
However, as stated in the responses to similar comments AMEC 3-2 and RR 6-32, it was not
possible to calculate the overall Fen for the stepped pipe tests because accurate thermal strain
values could not be determined for these tests. As stated in the responses to these other
comments, the NUREG has been clarified to reflect this point. It is also agreed, as implied in
sub-comments e. and f., that the ASME Code fatigue design curves will conservatively predict
fatigue life for tests such as the Bettis stepped pipe test because, in part, the loading has a
strain gradient while the design curves are based on uniform-strain tests. Please also see the
responses to comments AMEC-3-2, AMEC-3-5, RR-6-4, EDF 7-8, and AREVA 9-17h for
additional discussion of gradient effects and their conservatism, and changes made to this
report to discuss these effects. In particular, several areas in new Section 1.5 have been added
to discuss gradient effects and several other potential conservatisms with both the ASME Code
procedure and the Fen approach.
However, there is not agreement with the notion in sub-comment e. that environmental effects
should not be considered because of inherent conservativisms in the ASME evaluation
procedures. There are conservativisms in the ASME procedures and these conservativisms
often lead to conservative predictions of environmental effects when the adjustment factor is
applied. However, laboratory testing has demonstrated that environmental effects affect fatigue
life and there is no basis to neglect these effects simply due to the presumption that they are
always compensated for by existing ASME Code conservativisms. The existing conservatisms
in the ASME Code procedures should be addressed specifically by additional research and
evaluation.
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In response to sub-comment f., the results plotted in Figure 6-10 (Figure 131 in draft report)
were from an earlier analysis which was updated as part of this report. Unfortunately, the
information in figure presented in the draft report had not been updated. The figure has now
been updated and represents the correct analysis. The main difference in the figure is in the
value of adjustment factor used to estimate the fatigue life of a component from small, smooth
test specimen data; the adjustment factor is 1.4 instead of 2.3 as in the original figure. As can
be seen in the updated Figure 6-10, the predicted values fall on both sides of the diagonal,
within a factor of ±1.7.
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This variability seems quite reasonable considering the several sources of uncertainties in
estimating the actual strain and surface conditions of the test specimens. The adjustment factor
and the ratio of inside surface strain and axial control strain are just two sources of
uncertainties. For example, Ref. 99 states, that the strains resulting from cyclic loading at the
apex were expected to be entirely symmetrical but they are not because of factors such as outof-roundness and wall thickness variations arising from tube manufacturing/bend fabrication, as
well as from bend residual stress. While the residual stress in the U-bend specimens may relax
somewhat during pre-conditioning under simulated primary water conditions, it is not clear that
the stress will fully relax which causes uncertainty in the fatigue life predictions.
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Differences between the assumed and actual loading conditions is indicated in the test results
from Ref. 99. In all tests, failure occurred by axial cracking at the 270° location while the extent
of cracking at the 90° location is significantly less. The information presented in Table 6-7 of the
NUREG/CR-6909 Rev. 1 report indicate that the average depth of the axial cracks at the 90°
location for 3 of the 4 tests are only 1.7, 1.05, 0.75 mm instead of 3 mm, the value used for
fatigue crack initiation. Section 6.3 of the NUREG has been extensively rewritten to address this
comment by reflecting the considerations identified above.
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The issues raised in sub-comments g. and h. are outside the scope of this report. As stated in
response to sub-comment a. above, the objective of the report is not to evaluate the ASME
Code fatigue method, it is to address the principal environmental effects on fatigue life. As
stated previously, it is agreed the ASME Code fatigue method, when used to predict the results
of component fatigue tests, has generally been shown to be conservative. However, any issues
or concerns with the current ASME Code fatigue method should be addressed as part of the
process that ASME uses to maintain and, as needed, update their Code procedures. In
response to this, and other similar comments concerned with the conservatism of the ASME
Code procedures, a new section of the report, Section 1.5, has been created in this report. This
section addresses the scope and assumptions used in the report and addresses several topics
related to conservatisms in the ASME Code procedures and the Fen approach.
