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Energy model of fracture

MICHIGAN
ENGINEERING

IIIIIIIIIIIIIIIIIIII

G = Zy_Eel +yp



Energy model of fracture
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Energy model of fracture
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Mechanics
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Energy model of fracture

G =2y —E;+vp

There is no “first principles” model to predict y, (yet)

¥p = stored energy (eg. Dislocation structure) + heat
energy

Most of the energy is heat (>95%).
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Energy model of fracture
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G =2y —Eq +1yp
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¥/Gb (see my poster)




Incremental Energy Model
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AG™ = 2yAA — EglA — Lgstored +/§éiss

* Perform energy balance at the moment the crack
forms

 Thermal dissipation neglected at that instant.

* The surface energy is balanced by the release of

elastic energy and the removal of stored dislocations.

e Approach brings in crack size AA: not so popular!

* Terms are about the same order of magnitude

Mura and Nakasone, A Theory of Fatigue Crack Initiation in Solids, J. Appl. Mech., 57 (1990)



Incremental Energy Model
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AG* = 2yAA — EglA —Egtorea T Odiss
f

Cracl_< initiation

AG™

AA

Mura and Nakasone, A Theory of Fatigue Crack Initiation in Solids, J. Appl. Mech., 57 (1990)



Increment in crack size
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AA (crack area) is total length of
dislocations times the Burger’s vector

Dislocation dynamics can predict stored energy AND crack size.
Avoids difficulties associated with modeling thermal effects.



Dislocation Dynamics — General
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Only model the dislocation line —
no atoms

Discretize the dislocations into
line segments, evolve using
Peach-Kohler force buy 4

Advantages:

e DD: micrometers and
microseconds vs Atomistic
models: nanometers,
nanoseconds

* Can model at grain level, with slip
reactions vs homogenized forms bao
in crystal plasticity

Disadvantages: bs»

* O(N?)-Problem -2 high strain
values (>1%) difficult to obtain 5

* Topology of dislocations changes,
causing continuous remeshing

* Computationally expensive

be3
b36 b30 b03

[1] Bulatov, Vasily, Cai, Computer Simulations of Dislocations



Dislocation Dynamics
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e Steps for a DD calculation:
1. Calculate the force on each node (1)

2. Move the dislocations according to a
mobility function

3. Apply topological changes: Split, Merge,
Remesh

* Nodal force: elastic force + core-energy
contribution

B d Etor ({1, bij})

f; =
31‘5

Eiot(C) = Ee(C,1rc) + Ecore(C, 1¢)

 Elastic force is due to long range effects that (3)

can be captured from continuum mechanics

* Core energy due to local effects of highly
distorted atoms close to dislocation, where
continuum mechanics cannot be used

[1] Arsenlis et al., Enabling strain hardening simulations with dislocation dynamics,
Modelling Simul. Mater. Sci. Eng., 15 (2007) 553-595



Dislocation Dynamics
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* Mobility function: velocity as function of force
v; = M({f;})

Would lead to curved dislocation segments = invert,
implicitly define velocity

This represents motion in over damped regime
9 (x) = —B(§(x)) - V(x)

The mobility functions are the material model of DD
code (prefer certain glide planes over others ...)

With forces and velocities defined, calculate the next
time step: XA = X! + VI Ar (explicit)

XM+ 1) = X+ 2 (V¥ (n) + Vi) At

(implicit, iterative)




Topological changes
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* When dislocations collide/ annihilate/ change size need to change
discretization

e Core reactions need to be derived from DFT/ MD
* Only two operations defined in ParaDiS: split node and merge node

(a) 1 4 (b) 1 4 Example - split node:

(a) Initial network

(b) Remove connections of node 0
to 1 and 4 and connect to new
node 5

(c) Connect O to 5 and conserve
Burgers vector

14




New additions to DD code
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* Energy calculations for every mechanism

 damping, annihilation, core, interactions, self energy
* External and internal work

e Test energy conservation for different loading cases
* Enable cyclic stress driven loading

* Grain boundary mechanism — pile-ups
* Quasi-Newton implicit solver




Energy contributions in DD
wicHIGAN simulations
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* Annihilation energy — Energy associated with topological
operations, that are not accompanied by movement

t
* Damping of moving dislocations  Ey,,,, = / Z F, o v;dt
0

nodes
2
Internal elastic energy g Jextv/z

el,int —

IS t
External Work Wext:// gextdgdv://aextgdtdv
VJO VJO

* Core energy

Energy of elastic dislocation field (self and interaction) see
Cai et al. (2006)

e Sum has to be constant
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Collapsing loop

81e5
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* No external work
applied

* Allinitial elastic
energy of the loop
went into
dissipation
(movement of
loop) and
annihilation
(‘dissipation
without
movement’)

e Sum is constant

17



Frank-Read Source
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Frank-Read Source
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Cyclic loading
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* Largest ever fatigue DD
simulation till date — 40
cycles, 6 weeks on 128 CPUs

* French Group Depres, Fivel —
20 cycles

. . . f
* Density increases with t/ half cycles

number of cycles
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Initial and final state

AG* = 2yAA — E5 —Egtorea

Increment = 458580; Time = 3.50e-07 s; Half cycle = 7

ent = 1980088; Time = 1.23e-06 s; Half cycle = 21

Persistent dislocations
over number of cycles

Chemical effects can be added as an osmotic force:
(Future work)
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Cyclic loading — Increase in density
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After 20
cycles
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Partial energies
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. Somlf dislocations are very far spaced out, unlikely to form one (contiguous)
crac

* Remove only some dislocations in area where dislocation density is highest

* As before: total energy of all dislocations (and possible external elastic field)
I\/IfINhUS enekrgy of remaining dislocations after crack is formed EQUAL to energy
of the crac

 IMPORTANT: The dislocations removed should be able to form a surface of the
size of the crack

Lift11rr1\1L

TT"\;rTTTTTf:’TT
Simulation Grain () Potential area Crack
volume boundary -/ for crack 24




Modelling dislocation density
AN evolution analytically

UNIVERSITY OF MICHIGAN

Mura and Nakasone, A Theory of Fatigue Crack Initiation in Solids, J. Appl. Mech., 57 (1990)

D2n+1(£) ~nAD
~ n(AT —27¢)x/|[TA(V a? — z?]

