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Objective
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Objective:

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

=>Develop mechanistic finite element model that can be used for improving
fatigue life prediction accuracy in reactor components.

= Perform tensile & fatigue test of various reactor material for generation of
basic material properties and validation of FE models.
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Baseline System/Component Level FE Model for
Stress Analysis
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N
System/Component Level FE Model

Why system/Component level FE model? System level FE model

=» To model multi-axial stress

= To model system level displacement/strain
due to thermal-mechanical cycle

FE mesh

=» To locate the fatigue hotspots and
associated stress/strain history

Present FE model
framework

Elastic material Cyclic heat
properties transfer analysis

N hd

System level
FE model —Tomperaurs
s - ]

Example
l: RPV/HL loading

boundary
Cyclic thermal- condition =

structural analysis

RPV/Hot leg: Number of cycles = 2

N
a
S

N
=]
S

-
1
=]

=
o
S

Pressure (Mpa), Temperature (C)

5
S

h
!

0.5 1 15 2
Time (S) x10*

o

Work Sponsored by the DOE Light Water Reactor Sustainability Program

D 6




NS
Example Heat Transfer Analysis Results

ID surface temperature distribution at the OD surface temperature distribution at the
end of 1900 sec end of 1900 sec
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Example Elastic Thermal-Structural Analysis

Results

Displacement (magnitude) variation at the end of
1900 sec from stress analysis models with (a)
pressure loading, (b) thermal loading, and (c) both
pressure and thermal loading
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Nodal displacement (magnitude) animation

Step: Htep-1l Fram=: 0O
. Total Times: 0.000000
U, Magnitude
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Example Elastic Thermal-Structural Analysis

Results (Contd.)

Maximum principal stress distribution at the end of

1900 sec (at peak temp & pressure) from stress
analysis models with (a) pressure loading, (b) thermal
loading, and (c) both pressure and thermal loading

Maximum/minimum principal stress time
histories at a typical ID element in the HL
elbow from stress analysis models with
a) pressure loading, b) thermal loading,
c) and both pressure and thermal loading
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Von Mises stress animation

Step: Step-1 Fram=: 0
R Total Time: 0.000000
5, Mises

(Avg: 75%)
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Fatigue Life Estimation Based on
ASME/NUREG-6909 Approach
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Example Estimated Fatigue Life

ASME/NUREG-6909 approach for

ASME in-air stress~life curve
fatigue life

10°*

_ Ngir
NPWR - F
en

s, (MPa)

E,, = exp(—60'0'¢")

10° 10° 10° 10° 10"
Number of cycles
Max. stress amplitude (MPa) 27.685 180.87 171.18
(with elastic modulus correction)
_ In-air and _ Max. strain amplitude (%) 0.01662 0.11086 0.10481
environmental fatigue _
. . Max. strain rate (%/s) 8.0102e-06 5.3429e-05 5.0512e-05
lives estimated under
different loading In-air fatigue life >10° 1.1x10° 1.9x10°
conditions for cold leg Fop 1 7.8124 7.8124
PWR environ. fatigue life >106 14,080 24,320

Work Sponsored by the DOE Light Water Reactor Sustainability Program

13




Cyclic Plasticity Material Models: Theoretical
Background

Work Sponsored by the DOE Light Water Reactor Sustainability Program

14




.,
Theoretical background: conventional FE model

Elastic Analysis Elastic-plastic Analysis
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Theoretical background: evolutionary material model

Why evolutionary material model ?

= Material harden/soften as function of accumulated plastic strain or time leading to yield
surface expansion/contraction & translation in stress space.

