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BACKNGROUNID

Cracks: In c_onventional and AM parts B

Shroud

s

[1] 2006 Los Angeles Incident, PROBABLE CAUSE: "The HPT stage 1 disk
failed from an intergranular fatigue crack ....”
http://aviation-safety.net/database/record.php?id=20060602-0

[2] Direct Metal Laser Sintering: Karl Wygant et al.; Pump and Turbine 2014
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Views on Fatigue Failure

 S-N: stress only, no cracks

« Damage Mechanics

 Fracture Mechanics: cracks, global
Rule based (Paris law and beyond)

« Micromechanics: local description
Aims to avoid rules and become
predictive in complex loading scenarios
and with realistic constitutive models
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BACKNGROUNID

Plasticity
EBSD misorientation Misorientation=GND
to reference at crack tip Straln gradlents

} ------
. - 1- 1'-
| | i |
L] f - T '|'
11 = ]
* -T—d- iiiii T =%
'!' l L] L] - :ﬂ‘ L] - IT‘ Ll

4 2 * 4 +

un { ]
EEEEEEE
EEEEE

;i —T 1 1< fi +. -~
S S S S S _— | = | \
| | i > . o
. 1 i/ \

- | | I_- T T —a '. -*_ —t- £ \
| - - s ) =] e e AN —t—t——g—t——1 R -r i |\
i | 1 F e - \

Z 4 & K 1 b—t—t—1— 1111 L T t——t 1 |
_ ] " -I - nlu - ..--"I"*—llu —— 7

Brewer et al. Microsc. Microanal. 12, 85-91, 2006 PURDUE

UNIVERSITY




'T)rx(% Q

SROUNLD

Crack Tip Plastic Zones
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v, = > > F= T e cyclic plastic zone size
37 (o0,) 37 (40,)
Ag : .
n=—=% ... strain gradient, therefore a length A|m]
Fe
e —> 0y=f(&,,n,microstr.)
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Hypothesis

Strain Gradient effects of viscoplastic deformation play a
relevant role in the failure response of IN718 at 650°C and
affect creep-fatigue interaction processes

— Conventional viscoplasticity is incomplete in its description
of rate dependent deformation as effects of gradients of
strain are ignored.

— Gradient theories predict higher crack tip stresses, and
thus stronger activation of stress dependent processes

— Gradient theories alter the tip deformation fields, an thus
not only a cyclic plastic zone but also a cyclic gradient
zone exist in fatigue
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Research Questions

« How do we formulate a constitutive framework that
accounts for gradient viscoplasticity and other observed
specific features of plasticity in IN718.

« What are the experimental methods to determine the
lengthscale parameters inherent to a gradient theory
through experimentation?

« How is a Local-Approach to material failure best be used
to predict crack growth in IN718 under creep-fatigue-
environmental loading conditions?

e How does IN718-CONV differ from IN718-AM?
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OMVERVIEVVE VIEINHODS

Uniaxial Constitutive Parameters

 Uniaxial tensile tests at various rates and with rate jumps
 Uniaxial creep at various loads and with load jump
 Uniaxial tensile deformation followed by creep

Size Dependent Constitutive Parameters
 High temperature nanoindentation with mN loads

« Hardness and Creep

e Load rate
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Fracture Mechanics

e Fatigue crack growth at 650°C
 Creep crack growth at 650°C
 Creep-Fatigue crack growth at at 650°C

 Fractography
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OMERVIEWE METHODS
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Computational Mechanics

e Constitutive models for viscoplasticity in IN 718

 Norton-law based models

« Dislocation mechanics based models
e Viscoplastic strain gradients

e Structural mechanics

 Crack growth models for fatigue

e Crack growth models for creep
 Crack growth models for creep-fatigue
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IN 718 Procurement and heat treat
« NETL-Albany provided rolled plate from forged slab
e OSU standard heat treat

IN 718 I\/Ilcrostructure Characterlzatlon

= twin boundary

(](yi (b) Grain/twin boundary map

HT Fracture I\/Iechanlcs Set up
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Wrought Fatigue Crack Growth Rates
650°C, Air, R = 0.5, Triangle/Trapezoid

da/dN (m)
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Wrought Crack Growth Rates as a Function of Time

650°C, Air, Creep or R = 0.5 Triangle
da/dt (m/s)

107 .
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106
: Intergranular Fracture
2 Fatigue
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' : ' ' ' ' — Kmax (MPa m'?)
20 50 100
05 B 0.1 Hz @ 0.1 Hz with 1 min hold at max load (0.014 Hz)

Oregon M constant load (creep crack)



LEAD KR P NN

Crack growth mechanism

(for CREEP AND LOW FREQ.)

e stress assisted grain boundary
oxidation (SAGBO)

 Coupled with plastic

deformation

EDS Line S5can Across Damaged Grain Boundary

L] 1 2 3 4 5 f

um along line
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Direct metal laser sintered (DMLS) alloy 718 samples:

EOS M290 printer

Pre-alloyed 718 powder supplied by EOS

Argon build environment

40 m layer height

EOS proprietary scan pattern (63° rotation between
layers)

— For this work: heat treatment steps identical to
wrought material tested here (AMS 5662)

— We believe this is representative of commercially
available high quality prints
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AM Fatigue Crack Growth Rates at 20°C

30 Hz, R = 0.1, Sine

Transgranular Fracture

S e

da/dN (m)
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LEAD KRUZIC
AM Fatigue Crack Growth Rates
30 Hz, R = 0.1, Sine

da/dN (m)
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LEADINRUZIE

Crack Growth Experiments

At low frequency (for IN718CONV):
Intergranular fracture together with plasticity
Time dominates

At high frequency (for IN718AM):
Transgranular fracture together with plasticity
Cycling dominates

CONV vs. AM:

Equiaxed grains vs. columnar grains

AK,, Is much reduced in AM & Aa/AN elevated in AM
even If tensile properties are good
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High Temperature Nanoindentation
Probe viscoplasticity at
small length scales

Heat Shield

J Insulating
Indenter  _Block
/[Sample|
Pendulum \ ~ Aluminium
: i Nitride Block
Z ‘ _____
Flectric Electric
Heater Heater

Therlnai
Couple

USU PURDUE

UNIVERSITY

IIIIIIIIII



1L ALY NOIMTATR

Hardness is Load Dependent

This Is a key finding which confirms a key hypothesis:
Plastic deformation at high temperatures is size dependent

35—
- = 718 AM
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Creep (short term) is Load Dependent

This is a key finding which confirms a key hypothesis:
Creep deformation at high temperatures is size dependent

. 718 CONV o 718 AM
] = 100 mN | -

ﬁ18-' e 200mN /__\18—'
§15- s 300 mN §15- Smaller
o 400 mN =
£ 124 m 5 12
g g
2 9- L 9-
Q Q
L= N = ]
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g 3 g 3
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Time (sec) Time (sec)
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Strain Gradient Plasticity Theory:
Hardness (H) is indentation depth (h) dependent:

I O

6 GPa 0.8 um
650°C 3 GPa 3.0 um

(H/H,)?

6

[0,]

0
0 0.5

25°C
High

*

fﬁ\_Hh_
\H,)

25C: HO=6 GPa, h*=0.8 um

hardness H,

Weak dependence on h
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1

1/h [1/pm]

1.5

25°C

(H/H,)?

0
2 0

Smaller

0.5

650C: HO=3 GPa, h*=3 um

650°C
Low hardness H,
Strong dependence on h

1.5

1/h [1/um]
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LAY MO VTA

Plasticity at Small Scales

 IN718 exhibits a dependence of hardness of indentation
depth at 650°C confirming a key hypothesis

 IN718 exhibits a dependence of creep on indentation
load at 650°C confirming a key hypothesis

« Hardness and its size dependence was similar for the
CONV and AM version of IN718

« Hardness follows a model strain gradient plasticity
 While hardness is lower at 650°C than at 25°C, the
dependence of hardness of indentation depth is

stronger at 650°C
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Computational Mechanics

Constitutive Models:

e Strain Gradient Viscoplastic Theory as justified by
Indentation experiments

« Tension-compression asymmetric yield theory

Crack Growth Models:

« Micromechanical models combining material
separation and plastic deformation as justified by
crack growth experiments

e Cohesive Zone Model
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Unified Viscoplastic Constitutive Models
With Strain Gradients

Flow stress

O
0
M:

a:
u:

b:

Op =0, tM ayb\/ﬁ

stress related to lattice triction and solute contents

average Taylor factor (M = 3)

weighting factor of dislocation interactions (a = 1/3)
shear modulus

Burgers vector
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Dislocations: Carriers of Plastic Deformation

Dislocation density: p= p, + p,
gy, L

- Statistically stored dislocation: —|‘——*’|‘j):|—
p — ‘\/ggw —I:I_ - Id
S bA — L

- Geometrically necessary dislocation: P

_77 /"—\
PG:?’E

T
n: effective plastic strain gradient
r: Nye-tactor (7 = 1.90)
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Dislocation Density based Constitutive Model

Total strain rate g=¢"+£7
Elastic strain rate: ¢=Di" Viscoplastic strain rate:  £¥ = 2
Elasticity tensor Isotropic material ce
] g g i B g 3‘
Dy = 11| 038 +8;0; )+ A8;:84 og=fle)= ES 's
Lamé’s coefficients: 4, u W® —Ge? =g &7

Kinetic equation

— Fgns 1'm
g LEW}
Ot g

Taylor equation

qﬁ=ﬁh+ihn¢JE

Dislocation density:

P=pPs+ POg

Statistically stored dislocation p;=p;+p; | Geometrically necessary dislocation

_7”
=M\ Ps + Ps Pe =T ==

. . . — 1 VoY)
Effective strain gradient 77 = "h Tl

W W
ﬁuk EJ.{'J +EJF;? Eﬁ'l‘

dps

- Accumulation: 25
£

- Dynamic recovery:

do;
dE:; = Mk, o

Zap lin
Strain rate sensitivity k, = km[ EE ]
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LAY SR (GIVIUIN
FE Implementation (UI\/IAT for ABAQUS)

At the time step [t,.t. ], quantities (G,E;Ew)psﬂj_}&:ﬁmfl.ﬁf}ﬂ are given.
Step 1. Loop
1.1 Calculate viscoplastic strain increment (explicit Euler method): AZ” = £” At
1.2 Update state variables
SSD density:

B (of) =(pf) +A07 APt = AEP M, ) +
{p.'i‘ }r'+1 (p.‘i“ } (-ps -Jn+'l {rpi "}"ﬂ {fpi -)?? pf pﬁ —1pi kl [:JIL S {pG }"
1.}:'5 }ml:‘.‘:ﬂs )H+*":‘ps Ap, =A™ 1'[.05),,
GND density:
—p ) =V =V — 1
] (ﬁ,w] {,FP}H_IZ(,?P}”+$:;P EL_}?P=J4{ ) {3%&}
(o5) . — . (aN, , | N, ;. oN 1
a b {'ﬁ’?ﬂ"‘:) = zxfl:ﬂgf:) +ZXI {.afji};_;f?fl:.‘ﬂ I'."P)_r

Reference stress: L i k In

I{':Tnaf }n—l - gﬂ + M{Z"Hb.\’ 1'05 n+l {PG }n+]
1.3 Solve a nonlinear equation for stress using a Newton-Raphson scheme

f(Aa5)=3u(e-A8")-(5,+A5)=0

AT, . —AT
1.4 Check convergence criterion for the k-th iteration: w <TOL
Tpary
if satisfied go to Step 2 otherwise go to 1.1.