AREVA-9-15 Comment
Hold time effects
a. Consideration of hold times is generally discussed in chapter 4.1.8. In this chapter,
published work was used for assessment. In these papers, hold times up to 1800 s were
applied. With regards to plant operating conditions, such hold times are much shorter than
realistic hold times which might appear under real plant conditions. Such realistic hold
times are rather in the range of several days, weeks or even months, when the plant
operates under base load conditions. Public (but still not published) work by AREVA
GmbH indicates that significant recovery effects occur due to hold times in the range of
days at steady-state operating temperature. This is complemented by published work from
VTT, reference [6].Fatigue tests in air show that specimen-lives in SN-tests may increase
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up to a factor of 2 by intermediate hold times. More experimental work is recommended
related to hold time effects.
[6] J. So/in, VT, Espoo, Finland; S. H. Reese, Ertugrul Karabaki, E. ON Kernkraft
GmbH, Hannover, Germany; W. Moyinger, Fennovoima Oy, Helsinki, Finland:
FATIGUE PERFORMANCE OF STABILIZED AUSTENITIC STAINLESS STEELS –
EXPERIMENTAL INVESTIGATIONS RESPECTING OPERATIONAL RELEVANT
CONDITIONS LIKE TEMPERATURE AND HOLD TIME EFFECTS, PVP2013-97502
NRC Response
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There is general agreement with the points raised in this comment. As discussed in the report,
the beneficial effects (with respect to fatigue life) of hold time appear to occur during the stress
relaxation period. Based on the data evaluated, the most significant effects appear to occur
during the first hour of hold time when the bulk of the stress relaxation occurs. The effects of
longer hold times on Fen appear to be less significant. However, the assessment of this finding
using longer hold-time testing, including hold times that are more representative of plant
component loading, is certainly justified. More research of the kind cited by the commenter
should be helpful in characterizing these effects.
AREVA-9-16 Comment
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Comments on the analyses of the AREVA test for validation of Fen expressions
a. On page 162, please provide that the specified surface roughness (of 4011m) corresponds
to an Rt value: the maximum height of the surface roughness profile.
b. The experimental Fen factors for a polished specimen and ground specimen, 3.62 and
2.90 respectively (page 163), are inconsistent with data reported in Table 21 (page 165).
Please explain the reason for the deviation and the explicit quantitative data used.
c. The recommended practice for calculating Fen expressions is presented in Appendix A2:
"For wrought and cast austenitic stainless steels, a threshold value of 0.10% for strain
amplitude (one-half the strain range for the cycle) is defined, below which environmental
effects on the fatigue lives of these steels do not occur." In addition, "the strain amplitude
should not be applied when using a modified rate approach, as it may yield nonconservative results."
However, it was noted on Page 164 that the AREVA experiments were analyzed in the
draft report by:
i. Using the modified rate approach coupled with a strain amplitude threshold. This
violates the method detailed in Appendix A2.
ii. Considering a 0.16% strain amplitude threshold, instead of the recommended 0.10%
value; this is inconsistent with page 117 of the report. The draft states "For simplicity,
in the initial revision of NUREG/CR-6909, a single value of 0.10% was proposed for
the strain amplitude threshold."
This illustrates that the Fen evaluation process is currently not robust enough for
representing the behavior of real components.
d. On page 164 the draft states: "The predicted fatigue lives were generally lower than the
experimental values; however, the values were within the range of data scatter." AREVA
asserts data scatter cannot be a reasonable cause for the results with complex signals
because the data points are not homogeneously distributed in the scatter band. Indeed
Figure 127 (page 165) shows the predictions are systematically conservative by a factor
close to 2 and most cases greater than 2. However, AREVA does not find this a
reasonable justification to attribute data ranges to scatter. Please provide further statistical
judgment on this statement.
