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@ Context and motivation: need for modeling of size effects
© Modeling of size effects with discrete dislocation dynamics
© Modeling of size effects with strain gradient crystal plasticity

@ Concluding remarks
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Size effects in materials

@ Experimental evidence of size effects: "smaller

is stronger" )
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[Amouzou-Adoun, 2024]
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[Xie et al., 2023]

@ Size-dependent strengthening: o, ~ h™", r € [0.2, 1] [Dunstan and Bushby, 2014]

@ Size-dependent hardening

Context and motivation: need for modeling of size effects 4



Modeling of size effects

@ Modeling approaches across scales: from atomistic to macroscopic scale )

Optical Microscopy
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Modeling of size effects

@ Modeling approaches across scales: from atomistic to macroscopic scale J
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= Gradient-enriched plasticity as a powerful approach to model size effects ! J
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Gradient-enriched plasticity theories: strengths

= Able to naturally capture size-dependent strengthening and hardening J
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Gradient-enriched plasticity theories: limitations

= Limitations in predicting quantitatively size effects
= Prediction of uncommon size effects under certain loading conditions: elastic gaps ! J

——Gurtin-type model

---- Classical model

Elastic slope

64 Elastic gap at passivation

Elastic gap at initial yield

Passivation
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Dimensionless curvature

Constrained bending response at small scales [Amouzou-Adoun et al., 2023]

Dimensionless moment
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© Modeling of size effects with discrete dislocation dynamics
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Concept of dislocations to solve the mystery of deformation

0

Critical shear stress to permanently deform the lattice: 7! ~ w/2m > TP
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Concept of dislocations to solve the mystery of deformation
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Critical shear stress to permanently deform the lattice: 7! ~ w/2m > TP
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Linear crystallographic defects : dislocations [Volterra, 1907]
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Concept of dislocations to solve the mystery of deformation
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Small scale mechanisms of permanent deformation (plasticity): movement of dislocations
([Orowan, 1934], [Taylor, 1934] and [Polanyi, 1934])
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Concept of dislocations to solve the mystery of deformation

o e ot oo

h ]

Small scale mechanisms of permanent deformation (plasticity): movement of dislocations
([Orowan, 1934], [Taylor, 1934] and [Polanyi, 1934])

Transmission electron microscopy observation of dislocation structure in a metallic alloy
[Xu et al., 2018]
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Discrete dislocation dynamics: general principle

Description of plasticity through the
movement of dislocations:

@ Edge-screw discretization

@ Dislocation velocity
Teff

B
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" 1. -
T = {(g[oqLo']b) Xl} Sg+ T

@ Local interaction rules

@ Plastic strain computation
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Size effects with discrete dislocation dynamics

@ Cyclic shear responses of passivated plate for different thicknesses h (2
symmetric slip systems, initial dislocation density pg = 3 x 10'2 m_2).J
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Size effects with discrete dislocation dynamics

@ Cyclic shear responses of passivated plate for different thicknesses h (2
symmetric slip systems, initial dislocation density pg = 3 x 10'2 m_2).J
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Size effects with discrete dislocation dynamics

Stress 019 (MPa)
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DDD response for h = 2 ym: nonlinear
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Size effects with discrete dislocation dynamics
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(taken from [Hidayetoglu et al., 1985]).
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Size effects with discrete dislocation dynamics

300
=
Ay —~ 150
= &
< 2
S ©
°© 2
2 £
& 50 &
4’: 150
95}
—100
— h - 2#111 —300
—150
200 —450 - - - -
—0.10 —0.05 0.00 ) 0.05 0.10 “12 09 06 l‘étraiu(‘%ﬁ’)“ 06 09 12
Plastic strain &, (%)

DDD response for h = 2 ym: nonlinear

KIII kinematic hardening of [Asaro, 1975]
kinematic hardening

(taken from [Hidayetoglu et al., 1985]).

o Size-dependent strengthening (0110 ~ h=0-2)
@ Size-dependent hardening
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Size effects with discrete dislocation dynamics

On the hunt for elastic gaps !

Normalized moment M/(wh?) (MPa)
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Size effects with discrete dislocation dynamics

On the hunt for elastic gaps !
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= No traces of elastic gaps are captured with DDD
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© Modeling of size effects with strain gradient crystal plasticity
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Multi-kinematic SGCP approach

Internal and external virtual powers:

a q
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with v is plastic slip associated with slip system «
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Higher-order kinematic hardening modeling

From parallel (stress) to series (kinematic) decomposition:

=6+8 = VU =ritkg
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Higher-order kinematic hardening modeling

From parallel (stress) to series (kinematic) decomposition:
=6+8 = VU =ritkg

Chaboche-type kinematic hardening model [Chaboche, 1989, Besson et al., 2010]
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Higher-order kinematic hardening modeling

From parallel (stress) to series (kinematic) decomposition:
=&+ = VY =krtKg
Chaboche-type kinematic hardening model [Chaboche, 1989, Besson et al., 2010]
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Discussion: Capabilities of the proposed model

Stress 19 (MPa)
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Evidence of the non-linear kinematic
hardening
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Discussion: Capabilities of the proposed model
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Discussion: comparison with DDD

— h =2pum DDD
h =2 pum SGCP

Stress 019 (MPa)

—0.2 —0.1 0.0 0.1 0.2
Total strain 19 (%)

Comparison with DDD results for
h =2um.
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Discussion: comparison with DDD
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Discussion: comparison with DDD
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h = 2um. SGCP
@ Strengthening: o15° ~ h~' (Orawan law) # DDD results 6152 ~ h=%2. J
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Micromorphic multi-kinematic SGCP approach

Penalty

DOF : {u,v*} = {u,x"}, V - £% = curl xP, x? Ex H? (Plastic distorsion) J
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Micromorphic multi-kinematic SGCP approach

DOF : {u,7*} = {u,x"}, V - £% = curl xP, x? Ex H? (Plastic distorsion)

Penalty
V.
Macroscopic equilibrium: Ve = 0 w1
piceq ’ o-n = ¢t on S
Microscopic equilibrium: ERNE w1
pic eq ’ M-een = m on S
.

Modeling of size effects with strain gradient crystal plasticity 20



Micromorphic multi-kinematic SGCP approach

DOF : {u,7*} = {u,x"}, V - £% = curl xP, x? Ex HP (Plastic distorsion) J

Penalty

Macroscopic equilibrium: Ve =0 in V
pie & "\ oon = t on S
Microscopic equilibrium: 4 ° +ecurlM = 0 in V
pic €q : M-een = m on S

Chaboche-type kinematic hardening model [Chaboche, 1989, Besson et al., 2010]
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Discussion: comparison with DDD
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Discussion: comparison with DDD
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@ Good (quantitative) prediction of the scaling factor by the micromorphic SGCP

model.
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Discussion: comparison with DDD
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@ Concluding remarks
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Conclusions

Discrete Dislocation Dynamics (DDD) Modeling

@ Evidence of size-dependent strengthening (o, ~ h~%2 in the case constrained
shear conditions).

@ Evidence of size-dependent kinematic hardening with clear inflection points,
consistent with Asaro’s type Il behavior.

@ New insights into small scale plasticity mechanisms: more physical interpretation
of strengthening and hardening.

Gradient-Enhanced Continuum Modeling

@ A refined SGCP framework based on a multi-kinematic decomposition of gradient
terms into energetic and dissipative parts.

@ Current challenges include limited flexibility in capturing lower than one scaling
factors.

@ A micromorphic formulation successfully extends the approach, enabling accurate
control of the scaling factor within the physical range between 0 and 2.

Concluding remarks



Thank you for your attention!
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