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Background Information:

ANL is trying to develop an experiment-mechanistic framework for stress
analysis & life estimation of reactor components under thermal-mechanical
cycles and reactor environment.

Tensile & Fatigue Test Data Based

Material Model
Development

3D-FE Modeling for
Component/Assembly level
Stress Analysis & Life
Estimation

Mechanics Based
1-D Analytical
Model to Capture
the Test Data
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Cyclic-Plasticity Introduction
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Why Cyclic-Plasticity ?
Current Industry Approach:

=» Life estimation based on end of test stress-life (S~N) curve and in general on elastic stress analysis
results.

Generic & Intended Structural Feature of Reactor Components:

=» In general reactor components are bulky and overdesigned (context of strength)
=>» Stress-strain state in reactor component stays well below the yield stress.

=>When stress-strain state below yield limit > No fatigue or the NPP component has
ideally infinite life.

Why Reactor Component (if only considered SCC) Still Fails ?

Plasticity ?

Residual stress Load sequence
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Introduction to ANL’s Cyclic Plasticity Model

Yield Function:

Convectional Elastic-plastic FE

model: FIXED back stress & Yield
stress parameters

ANDL’s Elastic-plastic FE modeling

approach: TIME VARYING back
stress & Yield stress parameters

ANL proposed time-dependent
variable Yield and Chaboche model

i _ 2 jav pl _av j—
do; = 3Cli (p)de vl (P)agp

Example offset strain (0.05%) yield limit
stress for 316 SS-316 SS weld specimens

fatigue tested under different conditions
(Ref. Mohanty, et al. Nuclear Engineering and Design
305 (2016): 524-530)
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Experiment: Variable Amplitude Fatigue Test
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ANL’s Experiment Strategy

Environmental test frame with
PWR water loop and autoclave
Objective: | .
= Perform tensile & fatigue test of Key RCS
material (Five different materials) under in-air &
PWR water conditions.

=>» Perform constant, variable and random (e.g. R e m
grid load-following cond.) amplitude fatigue tests | \l ] a
i ighsie,e

Filler weld
Butter weld (e.g. Inconel 182)
(e.g.Inconel 82) .---"""~ . _Dissimilar
A .\ _-~" metal weld
'Y
: : Similar
‘E -~ ‘metal weld

N
BS Nozzle safe d
RPV nozzle~.. . end base metal SS weld m:t(:\ f’(:'pe;ass;s)
; basgo‘giti"s) (e.g. 316 SS) 9
e.g.
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Variable amplitude fatigue test

Why it is needed ?

=» Constant amplitude fatigue test can be used for estimating time dependent
material properties (e.g. yield stress, etc.)

=» However, it may not capture the effect of loading amplitude and hence load
sequencing effect under random loading (e.g. grid load-following) conditions.

What we need from variable amplitude fatigue test data?
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Variable amplitude fatigue test results

Stress (MPa)

S00 -

-500
0 12 24

= Variable amplitude (stress control) fatigue test conducted under in-air and
PWR water condition and at 300 °C.

Example 15t three block applied
stress amplitude

PR
=

Block-L | Blockz T .¢ _ Blodks

h 4

Fatigue cycles

36

In-air cond. cyclic & equivalent monotonic

Stress (MFa)

stress-strain curves for block-1

Blockno. =1

¥ Equivalent
monotonic stress-
strain curve

i
0 0s
Strain (%)
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Material Modeling Results
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Example parameters estimated based on 300 °C, in-air variable

Stress (MPa)

amplitude fatigue test data

= Estimated using each block equivalent-

Example property
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Cyclic-Plasticity Analytical Modeling Results
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Example analytical modeling results (Constant amplitude case: Effect
of time dependency on material properties )

= 1-D analytical models are to understand the mechanics and to check the
accuracy of estimated parameters.

= In-air (300 °C) 508 LAS specimen (constant amplitude, stress controlled) test
case modeled.

Experiment versus predicted
hysteresis curve (for first 20 cycles
and using fatigue test based variable-
time-dependent parameters)

S00 T T T
—— Experiment | !

Experiment versus predicted
hysteresis curve (for first 20
cycles and using tensile test
based fixed parameters)

S00

Frediction |:

True Stress (MFPa)
True Stress (VMFPa)

— Experiment
Frediction

03 ©2 01 0 01 02 03 04 0S5 -500
True Strain (%) -03  -02 -0.1 0 0.1 0.2 03 0.4 0.5S
True Strain (%)

Work Sponsored by the DOE Light Water Reactor Sustainability Program

Y 15




N
Example analytical modeling results (Variable amplitude case: Effect of
time & amplitude dependency on material properties )

=» In-air (300 °C) 508 LAS specimen (variable-amplitude, stress-controlled) test

case modeled.