Example: Stress-strain under cyclic loading
Example cyclic hardening under

PWR water (316 SS)

300

oo
/ {'} Last cy no=50
200 / /f’ / ’
100 / 200+
5 £ 150+ e MR
p e
-100 g 2] _--
/ % =
/ g //
200 [~ original data é 100~ /8 0.2% offset line
—e— Shifted led d cycle d
[ | s e ot g —Toa
0.8 0.6 0.4 02 0 0.2 0.4 0.6 1st quat cy
sren o 501 0.1% offset ling cy-1:up l
0f05 % offset line |~~~ cy-;:dov;/n
cy-2,cy-3...
0 7 1 7 L L L T
0 0.1 0.2 0.3 04 0.5 0.6

Engg. total strain (%0)

How to model this through FE: Should we provide thousands of
stress-strain curve as input to FE code ?
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Evolutionary material model (Contd.)

Tensile or first quarter cycle

(), cycle equivalent (i=0) equivalent monotonic Cyclic load: Yield function shifts due to
monotonic stress-strain stress-strain curve
curve = Within the cycle stress increase or
Nonlinear mapping decrease (kinematic hardening model)
f\of hardenlng stress 02 e
. e &
J . .
G _-H‘, Cyclic load: Yield
- N :
. ¢ _ function expands or
66 i contracts due to
o’ — => Inter-cycle yield
! stress increase or
y 7‘v decrease (isotropic
%o - - hardeni del)
Linear mapping of BN
Ei hardening stress
Tensile load: yield
\ Elastic « function expands or
E contracts due to
0 modulus

® >

=» Monotonic
stress increase/

decrease (isotropic
hardening model)

/

Given strain

6! —o} =increase in cyclic yield stress
= isotropic hardening  stress

o) = Within cycle (beyond yield stress)
kinematic hardening or back stress

Original yield surface
(Von-Mises yield function)
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Evolutionary material model (Contd.)

Evolutionary von-mises yield criteria for multi-axial FE modeling

Back stress at (j),, instance
of (i), fatigue cycle

i _ k)( y
L{Gi ai o aﬁ\ Yield stress of (i), fatigue

cycle

Stress at (j), instance of/

(), fatigue cycle

Inter-cycle cyclic yield stress shift (isotropic
hardening model) Within the cycle stress-strain model (kinematic

hardening model)

=» Can directly be modeled through feeding
2

cyclic yield stress ~ accumulated plastic i v ol _
strain to FE code dai = §C1i (p)ds < Linear model

0-:'4\ ; R
daf = %Cl?v(p)dspl— 712 ()el P« Nonlinear model

6, (max.)

Intfr-cycle isotropic

rdening regime Inter-cycle isotropic softeninxggime

v
G, >
Fatigue cycle or accumulated plastic strain P,
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Material, Specimen & Test Setup

Work Sponsored by the DOE Light Water Reactor Sustainability Program

19




Types of material being tested

Reactor coolant system pipe material

In-82butter. -~~~ In-182filler _.Dissimilar
weld. -~ metal weld
5
' Similar metal
! ~ weld
31638S Safe end L
L Q‘ ; @ 31555 \I
Safeend f - Safe end
RPVnozzle-. dsweld
end
Example 316SS-316SS
Base/weld material pure weld specimen
) Alloy: A508 R e e Alloy: 316NG
being tested N e
%L ‘ / o

316SS base

508LAS base A =\t
316SS-316SS pure weld Affectedzone | o ]
508LAS-316SS filler weld ~ M#2specmens
508LAS-316SS butter

weld

akrowpnpE

\ / Filler P:;cul 3
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In-air test frame