Step 2. Update stress tensor and viscoplastic strain
EJ‘H bt =Y =¥ =%
Stress tensor Si = R Viscoplastic strain &1 =& TAEY

* (0, +AC) |

Step 3. Compute the material Jacobian C=cAe/cAs
USU PURDUE
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NUMIERICAILL EXAMBILES

Annular non-uniform thickness rotating disc
« FE model

- Axisymmetric conditions

- Mass density 6= 8.220-10-3 g/mm3

- Loading: centrifugal loading (body force)
Angular velocity: a(t) = A(t) m,
with @, = 26179.9 rad/s (250,000 RPM)
tramp = 600'S, thq = 10°S

W
\ -

|
Non-uniform annular rotating disc
T 1| tem___ thotg ! DR |
§ E :‘ NR
= ! | BII
3 ! o ‘
= | ! |
| pw| —— | -
1 W | RW
! > I NW §
f2 Unit: mm :‘ﬁ—|
Time t (s) NW | ww | RW | BW BR BH NR DR
- neric material data for SG-KM model ! 2 14
o k, K b & 2D axisy
lomeay | T ey | MO om) | e I URTSIUE

red6ibState0.3 779 25 | 5 8e5 |28.29| 1.73 | 0.3 | 025 | 1e-3 N LvERS LT
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Annular uniform thickness rotating disc

 Elastic solution
- Radial stress as a function of distance r from the central axis: |

2p2
m(r)=3;V5 [RZ +R2 - RRO—rzj

r2

Hoop stress as a function of distance r from the central axis:

o, (1) = g {(3+v>(R2+Rs— R j—(usv)rﬂ

r

- Maximum radial stress occurs at r =,/RR, O density
3 E Young’s modulus
O max = TV 5@)2 (R — Ro )2 v Poisson’s ratio

Maximum radial stress occurs at the perimeter of the hole

— 00 [(3+v)R* +(1-v)R!]

Gt,max

Radial dlsplacement

,(3+v)1-v)| ., ., 1+vR*R? 1+v ,
USU =g {R MR ‘mﬁ} PURDUE

UNIVERSITY
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D) I" \‘/’ A I'1 O
L A\S "“\. L NLLE 4\.1‘1 % L _1::)

2000 - - : 2000 : :
—— 0o @50000RPM | Tl o, @ 50000 RPM
1500l o, @ 100000 RPM | o @ 100000 RPM
_ —— o, @ 150000 RPM R oo L o, @ 150000 RPM |
§ —— o, @ 200000 RPM s 0 o, @ 200000 RPM
< 1000} Z 1000}
2 4
& & .
500} soof . el
0 i . 0 ....................................
0 0.2 Q.4 . Q.G 0.8 1 0 0.2 0 4 0 6 0.8 1
Radial positionr/R Radial positionr/R
0.01 : . x 10°
—— 50000 RPM '
. 100000 RPM C of A\
£ 0.008} —— 150000 RPM 1 : :
= —— 200000 RPM % ol Strain Gradients
(5] — .
£ 0.006] : from centrifugal
K s .
% 0.004 g forces:
% f g —— 50000 RPM DoeS thIS matter?
& 0.002f I £ gl 100000 RPM |
n —— 150000 RPM
0 : : —— 200000 RPM
0 02 04 06 08 1 %02 o0z 06 o8 1

Radial positionr/R

In
ﬂsu R, =5 mm, outer radius R = 25 mm.

Ycﬂmgissmdulus E = 165 MPa, Poisson’s ratio: v= 0.3, mass density 6 = 8.220e-3 g/mm?3

UNIVERSITY
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_J...

After a hold time of t,,,y = 10° s
Norton Kocks-Mecking (KM) SG-KM

8. Mises H 2 Mises H 2, Mises
Von Mises stress e Von Mises stress g 5 Von Mises stress o)
+5285e+02 +5477e+02 +5.478e402
+g 553194-82 +5311e+02 +5.2313e402
+508 e J— 451488402 J— +5.1482402
+4 8390402 mms: R +4.980e402 FHH A +4.922e402
+4 7878402 ﬁ; ,ﬁ 448152402 -H"‘f:‘:’ +4 8178402
+4 855402 HEH +4 BE0e402 B | +4.651e+02
+4.513e+02 HHH 44 484e402 +4.49852402
+4.27 1e+02 142192402 +4 3208402
+4.229e4+02 44153402 41548402
ié ggg?gg +3.9880..02 ﬁgg‘gmgg
+ +3822e402 i
+3803e402 436570402 +36578402
+3.661e+02 434978408 434918402
sDva sDv3 SDve
(Avg: 75%) | Avg: 75%) (Avg: 75%)
41242002 +1.076e-02 +1.078e-02
1128000 +9.8648-02 49.961e-02
+1.0352-02 +2968%20-03 +2.8648-03
49315603 4807 1803 +8.068e-03
+8.280e-03 +7.174e-02 +7.172e-03
+7 24502 +6.277e-03 +6.275e-03
+6.210e-02 +5381e-03 +5379e-03
+5.175e-03 +4.484e-03 +4.402e-03
+4.140e-02 +3587e-03 +3.528e-03
+2.105e-02 +2 £90e-02 +2.600e-03
+2.070e-02 +1.794e-03 +1.783e-03
+1.0252-02 +3968e-04 +8 9685e-04
+0 BE8e-02 +3655e-08 +3652e-08
sDve S S D SDve SDve
(A 75%) (At 75%) (At 75%)
+1.000e+05 +1.580e+07 +1.580e+07
+1.000e+05 +1.448e407 +1.448e407
+1.000e+05 +1312e+07 +1312e+07
+1.000e+05 +1.188e+07 +1.188e+07
+1.000e+05 +1057e+07 +1057e+07
+1.000e+05 +9.25%e+08 +9.25%e+08
+1.000e+05 +7 950e+08 +7 950e+08
+1.000e+05 +6.642e+068 +6.642e+068
+1.000e+05 +5:333e+08 +5:333e+08
+1.000e+05 +4025e+08 +4025e+08
+1.000e+05 +2717e+08 +2717e+08
+1.000e+05 +1.408e408 +1.408e408
+1.000e+05 +1.000e+05 +1.000e+05
SDVT j<inlleg j<{nltrg
(Aug): 75%;) (Aug): 75%;) G N D {Avg: 75%)
+0.000e+00 +0.000e+00 +2.894e405
+0.000e+00 +0.000e+00 +2.468e+05
+0.000e+00 +0.000e+00 +2.245e+405
+0.000e+00 +0.000e+00 +2020e+05
+0.000e+00 +0.000e+00 +1796e+05
+0.000e+00 +0.000e+00 +1571e405
+0.000e+00 +0.000e+00 +1247e405
+0.000e+00 +0.000e+00 +1.122e405
+0.000e+00 +0.000e+00 +08.97%e404
+0.000e+00 +0.000e+00 +B8.734e404
+0.000e+00 +0.000e+00 +4.490e+04
+0.000e+00 +0.000e+00 +2.2452404
+0.000e+00 +0.000e+00 47806002
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Nominal tip strain u/R

