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Abstract

A single crystal plasticity theory for insertion into finite element simulation is formulated
using sequential laminates to model subgrain dislocation structures. It is known that local
models do not adequately account for latent hardening, as latent hardening is not only a
material property, but a non-local property (e.g. grain size and shape). The addition of the
non-local energy from the formation of subgrain structure dislocation walls and the boundary
layer misfits provide both latent and self hardening of crystal slip. Latent hardening occurs
as the formation of new dislocation walls limit motion of new mobile dislocations thus
hardening future slip systems. Self hardening is accomplished by evolution of the subgrain
structure length scale. No multiple slip hardening terms are included.

The substructure length scale is computed by minimizing the non-local energy. The
minimization of the non-local energy is a competition between the dislocation wall and
boundary layer energy. The non-local terms are also directly minimized within the sub-
grain model as they impact deformation response. The geometrical relationship between
the dislocation walls and slip planes affecting dislocation mean free path is accounted for
giving a first-order approximation to shape effects. A coplanar slip model is developed due
to requirements when modeling the subgréin structure. This subgrain structure plasticity

model is noteworthy as all material parameters are experimentally determined rather than



vi

fit. The model also has an inherit path dependency due to the formation of the subgrain

structures. Validation is accomplished by comparison to single crystal tension experiments.
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Motivation
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Crystal Plasticity in FEM

L.atent hardening in crystal
plasticity i1s a non-local property,
dependent on grain size and
shape. Non-local properties not
captured in local models.

Local models with microstructure

exhibit no latent hardening.

Subgrain dislocation structures
resemble laminates.

Laminate structures can be
mathematically simulated.

Fig. 7. ia) Copper single crystal fatigued with tensile axis [001]. showing labyrinth wall structure on [100]
and [001]-planes Jinand Winter {1984a), { b) {D10)cross saction of a coppersingle crystal specimen showing
labyrinth dislecation structure Ackermann et al. (1984). Reprinted by permission of Publisher.




Single Crystal

Elasticity Model
Plasticity Model
Subgrain Structures
= Non-local Energy

Validation
= Single Crystal Tensile Experiments

= Crystal Grain Shape and Size Effects
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L aminate Microstructures

Characterized by:
a = polarization Laminate
N = wall normal ‘
2. = volume fraction

L¢ = length scale
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Elasticity Model

Separation of Elastic and Plastic Deformation
= Multiplicative Decomposition of the defermation gradient
F = FF”
= Additive separation of Elastic and Plastic Energy.
o = WeF] + WP[FP, ]
Elastic Single Crystal Model
= Constitutive

= Eneragy

= Material Tangent
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Plasticity Model

Due to latent hardening + formation of:
microstructure, single slip:is energetically: faverable.
(Conti and Ortiz, 2005; Ortiz and Repetto, 1999)

Irreversibility and Crit. Resolved Shear Stress give
conditions for slip
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Coplanar Sl

Although coplanar slip forms laminate
microstructures, these subgrain structures
do not contain dislocation walls. Also
formed at very fine scale.

Leads to forming a theory where each
laminate contains all'coplanar slip.

Coplanar Slip Theory:
« Effective slip direction: |

(T4 nyrda @ m)(n1F})

{I + iZ n TaSa :' 111‘)('1—] Ff)

(I+ \Z wYaSa @M i, F7)

Fig. 14. Cu-lat.%=Ge alloy crysial oriented [321] and deformed monotonically 1p 30%e strain, Hiza-

shida el al. (1956). @) Cophmr slip zones revealed by eich pits on the conjugate plane. (b) etch pit
configuration due to scondary dislocations in the vicinilty of kink bands. Reprined by permission of

Publisher.




Coplanar Slip

Solution for Coplanar Slip Effective Direction
= Desire condition:

nTalpha = ntat, for all o« € coplanar

= Initial guess for effective slip direction

__ (wi—wd) 4 (w2 —wyd) ..
(wi+wp)(1—d) " " (@ +w)(l-d)

= Further driven to match condition by iteration

o TR, P o . ¢ ghi 5 :
% = —(nF'sq omg)-C" - (n+ 1F"s; @ mg)
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= Solution scheme, single or coplanar slip

1. Compute all 7, — 7¢
2. Activate maximum slip system {rom step 1 as single slip
3. Re-conmipute all 7,, — 7€

ifall 7o, — 7¢ < 0, exit

else, return max « slip system to original slip strain and activate two
highest 7, — 7¢. Exit.




Mean Free Pathi Shortening

When dislocation walls form: the mean, free path
of dislocations is shortened.
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The actual length depends on the angle between
the slip plane and the dislocation wall.