Pull rod
instrumented
with «_
~ -
thermocouples

Example in-air test
thermocouple
readings during
heat up
procedures

sy¥ssedgs SENHEEEIREIENUEEHELE

Test Setup

LEPEL
- induction
heating system

Specimen
instrumented
with
thermocouples

“~<_Extensometer

~~~~~
Induction
heating coil

Env

iIronmental test frame with

PWR water loop and autoclave

1550~

1540~
1530~
1520+
i 1510-]
% 1500-
< 1400
1480~
1470~

1460-

1450-

Example water
pressure during a
PWR water|test

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

Run time () ey
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508 LAS Base & HAZ Metal Tensile Test & Material
Model Results
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508 LAS Tensile Test & Material Model Results

Example TC profile during entire test

Heat up and cool down

350

300~ — TC:+7
TC:+6 . .
TC:+5 508 LAS base & HAZ metal (Engineering)
r TC:+4 .
5 = ——TC+3 stress-strain curve
4 — TC:+2
S 200+ ——TC:+1
B —y EL=offset YL=0.2%
& 150+ — TC:-2 T T T T T
P TC:-3 500
< 100+ :igg f’. "::-:;t.‘\‘hi.‘\
——TC:-6 0® m" NS ~
——TC:-7 > \\
s0f —— Ambi 500 rd N .
% 1 2 3 4 5 6 7 g \\ >
Time (Hour) > 400 2 \\\‘ -
: : @ \‘ W
Example thermal strain during stress-free heat up | £ 5, M
wRyocedure - -
05 \ : : > == =T06 (508LAS Base, 22 °C, 0.1%/S)
Vroazs0 w 200 -

===T07 (508LAS HAZ, 20 °C, 0.1%/S)
=== T08 (508LAS Base, 300 °C, 0.1%/S)

0.4r

c03 _ | 1001 === 109 (508LAS HAZ, 300 °C, 0.1%/S) y
% Substantial strain can generate = ==T10 (508LAS Base, 300 °C, 0.01%/S)
Z ool large stress (beyond yield stress) 0 r r r : :
depending on the constraints and 0 S 10 15 20 25 30
oal boundary condition of reactor Engg. strain (%)
components
e

Time (Hour)
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508 LAS Tensile Test Material Model Results (contd.)

(HAZ metal, 300 °C tensile test: nonlinear kinematic hardening model
with 0.2% offset yield stress)

Kinematic hardening model type =Nonlinear
8000 T
7000 ] Model estimated stress-strain curve w.r.t
50001 experiment stress-strain curve
5000 1 Kinematic hardening model type =Nonlinear
g 700 : L L .
S 4000
g 3000
600 |- -
2000
Parameters 1000 1 500 Moy ASIB g Flecwed Alloy: 316NG y
w.r.t 0 : : : . ”“"_IQ‘*'»“’” B F — Hm:}:li?ﬁ
.. . 0 5 10 15 20 g
optimization Iteration no. S 400 :
itel‘ati on no Kinematic hardening model type =Nonlinear \2_, ——
- T T T T T T eat e
%0 § Affected Zone ) . 7
- 300 - (HAZ)specimens BE—— N
of )
200 |- Orig: Engg. £ (Upto fracture) -
=or Orig: True ¢ (Upto peak/ultimate)
. ool 100 - Orig: True ¢” (from yield to true ¢ =5%) |-
Regen: True ¢” (from yield to true ¢ = 5%)
O T T T T |
-150- 1 0 5 10 15 20 25
Total/plasti strain (%o)
-200, 2 4 6 8 10 12 14 16
Iteration no.
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508 LAS Base Metal Fatigue Test & Material Model
Results
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508 LAS Base Metal Fatigue Test & Material Model Results

_ _ _ o Cyclic stress hardening/softening under
Fatigue lives under different conditions different conditions
(approx. 0.1%/S strain rate) 600 1 i

4500