— Norton ]

KM

—— SG-KM

1:ramplz tholdl = tramp2 =600s

Ramp 1: from 0 to 250,000 RPM in 600 s
Hold 1: 600 s

Ramp 2: from 250,000 RPM to 300,000 RPM in 600 s

30

Hold 2: until failure

[EY
oI
o

Nominal tip strain rate (1/s)

—— Norton

KM

—— SG-KM

MIODEILTING

trampl

3
12
I 1
[¢5)
=)

3
=
IS
<C
0

[EEY
oI
)

Nominal tip strain rate (1/s)

'
©

vityull gualc

20

— Norton
KM

—— SG-KM

[N
o
o

0.8 1
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NUMERICAL EXAMRPLES

Crack tip fields under creep condition

0, ()= (0 e 3=t cost)os?
uy(t)=K,(t)\/; 1Jl;"(.?, 4y — cos@)smg

USU : PURDUE
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INUIVIE
Ataramp time (t,;,, =15)

N

Oregon State

UNIVERSITY

LRJNE O T\ ) Y O
i ~A l uf\(_ﬂ%]ﬂ )l \)

S ——-—-— m—— _-J \ S,

Kocks-Mecking

SG-KM

finlt

[Avg: 75%)
+2.500e+08 S S D
+7 7972408
+7 0842408
+B.375e408
458672408

+4.959e+08
+4.250e+08
35426408
+2 8348408
+2.126e408
+1.412e408
~+7 0928407

+1.0008+05

-1.385e+07

sDV7

oy GND
+2.500e+02

+7.792e+08
+7 0B4e+08
+6.375e408
+5.667e+02
+4 9598408
+4 2500408
+2.542e402
+2.834e402
+2.1288+08
+1.418e408

+7.092e+07
+10008+05
+0.000e+00

& vises Von Mises

Ay 75%) Eent

+1550e+03 r
My stress
+1318e403 =
+1.201e403 L
+1085e403

+06008e402 ~

+B.525e402 - H
473620402
+8.200e402
+5032e402
+3875e+02
+2712e402
+1.550e402

shva
[Avg: 75%) - .
+4.23d0-02 P I t t
sizen astic strain
+27680-02
+2517e-02
+22650-02
+2012e-02
+1762e-02
+1510e-02
+12580-02
+1007-02
+75500-03
+5032-03
+2517e-03
+0.000e-400
-1598e-02

3Dve
(Avg: 75%)

+2.283e409
+2 500e+08
+7 782408
+7.084e+02
+6.375e+08
+5 BB87e+02
+4 858408
+4.250e+02
-3 542408
+2.234e402
+2.128e+08

+1.412e402
+7.082e+07
+1.000e+05
-1.57%e+08

S0VF
Ay 75%)

+B. 6589+09
+9.500e+02
+7.792e+082
+7.024e402
+B8.375e+08
+5 667408
+4 958e408
+4 250408
+3.542e4082
+2.834e+08
+2.126e+082

+1.412e408

+7.092e+07
+1.000e+05

-2.776e+04

8. Mises
(A 75%)

+1 S%E+DS
+1.550e+03
+1.4234e403
+1.312e+03
+1.201e+03
+1.025e+03
+8 B2%e.02
+8.525e+02
+7.362e402
+8.200e+02
+503%e.02

+3875e+02
+2.712e+02
+1.550e+02

shve
(Mg 75%)

+3049e-02
+3020e-02
+2.762e-02
+2517e-02
+2 265e-02
+2.013e-02

+1.762e-02

+1510e-02
+1.258e-02
+1.007e-02
+7 550e-03
+5033e-03
+2517e-03

+0 000e+00
-2 0978-03

PURDUE

UNIVERSITY




NUIVIE

1
1CAIL

XAV

Kocks-Mecking

ter a hold time of t,,,4 =40 s

N

Oregon State

UNIVERSITY

sDve
(Avg: 75%)

450352410
+2000e+10
+1233+10
+16687e+10
+1500e+10
413233410
+1.167e+10
+1000e+10
483332409
+8. 6672409
+5000e+09
433338409

+1 6672409
+1000e+05

SSD

sDV7
(Avg: 75%)