Block-1 prediction based
on tensile test based
parameter

300

True Stress (MPa)
o & -
[—] [—] [—] > [—]
= [—] = = (—] =

IS
=
S

n
=
=]

True Strain{%a)

0.6

Block-1 prediction
based on 1St quarter
cycle (constant
amplitude fatigue test)

based parameter

—

g
=200

-400 -

True Strain {%4)

True Stress (MPa)

Block-1 prediction based
on (variable amplitude
fatigue test) 1st block

based block-averaged
parameters

This preliminary result shows the importance of variable

amplitude test based parameters

K
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3D-FE Isothermal Stress Analysis of Fatigue Test
Specimen
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3D-FE model results: PWR water fatigue test specimen

FE model

=>» Earlier estimated 508 LAS (constant amplitude fatigue test) material properties used.

=» The intention was to check the performance of estimated material parameters with
respect to 3D elastic-plastic FE model.

Example time-varying 508 LAS material Example applied crosshead displacement
properties for different cond. (stroke) for EN-F20 PWR water test
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Gage strain (%)

3D-FE model results: PWR water fatigue test specimen (cont.)

Predicted vs experiment

strain
0.5
Predicted vs experiment stress
600
i #
400 4
0! .
é 200 [
: o
2,
8 -200
03 10 20 30 40 ~400F :
i —— Expt. }
Total time (S) FE
_600 1 | 1 1 1
0 10 20 30 40 50 60 70
Total time (S)

This preliminary result shows that the estimated material parameters can
reasonably be used for the 3D-component level FE models
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3D-FE Thermal Analysis of RPV and Nozzles under
Grid Load-following
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FE modeling of reactor components under grid-load following
(For single fuel cycle)

Why simulation under grid
following load ?

= Increasing penetration of
renewable sources to
interconnected power grid may
overstress the NPP components
due to fluctuations in power
demand.

=» Power fluctuations can create
load sequence effect on reactor
material which may accelerate or
deaccelerate the reactor metal
degradation under thermal-
mechanical-water environment.

Example power fluctuation under
grid-load following for single fuel
cycle (Source data: NEA & EDF)
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FE model information

FE model of 2-loop PWR RPV
and its nozzle

FE model

=» RPV and nozzles modeled.

=>» Heat transfer & thermal-
mechanical stress analysis performed

under typical grid load-following \ h
- | | ID Mes
condition.

OD Mesh

=>» Earlier estimated 508 LAS
material properties used.

=» Constant amplitude test based
half-life material properties used for
elastic-plastic stress analysis.
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Heat transfer analysis results under grid load-

following

Temperature boundary condition:

Heat-up-cool-down condition

Heat up
Cool down

0 0.5 1 1.5

Time (Days)

330

Temperature (°C)

Temperature boundary condition: normal

operation load-following condition

Hot leg
Cold leg

Average
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Load following time (Days)
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NS
Heat transfer analysis results under grid load-

following (cont.)

Temperature time-history across HL
nozzle thickness with OD surface

ambient boundary condition

Temperature time-history across HL
nozzle thickness with OD surface
insulated boundary condition
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Heat transfer analysis results under grid load-

following (cont.)

Temperature distribution (approximately at 391.09 days) with OD surface
a) Ambient and b) insulated condition

+3.235e+02

NT1
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B 2.060e+02 i

1
3.240e+02
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+6.500e+01 [ 8.858e+01
+4.150e+01 / F +6.504e+01

+4.150e+01
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Appropriate insulation and thermal properties selection required for accurate estimation of

temporal and spatial distribution of nodal temperature (for further use in stress analysis)
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3D-FE Thermal-Mechanical Stress Analysis of RPV
and Nozzles under Grid Load-following

(Case-1: Without presence of simulated SCC crack)
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Without crack: Stress analysis results

FE model

=>» Earlier estimated 508 LAS material properties (from half-life stress-strain curves of
constant amplitude fatigue test) used.

=> In-air vs. PWR water condition properties used to check the effect

FE estimated thermal strain at FE estimated thermal strain at
typical element of CL nozzle typical element of HL nozzle
0.346 | ===== [p-air property - 0.39 - =====]n-air property
= = = PWR water property 0.385 | = = = PWR water property | |
0.344 - 1 . T -
| j T LT
0342 - o _ 0.38 - : y rf A E E g E 4
S 04 . £ 0.375 0o 2 i
g 0338 il g ; ; s 037 i I it
iz , iy Sy g 2 ' i i
= 0.336 ctagh Iy i = 0.365 i
g vk I g i
S 0334 21 T ey 5 0.36 o
= H i 2 i | N = z |
R i Tl i i = 0.3s5 -
33215 e D Ve FIERRVIE ' !
033 4 i 0.35 4
n I .
0.328 4 i 0.345 L
i 1 1 1 1 Il 1 1 1 I 1 1 i
0 50 100 150 200 250 300 350 400 350 400
Time (Days) Time (Days)
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Without crack: Stress analysis results (cont.)

