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Background & Motivation

Predicting creep and creep-fatigue
behavior is highly empirical

— Power law creep constitutive laws
* e.g., Norton Law

- tnearcrs \Ae need a modelmg pIatform W|th
inherent stochastic features

accumula

Not easily e

» blades

measured ranges
— Longer lifetimes

— \Variable operating conditions
PARTICLE

(a) @—— GRAIN
] . -— BOUNDARY
Including stochastic damage

mechanisms in current modeling
methods (e.g., FEM) in predictive

> _#,SLIP BAND
manner is a challenge %
1
GRAIN
(o) BOUNDARY

f
(/7 Rodriguez & Rao (1993)

¥ UNSW

SYDNEY

I% UNIVERSITY OF C/-\LIFORNIA

Australlan Transport Safety Bureau (2011)

bt
(a}

W
WEDGE CRACK
Tisuiome)
>()hm<‘r' CAVITIES
(b)

v

Oregon State USU



Discrete Element Method (DEM)

R

Discrete element method widely used for granular media
— Each particle is modeled as a discrete element
— One-to-one correlation between element and particle
— Sands, mined materials, and powders are commonly modeled

Properties modeled include:
— Granular body deformation
— Granular body creep
— Granular sintering and microstructure evolution

Stochastic phenomena naturally emerge in DEM
— Shear bands
— Fracture nucleation and propagation
— Void formation and growth

Zhao & Evans (2011)
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Adapting DEM for modeling solids

* Traditional DEM
— Granular materials
— Significant motion of discrete elements
— Compression loading is straightforward

i 3 TN}

e Solid material DEM Oregon sand dunes

— Bond elements using parallel solid bonds
— Full range of loading configurations can be simulated (tension, bending, etc.)

Now an element is
meso-scale domain unbound
assembly

Particle 1

bonded

parallel assembly
bond

Particle 2
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Adapting DEM for modeling solids

* Solid materials DEM has been used for:
— Amorphous materials (silica glass, polymers)
— Particle reinforced composites

DEM Model:
Cone crack emerges under indent in
* No need to predefine crack location/path silica glass
— Emerge naturally from DEM model ®) CVkafdtW

FEM Model: DEM Model: 20pm,
No crack branching Crack branching matches
predicted experiment

Jebahi et al. (2013)
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Adapting DEM for modeling solids

DEM started like this: Next we want to model this:

Oregon sand dunes Turbine blisk




Our approach

 DEM crystal plasticity model for predicting creep and creep-fatigue of nickel
based alloys

Macroscopic grain structure
undergoing creep

Grains composed of
discrete elements on
scale of substructure

-
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Elements at grain

boundary /\
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Elements in

grain interior

* An elementis a meso-scale domain

— e.g., asub-grain or part of sub-grain Contacts between grains modeled
with springs and series dashpots
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What are we working towards?

We propose to adapt
DEM to correctly
capture:

— Polycrystal deformation
(plasticity, creep)

— Mlicrostructure evolution

— Stochastic damage
evolution (voids,
cracking)
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DEM Parameters:

Contact normal
stiffness: K121
Contact tangential
stiffness: K21

Elasticity

Map springs and elements to elastic continuum

Materials Properties:

Anisotropic elastic
constants (at high T):

Cya(T), Cyp(T), Coa(T)E

Strength dist. p,(F, )%
Pre-yield drag n,/*V
Post-yield drag n, >
Hardening rate:

dF /dt=A (8u.T)>Y
Softening function:
dr,/dt=A (F,. )24

Grain Interior Deformation

Dashpot .

U (Velocity)

F (Tangential force)

Mean yield stress (t )12
Pre-yield viscosity 8,12
Post-yield viscosity 8,22
Work hardening:
dr,/dt=A (e T)32)
Recovery softening:
dr/dt=A(x, )P

Yield modeled with non-linear dashpot — work hardening and recovery change strength F,

GB dashpot drag ,,*1)
Grain size dist. p(d,)>!
Carbide size dist. p(d_)&
Carbide density n 3

Grain Boundary Sliding

/

F (Tangential force)

o (Velocity)

GB viscosity By, ")

Grain size dist. p(d,)@*!
Carbide size dist. p(d,)i*1
Carbide density n *1

GB sliding modeled with linear dashpot — elements must flow around carbides

Critical void size R*(g,)*2)
Growth rate of largest
sub-critical embryonic
void:

dR /dt=g(o,,T)4?