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e. The draft report states that the "behavior is considered unique to this specific strain
loading cycle" (page 164). AREVA would like to note that the loading is similar to what is
experienced on actual components; please provide further explanation of the unique
behavior.
f. Please consider the following Table 21 data corrections:
i. Few Ea (%) have been corrected;
ii. Few "Measured Nf" in Air have been corrected;
iii. Few "Measured Nf" in PWR have been corrected;
iv. According to the corrected Ea (%), the "Estimated Nair" has been corrected; The
"Estimated Fen without strain threshold" and "Estimated Fen with strain threshold"
for "Complex Strain Cycles" have been corrected. Actually, strain rates in complex
signals were adapted for the various strain amplitudes in order to yield approximately
the same theoretical Fen
The corrections to Table 21 are provided in red below.
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NRC Response
This comment contains several sub-comments that are addressed individually as follows. In
response to sub-comment a., the 2nd to last sentence of the first paragraph of Section 6.2 has
been modified as follows for clarity:
"The specimen surface finish was specified as Rt = 40 μm. This value corresponds to the
material surface height between the maximum peak and minimum valley measured over
a length of 4 mm”
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Sub-comment b. requests clarification for the difference in Fen factors reported in the text of Section
6.2 and Table 6-6 (Table 21 in draft report). The values of the adjustment factor in Table 6-6 are the
Fen values determined by analysis. The factors reported in the text of the 3rd paragraph of Section
6.2 are measured factors comparing the results of the tests in air with those in the environment. The
report has been clarified to indicate this. Further, as explained in the responses to comments RR 634 and EDF 7-7, the protective oxide film is likely to reform during the very low strain-rate portion of
the transient, and it has to be ruptured again for environmental effects. As shown in Figure 6-6, the
estimated fatigue lives are a factor of 2.5 lower than the measured values. If the effect of reformation
of the oxide film during the transient is considered, the agreement between the experimental and
estimated values is expected to be better.

Pu
bl
ic

at
io

n

There is not agreement with either the specific points raised or the general sentiment expressed
in sub-comment c. that “… the Fen evaluation process is currently not robust enough for
representing the behavior of real components.” The evaluation of the AREVA tests (Section 6.2)
is based on the actual experimental data and uses a strain threshold of 0.16%, whereas the
strain threshold mentioned in Appendix A.2 is for general use with the fatigue design curve. The
two evaluations are quite different and the thresholds used in each should not be compared. As
indicated, the 0.16% strain amplitude is the experimental value for the AREVA tests which
evaluated Type 304L SS in both air and PWR environments using a constant strain rate
triangular waveform. Given these conditions, the use of 0.16% strain threshold in the analysis
summarized in Section 6.2 provides a more accurate Fen estimate for these particular tests.
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Conversely, the examples in the report demonstrate that the proposed general method (as
summarized in Appendix A.2) is robust enough to conservatively represent the behavior of real
components in light of the large variability in these types of tests. While generally proposing the
use of a strain threshold of 0.1% for the method, the report also states that this value should not
be used when calculating Fen using the modified rate approach because it may yield
nonconservative estimates. The use of a strain threshold in these instances may be
unconservative if a protective oxide film is not formed before the transient. However, the report
states that a threshold value can be used with the modified rate approach if it is demonstrated
that, for the specific loading and environmental conditions, the estimate is accurate or
conservative.
In response to sub-comment d., the report clearly states in several places that the fatigue life
estimates using this method are either accurate or conservative. Therefore, the results are not
expected to be evenly distributed about the estimated values. As stated previously in the
response to AREVA-9-14, the ASME air fatigue design curves are intentionally conservative and
new Section 1.5 has been added to the report to discuss some of these conservatives along
with others associated with the Fen method. However, even after consideration of these
expected conservatisms, the predictions of fatigue life that are within a factor of 2 of the
measured values which are, as the report states, within the scatter typically associated with
these types of tests.
