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Challenge in material modelling ﬂ(".
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Is COPPER = copper ?

v centimeter-sized specimen can % materials’ behavior in small

be used to predict meter-sized dimensions is not scale-invariant
components anymore
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Challenge in material modelling ﬂ(".
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Crystals and anisotropyg:

Kinetics of defects

Structure of defects

structureg
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Challenge in material modelling

>

Engineering Stress (MPa)

Singel crystalline micro pillar

compression test
(Uchic et al. , Science, 2004)

150 T T T
100 -
50 -
~-20 micron
--40 micron
~Bulk Sample
0 1 1 1
0 0.02 0.04 0.06 0.08

Engineering Strain

:> Size effect ,Smaller is Stronger*
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Torsional response of

polycrystalline copper wires
(Felck et al. Acta Metall. 42, 1994)

" Hall-Petch effect
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Challenge in material modelling ﬂ(".
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(€) o representative
material model

AX

Is a material model able to represent the underlying microstructure of a material?
:> Where is transition between length scales?
What are the parameters for a material model on a certain scale?

Exploring dislocation networks for continuum modeling Institute for Applied Materials — Computational

Katrin Schulz Materials Science (IAM-CMS)



Dislocation Microstructures
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Physics

N

Dislocations cause plasticity
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/ Microstructural behaviour \

Dislocations interaction dictates
constitutive behaviour

Dislocation pile-up in copper-
4.5% aluminium alloy

& PUCEY

Swann et al., Journal of the Institute of Metals 90(4) /

K (1961).
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Dislocation Network Structures ﬂ(".
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Z X

TEM (Zhang et al., Phil.Mag. 2003) DDD (Stricker et al., IMPS, 2018) DDD (Sills et al., Phys. Reuv. lett., 2018)

Competing mechanisms:

I.  Generation of new dislocations (line length), which allow for further plasticity

ii. Limitation of the dislocation mobility, which limit the plasticity generated by
dislocation motion
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Dislocation Network Structures ﬂ(".
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Modeling dislocation reactions and cross-slip

reac}ions

glissile Lomer collinear

Multiplication »Stabilization®

10 Exploring dislocation networks for continuum modeling Institute for Applied Materials — Computational

Katrin Schulz Materials Science (IAM-CMS)



Modelling Dislocation Network Structures _\_\J(IT
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® All reactions considered with the same formulation

atpreact = Cheact (Pi/[’"U&’ \/ pi/l + pg + ,O%/I|’UC|’\/ pi/[ + p%) with f,g = T",T’H and f 7£ (

® Resulting full set of evolution equations:

8tp§/[ =—-V- (Ug F"’i) + fvgq5 + 675)516\/[ + at/aﬁ/[ + atﬁi/I,Lomer + 8tp§/[,react + atpg/l,cross
Btng =V X (pi/[vgmg) + 8t.'%£

Cross Decrease of pE

8tp§let - 0'58tp§,omer — atﬁi/[,Lomer + 3tf3§1et + 8tp§,react Increase ofpf
¢ A 3 Ex7,,6 & ¢ ¢
atq = -V TK’J_U + A>Vo —|_ atq + atqreact + altqcross
Pm
® Mobility law

Té,mat = Gb\/z (afc (pﬁ/l + pg) + aLomcrpiomer)
¢
| 6 {% (|’r§| — Téjmat) sign (Tf) if |7€] > ngmat

0 if |7‘5| < Tfl
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Reaction Partner
A6 A2 A3 B4 B5 B2 C1 C5 C3 D4 D1 D6

Single crystalline Crystal orientation
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w
% ~ . Glissile (Different Plane)
D4 1
Size @ = 5 um © - Collinear & Cross-Slip
D1
D6 1 X Reaction Slip System
p oy

- Data driven approach

® Observation of dislocation
networks by a voxel-wise
approach

® Measuring dislocation densities
and reaction densities
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Single crystalline Crystal orientation
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Uy = UD

T

| a

I a

A6 A2 A3 B4 B5 B2 C1 €5

0039 0.1 @u.ﬂnz 0.039 11152 0.002

0.1

Size ¢ = b um

(100)
Slip system ¢
€3 D4 DI D6

L8 0.094 0.036

0.1 0.033KXE 0.002 [NEE] (USR] 0.002 0,039

0.09 PUELIINERIREY -0.06 1.3 [ONEN 0.094

(110)

A6

009701 035 0 012 035

UNIEE] 0.05 ﬂ
0

19

[ 0.

0.057 0.

Slip system ¢
A2 A3 B4 B5 B2 C1 C5 C3 D4 DI D6

0 013

046

003

1.7 035 0.068 0.003

AG

=g
W o

o oW
RS ) RSN

Considered Slip System
2F 88 Q

jw)
>

0.087 0.13 1.6

0.12

(Y 0.13

0.059 0.087

0.036 0.030 [OXSEONHL ( 19 01 1.3 0.003 0.06s (5 0.001
0.002 0,087 0.33 0.05 0 033

0.038 0.099 0.1 EIREH0.036 098 1.2 0.059 0.13

0.000 [X1£530.030 0.002 0.78 0.1 0.001

-0.08 0.4 0 0.057 0.33

0.095 0.09 n‘nm

0.035 0.12

Exploring dislocation networks for continuum modeling

Katrin Schulz

| oy
IIHE!E

[ 91 N

6

AT

Karlsruhe Institute of Technology
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Modelling Dislocation Network Structures

Reaction Partner
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Modelling Dislocation Network Structures ﬂ("'

Single crystalline Crystal orientation
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Modelling Dislocation Network Structures

Reaction Partner
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Interaction between
Slip Systems:

- Self-Interaction
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l:l Hirth
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Modelling Dislocation Network Structures

Single crystalline Crystal orientation
aluminum cube

Uy = UD
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® Varying micropillar sizes (1 to 10 um — dislocation storage regime)

Dislocation structures (post mortem STEM)

hange

Size ch

Zhao, X.X., Wu, J., Chiu, Y.L., Jones, I.P., Gu, R. and Ngan, A.H.W., 2019. Critical dimension for
the dislocation structure in deformed copper micropillars. Scripta Materialia, 163, pp.137-141.

Simulation

» Explain (and predict) complex material behavior e K Kadcska b ispanoviy, P, Schulz, K

Comptes Rendus Physique, 2021, pp. 1-27.
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