Void Formation and De-Cohesion
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GB diffusivity D™
Bulk diffusivity D /'
Boundary energy yt™
Boundary width §1*1
Atomic volume QI
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Developing the DEM model

Collection of grains Single grain Single elements -
sub-grains

Particle 1

Particle 2

Implement cubic crystal
anisotropy

Construct
Implement plastic metal

deformation polycrystal
model

Implement
isotropic
continuum

Implement creep
deformation
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Material Selection

* Nimonic 75 chosen as model alloy B JRC
EUROPEAN COMMISSION
— Simple Ni-20Cr solid solution microstructure
represents many superalloys 11’1/}/!
* Austenitic, solid solution grains ,,,m,,,,,,&,,m

e Chromium rich, globular grain-boundary carbides
normally of the type M,;C,

typical microstructure
for steady-state creep

— Certified tensile and creep reference material

* We purchased a standardized microstructure
certified to have specific tensile and creep
properties

— Model will be developed for 600°C deformation
* Creep behavior certified at 600°C
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Adapting DEM for elastic anisotropy

Particle Assembly

Normal Stiffness

Oregon sand dunes

. kS
http://www.ngi.no/ Shear Stiffness
[
We must develop contact |
behaviors to make sand
elastic
—

Homogeneous and isotropic in elastic
response

= UNSW Oregon State USU
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Adapting DEM for elastic anisotropy

Particle Assembly

Normal Stiffness

kn
E We must define particle

interactions k, and k; to
produce full stiffness tensor

Oregon sand dunes

Shear Stiffness

More than that we must

make sand anisotropic (Cn , C, 0 0 0 )
icl
elastic! L, C, C, 0 0 0
C — 12 12 11 0 O 0
: : 1o 0 0 ¢, 0 0
Ni-Cr: homogeneously elastic, but
. . . o 0 0 0 C, O
anisotropically elastic 4“4
o 0 0 0 o0 c,
Kt
UNIVERSITY OF CALIFORNIA
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Adapting DEM for elastic anisotropy

The subtleties of anisotropic elasticity...

* Directionally dependent elastic response of cubic single
crystals

Shear stiffness in soft & stiff directions

Strontlum Fluonde Plane Sh'aln Nickel: Plang Strain
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Adapting DEM for elastic anisotropy

Define angularly dependent contact stiffness k (8,®D)
and k.(6,0) with cubic symmetry

Define k,(6,®) as 4 spheroids aligned along <111>

directions

2
aj3
1= F—= R
% (ne = ny + nz)%+ 2.0(n2 + nyny + ng - ngnz + nyng + n%)aj2
3
o= y ciel: Plane Strain
T = S
1 (nx+ ny - nz)%+ 2.0n2 - nxny + n2 = ngnz + nyng + ng)aj2 -------------
2
aj3
fjs = F—=
1 (-nx+ oy +n)%+ 2002 + neny + ng - nxnz = nyng + n%)aj2
2
a3
fia = F—=
1 (nx+ ny+ ng)%+ 2.0(n2 - ngny + n2 = nynz = nyng + ng)aj2

rj = max (11, fj2, 3. rja)

A —
k/ = —br,k,
Lp

Oregon State USU

Cubic elasticity will emerge fro
collection of particles
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Adapting DEM for elastic anisotropy

Define angularly dependent contact stiffness k (8,®D)
and k (6,®) with cubic symmetry

Define k,(6,®) as 3 spheroids aligned along <100>

directions
23
ri1 = q !
nZ + (n2 + n2)a?
2
a:
li2 = § '

n2 + (nZ + n2)a?

2
3
a;

g+ (n + nf)a

£

ris =

ri = max(ri1, iz, ri3)

Cubic elasticity will emer
collection of particles
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Elasticity simulations

* Representative volume ; 5 o
2.0000E-02

of 30,700 elements and I 18000k 02
118,008 bonds 1 2000602
1.0000E-02

8.0000E-03

6.0000E-03

4.0000E-03
2.0000E-03

e Simultaneous
compression and shear
forces applies

_
. Y 2
* Elastic response used to (€ 6,6 0 0 0
12 Cll ClZ 0 0 0
calculate ¢4, C,,, C,, Of e 0 0 0
stiffness tensor B
0 0 0 0 84 C
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Results of Elasticity Simulations
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Accessible anisotropic properties

* Neural network approach was used to interpolate the DEM model results

* Range of cubic crystals accessible by our approach is represented

0.7 . —. . , o , | z<
g% e - DEM data |
0.65 - o Lo s < Meural network data I .
PE & 5 Dasfte® o
0.6F O “O g - ° o "“"‘ o
0.55 = 0.4 f 5 °
r 03 0.35
< o0.45
-t !
© 44 0.3}
035 1 0.25 -
0.3+ -
0.2
0.25 -
0.2 . s | , - | 0.15 - ' ' ' : :
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
c12/C11
Stiffer along <111> cubic directions Stiffer along <100> cubic directions
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Limitations and potential solutions

