Homarus Americanus




Homarus americanus

0.55 Gyr age

The cuticle is one of the
oldest natural materials
for structural and armor
applications, already
present in the fossil
records of crab, lobster
or shrimp about 550Myr
ago, and thus, among
the most successful
animals living on the
earth



http://www.fossilmuseum.net/Fossil_Sites/Lebanese-Lagerstatt/Scyllaridae/Scyllaridaeb.htm

twisted plywood of honeycomb-like mineralized

Homarus americanus multilayer cuticle chitin-protein planes chitin-protein plane
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~20 nm
N-acetyl-glucosamine a-chitin chains chitin nanofibrils chitin-protein fibers in
molecules wrapped with proteins mineral-protein matrix

Nikolov, S, Petrov, M, Lymperakis, L, Friak, M, Sachs, C, Fabritius, H-O, Raabe, D and Neugebauer, J.: "Revealing the

Design Principles of High-Performance Biological Composites using Ab initio and Multiscale Simulations: The Example of
Lobster Cuticle" Advanced Materials,21 (2009), 1-8



Scale

0.1 nm-10 nm

10 nm - 100 nm

100 nm - 10 pm

10 um -1 mm

Hierarchical
structure unit

a-chitin (H-bonded anti-
parallel N-acetyl-glucosamine
molecular chains)

Mineralized chitin-protein
nanofibrils in a planar array

Twisted plywood stack of
mineralized chitin-protein
planes without pore canals

Twisted plywood stack of
mineralized chitin-protein
planes with pore canals

Experimental
method

Microstructure

Transmission electron
microscope

Schematic

Field emission scanning
electron microscope

Field emission scanning
electron microscope

Field emission scanning
electron microscope
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Simulation method

Ab initio; density functional
theory

Mori-Tanaka scheme (chitin-
protein fiber); Torquato 3-
point scheme (mineral-
protein matrix)

Dilute approximation, tensor
rotation

Torquato 3-point
homogenization

Elastic behavior,

3D maps of Young‘s
modulus [GPa]

a,b-axes: basal
directions of the
chitin unit cell

c-axis: longitudinal
(chain) axis of the
chitin molecule
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Links between scales — Multiscale Material Modeling

Fracture mechanics problem is a complex multiscale phenomenon

108 m
material nonlinearities

10%m
macroscale

10°m &
breaking of
atomic bonds
nanoscale

107"9m M.J. Buehler, H. Gao, 2005

atomic scale



Multiscale approach to fracture in steels

”1 D”

Structure

Continuum _
*Brittle fracture

*Hydrogen induced fracture

* Ductile tearing
* Cleavage fracture

Ans




Multiscale Materials Modeling

; ; Grains
Atoms Dislocations Continuum laws Load

Precipitates Plastic flow Primary particles Geometry

e

M

1nm

Constraint

New interatomic Stacking fault Crystal plasticity Mechanics
potentials for steel energy modeling



Scale 0.01-1m 106-103 m 108-10"m
Structure/ i‘. :
material R
\ Bottom-up
\
proac
SypsEsessEEIIy it
D
’%5;!”[
Modelling m
techniques
Continuum \ Crystal Quasi- | Molecular
mechanics \ Plasticity continuum ; dynamics

Experimental
techniques

Large-scale Small-scale Micor-pillars/ Nano
testing testing Focused ion beam indentation

E @stby and C Thaulow
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Virtual internal bond (VIB) method
Suitable for fracture applications, “hierarchical coupling”

Quasicontinuum method (QC)
Suitable for fracture and plasticity applications, “concurrent
coupling”

Hierarchical coupling: sequentially feed parameters (e.g. QM
(DFT) to MD to FEM etc.), only one level of discretization during

simulation

Concurrent coupling: concurrently carrying out simulations of
different discretization in one domain; parameter feeding “on-
the-fly”



VIB approach

virtual internal bond material f ~

RVE

P. Klein and H. Gao, 1998 (and following years)



Fundamentals of VIB

calculate
Once free energy density is known, calculate constitutive relations
2
B ] oy
Oy = Cym b Com = 3 A
0g, 08,

Concept of VIB: use Cauchy-Born rule (C-B) to develop expression
of free energy density; use to obtain constitutive relation for finite
element model



Cauchy-Born rule

» Concept: Express potential energy U for a atomistic representative
volume element (RVE) as a function of applied strain

yf(é‘ﬁ) = g% f(gy )€ T=0, no entropy

20 O,
f(g ) . potential energy of RVE as function of E;j

(), : volume of RVE

* |mpose macroscopic deformation gradient on atomistic volume element,
then calculate atomic stress — this corresponds to the macroscopic stress