FE estimated total strain at FE_ estimated total strain at
T T T T — T 0.528 |- I In-ai ¢
' ===== In-air property
0.495 - i =====In-air property 2 0.526 | = = = PWR water property | |
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:: 0 i o ki v 5&: | 0.524 '“FH‘%'T}P :l;, :iﬁ J.'ﬂm"‘.?'m?‘ ﬁ:&a"ﬁ' :,'] ::f : g
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g 4 ; 5 i : i 5 : = 0516 '
=] w 1 I oz ‘ - -~ . o
= ‘ : g “ ' .' .|! ! 0 | i e g \H&E‘_‘i ‘: ] “'W nﬂafﬂEu’!nwmlynJ
0.48 i - bl % :g . :J-E I.'!l 3 E % § i 0.514 1 @F %ﬁ ?‘g:l 'Em%@ﬁr' ﬁ%ﬁ gg é% E i
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0.475 H ] ’
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100 150 200 250 300 350 400
50 100 150 200 250 300 350 400 Time (Davs)
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The overall aim of ANL’'s LWRS work objective is to capture the effect of environment,

mechanistically (e.g. through generic material properties) rather than through end of life
based stress-life curves.
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Without crack: Stress analysis results (cont.)

Example temperature & stress distribution in RPV nozzle area at different time
(during heat-up operation)

Temperature (° C) profile Von-Mises stress (MPa ) profile

NT11

+3.250e+02
+2.979e+02
+2.708e+02
+2.437e+02
+2.167e+02
+1.896e+02

t=0.373 days

+1.625e+02
+1.354e+02
+1.083e+02
+8.125e+01
+5.417e+01 .
+2.708e+01 \ :
+0.000e+00 - N
t=1.096 days : =1.096 days

b

8, Mises

(Avg: 75%)
+1.094e+03
+3.384e+02
+3.102e+02
+2.820e+02
+2.538e+02
+2.256e+02
+1.974e+02
+1.692¢e+02
+1.410e+02
+1.128e+02
+8.459e+01
+5.640e+01
+2.820e+01
+0.000e+00

t=1.391 days =4 t=1.391 days
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3D-FE Thermal-Mechanical Stress Analysis of RPV
and Nozzles under Grid Load-following

(Case-2: With presence of simulated SCC crack)
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FE model information

=>» Asimulated SCC crack modeled to the ID surface of left HL nozzle using
ABAQUS/XFEM.

=» Both axial and circumferential crack modeled.

Location & shape of axial crack

Location & shape of circumferential
w.r.t left HL nozzle

crack w.r.t left HL nozzle

Shape and location of axial
crack in left HL nozzle

/. Shape and location of 180 °
¢ circumferential crack in left HL nozzle
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With crack: Stress analysis results

Axial crack: Stress time-history at : : : :
: : y Circumferential crack: Stress time-history at
typical left & right HL nozzle node . .
A typical left & right HL nozzle node
' ' ' ' ' ! ! 500 — : : : . ; :
500 |- Circumferentially Cracked left HL nozzle
= = = Uncracked right HL nozzle
- 400
g 400 ¢ =
§ l \ i f ! ! 11 l | %
é 300 F l,""IJ!IJ@:.-_«W,J'igfw\tv'Jllﬂ}"!f‘“ltl&ﬂit mﬂ!bﬂ'.!" 'al.,-ﬂle GIhoag dlv § 300 -
é 200 - 2 200 -
Axially Cracked left HL nozzle >
100 - = = = Uncracked right HL nozzle 1 100 -
0 | | | | | | | | 0 l 1 | | | | | |
0 50 100 150 .200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
Time (Days) Time (Days)

= This results show that axial crack produces higher stress compared to
circumferential crack.

= Probably could be the reason why a axial through-wall crack grew in VC Summer
NPP HL nozzle
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Example evolution of accumulated plastic strain at crack site

PEMAG
(Avg: 75%) t=1.096 days

+1.000e-03
+9.167e-04
+8.333e-04
+7.500e-04
+6.667e-04
+5.833e-04
+5.000e-04
+4.167e-04
+3.333e-04
+2.500e-04
+1.667e-04
+8.333e-05
+0.000e+00

t=1.391 days
Max. nodal

t=433 days
(Max. nodal

t=434.9 days
Max. nodal
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Animation: Stress distribution during heat-up, grid-load following
normal operation & cool-down conditions
(with presence of axial crack in left HL nozzle)

Snapshot of animation Full animation

Step: Step-1 Frame: 0
3 Total Time: 0.000000
S, Mises
(Avg: 75%0)