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Sub-comment e. is similar to earlier comments RR-6-34 and EDF-7-7. Please see the response
to RR-6-34 for the further information pertaining to this issue. Sub-comment f. provides several
suggested corrections to Table 6-6 in the report. The information contained in Table 6-6 is
consistent with the results presented in Refs. 155 and 157 of the report, which are the source
references for the information. A few typographical errors in the Table 6-6 have been corrected
so that the information is now completely aligned with the source references. Such corrections
include the Fen value estimated with a strain threshold in the second last row, which has been
changed from 3.14 to 4.60, and the estimated fatigue lives with the strain threshold for the last 3
rows, which have been changed from 425, 425, and 3217 to 496, 496, and 3625.
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However, none of the additional changes to the table suggested in sub-comment e. that are
different than the information published in Refs. 155 and 157 have been made. A publicly
available, published source reference that acknowledges any erroneous results in Refs. 155
and 157, and provides the corrected values is needed before further changes can be made.
Once such a document is available, errata for the NUREG report can be developed.
AREVA-9-17 Comment
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Miscellaneous points
a. Paragraph 1.3.1 exhibits a series of failures attributed to fatigue. It is stated that "In most
cases, these failures were associated with thermal loading due to thermal stratification and
striping, or mechanical loading due to vibratory loading" (pages 6-7). In addition, "Thermal
loading due to flow stratification or striping was not typically included in the original design
basis analyses for most U.S. nuclear power plants" (page 7). So in fact these failures
illustrate a lack of knowledge of real loadings and not a non-conservatism of fatigue
analysis methods (strain evaluation + design curve). A direct link has not been highlighted
between these failures and environmental effects. Moreover this kind of thermal loadings
deals with HCF and the proposal of strain thresholds in this report lead to the idea that
environmental effects are less significant in HCF. Considering these various reasons, the
following statement "The increased fatigue duty caused by such thermal loading increases
the importance of evaluating environmental effects" (page 7) should potentially be toned
down. Please address this concern.
b. The report exhibits a series of detrimental effects which have to be taken into account to
determine fatigue design curves: material variability, size, surface finish, loading
sequence, environmental effects. However no beneficial effect has been evoked in global
codified fatigue analysis methods. For instance, a detrimental adjustment factor is taken
for loading sequence but no position is given about the conservative way to combine
transients in fatigue analyses. Another example is that a detrimental size effect is
proposed but a beneficial stress gradient in the thickness of the real component is not
discussed. Please address this concern.
c. It is stated in page 148 that "However, the Section III of the ASME Code is not fully
prescriptive, so there is a wide variation in the specific procedures that are applied to
fatigue evaluations by different analysts. For example, modern computer capabilities,
particularly modern finite element methods, fatigue monitoring, and improved Ke factors,
allow for evaluation refinements that significantly decrease the conservatisms traditionally
applied in fatigue evaluation procedures performed in the past". These sentences contain
a lot of very important messages and should be more detailed. In this way, the
responsibility of the analyst should be emphasized. No conservatism hierarchy can be
reported between past analytical methods and modern finite element ones if input data
have changed. In other words, it is the analyst's responsibility to take into account
adequate input data and "methods and tools" to perform the fatigue justification of the
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d.

component. Fatigue design curves could be more and more severe, but if reasonable
conservatisms are not considered by the analyst for fatigue loading definition and
mechanical strain evaluation, prior to using fatigue design curves, the final result will not
be conservative. As a conclusion responsibility of the analyst should be emphasized and
fatigue design curves should not be made excessively severe to counterbalance bad
choices of bad analysts. Please provide more detail or explanation in this section.
It is stated on page 148 that "However, the Section III of the ASME Code is not fully
prescriptive, so there is a wide variation in the specific procedures that are applied to
fatigue evaluations by different analysts. For example, modern computer capabilities,
particularly modern finite element methods, fatigue monitoring, and improved Ke factors,
allow for evaluation refinements that significantly decrease the conservatisms traditionally
applied in fatigue evaluation procedures performed in the past". As previously reported
these sentences contain a lot of very important messages and should be more detailed.
