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Background: Weld can be the weakest link

- Weldabillity issues (aka Type IV cracking) in Creep Strength Enhanced Ferritic Steels weldments

P91

SCriMoNbVY P92
t=45mm (NF616)
t=34mm

HAZ cracking in a 9-12Cr steel Type IV failure of E911 pipe weldment

P122

HCM12A
%20 t=38mm
12CrioVNb
t=75mm
P23

. HCM2S
t=51
mm

P22
2VCriMo
t=123mm

HAZ failure

(at fine gralned HAZ) Abe, F., Kern, T.U. and Viswanathan, R. 2008
Source: ETD Ltd.

- Major reduction in creep strength in the weld region can be as high as 50% of base metal.
Effectively negate the benefit of higher creep resistance steels such as P91, P92 etc.

- Lack of reliable predictive modeling tool makes it difficult to effectively incorporate welding
technology innovations for creep resistance improvement in design and service. Life assessment of
existing power plant and scheduling maintenance and repair
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Degradation of Creep Performance in CSEF Weld

< Not all welds are created equal — it is possible to alter microstructure to improve creep
performance of welds

- Weld creep performance assessment tool needs to include microstructure variations and
associated different creep deformation/faillure mechanisms so that innovations in weld
creep performance improvement can be practiced with high confidence

Table: Microstructure evolution at fine grain heat affected zone

Pre-weld temper

Weld (at FGHAZ) PWHT

HTT

(e.g. 760T/760)

(during welding) sl  (after cocling)

LTT

(e.g. 650T/760)

(during welding) =i (after coaling)
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X. Yu et al., Acta Materialia, 2013
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Project Goal and Scope

e Develop an Integrated Computational Welding Engineering modeling
(ICWE) tool for creep deformation and failure in welded structures of
Creep Strength Enhanced Ferritic (CSEF) Steels

« Develop a new creep test approach with purposely built system suitable
to determine the highly nonuniform creep deformation and failure in the
a weldment to validate and refine the model

 Two levels of modeling frameworks have been under development

- An engineering approach for weld creep performance based on experimental data
(Level 1 model)

— Microstructure informed ICWE model for CSEF steels weld creep performance
prediction (Level 2 model)
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What’s the local creep behavior in HAZ that controls
Type IV cracking in Grade 91 welds?

A
Z solidified weld
5 \  solid-liquid transition zone
Base HAZ Weld _ & q;
Metal Metal Type 1V failure o coarse prior austenite grains +
l 1 I g fine prior delta ferrite grains 1
@ i
-
m -
o grain growth zone

grain refined zone

Tiertimical > one TIGHAZ

over-tempered region

- Cracking occurs in a very narrow region, typically ~1mm wide
- Measurement needs to have sub-mm spatial resolution

- Standard creep test (for base metal) cannot capture such highly

. . P. Mayr, 2007
localized creep deformation « >
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A purposely built in-situ full-field creep strain
measurement system with high temperature DIC
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Creep measurement using ’standard” extensometer shows very
low creep strain before ternary creep leading to failure
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Creep strain localization in the HAZ quantified by high
temperature DIC
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Local creep curves in different regions of weld, HAZ and base metal with a spatial resolution below 1mm
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Systematic microhardness measurement helps to identify
creep rupture location in the welds

' BM HV05 6 e
— 4.8 .é.. 5 247.5
E-s:s 54 235.0
> >~ 222.5
3 :: g3 210.0
E 18 E 197.5
g ;: g 185.0

1 2 3 4 5 [ 7 9 10 11 1 13 . 14 5 16 l 17 .. 18 h 21 160:0

Distance X (mm) 8 Distance X (mm)
Before creep testing After creep testing

PWHT-ed: 760 °C-2 h Creep: 600 °C-135 MPa
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Purposely designed experiments with varying microstructures to
support and validate the ICWE model

e Gleeble simulation of HAZ

LT Intercritical Thermal Cycle

“New” martensite

1000

900 900C oA
- 800
® 7001
£ soo-:
g 500 Thermal profile
g- 400
= 300
200 “Old” tempered martensite
100
0 : : : : .
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#‘,O AK RIDGE Time (=) HT: 900 °C <A3, ~80% new martensite
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Different creep behavior related to formation of martensite in
ICHAZ
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Level 1 Model: An engineering (phenomenological)
approach based on local weld creep measurement