+2 UUUE+ 10
+1 833e+10
+1.667e+10
+15002+10
+1.333e+10
+1.187e+10
+1.000e+10
+2.3233e400
+B 8872409
+5.000e+09
+3.3332+09

+1 BB7e+00
+0.000e+00

GND

S, Mises
(A 75%)

+4 UUUe+CG
+3. 7258403
+3.450e+03
+2.175e+403
+2 900e+03
+2.625e+03
+2.350e+03
+2 0758403
+1.800e+03
+1.525+032

+1.250e+03
+0.7508402
+7 000e+02

Von Mises
stress

]
(v 75

<1 751n+1X)

400

o

Plastic strain

+1.667e+09

+2000e+10
+1833e+10
+1667e+10
+1500e+10
+1333e410
+1.167e+10
+1.000e+10
48333400
+B667e+089
+5000e+09
+3.333e409
+1.000e+05

j<lnltrg
[Ag: 75%)

+2 754941 1
+2000e+10
+1823e410
+1867e+10
+1500e+10
+1.333e+10
+1.167e+10
+1.000e+10
+2.333e409
+8 EETe+09
+5.000e+09
+3.222e409

+1 6687e+09
+1.000e+05

S, Mises
[ g TEY)

+4 8039+03
+4 0002403
+3 7252403
+3 4508403
+3.175e403
+2 9002403
+2 625403
+2 2502403
+2 075e+03
+1.200e+03
+1.525g+03

+1.250e+03
+8.750e402
+7.000e+02

Shv2
AV 75%)

+1.500e400
+1.375e400
+1.250e400
+1.125e+00
+1.000e+00
+2.750e-01
+7.500e-01
+8.250e-01
+5.000e-01
+3.750e-01
+2.500e-01

+1.2508-01
+0.000e+00

PURDUE
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Creep-Fatigue Crack Growth

 Fatigue damage and creep damage evolve independently
and act additively

« Embedded in FEM as a Cohesive Zone Model
» Cyclic damage law (Roe-Siegmund)
» Time damage law (Kachanov-Robotnov)

USU PURDUE

UNIVERSITY
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Creeo-Fatigue Crack Growth Model Equations

Damage-free traction-separation law:

Damage-free cohesive energy

4

\ exp —ﬁ”
%

gmue[ A,
W [:I

Ty = O 000

Fatigue damage increment
[ A
AD; =max+ 0.
l_ "51', Gmss n.mx 0 J

n

L, o | - T-T,
- ("ﬁr'ncr 50)} DKR=[‘1—D}P':|ITCII}

Time-related damage increment

Accumulated fatigue damage
"Dy ="'D. +AD;

Accumulated time-related damage
"Dyp = "'Dyy + Din At

Total damage

D =D, +Dy

Material fracture takes place when D=1.

Current cohesive strength

Crpax = O (1-D)

Unloading/reloading condition:
T =T

nm{j‘m }{\a — A )

H, A%

Traction-overclosure treatment:

N —“‘-l
I =k e| —* |exp| —*
pely ”““"[c%] p[ 5

il

03U

PURDUE

UNIVERSITY
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Creep- Fatlgue Crack Growth Simulation Model

1+V 0

K 3 4 o0 =
I) t) [ V —cos )c032
lr 1+v .0
(t)=KI(t) ;T(3—4V—COSH)S]]15

r= x2+y2,9:tan_l(y/x)

MBL ICZM Material IN718
r, /1, =10,000 0, =04xmin/, E =165 GPa
L1 =110 G o = 40, v= 0&2799:”)
AG/¢, =04 O, [ G = 0.25 %= a
Sy /8, =4 #, = 62 kj/m?
2—60_—3 b=0.25 nm
©— 6000 MPa s 2 ~ 30005’
T,= 200 MPa "=
£,=0.005 st

Computations are consider a simplified strain
USU gradient continuum model (no transient effects)

IIIIIIIIII
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Creep-Fatigue Crack Growth Simulation Result

f=5Hz

Creep-fatigue crack growth emerges as a complex
Interaction of creep & stress relaxation in the bulk
together with cyclic & time dependent damage

USU Fatigue Damage dominates: high freq. case
Oregon State Time Damage dominates: low frequency case

IIIIIIIIII

PURDUE

UNIVERSITY
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Computational Mechanics

Implemented a strain gradient, unified viscoplastic
constitutive theory needed for the description of the
deformation response of IN718

Demonstrate the model in structures (disk) and for
cracks

Creep-fatigue crack growth emerges from the
competition of viscoplasticity (augmented by strain
gradients), cycle-dependent and time-dependent
damage

USU PURDUE

UNIVERSITY
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CONCLUSION

S—® S’ ..___._ \.—d B&-.

Creep-fatigue crack growth interaction emerges as the interaction and
competition from multiple sources:

- Viscoplasticity and the gradient dependence of plasticity
- Cycle dependent damage accumulation
- Time dependent damage accumulation

At high frequency or slow time-dependent damage (vacuum), cyclic damage
dominates leading to transgranular failure

At low frequency or fast time-dependent damage (oxygen), time damage
dominates leading to intergranular failure

Strain gradients play a significant role
Computational models available for predictions

CONV and AM both appear to exhibit similar deformation characteristic but
the crack growth rate in the AM case is higher and the threshold is lower

USU PURDUE
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CONTRIBUINON

Fundamentals

Creep-fatigue crack growth predictions accounting for
fundamental mechanics

Turbines

NDE finds cracks = Diagnostics
Mechanics predicts how crack growth = Intelligence

Reduce maintenance intervals
Realize digital twin with physics based engines

USU PURDUE

UNIVERSITY
Oregon State
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Research on Constltutlve Parameters