To extend the previous comment, it should be emphasized that this report only deals with
ASME Code. As it is stated "the Section III of the ASME Code is not fully prescriptive," so
this proposal is consistent with the ASME Code framework and prescriptions. But more
prescriptive codes could face justification difficulties to apply the present method and the
latter is not supposed to become the unique one to deal with fatigue and environmental
effects. This comment could be extended to the whole report and a message could be
added in the abstract, the executive summary or the introduction.
Operational experience has not been considered for the development of the Fen
Methodology and the Fen equations of this report. To develop the Fen equations (listed in
Appendix A of this Document), only specimen fatigue data have been considered. This is a
very important part of the explanation why the fatigue failures that could be expected when
calculating those high usage factors based on the Fen factors have not occurred in reality
inside the nuclear power plants.
There has not been a good reconciliation between the specimen fatigue test data on one
side and the complete ASME-Code Fatigue Methodology on the other side, with a big
emphasis here on the word "Complete." For example, this complete ASME-Code Fatigue
Methodology already contains a lot of multiplication of effects that have not been
considered by the developers of both the in-air design fatigue curves and the Fen factors.
The calculations of the Fen factors are very complex, and thus "error likely" due to their
complexities (function of temperature (time) and strain rate (time)). In-air fatigue is not a
trivial calculation and environmental fatigue is very complex unless the analyst chooses a
very conservative path and calculates a conservative Fen and thus an extremely high
usage factor.
Primary vs. Secondary stress: the small specimen fatigue tests involve imposed
displacements that act much more on the specimen as a primary membrane-type of stress
rather than a secondary peak-type of stress. On the other side, the highest usage factors
are in general the results of thermal transients that generate secondary peak-types of
stresses/strains.
Redistribution of the stress and the strains during the cycles may not be simulated in the
specimen fatigue tests, although they could very well occur during the actual nuclear
power plant transients.
Numerous factors, which affect the fatigue strength, are discussed thoroughly in the
current report. So, the results could also be used for a detailed engineering fatigue
assessment method: the factors could be categorized into three groups (component,
material, loading) - for each group the relevant factors of influence can be superimposed
and corrected, if necessary, by a correction factor. Please refer to reference [7]:

i.
j.
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[7] PVP2014-28728: "ENVIRONMENTAL INFLUENCES ON THE FATIGUE
ASSESSMENT OF AUSTENITIC AND FERRITIC STEEL COMPONENTS
INCLUDING WELDS"
k. In general, the only concerns we should have are for those transients with low strain rates
(slow transients). The other transients (for example, in-surges and out-surges) need to be
evaluated for fatigue, but the current ASME-Code Class 1 Component classic Fatigue
Methodology (without any Fen penalty factors) is very appropriate for those transients (the
transients with relatively high to very high strain rates).
l. The suggested rules for the application of the threshold are unclear, inconsistent, and lack
solid justification throughout the report.
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NRC Response
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This comment contains several sub-comments that are addressed individually as follows. It is
not agreed, as requested in sub-comment a., that the statement, "The increased fatigue duty
caused by such thermal loading increases the importance of evaluating environmental effects,"
should be toned down. This statement reflects the notion that Section III ASME fatigue analyses
currently do not assess environmental effects. As demonstrated in this report, these effects are
real and have been shown to reduce fatigue life in both laboratory specimens and structural
components. In fact, as indicated in the report, environmental effects were shown to contribute
to the fatigue life reduction of the nozzle components subject to thermal loading.
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Further, many fatigue evaluations are close to the design life acceptance criteria without
consideration of environmental effects and additional duty cycles due to extended operations or
changes in operating conditions could exceed these criteria. While the ASME fatigue analysis
method is known to be conservative, consideration of environmental effects, possibly in concert
with more accurate analysis is necessary to better understand the fatigue margins to determine
what, if any, additional actions should be taken to ensure structural and/or component integrity.
