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Motivation AT
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m Typical crystal gradient plasticity extension:

W() — W() + Wg(V’yl, Ve, oo, V’}/N)

m Problem: 15 node variables (FCC)
—Gradients massively increase DOFs

a Proposition:

W(..) = W(.)+We(Vveq)

a Simplification ac — V-,

® node variables: 15 — 4
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Equivalent Plastic Strain Gradient Crystal AT
Plasti c ity Karlsruhe nstitute of Technology

@ Small Strains
H=Vu=H"+H" H’=3Y \dy®@n,; e =3 \JM;

Two slip parameters \, per slip system, A, > 0.

m Equivalent plastic strain v, — > Aq = X

m Equality of v, and X, is weakly enforced

m Stored Energy W = We(e, eP) + Wi(Zx) + Wy(Veq) + P(EN — Veq)
p: Lagrange multiplier

m Independent variables: u, Aq, Veq
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Equivalent Plastic Strain Gradient Crystal Q("'
Plasticity e

Variation of displacements (d\, = ¢4 = 0)

5/de_/aw 5:—:dv—/t5uda (1)

OAB

o /(&Wn—t)-éuda— /div (0.W) - Sudv =0 )

OAB

Result:
m Cauchy stress o = 9. W
m Linear momentum balance div (o) =0

B
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Equivalent Plastic Strain Gradient Crystal AT
Plasti c ity Karlsruhe nstitute of Technology

Variation of 7., (6A, =0, du = 0)

4] / Wdv = /(8.MW 0Veq + OV, W - V(07eq)) dv = / E0%eq da
—— ———
AB AB —p E OAB

= /(£-n—E)-5uda—/(div(ﬁ)—i—ﬁ)é%qdvzo

OAB AB

Result:
® Microtraction==¢&-n
m Backstress p = —div (§)
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Equivalent Plastic Strain Gradient Crystal AT
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Dissipation and flow rule

. !
Diot(AB) = /(t-ﬁ—kE%q)da—/deZO (3)
OAB AB

withdiv(e) =0, on=t, =Z=§¢-n and p=—div(§):

. !
Dyot(AB) = / > (o M35 — 05, Wi, —p) Ao dv >0 (4)
AB &

D

!
Local dissipation D > 0 = Flow rule, e.g. :

\ . a T C"_a)\W +v P
)\a:%<7 (10 TDZ h P)> (5)

7 12.07.2012 S. i , T. Bohlke, E. Continuum Dislocation Chair for Continuum Mechanics, KIT




Equivalent Plastic Strain Gradient Crystal AT
Plasti c ity Karlsruhe nstitute of Technology

Global residuals for FE-Implementation

G“:/aﬁsdv—/i-audaéo

B OBy

Grea = /(s-vw%(,) — P 6eq) dv — / = 676 da = 0
B OB=

Local (integration point) residuals based on implicit Euler:

r” =C o] - <€ —eb — ZAAa(a,p)M(f) Lo
N—— o

ge

TP = Yeq — ('qum + Z A/\a(0'7l3)> = 0
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Possible Enhancements/Modifications AT
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m Penalty approximation
W =We(e,e?) + Wi(Ex) + Wy(Vyeq) + D(Ex — Yeq)

1
— W =We(e, ) + Wi(Z)) + W,y (Veq) + 5HX(EA — Yeq)?

a Penalty parameter H,: large number
w Energy 1/2H, (5 — 7.4)> penalizes deviations of 3y from e,

a Grain Boundary Yield Criterion
fr=[g]-&°
m =°: Grain boundary yield stress

a Grain boundary yield resistance
a Delays initiation of plastic flow on the grain boundaries
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Figure: Periodic Simulation, 2 Mio. Dof

Hardening model
Wy = 3K6Veq - Veqs Wi(Ex) = 755 + %(Tg —7§)? exp (__eozkc)
0

Material Parameters

E v Ao P P TOC < 6o Ka

[e's]

70 GPa 0.34 107%s™! 50 1MPa 50 MPa 100 MPa 500 MPa  0.01 N
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Macro Response
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Comparison With Hall-Petch Relation
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Figure: Tensile test with periodic 2-grain microstructure
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Convergence
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Euclidean Norm of Force Residual

At:0.012 s 0.024 s 0.048 s 0.096 s 0.192 s 0.333 s 0.295 s
1.16e+03 2.33e+03 4.64e+03 9.19e+03 1.83e+04 3.12e+04 2.66e+04
5.20e-01 5.79e+00 1.15e+04 2.55e+04 4.03e+04 3.85e+02 3.45e+02
9.11e-04 2.286-01 8.266+01 1.73e+02 2.66e+02 1.646+02 1.87e+02
1.35¢-05 2.20e-04 2.35e+01 3.15e+01 4.13e+01 3.84e+01 9.05e+01 Macro response
2.01e-07 3.31e-06 3.71e+00 4.30e+00 6.23e+00 9.57e+00 2.09e+01
2.97e-09 5.00e-08 2.10e-01 4.24e-01 5.65e-01 4.126+00 4.87e+00 750 T
1.63e-02 2.91e-02 1.88e-02 5.67e-01 1.18e+00
2.48e-04 3.64e-04 5.44e-05 7.97e-03 1.53e-01
5.35¢-07 5.21e-07 4.37e+02 3.94e-05 2.35¢-02 s 500 B
3.16e-09 6.48e+01 9.35e+01 1.24e-06 1.26e-04 &
1226400 3.19e+01 1.03e06 | =
5.01e-02 3.00e+00 250 |-¢ Active SetSearch
3.10e-04 2.80e-01 Grain Boundary Nodes
8.44e-07 9.25¢-03
2.13e+01 5.47e-05 0 1
2.46e-01 4.67e+01
2.56e-03 6.73¢-01 0 0.025 0.05
3.49¢-06 8.37¢-03
4.66e+00 1.71e-05 &[]
8.48e-03 1.47e-07
1.41e-05
2.20e-01
1.28e-04
1.79e-07
3.56e-09

Marked in red: Active set search of grain boundary nodes

13 12.07.2012 S. i , T. Bohlke, E. : Continuum Dislocation Chair for Continuum Mechanics, KIT




Dependence on Time Step Size
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Improvement of Cross Hardening Model AT
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a Cross hardening is modelled by W3 ()

— phenomenological approach

m Replacement by dislocation based approach

¢ =1%p) =15 + aGb\/p

m Advanced dislocation density model (until now only single slip)

0t p =
&gﬁ =
).\ =

1% =

—div (Klll/) + pkv
—div (pk/p vkt +p/2 Vo)
pby

Vo sgn (1) <m>p

D

with kit =1/6(I —n®@n)VA and Vv = (I —n®n)Vv.
Accounts for dislocation transport and curvature-induced line length

production.
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Summary ﬂ( T
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Crystal plasticity model enhanced by gradient of equivalent plastic
strain

DOFs per node massively reduced

Leads to backstress formally similar to other theories
Classical FE-implementation + Grain boundary yield condition
Converging results

Results close to Hall Petch relation

Hall-Petch
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