CYCLIC STRESS-
STRAIN CUHVE

| | Uniaxial Creep at -
f f 650°C Tensile
Ol 3 . [ -
a ¢ A { | @ multiple stress cyclic stress
8 ] .
I levels strain at
i ; 650°C
Normalized steady-state creep rate
Experimentally determined parameter Symbol Experiment
Reference stress A’ Cyclic tensile tests
Cyeclic strain hardening exponent n Cyclic tensile tests
Strain rate exponent m Uniaxial creep & Nanoindentation
Reference strain rate £, Uniaxial creep & Nanoindentation
Characteristic length scale l Nanoindentation
Dislocation-strain softening o} Nanoindentation post creep
Heat Fe Insulating
shield substrate DepL R ? 2 a8 a2 a8 4:—
Pendulum
\% IndTnter j
f\j\ NanO—
indentation
at 650°C

Electric R
heater ——— 500

coating Electric

Oregon State heater

UNIVERSITY

PURDUE

UNIVERSITY




O\ 'ERVIE ‘/\

Research on Crack Propagation Models

UG

Low frequency cyclic (f < 0.25 Hz), high load ratio (R ~ 0.5)

current leads or static loading

constant DC
current source

a/W~ 0.4

voltage leads

—>

Creep crack growth &
Creep-fatigue crack growth at 650°C

STINAULE LA

Log Crack Growth Rate

Crack Propagation Data

Cohesive Zone Model

|
AKny

Log Stress Intensity Factor

lterate to converge on
model parameters

Experimentally determined parameter = Symbol Experiment
Cohesive zone threshold o, Long crack fatigue threshold
Cohesive zone strength - 5 Long crack fatigue — Paris law
and length max, 0> 2 Overload retardation
Creep damage parameters Q,p Creep crack growth
Crack path roughness R, ASTM E112 grain size analysis
Eﬂiﬁk G L * {f;' Grain size to estimate crack path
G 3
(OSU ;Qgﬁh.gx

Oregon State

UNIVERSITY

PURDUE

UNIVERSITY
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OV ERVIEVVG ORTGIIN
Initial Valio

Low frequency cyclic (f < 0.25 Hz),

current leads high load ratio (R ~ 0.5)

constant DC aW~0.7

source

voltage leads g S
—> #
a

Creep-fatigue crack growth at 650°C
using both expenment and model
Crack tip constraint is changed from
previous experiments (a/W now ~0.7)

N

Oregon State

Crack Propagation Data

Log Crack Growth Rate

AKpy,

Log Stress Intensity Factor

Model predictions

Log Crack Growth Rate

D) | "

'\.__[__:f i | ___u“x_.'L

el Refinement

Model must achieve
transferability across
changing crack tip
constraint conditions

Compare results

Ao

Log Stress Intensity Factor

If needed, refine model and
iterate to converge on
improved model framework
& parameters

_—

PURDUE

UNIVERSITY
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Final Validation & Model Refinement

Variable cyclic loading frequency and dwell times
current leads

% Crack Propagation Data Model mu_SF achieve
o transferability across
£ - - -
constant DC a/W =any E changing cyclic loading
current source o -
O frequencies and dwell
i
voltage leads y 4 > % ﬁmes
~— # 5
(o))
O
w — |
Ay
Log Stress Intensity Factor

Compare results

» Finally the full creep-fatigue interaction
will be modeled

« Cyclic frequency will be varied and
dwell times introduced

Model predictions

If needed, refine model and
iterate to converge on
improved model framework
& parametlers

Log Crack Growth Rate

1
Aoy

Log Stress Intensity Factor

USU PURDUE

N I E R ITY
Oregon State Y v s

UNIVERSITY




OVERVIEVVE LENG I AND VIR

Small Scales and Long Times can only
be addressed with advanced continuum

models | ico -

1.E+00 -

— 1.E-02 -
] 1.E-03 -
1.E04 -

1.E-09

1.E-01 -

-

1.E-15 1.E-13 1.E-11 1.E-09 1.E-07 1.E-05 1.E-03 1.E-01 1.E+01 1.E+03

N

IIIIIIIIII

Time [seconds] PURDUE
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Material Acquisition and Collaboration

 IN718
 Provided by Jeff Hawk, NETL Albany

 Processing (at NETL)
Step forging and squaring (from round slab D=8.5" to plate
t=1.25"; Hot rolling into a plate t=0.616"; solution annealed.
Received a plate roughly 277 x5 5/8 “ x 0.616".

 Processing (at OSU)

Solution annealed at 982°C, 1hr, air cooled Hardened by
holding at 718°C for 8hrs, then furnace cooled to 621°C and

held for 10 hrs, then air cooled.

0SU PURDUE
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Optical Microstructure Characterization
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EBSD on Transverse Section

\ l
- e TD = Traverse  J/ \pbgid—Y oK
- . = —t \ )
Direction \

RD =Rolling % NG
Direction

4 ND=Normal
. Direction

111

9 secondary
in boundary

(a) Crystal orientation map

Highly twinned
08“ Most twins as >3 (from recrystallization)pyrpUE

UNIVERSITY

Oregon State

UNIVERSITY
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Grains & Twins: Grain Size and Orientation

0.35 4
Total number of grains/twins = 1824
0.304 M A grain/twin AVG = 70 um
§ 025 [ O Without twin SDV =44 ym
o
E 0.20 Total number of grains (exclude twin) = 593
@ 0.15 AVG = 126].1”1
£ 77 SDV =73 um
3 010+
0.05
0.00 - | = | :
0 100 200 300 400
Grain Diameter, um
i 1 3 Total number of grains/twins = 1824
© 1+ = A
) ik 0 Al grain/twin *°*SV§! ) 233_2/ umé
o 2 | © Without twin = um
0.14| LA
f:' E i Total number of grains (exclude twin) = 593
S 4 | AVG = 16647 pm”2
8 21 SDV = 18067 um~2
w  0.014
@ E
K] 4+
E ] H
< 0.001- | | | | [T]
0 20 40 60 80 100 1o0x10°
Grain Area, pm”2
(a) Grain size