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Sub-comment b. identifies the lack of credit for stress gradient effects and the method to combine
fatigue transients as two areas of conservatism within the ASME Code. As stated in the responses
to AREVA-9-14 and AREVA-9-16, it is agreed that ASME Code fatigue evaluations are intentionally
conservative. A new section has been added to the report, Section 1.5, which documents some of
these conservatives and additional ones associated with the Fen method. However, additional work
is needed to develop a basis for relaxing these ASME Code conservativisms. Comments related to
conservativism in the Code evaluation method including the approach used for combining transients
should be directed to appropriate ASME Code committees
Sub-comment c. requests that the report provide more details about the responsibilities of the
analyst when conducting an ASME Code fatigue evaluation. While there is no disagreement
with the sentiments of this comment, guidance on conducting a Section III ASME fatigue
analysis is clearly outside the scope of this report. While it is recognized that conservatisms
exist in the ASME methods, these should be addressed specifically by ASME. However, item
(xxv) ASME Code Procedures has been incorporated within new Section 1.5 to partially address
this topic and clarify the scope of the report. The following statement has been also added to the
Executive Summary (end of 8th paragraph) and Summary (end of the 1st paragraph) for
clarification: “Further, this report does not address any conservatisms associated with the ASME
Code fatigue evaluation procedures.”
It is agreed, as stipulated in sub-comment d., that the method presented in NUREG/CR-6909 is
only valid when using the ASME approach for evaluating fatigue life. This is already stated
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prominently in the Abstract, Executive Summary, and Summary of the draft report. However, it
has been further stressed that the Fen method presented in this report is only applicable to
ASME fatigue evaluations to make it even more apparent. The following sentence was added
before the last sentence of 8th paragraph in the Executive Summary to make this point: "Note
that the Fen approach described in this report is only applicable for use as part of an ASME
Code fatigue evaluation”. A similar sentence has also been added at the end of the next to last
paragraph of Section 1.4.

rs
i

on

It is agreed, as stipulated in sub-comment e., that the Fen method is based on laboratory testing.
Additionally, as stated previously, it is also agreed that the original ASME Code procedures are
conservative and is a principal reason why high usage factor calculations have not been
correlated with indications of significant fatigue cracking in reactor components. This report
addresses the environmental fatigue correction factor, which is just one of the many parameters
that affect fatigue life. Refinement of current ASME Code evaluation methods and more
accurate fatigue evaluations requires a more realistic assessment of the actual loading applied
to reactor components and experimental testing of such components under realistic
environmental and loading conditions. Such work is beyond the scope of this report.
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Sub-comment f. addresses the lack of reconciliation between specimen fatigue testing data and
ASME Code fatigue procedures. As stated previously, a new Section 1.5 has been developed to
identify some of the ASME Code conservatisms. Also, as stated in the report, the Fen approach,
when used in concert with the ASME design curve, will lead to predictions of environmental
effects that are either accurate or conservative. This point has been demonstrated by the
successful evaluation of several more realistic experiments using this approach, as documented
in Section 6. A more rigorous study to elimination conservatisms in the ASME Code fatigue
evaluation procedures are outside the intended scope of this report. Such study could be used
to develop a technical basis for revising ASME Code procedures by working through the
appropriate Code committees.
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It is agreed, as stipulated in sub-comment g., that fatigue evaluations in air are not simple and
fatigue evaluations in a reactor environment are even more complex. As stated previously, the
information presented in this report provides a best estimate, although somewhat conservative,
method for calculating an adjustment factor for incorporating environmental effects into the
ASME Code fatigue evaluations. The report is structured to aid the user in understanding and
applying the Fen method. The technical basis for the Fen approach is provided in the first 5
sections of the report. There are then several applications of the Fen method to more
complicated experiments in Section 6. These applications can be used to benchmark user
results. The method is also summarized in Appendix A so that the user has one location with all
the needed information to apply the method. Finally, there is a sample problem in Appendix C
that can be used to ensure that calculations are being performed correctly. It is believed that this
information, in its totality, provides a user with sufficient information for successfully performing
a Fen adjustment assuming that they are also sufficiently knowledgeable in the application of the
ASME Code fatigue evaluation procedure.