Bl R T-F23 (22 °C, In-air) 400 = R
I ET-F24 (300 °C, In-air)
I EN-F20 (300 °C, PWR water)

4000

200

3500

——RT-F23 (22 °C, In-air)

s
3000 g
° 2 01 ——ET-F24 (300 °C, In-air)
%‘: 2500 s —— EN-F20 (300 °C, PWR water)
=1 X -200
= 2000 p
&
1500 400 ‘
1000 600 U LU TOITTE 1
10° 10' 10° 10° 10°
500 Fatigue cycles
520
0 1 ) 500 Wr
Specimen no. 2 agol YT
?; //7 e A
c c c 3 460
Cyclic stress hardening/softening observed 3 \
. . . . £ 440
=>» requires time-dependent kinematic and =
. . . . . S 420
isotropic hardening/softening modeling ——RT-F23 (22°C, Ini)
400 —— ET-F24 (300 °C, In-air)
T ENF20(300°C, PWR water)

380
10

0 1

107 10
Fatigue cycles

10
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508 LAS Base Metal Fatigue Test & Material Model Results (Contd.)
(Example results : 300 °C PWR water fatigue test)

Example equivalent stress-strain curve for Evolution of 0.05% yield stress
first 50 CyCIeS Last cycle no. = 2875
450
Last cy no=50
550
500 AT £ a0 | A
s /\.\ ‘ |
450 2 \ 1LY
400 5 430 WA
= j LA »JN |

T 350 ° I\ ‘
% 2 /\ e/ c!P
5 300 g 420 /N \H v
s 0 .
B i
2 1 N ‘
£ 200 5 40 / \ o | r

150 o :g c;:’(Smoothened)

100 ) —1stquatcy | o 4a00f-{/f A - T08 (0.05%)

50 cy-2:up i < R R I B TO8 (0.2%)

‘ / / """ cy-3:down,..... 390 AN 1 |
05 0.1 0.2 0.3 0.4 05 10° 10" 10° 10°
Engg. total strain (%) Fatigue cycles
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508 LAS Base Metal Fatigue Test & Material Model Results (Contd.)

Evolution of C1 under different conditions Evolution of y1 under different conditions
x 10°
\ r ”WW r TTHHW r r 1400 FF FFFFFE F_F F FFFFFE — ;|
——— 0 .
£ ’ > 1200 —— EN. 0 !
=85 \ —— EN-F20 (300 °C, PWR water) | | | = EN-F20 (300 °C, PWR water)
o >
c 0 \ £ 1000~
g 75 \ L s \
% R <
— 7 ©
_§ A .‘:lE 800 A
g 7 = N/
. 6 7 | § 600
= / <)
= Z
s 55 i
pd
5 1] 400 !
10° 10' 10° 10° 10° 10' 10° 10°
Fatigue cycles Fatigue cycles
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316 SS -316 SS Weld Tensile Test & Material Model

Results
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316 SS -316 SS Weld Tensile Test & Material Model Results

Example thermal strain during stress-free heat up
procedure
Heat up 316 SS-316 SS Weld (Engineering)
=) stress-strain curve
X: 3.754 b
Y:0.5267
| EL=offset YL=0.2%
600 - “ e ————— :
-
/\c? "I’ \\\
S - 500 e* s
g ""-_‘“‘\ :
(6 -
s ) I’1 o~ Y 1
75 o 400i 'd 1 N
i s / |
2 ]
£ 3oo|r I : y
? 1
(i 200} ! 1
i [
r r r r r 1 1
15 2 2.5 3 35 1001 = == 703 (316SS-316SS Weld, 22 °C, 0.1%/S) : |
Time (Hour) = == T05 (31655-3165S Weld, 300 °C, 0.1%/S) :
% 10 20 30 40 50 60
Engg. strain (%)
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316 SS -316 SS Weld Tensile Test Mater

lal Model Results (contd.)

(316 SS — 316 SS Weld, 300 °C tensile tes

t nonlinear kinematic hardening

model results with 0.2% offset yield stress)

Kinematic hardening model type =Nonlinear
3000 T v T . © ;

2000+

1000

-1000 -

-2000

C, (MPa)

-3000

-4000 -

500
-50001-

Parameters 6000 , , , , , ,
0 2 4 6 8 10 12 14
W. r't Iteration no. 400
optimization
iteration no. 50
45

Kinematic hardening model type =Nonlinear