Dislocation accumulation is typically modeled as
linear with number of cycles

Y
D- dislocation distribution, D = f(x,n)

Doy () n- number of cycles
1 AT- applied cyclic shear stress

0 a . 7¢- frictional stress
Z%m 1 x- coordinate
0 A-pb/27(1 —v)
a- half length of PSB




Dependence of dislocation length
mGHGAN on cycles and volume

UNIVERSITY OF MICHIGAN

@
= o =
5 ‘1 0e®
® 00, o
=y ® =
® 4 _ ¢ °® ®
3 o0 ®e 3
o) @, oQ g0 ¢ _@ @ o
—Z ®e ® 0g0 o & oo (4 —<
D o (P @@o@®@@@®®© ® oo
53 3 0pe 0@ @@@@‘9&@0@@@00 Y L7 =%
Q o e 000 @3@ 3 90000 020 30 o, Q o
= ® ® ® =
S5 %0 ® @@g ®e0 %04 0 88 S o
o 2 % %0 %00, %0% ", %0 o ® T O
—_ 0 ®ge, 009, (7S 80 00 © op_eo_oy e =0
@ LT @® 0 ©® 00 @ 09 ©_O Q
. : [=
(o] (o]
5 1 e 3
0

* Assume up to quadratic increase in space and square root in w.r.t

number of cycles ] — (Clld 4 Cl2d2) (\/54- Olg)

C1,Cro, Cps .. some fitting constants
n .. number of cycles

d .. diameter of sphere used to remove the dislocations ”



Dependence of dislocation length
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MicHioan on cycles and volume
* At any given pointin Currently dislocations in sphere are removed

time the dislocation
removed in the test
volume should form a
crack of comparable

size:
bl = %dQ
[ = (Olld + ngd2) (\/ﬁ + ng)
g Cin (vn+ Ci3)

m/(4b) — Ci2 (vn + Ci3)




Doing the numbers
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AG — Esurf — Edisl — Econt

J— Ci1 (v/n+Cis)
~ m/(4b)—Ciz(vn+Cis)

Esurf — 2’}/%652
Egiss = Car1d* (n°® + Cy2)

Energy [J]

8(1—v?) 23
FEeont = 3 O d

0 200 400 600 800 1000 1200 1400 1600
Number of cycles

Incubation crack we found is 150 nm

28



Varying maximum strain
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* At higher strain
levels: DD
conservative

e Experimental:
detectable
initiation & full
failure

e DD results are
for initiation

Total strain amplitude [%]

10°%, . : . .
[ "
44
fee 4
° i* © *4
<
L
& *
101} . -
DD
Huang and Ho
Jelke
Singhal et al.
Kim and Laird
-2 ) T P -
10 10 10° 10° 10°* 10°

Cycles to failure/ initiation

Comparison to experiments

30



Comparison to experiments
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10°

* At higher strain '
levels: DD
conservative _

S

* Experimental: P
detectable 2
initiation & full .| e

. v}
failure = e DD ]

. ical @ ¢ Huang and Ho o .
-I\IL-Jtr.n(:-rlcal. © | < Jelke Initiation itiat (\ )
INItiation = 7 nitiation (expt

| 5% Singhal et al. (DD) 0.1 pm g
// _ , 10 um
/- = Kim and Laird

10_2 1 M .......I2 M lIlI.JlII3 M .......I4 i .......I5 M .......6
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Cycles to failure/ initiation

Cycles to failure
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Multiscale crystal plasticity
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* Crystal plasticity can be used to compute (total) plastic work

* The total work can be scaled by an efficiency factor to compute
the stored energy

* The efficiency factor is obtained from dislocation dynamics

Plastic work in virtual crack

t
Stored energy — ftm E Ta"}/adt —
0 o

A- Area of crack

f - Efficiency factor

w- Plastic strain energy density

N - Cycles to failure

A~®- Plastic strain increment in system «

7*—Resolved shear stress in system « (Li, Shen & Proust, 2015

t"- Thichness of PSB
ICANESs O Fine & Bhat, 2007, Naderi et al (TDA) 2016) 32

f
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CPFE simulations
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* Rate independent CPFE formulation .| PSED percycle
for copper

e Random FCC orientation

L
o N

PSED [MPa]

* Cyclic loading for 20 cycles

* Plastic Stored Energy Density (J/m?3)
for various grains are plotted

uz(0)=0

1,(0)=0 Q>>‘

P I

33




Efficiency factor comparison between

MICHIGAN DD and CPFE + experiments
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0 :' ‘ 'zu . . - | |
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€ T
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Conclusion
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* Performed the largest cyclic dislocation dynamics
simulation till date. Accurately computed energy in
stored dislocations.

* Showed an incremental energy approach for using DD
results

* Hypothetical crack is inserted and incremental energy balance
is calculated

* Energy stored in dislocation network drives crack

* Has to balance surface energy change and reduction in
continuum energy due to crack

* Showed how to calculate efficiency factor from DD for
use in continuum or crystal plasticity calculations

e Future work: Addition of crack tip stress fields. Addition
of precipitate structure, addition of chemical effects
(solute, environment)
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