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Motivations: yield point and 
Bauschinger overshoot
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The yield point phenomenon
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M d li hModeling scheme

Forward straining
Unpinning of dislocations needsUnpinning of dislocations needs
UYP

R t i iReverse straining
Bauschinger effect
Unpinning of dislocations is
f dfavored

Modeling directions
The model should couple strain
aging and internal stress 
development
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Field Dislocation Mechanics
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Field Dislocation Mechanics
Lattice incompatibilityLattice incompatibility

Elasto-viscoplasticity
αUcurlUcurl −=−= ⊥⊥

ep
Elasto viscoplasticity

{ } { } { }
{ } { }//

//
pe

//
eee

UdCUUdCT

UugradU:CUU:CU:CT −+=+==
⊥

⊥⊥

Compatible plastic distorsion rate
//// )( LVαU +×&

{ } { }p
//
pp Uugrad:CUUugrad:CT −=−−= ⊥

n

Equilibrium + B.C.

//// )( Pp LVαU +×=

0Tdiv =
C

S

b
Dislocation transport

Constitutive behavior specified through V and Lp

)LV(αcurlUcurlα pp +×−=−= &&
S tv

JVSD, Ecole des Mines, Paris 9

p g p
Acharya, JMPS 49, 761 (2001), Acharya & Roy, JMPS 54, 1687 (2006)

04/05/2011



Nonlocal character of FDM

3D balance of momentum3D balance of momentum
Long-range correlations due to incompatible lattice distortion
Short-range interactions due to dislocation transport g p
Not implemented in the present investigation:

Continuous modeling of interfaces        relations on limiting
l f l ti / l ti di t ti f b th id f thvalues of elastic/plastic distortion from both sides of the 

interface 
Nonlocal elasticity at nanoscaley

nonlocal character of the framework

04/05/2011 JVSD, Ecole des Mines, Paris 1010



Finite Element implementation

Rate form of equilibrium

{ } 0UvgradCdivTdiv && :{ } 0UvgradCdivTdiv P =−= :

Pp LVαUα +×=&,T

Transport
PUcurlα && −=

Pp,

Numerical implementation
Equilibrium problem solved using ABAQUS
UMAT for transport problem solvingUMAT for transport problem solving
Galerkin-Least Squares FEM scheme for UMAT

S N Varadhan A J Beaudoin A Acharya and C Fressengeas MSMSE 14 1245 (2006)
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Material behavior

Dislocation velocity
Positive dissipation : 0≥== V.FU:T p

&D
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Crystal plasticity

Schmid tensor, resolved shear stress

G di t l it t li t h t

sssss PTnmP :, =⊗= τ

Gradient velocity tensor, slip system shear rate
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Modeling strain aging
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St i i d lStrain aging model

Dislocation velocity ⎟⎟
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St i i d lStrain aging model

Statistical dislocation densities evolved using modified Kubin-Estrin
d lmodel
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C0 reflects the contribution of GNDs to forest hardening

PLVα +×=Γ&

C0 reflects the contribution of GNDs to forest hardening

V. Taupin et al, Acta Mater. 56, 3002 (2008)

A. Acharya, A.J. Beaudoin, JMPS 48, 2213 2000
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Heuristic 1-D model 
at slip plane level in pure torsion

Tangential screw density        , plastic distortion rate bVρVαε mrθθθz +=&αθθ
zM

αθθ V(r)

r
ρm

Transport 0=+ z rθθα θε&&

αθθ V(r)

Transport
Dislocation velocity

z,rθθ θ

( )⎟⎟
⎞

⎜⎜
⎛

−−−−== hθθ

*

θ
/-

f σσ)(σσσV)σσ(ρυVV sgnexpsgn21
0

Back-stress evolution, kinematic-hardening-style

( )⎟⎟
⎠

⎜⎜
⎝

hsθzμθzμθzfr σσ)(σσσ
kT

 )σσ(ρυVV sgnexpsgn0

R
μ

rθθμ V
bασ

Vαμασ
ˆ

,~ =−= τ
τ

&

JVSD, Ecole des Mines, Paris 17

rR
μ Vτ

04/05/2011



Results
l f ld1. Directionality of yield point

Yield point phenomenon, Lüders band
Directionality of yield pointDirectionality of yield point

2. Field Dislocation Mechanics
Governing equations of FDM
Phenomenological Mesoscale FDM
Heuristic 1D-model in torsion

3 Modeling strain aging3. Modeling strain aging
4. Results

3D simulations3D simulations
Interplay between strain aging and polar dislocation microstructure

4. Conclusions

JVSD, Ecole des Mines, Paris 1804/05/2011



Results

Polycrystal each element is assigned a single crystallographic orientationPolycrystal, each element is assigned a single crystallographic orientation
12x12x60 = 8640 elements
Galerkin FEM method for equilibrium equation
Galerkin – Least Squares FEM method for transport equation

JVSD, Ecole des Mines, Paris 19

Galerkin Least Squares FEM method for transport equation
V. Taupin et al, Acta Mater. 56, 3002 (2008)
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Results

Band at angle with axial and transverse directions (see Neuhäuser, ASME 95)
Residual strain rate behind the band
Bauschinger effect predicted
UYP removed when straining is reversed

JVSD, Ecole des Mines, Paris 20

Transient inflexion of strain hardening after path reversal
V. Taupin et al, Acta Mater. 56, 3002 (2008)
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Interplay internal stresses-strain aging

Radial gradients in plastic strain rate generate polar dislocations
In forward torsion, polar density and back-stress build up

Back-stress opposes dislocation unpinning by lowering effective stress andBack stress opposes dislocation unpinning by lowering effective stress and 
dislocation velocity, hence favors UYP

In reverse torsion, polar density of opposite sign is generated
Back-stress increases effective stress, favors dislocation unpinning, hence UYP is 
no more necessary for unpinningno more necessary for unpinning
Annihilation of microstructure built in forward torsion and generation of a new 
polarized microstructure
Subsequent inflexion of strain hardening in reverse straining

M
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V. Taupin et al, Acta Mater. 56, 3002 (2008)
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Experimental evidence for p
transient behavior in reverse straining

After Peeters et al (2000)

Polycrystalline aluminum at various temperatures

shear strain

Interstitial Free steels

Hasegawa et al, Mater. Sci. Engng, 20, 267 (1975)
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Peeters et al, Acta. Mater.  48, 2123 (2000)
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C l iConclusions

FDM + Strain aging model allow reproducing
Bauschinger effect (directionality of strain hardening)
Yi ld i t di ti litYield point directionality

through history of polar dislocation microstructures:
Microstructure built in forward straining annihilate at reverse straining, and 
inverse polarization occursinverse polarization occurs
Microstructure evolution translates into inflexion of strain hardening after
strain path reversal

The theory naturally involves internal length scales and spatial 
correlations reflecting

Dislocation transport (cross-slip…)p ( p )
Lattice incompatibility and long-range internal stresses

The theory is effective in predicting anisotropic hardening in complex
strain paths
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