Mean Free Path

Assuming the direction of motion of the dislocations is uniformly
distributed and dislocations are available everywhere

#paths = / / da dr = 2w AB
a=0

a=2m
Z paths = / / pla, Zlda dz

=0

Assuming separation of length scales, several small angle
approximations can be made yielding:




Eliminating parent length

Table 3.1: L/ A ratios for generic slip system A6
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Dislocation Wall Energy

As was derived by Aubrey and Ortiz using Orowan's relation, the
effect of decreasing the mean free pathiincreases the critically
resolved shear stress of the material:

n i+ )

'/\l— n hl— i )‘H"n.h‘l"‘

An estimate shows this should not always be treated as a
perturbation




Bounaary Layer Energy

An average of defermation in the
boundary layer

Removing the plastic deformation that has

already occurred in the parent material

and assuming elastic deformation within
the boundary layer yields the boundary

layer energy.

n ”.!BL == ’\H‘ (HT [(FIEL )(n FI)_l] —-W [n.F[+] )"l‘)‘l‘ (HTE [(FZQL )(n FE)_I]_‘II‘I?[HFI_ ])

Scaled by the volume of the boundary
layer for the total non-local energy:




Laminate Microstructures: Non-
local Energy

Tihe non-local energy: is the combination of the energy
gained from the dislocation walls and the mismatch at
the boundary.

The laminate thickness' Is determined by the
minimization ofi the non-local energy.

equation 3.24 ,if (equation 8.24)< ,_ 11,
n—1L; ,otheruise




Laminate Length Evolution

/o obtain correct time evelution of hardening! it Is
essential to update the lengthi of the entire
micrestructure:

Ly, WEE Ly WEL
x +
A+

*Note both traditional mechanisms of hardening are reproduced by the
laminate size evolution: self hardening and multislip hardening.




Crystal direction
(aligned to tensile axis)

Z

Table 4.1: Copper Material Constants
| Constant | Value | Ref.
Elastic Const. {('11) 165.4 GPa GHT1
Elastic Const. (Cy3) 121.4 GPa +HT1
Elastic Const. {Cyy) 75.4 GPa GHT1
Crit. Shear Stress (7°) | 1.0 MPa |Bar52|
Burgers Vector (b) 256+ 10710 m || [KAATS

Line Tension {T) 183+ 10710 N || [KAATS




Stress Discontinuity

There is a discontinuity in
the stress when new
laminates form.

microstructure 2

This is evercome by fixing

the microstructure during .

the traction boundary S, microstructure 1
satisfying iteration.




Results — Orientation
Dependence

Experimental
data from
Composite Data FranCiOSi
7
] 1985.

P(31(3] (Pa)

Uncertainty in

strain % initial sample size.




101 Structure

D slip plane B slip plane
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[101] Shp Strain by Slip System

Slip System Strain %

Sample Strain %

Flg. 9. Further exampies of the ksbyrinth sirocture. ) 1011 aection of copper single crystal eyeled in the
[011] dirction, Jin (1987), (b) polycrysalline Cu Ni alloy fatigued 1o satumation, Charsky (1981),
Reprinted by penmissicn of Publisher




ain by Slip System

B slip plane

Sample Strain %

[102] Slip Str

% Ulens walsAg diis

)
=
©
o
o
»
O

z4

@
N
)
e
O
i)
R
J)
)
O\
-
|

T e ., S
T T, A T L 7 W e,

\ 4""“.""!"""
\ ,’ - e ey
1 | o R -




442 M. Oriiz, E.A. Repeiio/ Journad of the Mechanics and Physics of Solids 47 | j990 ) 307 462

aw
\ — '-!h’l

Brx B}

‘ wace of (1011

Fig. 10, (101) wall structure in fatigued polycrystalline copper. Wang and Mugharbi (1984). Reprinted by
permission of Publisher.

Fig. 9. Further examples of the labyrinth structure, a) {0T1)-section of copper single crystal cycled in the
[011] direction. Jin (1987), ib) polycrystalline Cu-Ni alloy fatigued to saturation, Charsley {1981}
Reprinted by permission of Publisher.
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e crystal fatlgucd with weansike axis (OU1]. showing labyrinth wall sructore on [100]
0 Winber (19S3a). ¢ by i1 cross saction of a copper sinple o ystal specimen showing
Tabyrinth distocation structune Ackermann f al (1954). Reprinted by permission of Publisher.
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Size Dependency

102_size variation_data

thick = 3mm
—-thick=Tmm

thick=0.5mm

—
[
o
S
i)
[
o,
o

strain %

Variation in L for the 102 orientation simulations
-also gives shape dependency with shape to slip plane function




Grain Shape

Grain shape influences the boundary.
layer and slip plane area, thus ¢
—&—sphere

—e—ellpse a_101 Simulations with [101] crystal

One simulation with a sphere,
two simulation with an egual
volume ellipsoid with major axis
twice minor axis
Gives 5% more boundary: layer
Either increases or decreases
activated slip system dislocation

mean free path lengths
oo St % depending on ellipse orientation

Grain shape with arrows indicating tensile ([101] crystal) « Orientation of; e“ip50id effects
direction: 1 1 response

Grain Shape




Conclusions

Behavior of symmetric microstructures are

captured well.

Correct predictec
IS captured. Harc

evolution of subg

slip off evolving microstructures
ening predicted by time
raini structure length scale.

Graini size and shape efiect hardening behavior.

Further work will

likely need to include the time

evolution of laminate volume fractions.




112 Structure

At 5% strain
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