S, Mises

+3.384e+02

(Avg: 75%)

+3.102e+02
%%éég’f%g +2.8206+02
: +2.538e+02
tiooera

e +1.974e+
118920105 +1.692e+02
+1.410e+02 +1.410e+02
Talte02 +1.128e+02
+g.g;8:18{ +8.460e+01
16.0006100 +5.640e+01

+2.820e+01
+0.000e+00

HL nozzle crack closing r
. . . z
and opening during grid X
load-following power
fluctuation

HL nozzle separated
from nozzle support
during heat-up thermal
expansion
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Animation: Imaginary (e.g. loss of coolant accident case) ID pressure
transient (O — 40 MPa)
(with presence of axial crack in left HL nozzle)

Snapshot of animation Full animation

S, Mises
(Avg: 75%0)

8, Mises

(Avg: 75%0)
+8.018e+02
+4.151e+02
+3.460e+02
+2.768e+02
+2.076e+02
+1.384e+02
+6.919e+01
+0.000e+00
-6.919e+01
-1.384e+02
-2.076e+02
-2.768e+02

+4.151e+0
+3.460e+02
+2.768e+02
+2.076e+02
+1.384e+02
+6.919e+01
+0.000e+00
-6.919e+01
-1.384e+02
-2.076e+02
-2.768e+0

Crack size at the end of
simulation
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Experiment: Grid Load-Following
(Random Load) Fatigue test
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Preliminary experiment: Grid load-following condition
fatigue test (example) results
Experiment inputs

=» FE simulated stress scaled along the time axis to finish the test in a reasonable time.

=>» 508 LAS specimen tested under in-air and PWR water conditions.
FE results Observed stroke (15t 25 cycles)

At maximum stressed element and IP of left HL nozzle

=== AXi; 'ally cracked left HL nozzle

;;5 T ﬁ?&ﬂ}d Scaled PWR water fatigue
S a0l pEL R LRI 5 dibt .
% ool Moo i L GE B s 41 test input (as observed)
%zzz: 300 : : : ] : : i
%150» 1 P e i i . | :
0 56 160 150 zeo z§0 360 3§0 4(I|0 '450 glﬂo """""""" """"""""" """""""" """"""" I 0 - 2002 mg()sooo - ”
Time ays) = Observed stroke 1t cycle

ANL’s PWR Water loop I I S S N S ] ( ycle)

;"f‘°"‘°”"' T 100 r ln,l,t,l,a,l,,s,t,,r,e,,s,s,,,d,,u,e,,tg ,,,,,,,,,,,, \ﬂ _

,-‘v i . hydrostatic | £ o

; mE aytoclave pressurie g

'L ] (l 0 s0 100 150 200 <

ﬂ‘acfﬂ nge Timmne (5) £
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Summary

O Variable amplitude fatigue tests under in-air and PWR condition conducted and relevant
martial properties estimated.

QO 1-D analytical model created to check the accuracy of material properties.

0 3D FE model of test specimen created to check the accuracy of constant amplitude fatigue test
based material properties.

QO Preliminary 3D FE model created for thermal-mechanical stress analysis of RPV and nozzles
under grid-load following conditions.

Future (FY-17) Research Plan

\ Example case of 316 surge line (SL) pipe life estimation |

I I

| Deterministic life estimation | | Probabilistic life estimation ‘
t
I [ | I
| ASME approach | I NRC/JAEA approach ‘ ‘ Present ANL approach |
)
I
Fully mechanistic life estimation based on Hybrid mechanistic - S/N curve based life estimation
continuous cycle stress analysis results using intermittent cycle stress analysis results

I

Stress analysis of SL pipe under thermal stratification and random
transients (load following and normal operation conditions)

CFD of SL pipe H Heat transfer analysis of SL pipe }—~| FE Stress analysis model of SL pipe
)
[
Time dependent & amplitude independent FE implementation of ANL'S proposed
material parameters for ABAQUS constitutive relation in ABAQUS
Variable and random load fatigue tests Evolutionary elastic-plastic material
under in-air and PWR water conditions models
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Some LWRS publications published during FY-16

U Mohanty, Subhasish, William Soppet, Saurin Majumdar, and Ken Natesan. Tensile and Fatigue Testing and Material Hardening
Model Development for 508 LAS Base Metal and 316 SS Similar Metal Weld under In-air and PWR Primary Loop Water
Conditions., (September, 2015 ), Argonne National Laboratory, Report No. ANL/LWRS-15/02
(http://www.osti.gov/scitech/biblio/1224989 ).

0 Mohanty, Subhasish, William K. Soppet, Saurindranath Majumdar, and Krishnamurti Natesan. "Full-scale 3-D finite element
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