* Standard PFC software does not allow soft and stiff shear direction
— We only define a single shear stiffness
— Anisotropy becomes limited by extreme spheroid shapes
* Small contact rotations give big changes in stiffness

* Move to an open source platform (LAMMPS, Yade, Esys-Particle) or develop new contact
model for PFC

Qy

Zener ratio < 1; stiffest along (100}

I% UNIVERSITY OF C/-\LIFORNIA
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Developing the DEM model

Collection of grains Single grain Single elements -
s MR TR o sub-grains
Particle 1

F

Particle 2

Implement cubic crystal
anisotropy

Construct
Implement plastic metal

deformation polycrystal
model

Implement
isotropic
continuum

Implement creep
deformation

Oregon State
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Stress-strain behavior of Nimonic 75 (600°C)

700 A 2 | N
Nimonic 75 at 600 °C - k N
__‘;,:;;;,é&'&::;____b iph-Temperature
© 500 = /_ﬁ’:‘ ) / ?(x HE;t:nscmeter:
o /"‘d’%” 3 % g Epsilon 3448 Testing
E 400 - ’}’“b" ‘ ] 1 43 X 10 /S S\ Specimen
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8 300~ ‘ f 1
P 200 - '}ﬁ" {1‘ B
100 o | B,
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0= | | | | | | =
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Strain
Strain Rate;
3004 Nimonic 75 143 % 10_21'3
© at 600 °C : "
= 400+ 143 %107 /s
g 300 — 1.45 x 107 /s
= -5
ﬁ 200 1.70 x 10 /s
>
= 100
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Adapting DEM for plasticity

 Parallel bonded discrete elements:
— Consider as meso-scale domains
— Potential sub-grains

Potential Bond Breaking Phenomena

Normal stretch Shear stretch Tilt stretch

110
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Twist stretch
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Adapting DEM for plasticity

Shear Tilt
stretch stretch

, v .
: 8 Twist stretch
\ =

Corresponding Physical Phenomena

Normal stretch

Crack or

Void Formation Plastic slip Tilt Boundary Twist Boundary

Formation Formation
bt
(a}

W
WEDGE CRACK
//(suomsl

r" CAVITIES

(b)

sub-grain evolution
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Brittle response in DEM

120

100

80

Stress, [MPa]

20

60

40 r

Stri

We must introduce bond reforming
to get slip-like plasticity

bond bond
stressed breaks

3’?3

new bond

Hedjazi et al. (2012)

b) Cone crack: Side view
Vickers indenter

Jebahi et al. (2013)
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Non-hardening plasticity

Metallic Glass Behavior

250 . . 2R i
©
% 1500 +
Bonds break i <
200 a) as-cast tensile
75 Realistic material fallure behawor emerges Ebiaﬁsé}ﬁwémfsive
from DEM model (d) rolled 3 % compressive
. * No need to predefine fracture location, T
© 150 . 2 3 4 5 6 7 8
= mechanism, etc. True strain (%)
@ dino et al., Scr. Mater. (2011)
o . . . .
& 100l S « Like with metals, we must introduce strain
hardening to stabilize against premature '
localization and failure £
50 f 7
0 | | 1 | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Strain, [-]

Hofmann et al. Nature (2008)
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Strain hardening plasticity

All bonds are failing in shear to simulate slip

DEM: Experiment:
600 —1',5%. |ocallhardeningl ' Harden broken | // . Nimonic 75
——0.2%, neard ] I I “F 1.4x102 s
500 - 3%.lcalhg VW€ can simulate hardening response of
ooermen]  Metals
F:mo I « BUT...we do not achieve more than 3-6%
% strain before failure
g 3007 Experiment:
% * Will less-localized hardening laws stabilize Nimonic 75
200 H/ plasticity? L 1 7x10°5 s-1
DEM: Harden broken DEM:
100 bond + nearest Harden broken
neighbors 0.2% bond 1.6%

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Strain, [-]
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600

500

400

300

Stress, [MPa]

200 {

100 ¥

Insensitivity to hardening laws

All bonds are failing in shear to simulate slip

* Models are fairly insensitive to hardening law.
* Likely best to choose simple law

i = What physics are we missing to stabilize
{  plasticity?