Specially Designed Structural Weld Creep
Experiment for in-situ Performance Model Performance
local deformation (Creep rate, Creep damage)

- Experimentally determine the local creep strain evolution at different
stages of creep deformation and failure

- High temperature DIC based fully field, in-situ measurement across the entire
weld/HAZ region

- Measured properties can be incorporated in constitutive equations or
used as direct input in finite element models.
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Level 1 Model: Creep Damage Model based on local
weld creep measurement

« Physics based phenomenological e Determination of material

constitutive equation parameters
. _ Bo.(1—H) ) 3Sj Optimization objective function
&) = Asinh <(1 —$)(1— w)) 20, Genetic algorithm - Matlab
n; mj 5

dH  hé H _ f

= (1 — ) - Strain hardening fle) = zz [(Eij B gle])/ele]]
dt Oc H* i=1j=1

j
d¢ _ Kc iDi i ’ - Experiment creep strain
— =3 (1—¢)* - Precipitate coarsening €ij P P
t

sifj - Fitted value of creep strain

w . . .
= = CNée(0;/0.)” - Intergranular cavitation n; - Number of experiment curves

m; - Number of data points on
experiment curves
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Determination of material parameters from local DIC
creep measurement

e Comparison

50

40 4

30

Strain (%)
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1 Symbol: Experiment data
Line: Fitted curve

| T=600°C, c=135MPa
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Comparison: Level | Model and DIC Experiment

e Finite element model

HAZ WM (Avg: 75%)

+5.247e-01
+4,000e-01

+3.667e-01 . .
+3.333¢-01 View: cut through the thickness
' 4

+2.667e-01
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+2.000e-01
+1.667e-01
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+1.000e-01
+6.667e-02

BM

+3.333e-02
+0,000e+00
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Application of Level 1 Model: An improved weld
configuration?

- Grove weld __ - Step weld

Simulation results |
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An improved weld configuration?

o Creep strain « Stress triaxiality « Creep damage parameter w
Grove weld

CE, C.Ellu Stres.s mtjltla)nallty Creep Damage
(Avg: 75%) (Avg: 75%) . (Avg: 75%)
+5.122e-01 +8.500e-01 Cut through thickness +1.100e-03
+3.000e-01 +7.792e-01 :
+2.750e-01 +7.083e-01 +1.008e-03
+2.5008-01 1637501 +9.167e-04
+2.250e-01 Teeie o1 +8.250e-04
+2.000e-01 MR AE) +7.333e-04
+1.750e-01 -2 oe +6.417e-04
+1.500e-01 +4.250e-01 +5.500e-04
+1.250e-01 +3.542e-01 +4.583e-04
+1.000e-01 +2.833e-01 +3.667e-04
+7.500e-02 +2.125e-01 +2.750e-04
+5.000e-02 +1.417e-01 +1.833e-04
+2.500e-02 +7.083e-02 +0.1672-05
+0.000e+00 +0.000e+00 +0.000e+00
Step weld Creep Damage
CE, CE11 X
(Avg: 75%) (Avg: 750)
+g'8%8378% ?):ress;;:{ll;lamallty i%%ggg_gg
+3.000e- vg: o . .
+2.750e-01 +1.828e+00 ut through thickness +1.008e 03
+2.500e-01 +8.500e-01 EXN
+2.250e-01 +7.7926-01 +8.250e-04
+2.000e-01 AT, +7.333e-04
+1.750e-01 HPAEEEane) +6.417e-04
+1.500e-01 21 e +5.500e-04
+1.250e-01 +5.667e-01 +4.583e-04
+1.000e-01 +4.958e-01 +3.667e-04
+7.500e-02 +4.250e-01 +2.750e-04
+5.000e-02 +3.542e-01 +1.833e-04
+2.500e-02 +2.833e-01 +9.167e-05
+0.000e+00 +2.125e-01 +0.000e+00
+1.417e-01 :
+7.083e-02
+0.000e+00
-5.183e-01