Number Fraction

Number Fraction

0.5 Total number of grains/twins = 1824
AVG = 042
0.4 SDV =0.15
0.3 Total number of grains (exclude twin) = 593
AVG = 0.53
0.2 1 All grain/twin SDV =0.12
' O Without twin
el
0.0 T T T T 1
0.0 0.2 04 0.6 0.8 1.0
Aspect Raio
0.25—
Total number of grains/twins = 1824
0.204 | = Allgrain/twin AVG = 88:
O Without twin SDV =55
0.15 Total number of grains (exclude twin) = 593
AVG = 85°
0.10 4 SDV = 50°
0.05— T—— ﬂ H
0.00 = T 1 T | T |
0 30 60 90 120 150 180

Major Axis Orientation Angle, degree

(b) Grain shape

08“ Analysis with and without twins

Oregon State

UNIVERSITY

PURDUE
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Texture

ND TD

011 011

- 001 101 001 101
001 101
M.R.D RD M.R.D
max = 1.910 011 max = 1.570
1.714 1.456
1.539 1.351
1.382 1.253
1.241 Al=ND 1.162
1.114 1078
1.000 1.000
0.898 0.928
A=-TD RD °°' 101
(a) Pole figure (b) Inverse pole figure

Only weak initial texture, remnants of a cube (100)[001] and
even weaker fiber <111> texture exist

USU PURDUE

UNIVERSITY
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Grain and Twin Boundaries

20° 30° 40° 50°
111 111
001 101 001 101

111 111
|
101

001 101 001

0.4
0.3
0.2

0.1+
0.0- — 7171 1 [ | [ [ T—71

— T T 1 I | T T T | T | 1
5 10 15 20 25 30 35 40 45 50 55 60 65

Misorientation Angle, degree

M.R.D

max = 21.309
12.798

60°

7.686
4616
2772
1.665

1.000
0.601

111
001 101

(a) Misorientation axis distribution

Number Fraction

(b) Misorientation angle distribution

Strongly influenced by S3 twins

0SU PURDUE
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Crack Growth: Experimental Set Up

-

.- "_".. i
e v
vl
e

HT Experiments on CT specimens with potential drop
measurements

08“ PURDUE

UNIVERSITY
Oregon State
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Crack Growth: Initial ExperimenS_ -

Test parameters: 4
« Compact tension C(T) sample
 Constant force range, AP
e Load ratio, P,,;,/Pmax = R=0.5
0.1 Hz triangle waveform
e T=650°Cin air
« Crack was grown froma=6.5-16.7 mm

PURDUE

UNIVERSITY
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HT Nanoindentation: Specimen preparation

Diamond powder
Sum

32[)grhg 400grt|g GOUg ﬁg Diamond powder
ﬁpm

10 pm

IIIIIIIIII

Alumina powder

/,

Vibro-polishing 10
hours

10 pm

PURDUE

UNIVERSITY




HT Nanoindentation: Experimental plan
Through change in indent depth the ratio of
viscoplast. strain & viscoplast. strain gradient
IS altered - obtain the relevant length scale

Load 25°C 350 °C 650 °C Post oxidation | Dwell
(mN) | (no. of points) | (no. of points) | (no. of points) | (no. of points) | time (s)
50 10 10 10 10 500
100 10 10 10 10 500
200 10 10 10 10 500
300 10 10 10 10 500
400 10 10 10 10 500

ﬂSU PURDUE
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Z20)(1)
H

310¢

Load [mN]
it o o
&) (@) — &)
- - - -

[E—
[
-

N

IIIIIIIIII

dwell

[u—"
o
L

25°C

indent unload

325°C

_650°C In progress

600

1100
Depth [nm]

Depth [nm]

80

N
o

]
<

N
<

Nanoindentation: 1stdata on IN 718

Detail: Dwell

325°C N
/

ol

25°C

0

T00 200 300 400 500

Time [s]

PURDUE

UNIVERSITY
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Current Status

o Calibrate indentation system to account for machine
compliance at high temperature (ceramic)

o Currently, waiting for indenter tip to be provided by
manufacturer. Delayed due to end of year closures and budget
allocations

o Expect indenter tip back at Purdue with a short time

USU PURDUE
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Constitutive Models: Flow Stress

O

flow

AE” = g(ﬂ‘,q)

0SU

IIIIIIIIII

=00+Maybx/p5+p6 =0,

\

«/_ayb\/\/_f‘p %

O-II]

AE” = AIE” = At- g(0,q) = Afg,

;

J
Oy

/Aj,(b/A),(z

/A

O,

J

bA

q: state variable vector

. I
| ( G J
0
gﬂ oW

IIIIIIIIII
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Computational Implementation

i 3,
LS+

—_t

3&

E =—-0. +—85 =—L0_ + Al
9K Y 2u 20 " 9K Y 2u 20

0,=KEO +21 € —

UdU

IIIIIIIIII

3¢,

o

i

A
i

E'Eﬂ

(

o

)

0]

387

20

:

1+\/§Hyb\/

ﬂ.{]

\/5 g7 7
_I_ -
bA b

-

o

0

r:rﬂ[l+ \/?:apb
\

L

J

bA

+”J
b
J

m

if

PURDUE
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Computational Implementation

Euler implicit scheme + Newton-Raphson iteration
- Nonlinear equations

£7.5)=AE" Y ’”_
f(& )— — At [ﬁ J =)

tlow
1,(A2".6)=3u(s" - AE")-G =0

- Tnal state

“F » — 2 o o
Er.r.'m" — ELF +,ﬁ£j g = \/_Emuf :E.rum’

n+l 1 3 n+l n+l

USU PURDUE

UNIVERSITY
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Computational Implementation

- Iteration
{%ﬁ}} ={i“-;} _J f;(‘ﬁgwﬁ)b
n+l "

o o " | £ (ag",0)
9 9
y _|aag” 96
B /P
LJAE”  dG ],

=Ve __ SVp - R
EL=E"+Ag
- Stress update follows a standard procedure upon convergence
of the above 1teration.