1. We haven’t maintained normal forces
across shear planes when bonds break in
shear.

2. We haven'’t introduced an attractive force
between elements like with atoms.

ized hardening laws

| | | T | | | | |

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Strain, [-]
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Developing the DEM model

Collection of grains Single grain Single elements -
sub-grains

Particle 1

Particle 2

Implement cubic crystal
anisotropy

<onstruct
Implement plastic metal
deformation polycrystal

model

Implement
isotropic
continuum

Implement creep
deformation
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Creating a DEM Polycrystal

EBSD used to quantify
grain structure

— Presence of twins skews o

apparent distributions 1 Ssshrmedlod G600, 1D

0.005 4
All boundaries:  £3, X9 twin boundaries 54 All boundaries: 13, £9 twin boundaries are excluded:
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— 23 and 29 annealing 5" semie Pemees 7 || goad|osemnien [ e e
. b d - A 0.003- —~— Section 90/ ED ||+ g:zﬁ::—gé’ rFIEE)D § 3 ater Section 90/ ED|| 7 S000-00 /ED . Section 90 /€D
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tWI N poundaries are ) ﬁrs":&mi"gg After annealing: > ~O- Section L ED
1 : € 0.002- ~} Section_0//ED ||~ Section L ED 2 -0 Section_0 // ED
—A Secti (- Section_0 // ED 2 - | <4 Section_80 // ED
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. 001+ o
(Zhang & Field, 2013) .
’
g 0.000 e 0 ]
; 2 3 4 56789 2 3 45 1
100 100 0.0 0.2 04 06 0.8 1.0
Grain Area, ym*2 ASDEGT. Ratio
—_ 1N- 0.124 All boundaries:  £3. L9 twin boundaries o
TWI n fre e - = are excluded: 00354~ Al bountares 3, ¥9 twin boundaries are excluded:
. . 110 g0 i F——— | |Er e -
microstructure will be z £ Sectonsieo || Seoknsen | || 2 00013 S o0 [ R en L s
dg 0.08 -2 Section 90/ EO o gecton 01 ED. € 0.025 ||~ Section_90// ED|| >~ Section 0/ED -+ Section_0/l ED
r annealing: —0 _ o Aft ling: —'~ Section_90/ED —'— S 90/ ED
used for our DEM Z o00s- St [l ||| 0a0- 57 S e .
3 on_| - | = -0~ Section_0 // ED
i —{ Section_0 // ED S 0.015- | <~ Section 90/ ED
m Od EI S 004 - Sedton WED —'— Section_90 /f ED = =_—
& ol A 2 o010 :
! ' 0.005 1 i
0003 00 S oo oo . . : :
0.000 -
T T T T T T 1
0 10 20 30 40 50 60 70 0 30 60 90 120 150 180
Grain Diametar, um Major Axis Orientation Angle, degree
(a) Grain Size (b) Grain Shape
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Creating a DEM Polycrystal

All boundaries: X3, 19 twin boundaries 59 __ Anboundaries: L3, £9 twin boundaries are excluded:
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= 0.004 P .r_ecseeﬂm LED |As-received: > 44|= Section L ED i‘_’mn LED M‘f';:ﬁ"]?anED
E‘ - Section_0 { ED =~ Section L ED T - Section_0 N ED 3 n o e m
2 0.003 Section_90 /D ||+ Section 0/ ED 5 - secton_90//E0|| 7 SAMLOITE, T SRR
2 Afer anneaiing: —— Section_90 /| ED & 3 [Aner anneaing: - Secton, !
. . é —- Section L ED After annealing: = =~ Section L ED
« A3-DV Igorithm f B\ FERFE. | 1. EER
oronol algori or 3 < seanoieo | || § 2| sectonsoneo
A o
crystal plasticity has been il e
y p y 0.000 - o - — =20 MR 0l -l
H ! 2 3 4 56783 2 3 48 T T 1
adapted for making a b R
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e All boundaries: X3, X9 twin boundaries Al %
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= 0.10 i ~C- Section L ED | |As-received: 0.030 Section LED | [As-recefved After annealing
a S S e m b I B - Section_0/ ED_|| <O~ Section .. ED -y ~ Section 0 ED || ~c~ Section L ED Section . ED
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= 7 2 ~F Section_0 i/ ED Section L ED £ - Section_0 // ED
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essential grain size/shape i it ieiioes
statistics (a) Grain Size (b) Grain Shape

* Microstructure also being
measured in steady state

Grain #
creep regime P
— Steady state microstructure 300
will be used for model 200
100
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Conclusions

* Developed an anisotropic elasticity DEM
formulation to simulate cubic anisotropy

— Next step is to correctly capture soft and
stiff shear directions

 Developed bond breaking and reforming
scheme to simulate metal plasticity

— Currently working to maintain correct
forces between slipping elements to avoid

premature failure s
— Next step will be adding time dependence M=y
(Creep) K . .—. A ™

* Developed a meshing of DEM for metal
polycrystals

— Final step will be correctly developing the
grain boundary element interactions

o 001 0.02 0.03 0.04 0.0s 0.06 oor .08 0.09 01
Strain, [1]

o

rain #
400

300
200
I 100
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Questions?
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