¥ OAKRIDGE  (Same contour limits for grove and step weld)
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An Improved weld configuration?

e
E Average strain in IC/FGHAZ
T 30- .
(D ’,
T Grove weld
O — - — Step weld
£ 20+ )
= oo
(o e -
s -
o 104 L —
(@ ) T -
E ....... J --"'"-
o 1 0 el == -
z s et i
0 _F’- 1 I 1 |
0 100 200 300 400
Time (h)
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Level 2 Model: Life Prediction with Explicit Microstructure
Information

« What are the key microstructure features for creep
deformation?

« How does these key features affect creep properties?

« Due to significant microstructure variations in the weld region, it
Is essential to explicitly incorporate the microstructure
iInformation in creep life prediction

« Such modelis also useful to design and optimize microstructure
for creep life improvement (base metal and weld metal)
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Level 2 Macroscopic Creep Deformation and Damage Model

_ log, (Strain rate)
- Two Major Parts

— Creep deformation Pure Nickel
- Grain interior d=20um
- Grain boundary
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Part || Creep Model - Deformation Mechanisms

« Governing constitutive equation:

D ] < Grain orientation effects:
Grain Interior creep o

0iji + bj =0, I Zylocal I

1 ' frayor = T1ecarc | - Indicates “soft” or “hard” grains.
Ei'—_(uij+uji): R £ '
&j = &5+ gu, e Crystal plasticity theory
14 . e L
& = v (di,- v c'rkkdi,-)- Multiplicative decomposition: F
E 1+v F =F°‘F” A
———————————————————— - . . <
& = [ dis@("_e)” + 4 FPDe (b) (ffe)} 35 » Plastic deformation rate:
L kBT E k T d E 20‘e . m* Fr
_____________________ FE =Y 795 @m® T

where Si; = g — 0148;;/3 ,%e =+ 35ijSij/ 2.

* Flowrule  Hardening law

a m
?"=%[T—a] g =2 hy 7ﬂ|
8 B
Newtonian viscous flow « Modification to the rate equation
Onoexp(— Quy /RT [, TaTiEBDy EbDgy, (b\® ;07| 3S:;
Us = 1o pS{B & ) = |Ad11}:l‘_’°_‘"1lk3 (_)  Acoble 7 (d) (E) 20:

Where f_ilocal = fchal/n]ax(fitl)calJ flgcal! e fl!}calr '"rfiglcal)
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Part ll: Creep Fracture and Life Prediction by the Intergranular
Creep Fracture Model

Y . P

Grain interior creep
) 1%
Gii —
J 1 +

vci'kk3ij)
n
p_ . [Oe\ 3Sij
=o(le) sor

/3
where Op = ES,{;S{;’

M: Micromechanical Taylor factor
- Grain orientation

e I 4+v

Grain boundary sliding

Newtonian viscous flow

) T 1 A -0
MS = w-— — = —e RT
n»n T

%E_)AK RIDGE
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Cavity representation
Cavity volume V= gmﬁh(w)

[(l + cos 1/})" - %cos w-

Shape parameter  j(y) =
' sinr
. _ Vv 2Vbh
Smeared-out separation iy = —5 = —
Rate of void spacin 2
e e,
EZE(éI+éH)_§N @
,,,,, lc
Damage evolution: I
a/b~1.0 ) . i i i
10 10,
! &
O 0
O 0

(a) (b) (c)
Cavity nucleation, growth and coalescence

Cavity nucleation

2
Cavitation nucleation rate: N = Fn(g ) &<
0

2
Nucleation parameter: g — ( On ) e foro, >0
0
N.
Sthr = F:;

Cavity nucleation to be triggered: S > S, N<N,,,

Threshold value:

Cavity growth

Cavity growth — GB diffusion and creep:
V=Vi+V
1. Contribution of GB diffusion:
on — (1 — f)os
m(4)-1G-pa-n
2. Contribution of creep deformation:

Vi =4nD

.c.3 Om " Om
2wéla’h(y) |ay |— | +Bn| , for £ — > 1
. e O¢
V2
(o] 0,
2meCa®h(Y)o,+B, 1" —, for || <1
GE UE’




Integrating pieces together for creep fracture (P91 base

metal):

Lifetime(823K)

400
350 4
o
300 ‘52-_5@ oo
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o Kimura, K.,et al., 2012-Plate ‘o
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Creep Damage Simulation of Weld Type IV Fallure

e Creep fracture in HAZ - Life prediction

200 L L L L
100 -
80 -
S 60 i -
S
. : : % 40 | ° -
e Creep curve: predicted vs. experiment ¢ Gh
A ——
O Nonstandard, Yu etal. (2013) ® Base metal W ﬂ n=-1 Diffusion
0.03 <& Standard, Yu et al. (2013) o ] ¢ Welded joint (Iong term)
Nonstandard, Simulation results o ] 20 - * Yu et al. (2013) @]
Standard, Simulation results o ] A
o ] —O— Simulation results for BM
9 — = Simulation lower bound for welded joints
g 002 ] —O— Simulated upper bound for welded joints
g L L lIIlIlI 1 IIIIIIl A lllllll 'l 1 IIIIIII 'l A 1
i’ 10 100 1000 10000 100000

0.01 Time to rupture (h)
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Level 2 Model Development

Representative Volume Element (RVE)

Microstructure Features explicitly connect with key microstructure
- T features

ARVAAVNAVAYAN

1> VAV
R
s

Ay
’EE%'.%E’«&@{J_

Constitutive creep relation from RVE
€ creep = f (carbides, grain boundary sliding,
grain interior deformation, T, g, etc)

Weld Coupon
WM
L

Structural Component
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National Laboratory




RVE Model to Study Creep Rupture Behavior in ICHAZ
with Two Phases

- Level ll RVE creep model with explicit microstructure Information

Phase A

—— Phase B

: (35%A+65%B)

Case study:
Case |: ég = 106, = 1.337 x 107851 Phase A has lower creep rate (hard phase)
Case lll: §, = é¢g = 1.337 x 1078571 Phase A and B have same creep rate

% OAK RIDGE
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hard phase

A 4
Creep Rupture Behavior in ICHAZ: F~, — Soft phase
Case |, Time=1s K.s ¥

i

. D — -8 .—1
e Stress e Strain Case |: ¢ = 108, = 1.337 x 10785
5, Mises
{Avg: 75%)
+6.300e+01 LE, L.Ezz.,
+6.202e401 (Avg: 75%)
+6.2836401 +7.100e-04
+6.27 56401 +7.007e-04
+6.267e+01 +7.004e-04
+6.2586401 +7.002e-04
- +6:250e+01 +7.08%-04
+6.242e401 +7.086e-04
+6.233e401 +7.083e-04
+6.2250+01 El +7.080e-04
[ 162176401 +7.0786-04
+6.208e401 +7.07 5e-04
+6.200e+01 [ +7.072e-04
+7.06%9-04
+7.067e-04

« Uniform stress and strain distribution at the beginning of loading due to the similar
elastic material property.
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v hard phase
Creep Rupture Behavior in ICHAZ: F.. B, i phoce
Case |, Time=4,433s r:.s“:

e Stress e Strain Case |: ég = 104 = 1.337 x 1078571

5, Mises

(Avg: 75%) _ LE, LE22
+7.000e+01 (Avg: 75%)
+6.908e+01 +9.000e-04
+6.817e+01 +8.833e-04
+6.725e+01 +8.667e-04
+6.633e+01 +8.500e-04
+6.542e+01 +8.333e-04
+6.450e+01 +8.167e-04
+6.358e+01 +8.000e-04
+6.267e+01 +7.833e-04
+6.175e+01 +7.667e-04
+6.083e+01 +7.500e-04
+5.992e+01 +7.333e-04
+5.900e+01 +7.167e-04
+5.731e+01 +7.000e-04