0SU PURDUE
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Results: Creep Rupture

i
w
R
X
-
E Vv Oyo E“ m b
(GPa) (MPa) (s (nm)
200 0.3 250 0.005 5 0.25
USU PURDUE
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Void Growth conventional plasticity
No size effect only rate effect

Macroscopic stress 6, [MPa]

I

r=0.1 pum, strain rate = 0.
r=0.1 pm, strain rate = 0.01 1/s

i

:\1;I\.'|'l.l‘-g‘n'|‘p“_‘ strain l‘:\\ I_|

(.08

PURDUE

UNIVERSITY
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Void Growth with SGP:
Void Size Effect combined with a rate effect

8OO

! I T 1

7000 B mmmmmm———— -
= 6000 | - + Smaller voids lead to
- higher stresses
g 5000 |- L -
,; P 4 o SR —— .
S 4000 —— 4 + Smaller voids are more
2 7 _ , sensitive to rate
= 3000 iy o __1";——_1 Ml sHRe =1 s =—— o
Z Pl ==—T= T [, stramrate=6-4-4o —
z 2000 = S r= 1 um, strain rate = 0.01 /s ——— =
- r=0.Tpum, Sramrae =11k

1000 | 7 r=0.1 pm, strainrate=0.1 I/ ——==== =

r=0.1 um, strain rate = 0.01 1/s -
0 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1

Macroscopic strain €yy [-]

USU PURDUE

UNIVERSITY
OregonStsate
u
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Strength Differential Effect
(Data by Lissenden et al)

1000

800 |

IN718 @ 650 °C

Yo.tmg's modulus: 1!‘_55 GPa SD — 2 ¢ 4 — O. 12
Poisson's ratio: 0.297 O— _I_ O—

600 F

Stress (MPa)

400 |

—o— Tension
—o— Compression O-

= = =Linear elastic line T
.. ..., TerLinearlsicline SR=——=0.88

0 0.005 0.01 0.015 0.02 o

200 |

0

Strain = s, Ty B i L C
i .\'-,' o Iy, Lo :_\"\._ . v I
T o T I | =
L RS gt
EVCY M OEY A TR
y '|I — ‘;';_ T Sy A-\,.“Q'H. |~ L1
L e
T 2 | i
FE & o
L= e == 1
B A WEeT— L ]

- : - T 1 = -
I . Rl 5 o
| f 1, "‘_}-.,:' \, s
] e, v W LT |
W T i s | b o
[ 2= b i e |
b el . R
) <} " ! —
T, % 4 —

UNIVERSITY
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Strength Differential Effect: Yield Function

(D(Ssz’Sz) _ (‘51‘ _ k-sl)m +(‘Sz‘ — k.sz)m -I-(‘S3‘ — k-S3)m

m.,k

m=2,k=0...von Mises
k=

IIIIIIIIII

| -

rz"’—z-(aT/aC)’"\
(20,/0.)" -2

(1/m)

¢

1+

(2’” —2-(0'T/0'C)m\

(1/m)

h'd

L (2-0'T/0'C)m—2 J

PURDUE
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Strength Differential Effect: UMAT

)11

E (GPa) 1% o, (MPa) 0. (MPa) K (MPa) &, n
165 0.297 779 876 1003 0.0013 0.038
1000 i
M° °
—\7 [
O'ZK(E -I-E,') g 600 | IN718 @ 650 °C
0 = Young's modulus: 165 GPa
% Poisson's ratio: 0.297
= 400
U) o
. o Tension - Test
200 | o Compression - Test
—Tension - UMAT
0 o . . ﬁC(I)mlprelssilonl- L.JM.AT
0 0.005 0.01 0.015 0.02
Plastic strain
USU PURDUE

IIIIIIII

UNIVERSITY



		E (GPa)

		



		

 (MPa)

		

 (MPa)

		

(MPa)

		



		n



		165

		0.297

		779

		876

		1003

		0.0013

		0.038







oleObject2.bin



image3.wmf

C


s




oleObject3.bin



image4.wmf

K




oleObject4.bin



image5.wmf

0


e




oleObject5.bin



image1.wmf

n




oleObject1.bin



image2.wmf

T


s





2019

Strength Differential & Indentation

S, Mises
(AVY: 75%)
+1.2282+03
[ +1.1262+032
+1.024e+03
+9.2122+02
+8.189e+02
+7.1652+02
+6.142e4+02
+5.1192+02
+4 0952402
+3.0722+02
+2.049e4+-02
+1.0262+02
+2.237e-0M

N

IIIIIIII

Load (mN)
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Crack Growth: Cohesive Zone Models
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Modified Boundary Layer Model
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Strain Gradients and FCG
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Strain Gradients and FCG
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Opening stresses with
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Strength Differential and FCG
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|  FCG Rates appear as
little affected by SD
alone
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Strength Differential and FCG
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» Crack closure appear as
affected by SD
alone
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2010 CONCILUSION
 Procured and characterized materials (NETL Albany)
 Property measurements ongoing

« Computational mechanics: Advanced model
Implementation on several fronts

 Additional Potential Actions:

e Establish a tentative collaboration to explore AM
manufactured materials

* Follow up with industry showed interest but no
concrete action

 Explore the use of methods in structural part (blisk)
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