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Project Goal and Scope

P91
9CriMoNbV P92

e Address the critical creep strength reduction (aka Type IV Cracking) vt
in weldment of CSEF Steels that negates the benefits of P21, P92 etc.

- Develop, validate, and apply an Integrated Computational Welding -
Engineering (ICWE) prediction tool for creep deformation and failure in -~ 7sam"
CSEF structure welds

o Target practical engineering modeling tool for weld creep performance (Level 1 Model)

* More fundamental microstructure informed macro-meso scale model (Level 2 Model) AYcro. . -
— Develop new creep testing system and experimental approach
necessary to quantify the highly nonuniform creep deformation and Type IV HAZ cracking in a 9-12Cr

failure in a weldment to validate and refine the models

* Apply the ICWE modeling tool for

- Welding technology innovations for creep resistance improvement in
design and service.

N HAZ failure
(at fine grained HAZ)

Source: ETD Ltd.

- Life assessment of existing power plants and scheduling maintenance
and repair

Up to 50% life reduction
compared to base metal
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Integrated Approach for Weld Life/Performance Prediction

 Developed an integrated experimental and computational welding engineering
modeling approach for creep deformation and failure in weldments of Creep Strength
Enhanced Ferritic (CSEF) Steels

Specidlly.designed . Multiscale predictive , Weld performance
experiments modeling tool assessment
Creep-DIC Testing
(High resolution full field & 4 N\
local strain measurement) Local property driven
macroscopic creep model f \
e ~N (creep rate, creep damage) Weld creep/creep
Gleeble - Sub—-mm scale fracture behavior
Thermo-mechanical \_ 4 J (rupture life and failure
Simulation I 5 location)
(Acquisition of local creep [ \ . .
k properties in HAZ) ) Microsfrucfure model / Remdlnlng I|fe
(Gradient Microstructure e.g., assessment
grain morphology/size,
Multi-scale precipitate and its \I.ong-’rerm reliabilityj
Metallurgical coarsening, recovery)
Analysis \ - Grain length scale /
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Designed and built a special in-situ full-field creep strain
measurement system with high temperature DIC to determine
the heterogenous creep deformation in Grade 91 steel weld
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Creep Testing of Grade 91 Steel Weld
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Creep Temperature: 600 degree C, Stress: 135 MPa

Multipass P91 weld, mid-thickness region




Creep measurement using "'standard” extensometer shows very
low creep strain before ternary creep leading to failure

11 4.0
10 ] — Creep Strain _ 3.5
9 - Creep Strain Rate I —_
| s - =
’\O\ 8 — ‘;.,: : ¥ -_ 3-0 é
< 4. o5 O Before creep testing
k= - ©
S 6-
+ - -2.0 .S
7)) 5 - E
@ 4 L 1.5 O
o 4‘_ Creep condifion: T a
O 34 550°C, 215 MPa 10 ¢
4 - 6

I L]
o
)]

I L]
o
o

0 - ' T ' T ' T ' T ' T ' T '
0 50 100 150 200 250 300 350
After creep testing

Creep Time (h)
%OAK RIDGE

National Laboratory




Extended the novel testing system and approach connected
creep deformation and failure with underlying microstructure
features

» Positively identified the most vulnerable region for Type IV cracking is ICHAZ
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ORNL’s special testing system make it possible to extract material
property parameters in different subbregions of HAZ with sufficient
spatial resolution that are necessary for use in ICWE creep model
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Microstructure informed Level I| Model provided the foundation for Level 1
practical engineering modeling tool for creep modeling of large welded

structures

« Leve ll Model: A mechanistic constitutive model was developed to account for the effects of
microstructure, stress and temperature on the creep deformation and damage mechanisms of high

temperature alloy weldments. , ‘
Microstructure Features Representative Volume Element (RVE)
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| Model

Imensiona

Three D

e To obtain more realistic localized and macroscopic deformation of the

the weldment.
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Three Dimensional Model

e INnner strain distribution

Strain Z1

LE, LE22

(Avg: 75%)
+3.171e-01
+1.500e-01
+1.375e-01
+1.250e-01
+1.125e-01
+1.000e-01
+8.750e-02
+7.500e-02
+6.250e-02
+5.000e-02
+3.750e-02
+2.500e-02
+1.250e-02
+0.000e+00
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Level 1 Model: Cavity-evolution based constitutive model

- Three stages of damage evolution determines
the lifetime:

%

»