+A ATOa-NA

» Nonuniform stress distribution as a results of the creep rate difference between
phase A and B. Higher stress is observed in the ‘hard’ phase, and higher strain is in
the soft phase.
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v hard phase
Creep Rupture Behavior in ICHAZ: F.. !'_. Soft phase
Case |, Time=263,600 s [

:_‘C

e Stress e Strain Case I: ég = 1084 = 1.337 x 1078571

5, Mises

(Avg: 75%)

+1.271e+02
+9.500e+01
+9.200e+01

+8.900e+01
+8.600e+01

LE, LE22
(Avg: 75%)

+4.454e-03
+4.450e-03
+4.129e-03

+8.300e+01 i%-gggg_gg
+8.000e+01 +3.488e-03
0T +7.700e+01 +3.167e-03
+7.400e+01 +2-846e-03
+7.100e4+01 -: 2.2[}43 e

+6.800e+01 +2. -
+6.500e+01 +1.883e-03
+6.200e+01 +1.562e-03
+5.900e+01 +1.242e-03
+1.794e+01 +9.208e-04
+6.000e-04

« Strong stress redistribution: the ‘hard’ phases withstand more load with the increased time.
Stress concentration near the triple junctions and grain boundaries is caused by the grain
boundary activities and the mismatch between these two phases. Accumulated strain is

observed, especially in the soft grains.
% OAK RIDGE
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v hard phase
Creep Rupture Behavior in ICHAZ: F.. !'_, Soft phase
Case |, Time=813,629 s r:.l-“:

e Stress e Strain  Casel: é; = 10¢, = 1.337 x 10785~

S, Mises LE, LE22

(AvG: 75%) (Avg: 75%)
+1.832e+02 Tl o00a0s
+1.6846+02 ‘5950
+1.5350+02 easte s
+1.387e+02 +7.675e-03
+1.239+02 +6.900e-03
+1.090e+02 +6.125e-03
+9.420e+01 e +5.350e-03 [=%=
+7.936e+01 [ +4.575e-03 >
+6.453e+01 § +3.800e-03 [ F
+4.969e+01 +3.025e-03
+3.485e+01 +2.250e-03
+2.002e+01 +1.475e-03
+5.180e+00 +7.000e-04

« Stress concentration disappears with the cavity nucleation, growth and formation of
microcracks on the grain boundaries.
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Creep Rupture Behavior in ICHAZ:
Case lll (same creep rate)

Stress

=, Mises S, Mises =, Mises

(Avg: 75%) (Awg: 75%) {Avg: 75%)
+6.200e401 +6.500e+01 +7.904e+4+01 '
+5.292e+01 +6.442e+4+01 +6.800e+01 '
+5.283e4+01 +6.3283e+01 +6.692e+01 '
+£.275e+01 +6.325e+01 +5.583e+01 '
+5.267e4+01 +6.267e+01 | +56.475e+01 '
+5.258e+01 +&,208e+01 +&.267e+01 !
+5. 2508401 +6.150e+4+01 +6.258e+01 '
+5.242e+01 +6.092e+01 +5.150e4+01 .
+£.233e+01 +6.033e+01 +6.042e+01 .
+6.225e+01 +5.975e+01 +5.933e+01 .
+6.217e+01 +5.917e+01 +5.825e+01 .
+&.208e+01 +5.858e+01 | +E5.717e+01 .
+6.200e+01 +5.800e+01 +5.608e+01 1

+5.500e4+01

+4.727e+01

Strain
LE, LEZZ LE, LEZZ LE, LEZZ
(Avg: 75%) (Avg: 75%) {Avg: 75%)
+7.1008-04 +32,0008-04 +4.506e-03
+7.097e-04 +5.832e-04 +4,450e-03
+7.0%94e-04 +8.667e-04 +4.162e-03
+7.0%92e-04 +58.500e-04 +3.875e-03
+7.089e-04 +5.232e-04 +3.5687e-03
+7.085e-04 +8.167e-04 +32.200e-03
+7F.083e-04 +58.0008-04 +3.012e-03
+7.080e-04 +7.832e-04 +2.725e-03
+7.078e-04 + 7. 667Fe-04 +2.4=8e-03
+7.075e-04 +7.500e-04 +2.150e-032
+7.072e-04 +7.332e-04 +1.862e-03
+7. 069e-04 +7. 167e-04 +1.575e-03
+ 7. 067e-04d4 +7F.0008-04 +1.288e-03
+1.0008-03
OAK RIDGE . . . .
*‘fxmml Laboratory Time=1s Time=4433s Time=2.363e5 s Time=7.222e5s
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Creep Rupture Behavior in ICHAZ with Two Phases