T T T T T T

Stress (MPa)

40|

35

11

25

20} 1 0

15+

100 2 4 6 8 10 12 14
Iteration no.

20k ] 100 |

Model estimated stress-strain curve w.r.t
experiment stress-strain curve (for T05

tensile test data)

Kinematic hardening model type =Nonlinear

Orig: Engg. ¢" (Upto fracture)
Orig: True ¢ (Upto peak/ultimate) i
Orig: True " (from yield to true ¢ = 5%)

I Regen: True ¢” (from yield to true ¢ = 5%

0 5 10 15 20 25 30

Total/plasti strain (%0)
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316 SS -316 SS Weld Fatiqgue Test & Material
Model Results

L~ Double-V Weld

b
~_ / FillerMeul
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e
316 SS - 316 SS Weld Metal Fatigue Test & Material Model Results

_ _ _ o Cyclic stress hardening/softening under
Fatigue lives under different conditions different conditions
SO0 T
9000 | {
5000l [ IRT-F08 (22 °C, In-air) ~T
I =1-r07 (300 °C, In-air) - =~
7000 - 3 0 i =3 L LTI :
I ET-F17 (300 0c:, In-air) = RT-R08 (22°C, Imai)
6000 | B £N-F18 (300 °C, PWR water) | ¢ | —— ET-F07 (300 °C, In-air)
£ ook 2 0 | ——ETF17 (300 °C, In-air)
@ p —— EN-F18 (300 °C, PWR water)
.?400()* 0.1%/S x R ]
© =
LL
3000
2000
-500L0 L LLLLLLLl a - .
1000* 7 10 10 F F1DFFFFF FF 0
O-Ol%/s 0.01%/8 460‘ } || \HHF } i
0 440
420
'S 400
%380
Cyclic stress hardening/softening observed ===
. . . : p
=» requires time-dependent kinematic and 5 v,
. . ; . . 300 RT-F08 (22 °C, In-air)
Isotropic hardening/softening modeling 20) — ETF07 (300 °C, Inin ™
—— ET-F17 (300 °C, In-air)
2000 EN-F18 (300 °C, PWR water)

¥ 10" 10° 10
Fatigue cycles

10
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316 SS - 316 SS Weld Metal Fatigue Test & Material Model Results (Contd.)

(Example case: 300 °C PWR water fatigue test results)

_ _ . o i
Example equivalent stress-strain curve for Evolution of 0.05% yield stress
i Last cycle no. = 1838
first 50 cycles
360
Last cy no=50 340
450 - o
a 320 Gdown 1
Assumed elastic limit // / 2 200 oy -
350 \ 2 c;}’(Smoothened)
A_Ss = 280 ~Ll ] T05 (0.05%) i
s B S nen ,}f:’_‘{kf‘j:%h ———T05 (0.1%)
= 300 > Y:3233 3 /*"\_/\/\_,Jm\"‘-'::m """"" T05 (0.2%)
% e X: 0.3532 fl’ 260 AW"- ! I
< 550 Y:290 0.2% offset >
2 yield line pg
o § 240
<, 200 o
= 220 80
L .
150 0.1% offset /
yield line 05 200 =270
100 : S
—e— Ist quat cy 10° 10° % N SRS
50 --0-- cy-1:down £
0.05% offset —cy-2:up § 250
yieldline | |77 cy-3:down,..... S
0 0.1 0.2 03 04 05 0.6 07 g —,
H 0, n_ yl
Engg. total strain (%) < 20 a;'.”“’”
I ol—
. . . . . 220 c;IV(Smoothened)
Substantial cyclic reduction in yield stress [ 5 00590
210} —— 705 (0.1%)
.......... 105 (0290

10
Fatigue cycles
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316 SS - 316 SS Weld Metal Fatigue Test & Material Model Results (Contd.)

(Example case: 300 °C PWR water fatigue test results-contd.)

Evolution of nonlinear kinematic hard. Evoluti ¢ i i ic hard
Parameter C1 volution of nonlinear kinematic hard.
Parameter yl
x 10 Last cycle no. = 1838 Last cycle no. = 1838
/ / " FFE F F FFFFFFE
= 55 / 600 / \\ Ly g
ol / V NN down
2 / /\/ _ | \ N\Q _Ylyl
- / - \ \\ \
3 N7\ = 590 oV y12 I