Sub-comment h. identifies the difference in the loading applied in laboratory specimens with the
loading typically applied to reactor components. There is general agreement on this point.
However, the treatise of this particular issue is outside the scope of this report. More realistic
testing and stress analysis is required to more accurately account for these effects. See also the
responses to comments AMEC-3-2, AMEC-3-5, RR-6-4, RR-6-32, and EDF-7-8 which also
address gradient and thermal effects.
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It is agreed, as stipulated in sub-comment i., that localized plasticity during transients can cause
stress and strain redistribution within an actual component. However, the treatise of such effects
is outside the scope of this report. More realistic testing and stress analysis is required to more
accurately account for these effects. Similarly, it is generally agreed, as stipulated in subcomment j., that other approaches for evaluating environmental effects could be developed.
One of the principal objectives of this report is to clearly document the technical basis that exists
for addressing the various environmental factors that are described within the report. The
current report applies these factors to the ASME Code fatigue methodology and demonstrates
an overall level of conservativism with this approach. However, this is just one approach for
addressing environmental effects. The data and the evaluation of individual environmental
factors as presented in this report can be used to develop and justify other methods that could
be equally acceptable for evaluating fatigue life. Please also see the responses to similar
comment FAIDY-2-2c for related information.
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Sub-comment k. postulates that environmental effects should only be considered for slow
transients. In reality, most transients consist of a wide range of strain rates and the importance
of environmental effects is not always obvious without evaluating their effects in totality. The
entire transient has to be evaluated to determine both the environmental adjustment and the
accumulated strain associated with each strain rate range. Then, the average Fen for the
transient can be determined. The strain rates where environmental effects are insignificant (i.e.,
Fen=1), are ≥2.2%/s for carbon and low-alloy steels, ≥7%/s for austenitic SSs, and ≥5%/s for Nialloys. Transients that contain portions at strain rates less than these threshold levels should be
evaluated for the impact of environmental effects.
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Finally, sub-comment l. states that the rules for applying the threshold are “…unclear,
inconsistent, and lack solid justification throughout the report”. As discussed in previous related
comments AMEC-3-10 and MHI-5-3, the threshold strain rates are based on existing data.
While the authors agree that there is limited data, these thresholds have been conservatively
chosen for each material. Additional data are needed to establish these thresholds more
accurately. The justification and use of the threshold values in the equations is clearly and
consistently presented within the sections pertaining to strain rate effects for each material.
However, it is noted that it is conservative to not adopt a strain rate threshold in a fatigue
analysis, and that such an approach is acceptable as well.
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AREVA-9-18 Comment

Pr

Editorial
a. In Figure 45(b), page 65, the median for A is equal to 6.913 not 6.917 but the text states
that "The constant A increased from 6.891 to 6.917."
b. In Eq. A.6 and Eq. A.10 (but not in Eq. A.15) the Strain Rate has the same notation as the
Transformed Strain Rate (epsilon*'). Please delete apostrophe for the Strain Rate notation.
c. The automatically created PDF bookmarks could be better. (Please exclude figures,
equations ...).
d. It will be useful to add a list of figures, tables, and equations at the beginning of the
document.
e. Appendix A does not report the transformed temperature for values higher than 325°C.
f. Different symbols (asterisk or prime) are used in the main body of the report and Appendix
A for the transformed properties of temperature, oxygen, etc.
g. Section 5.3 states that the factor used in the present report for surface finish is in the
range of 2.0 to 3.5, but according to Table 14 the range should be instead 1.5 to 3.5.
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This comment contains several sub-comments that are addressed individually as follows. The
text identified in sub-comment a. is incorrect and the identification of this error is appreciated.