S|
I

Primary«—— Secondary — |

T R

1. Cavity nucleation

(~

tr =1ty +t,+t,

growth till end of life

i v

l—
1
1
2. Constrained cavity :
1
1
|
1

20% lifetime)

|

|

(-

:3. Microcracks and
. macrocracks

|

|

1

OAK RIDGE

National Laboratory

v

Grain boundary cavitation in HAZ

« Cavity evolution-based creep model

‘ 2b Atom diffusion Grain boundary

e

2a
Cavity nucleation

: o1\? .
Cavitation nucleationrate: N =1FH (F;) g foro; >0
Cavity growth

V=Vi+ VW
1. Contribution of GB diffusion:

. o]
V1 = 47TDGB

In(1/f) — 23 = )L~ f)

2. Contribution of creep deformation:

Om

n
o
+2meSadh(y) [an + Bn] , for + =>1
VZ — e Oe

g
2mESaPh() @y + Bal" ", for Im
e

<1

Oe

* Creep rate accelerated by the cavitated area fraction

£° = Agis L;bl;l <a (1 iew(t))> , w(t) = (alt)/b(t))?
BT %0 Microcracking a/b - 0.75

Needleman and Rice, 1980; Onck and van.derGiessen, 1998,1999;



Validation of ORNL’s Level | ICWE Creep Model with DIC

Experiment

e Finite element model

| BM

<
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Assign properties based
on locations
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Application of ICWE Creep Model: EPRI's improved weld
configuration
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EPRI EEM project: Ex-service Grade 921 forging (F?1)-Grade 91

piping (P21) header
(G1848, 141,000 hrs, 1067°F/575°C, 2590 psi/17.9MPQq)

Distance Y (mm)
5 a = =2

Lab-scale CW specimen (6mm x s AT R

1 1T 3 6 9 12 15
LT LT T LT ERE Distance X (mm) P91 =

I
* Need for full size cross-weld test necessitated upgrade of testing system
v' Constraint effect plays a significant role in creep deformation mechanism

oakRipce ¥ Nonuniform weld configuration and microstructure along the wall thickness direction
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Nonuniform creep strain distribution in mulfi-pass F?1-P?21 weld

{ A { { | © 2a-local-650C-80MPa
4 o : 871 o 2b-local-625C-100MPa
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5 : — ] o é
'.' ". l.' © 6 g H +—
g o ] =
{ i o g o
1 % 5 . . 0 A H
o Fidd i =57 Local strain in the crack q B
e —— e E MM ET—— £ initiation region :
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0 _
o 31
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] O oo I
0+ o ol .
0.1 1 10 100 1000

Creep Time (h)

t=135.1 h Test ID: 2a, 650 °C-80MPa

« A non-typical three-stage creep curve, short tertiary creep (Type IV cracking)
«  Creep strain preferentially accumulated from the root and cap region of the weld

 Creep resistance across the weld : P91 BM > F91 BM > WM > P91 HAZ > F91 HAZ
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Creep Life Prediction of EPRI EEM ex-service weld

o Step 1: physically-based model for prediction of creep cavity evolution for P?1-F?1 cross
welds during 144,000hrs of service

o Step 2: predict the creep response and remaining rupture life during creep test using the
Level-1 model with the initial creep voids

Service condition 575°C, steam pressure of 17.85MPq,
running hour 141,000 hours

Inputs .
Level-1model Cavity evolution during E
é~ay, Ny service (a*,N*) |

/-Creep property
measured on lab
samples :

* Hardness mapping of  §
actual P21-F921 welds

()

+ Weld geomet f'..{ B e e !
\ g ry et el ..

e 1
|

| Outputs Remaining life |
! - | assessment :
! Creep strain map ( 1 .
I . . -

| Failure location < Level-model - .4
: o é~a*,N !
| Remaining life !
I I
| I
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ICWE Level 1 Model is capable to predict creep voids formed
during 140,000hrs service

575°C, 25MPa for 100,000 hours

0.0018 T T

——-BM 1+ Level-1 model predicts the
g 2P - HAZ creep cavitation behavior by
E ] ' ] (] L]
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8 0 oom nucleation and growth
§ 1 ,t', ' ’,
S 0.0006 - _
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SEM MAG: 10.00 kx  Date(m/dly): 04/24/20 erformance in nanospace 10 100 1000 10000 100000 Q =
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18 1 ;]
% ) ] .
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12 g . — —
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Level 1 Model is capable to predict the deformation and
remaining life of the P?1-F?1 cross weld after service conditions