O 5 - —_——\ W\\ yl
C A\VAA g NN ", 12Y(Smoothened)
s @ Sl N moothene
£ £ 500 \«“\ Sa T "y I
< ] el |
o cu -
g 4.5 up _g—
o —Cl = 450
@ __ (~qdown =
; Cly E
T Ao )l S 400
S e
Cls:’(Smoothened)
L TLTTILE 3 13 Brb 350
10° 10" 10° 10° I
Fatiaue cvcles 100 101 102 103
Fatiaue cvcles
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316 SS - 316 SS Weld Metal Fatigue Test & Material Model Results (Contd.)

0.05% offset yield stress evolution under

different conditions Elastic modulus evolution under different
conditions
AT P 1

- * sl L LU [T T
. RT-F08 (22 °C, In-air)
© — - . |1
< 340 s 140" ——ET.Fo7 (300 °C, In-air)
2 320 SJD; 1351 | — ET-F17 (300 °C, In-air)
ki = —— EN-F18 (300 °C, PWR water)
S 300 3 130
= <) —
S 280 N \\ 1l o 125 -
(=] T 5 - - —
T = S\ §120%
s, NG N w
s - .
& 240 RT-F08 (22 °C, In-air) & 115
O —— ET-F07 (300 °C, In-air) \ '

2200 —— ET.F17 (300 °C, In-air) ! ] 110

—— EN-F18 (300 °C, PWR water) : i i o
200k e i 10° 10" 10° 10°
10 10 10 10

Fatigue cycles Fatigue cycles
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316 SS - 316 SS Weld Metal Fatigue Test & Material Model Results (Contd.)

Nonlin. hard parameter: C1yI (MPa)

Evolution of nonlinear kinematic hard.
parameter C1 under different conditions

4

x 10
E A3 TTT
75 N RT-F08 (22 °C, In-air)
. —— ET-F07 (300 °C, In-air)
—— ET-F17 (300 °C, In-air)
6.5 EN-F18 (300 °C, PWR water)
6
ey
55 // et N \\v
T 3
5 |
45 ‘ ax
4 ‘%
35 2
10 10" 10° 10°

Fatigue cycles

Evolution of nonlinear kinematic hard.
parameter yl under different conditions

Nonlin. hard parameter: ylyl

750/ RT-F08 (22 °C, In-air)
oot/ D —— ET-F07 (300 °C, In-air)

4 \'\ —— ET-F17 (300 °C, In-air)
6301~ | EN-F18(300 °C, PWR water) |
600/ -

// :Q:""\ )

550
7 AN
500 =y
N | I
| e
450 ~ \-\‘_ N
| n
400
350 1
300 ‘
2501~ 2 1
10 10 10 10°

Fatigue cycles
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Summary
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Summary

During FY-15 following works performed:

=» A system level baseline FE model developed for cyclic thermal-mechanical stress analysis of a
PWR type reactor.

= Tensile & fatigue test conducted under different conditions using 508 LAS base metal
specimens.

= Tensile & fatigue test conducted under different conditions using 316 SS-316 SS weld metal
specimens

= Based on the tensile and fatigue test data of 508 LAS & 316 SS-316 SS weld specimens various
material properties (both tensile test based time-independent & fatigue test based time-
dependent properties) estimated.

Future Direction

= Use of estimated material parameters for component & system level FE model .

=> Tensile, fatigue test & material model for other material (e.g. 508LAS-316SS dissimilar metal weld).

=> Fatigue test under variable/random load and material modelling.

=> Study the effect of stress versus strain control test on material model results.

= Fatigue test and material modeling to study the effect of different hold time under PWR water.
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Thank You
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