Phase A

r‘: —— Phase B
 §
¢

Case |: ég = 106, = 1.337 x 1078571
Case ll: §, = 1065 = 1.337 x 1078571

(35%A+65%B)

Case lll: §, = é5 = 1.337 x 1078571
Case IV: ¢, = 10ég = 1.337 x 1079571
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Three Dimensional Model

e Inner strain distribution

Strain z1

LE, LE22
(Avg: 75%)

+1.000e-01
+8.750e-02
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summary

« A new experiment approach, involving high-temperature
creep testing, in-situ DIC measurement, advanced microscopy
characterization, and standardized metallurgical analysis, has
been developed to investigate creep performance of the CSEF
steel welds.

e Localized creep deformation can be quantified by the
specially-built DIC, to evaluate creep strength degradation in
the CSEF steel welds.

- The newly formed martensite in ICHAZ during welding has profound
Influence on the localized creep deformation.
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summary

e Demonstrated an engineering modeling approach (Level 1
model) for weld creep performance prediction based on the
local DIC experimental data.

- Potential for weld process innovation to improve weld creep
performance

» Established ICWE modeling framework (Level 2) to simulate
effects of key microstructure features and operating conditions
(temperature and stress)

- Capable of predicting creep rapture life of base metal and welds in
iterature

- Demonstrated the feasibility of a micromechanics RVE model to
provide microstructure informed constitutive relation for macroscopic
weld structure performance prediction.
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On-Going Work

 Additional experiments with varying key microstructure
constituents in the HAZ of P91 weld to provide needed
parameters to validate the model and make it applicable to
specific CSEF materials and welds.

- Refine/fine turn the modeling approach to better connect
microscopic RVE and macroscopic models

e Port the ICWE code to high performance computers (HPC) for
realistic prediction of industry applications
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Key Milestones

 FY2015
- Improve and standardize the ORNL weld creep test procedure and demonstrate its effectiveness to
guantify the non-uniform creep deformation behavior in P91 weldments
- FY2016
- Complete first stage of microstructural model with consideration of martensite/precipitates evolution and
interaction
- Develop a weld creep performance model using experimental determined creep parameters (Level 1)
 FY2017
- Complete integration of microstructure model with RVE model (Level Il)
- FY2018
- Demonstrate the model developed in this project for creep life prediction
- Report on the feasibility and potential of big data and deep learning method for creep life prediction of
weldments
- FY2019
- Complete integration of microscopic RVE with evolving microstructure features and macroscopic models
for component level predictions (March 2019)
- Port the ICWE code to high performance computers (HPC) for realistic prediction of industry applications
(June 2019)
- Complete purposely designed experiments with varying microstructures to support and validate the ICWE
model (Sept. 2019)
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“As-Received” Grade 91 base metal (Plate)

e Heat number: 30176
« Solid processing: hot forging, hot rolling

 Heat treatment:

Normalizng:1050 °C-1 hour-AC, Tempering: 760 °C-2 hours-AC

Chemical composition (wt. %)

C Mn P S Si Ni Cr Mo Y, Nb
0.061 0.37 0.01 0.003 0.11 0.09 8.61 0.89 0.209 | 0.072
Ti Co Cu Al B w As Sn Zr N
0.004 0.01 0.04 0.007 | <0.09 | <0.01 | 0.001 | <0.001 | <0.001 | 0.055
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RVE Model for Carbide/Precipitate on Grain Boundary

« Explicitly determine the roles of carbides/precipitates on grain
boundary deformation and failure

Unit cell model

r,:precipitate radius
dy:grain size (5 microns)
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