E11 E, E11
0.09350 (Avg: 75%) 0.020 T T T
0.08075 o.1182 £ Nominal creep strain -\ |
0.06800 0.0985 c X
0.05525 00954 i 0.015 - ]
00050 :
0.0275 00354 5 o
0.01700 0.0296 3 SR
0.0197 < 0.010 4 2@ et
0.004250 0.0098 ‘S oo
-0.008500 -0.0000 £ s
g = o
§ 0.005 - . e
. --=- DIC |
Test ID Failure life, hrs Predicted o 650°C, 80OMPa  ----FEA
O,
(°C) (MPa) experiment Life, hrs hgees .3 25 nn o
135.5 154.1 Tiimei(h)
0.12
2b 625 100 200.0 296.8 )
o oic Local creep strai
2C 600 120 294.5 419.3 g FEA
e o
Ic 625 60 1843.0 2702.3 3 0.081 -
o
« ORNL’'s ICWE model provides a practical and reasonable approach g
for remaining life assessment of creep-resistant steel weldments by Eo_o«;-
including the pre-damage effects 8
« The predicted creep rupture strain and failure location are g
comparable with DIC measurement 000 EEERE

0 5'0 160 1éo
Time (h)
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Application to prediction of creep strain accumulation and
rupture life of dissimilar metal weld at 650 °C and 90 MPao

E, E11
(Avg: 75%)
0.150

0:135 Grade 91
0.156 Grade91

0.113
0.105
0.098
0.090
0.083
0.075
0.068
0.060
0.053
0.045

0.038
0.030
0.023
0.015
0.008
0.000

Predicted life of conventional DMW: 230 hrs,
failure at the weld interface in the G91 HAZ

I

15.0

N
o
exx (%)-Lagrange

t=200 h

0.0

Actual Experiment: Failed at 214 hrs
in the G91 HAZ at the interface
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Summary

« Accomplishments so far

— Successfully developed and demonstrated an ICWE modeling tool for creep
deformation and failure in CSEF structure welds

- Developed new experimental approach and testing systems to understand the highly
iInhomogeneous creep deformation and failure of CSEF welds, and to determine the
local creep properties essential for CWE model

- Applied the ICWE modeling tool in this and several other related projects and with
plan to expand for industry applications

 FY21 Activity

- Complete the remaining creep testing planned for EPRI EMM. Why P91 is better than
Fo1e

— EPRI $45K confribution
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Publications:

e Total 23 journal and conference proceedings from this project so far, working on 5-6
journal papers

e Selected Journal Publications

- Yiyu Wang, Wei Zhang, Yanli Wang, Yong Chae Lim, Xinghua Yu, and Zhili Feng. Experimental Evaluation of
Localized Creep Deformation in Grade 91 Steel Weldments. Materials Science and Engineering A, 799
(2021) 140356.

- Yiyu Wang, Wei Zhang, Hui Huang, Yanli Wang, Weicheng Zhong, Jian Chen, Zhili Feng. Clarification of
Creep Deformation Mechanism in Heat-Affected Zone of 9Cr Steels with In Situ Experiments. Scripta
Materialia, 194 (2021) 113640.

- Yiyu Wang, Wei Zhang, Yanli Wang, and Zhili Feng. Microstructure and Mechanical Properties of
Intercritically Treated Grade 91 Steel. Materials, 13 (2020) 3985.

- Zhang, W., Wang, X., Wang, Y., Yu, X., Gao, Y. and Feng, Z., 2020. "Type IV failure in weldment of creep
resistant ferritic alloys: I. Micromechanical origin of creep strain localization in the heat affected zone".
Journal of the Mechanics and Physics of Solids, 134, p.103774.

- Zhang, W., Wang, X., Wang, Y., Yu, X., Gao, Y. and Feng, Z., 2020. "Type IV failure in weldment of creep
resistant ferritic alloys: Il. Creep fracture and lifetime prediction”. Journal of the Mechanics and Physics of
Solids, 134, p.103775.
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Impact to Other Projects

« ICWE model and special weld creep testing system played key role fo the
success of FEAA372 “Innovative Solid-State AM transition joint”

- Modeling tool was used to design the transition joint for both creep life and thermal
fatigue life improvement

— Weld creep testing system confirmed the model prediction and improved life
compared to reference conventional DM weld

 The ICWE model developed in this project was extended to include
creep-fatigue and thus provided a more detailed model than was
originally planned in FEAAT15

e EPRI plans to develop fithess for service based life prediction tool based
on ORNL's ICWE modeling approach
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Thank you!
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