The value 6.917 in the 3rd sentence of the 2nd paragraph of Section 3.2.7 has been changed to
6.913. The identification of the error in sub-comment b. is also appreciated. All the transformed
parameters should be identified as ε*, S*, T*, and O*. These parameters are shown only on the
left of the equal sign in the equation. All parameters on the right side of the equations or shown
in the ranges of the individual parameters should not have any added symbol. All equations
have been revised to make these corrections. Also, to be consistent with the expressions listed
in the main body of the report and Appendix A.2, for wrought and cast austenitic SSs and Ni-CrFe alloys, the apostrophe (') sign has been changed to an asterisk (*) in all expressions.
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It is agreed, as stipulated in sub-comment c., that automatically created PDF bookmarks could
be helpful, but the present NRC technical publication instructions do not allow for such
bookmarks to be created. Sub-comment d. asks that lists of figures, tables, and equations be
provided at the beginning of the document. The list of figures and tables is included, along with
a Table of Contents, and is part of standard NUREG report format. It is not standard practice,
however, to have a list of equations.
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Sub-comment e. is similar to WEST-4-3 and KEPCO-10-1. A maximum temperature limit of
325°C was selected to cover all anticipated LWR operating conditions. It is believed that this
limit is adequate for all expected operating LWR conditions that would use the average
temperature. However, the last paragraph of Section A.2 has been clarified as follows to
address this issue:
"For all materials, a maximum temperature limit was selected at 325°C as a reasonable
bound to cover most anticipated LWR operating conditions. This is adequate for expected
operating LWR conditions, especially when considering the use of average temperature. If
the applicable average temperature for the transient exceeds 325°C, the user should
thoroughly document this exceedance and justify the rationale for it as part of the analysis.”

e-

It is agreed, as stipulated in sub-comment f., to use the same expressions for the transformed
properties, As indicated previously in the response to sub-comment b., to be consistent with
the expressions listed in the main body of the report for wrought and cast austenitic SSs the
apostrophe (') sign has been changed to an asterisk (*) for the expressions in Appendix A.2. All
the transformed parameters for Ni-Cr-Fe alloys also use the asterisk sign.
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Finally, the error identified in sub-comment g., is also appreciated. The range of the surface
finish has been changed from 2.0 to 3.5 to 1.5 to 3.5 throughout the report. Additionally, the 4th
sentence in the 3rd paragraph of Section 5.3 has been revised as follows:
"Because additional data are not available to verify that surface finish effects for carbon
and low-alloy steels are insignificant in LWR environments, the ANL investigations used
a range of 1.5 to 3.5 to account for the effects of surface finish on the fatigue lives of
carbon and low-alloy steels and wrought and cast austenitic SSs.”
KEPCO-10-1 Comment
Technical Comments:
Variable transformation for temperatures higher than 325 'C should be provided in Equations
(A.4), (A.9), and (A. 14) of Appendix A to the draft report revision 1, as was done for revision 0
of the report.
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NRC Response
This comment is similar to WEST-4-3 and AREVA-9-18e. As stated in the response to these
comments, a maximum temperature limit of 325°C was selected to cover all anticipated LWR
operating conditions. It is believed that this limit is adequate for all expected operating LWR
conditions that would use the average temperature. However, as discussed in the disposition
of comment AREVA-9-18e, the last paragraph of Section A.2 has been clarified to indicate that
if the applicable average temperature for the transient exceeds 325°C, the user should
thoroughly document this exceedance and justify the rationale for the exceedance as part of
the analysis.
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KEPCO-10-2 Comment
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Editorial Comments on Typo:
Variable of strain rate before its transformation should be differently defined from that after its
transformation in Equations (A.6), (A. 10), and (A. 15) of Appendix A to the draft report
revision 1.
NRC Response
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This comment is virtually identical to earlier comments AREVA-9-18b and AREVA-9-18f.
Please see the responses to these comments for the disposition of this issue.
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