»  Strictly valid only far away from defects in periodic lattice (homogeneous
deformation, perfect lattice, amorphous solid-average)

» Allows direct link of potential to macroscopic continuum elasticity



1D example: Cauchy-Born rule

» |mpose homogeneous strain field on 1D string of atoms
= Thenobtain &, =c,¢, fromthat

(1+e) 1y

Fo

r=({1+¢e)-r

1 1 Strain energy densit
— = 1_|_ ) gy E'F
y(e) 7D #(r) 7D p(1+¢)-1) function
interatomic
potential

out-of-plane area — I - D atomic volume



2D hexagonal lattice
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How is this expression obtained?



Geometry triangular lattice

one atom with six neighbors

Need bond length as function of strain

l, 60° = — _ =(D =(I)
Epy =€, E-€, N =1+ 8- &
30° ;= toa AL,
X
B Ly,
General vector to describe bonds:

50° ED =[cos(p).sin(@)]



Geometry triangular lattice
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Geometry triangular lattice

l, 60°

. f—(1+ &, +3En 5 (5‘11+£,,1})



Expression of free energy density

V()= 240

Account for —
& i E
all bonds Q=4 3r;

b

-

-
@t--

6 neighbors

w(e;)=

% (B(1) + 4(1,) + 4(1,))

:
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Taylor expansion of interatomic potential

2 1
W(Eaj) =5 2 (d(1) + (1) + ¢(15))
V2T only the two first terms

l=r

-
£

o(r)y=a,+a,(r—n)+a,/2(r—r) +..

a, = const.
a, = ¢T(3E) =0 Valid for any pair potential
, =0 () =k

Qﬁ(r} = E{, — 7 )1 Harmonic approximation
2 0




Concept: Interatomic potential

n dU (ri)
i‘: — ——
(l["z-_ Energy U r
M
Electrons »_0
\)p - h‘\ ’.. - q,\‘
’ ’ .
Ve —>y ) 1/r (or exponential)
A1 I \ }
\!‘_ e \_____I
Core repulsion
>
r Radius r
A —— « (distance
“  between
atoms)
e n

attraction

“point particle” representation

Attraction: Formation of chemical bond by sharing of electrons
Repulsion: Pauli exclusion (too many electrons in small volume)



= Pair potential: all bonds depend only on pairs of atoms

= 290

jl’*u’

?‘f&?}'??

= EAM potential: in addition to pairs of atoms have
contribution due to environment of atoms, expressed
through electron densﬂy (which is a pair potential)
depends on
¢ = Z —¢(}f' )-|— all neighbors of i
j=l.. vw (multi-body)

= MEAM potential: electron density itself is also a multi-
body potential (depends on bond angles)

|
Qf’;‘ — Z 596(’?;;) + F(pf(}‘%f? H;;;{v))

J=l1.N, eigh



Lennard-Jones potential: schematic

@ I LJ 12:6
\ | _ Potential ¢. well depth (energy per
|

bond)
: o: force vanishes (EQ
WA K distance between atoms)
|
v
Parameters

o] {7]

Sir J. E. Lennard-Jones (Cambridge UK) Lennard-Jones 12:6



Lennard-Jones potential — example for copper

0.2 — . .

0.1 F 1

N — _

¢ (eV)

—0.1 F

0.2 SR - '

r (A)

LJ potential — parameters for copper (Cleri et al., 1997)



Harmonic approximation
for small deformations
¢

Chemical bonds “never” break!

1 )
O(rij) = ao + 5k(rij — o)

-

harmonic oscillator




Free energy density

harmonic pot
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After lengthy algebra. ..

J3
gﬁ-(%g +2¢,,5, +%£ﬂ+(£ﬂ+£ﬂ) }

W{EQ'J -

8 4
|

spring constant

¢'=k

Can now be used to determine constitutive relations

_aw(e,) _ (s

o. = i
U = k! a )
CE:{'.' G'EHG'EH
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Summary

» Have model that makes direct link between atomistic
potential and structure (e.g. random bonds as in
amorphous materials) and constitutive model

» Have model that describes failure of material at point
of loss of stiffness (instability)

= Can apply to describe fracture of materials!



Atomistic FE

Example: brittle fracture
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Calculate constitutive relation
directly from interatomic
potential; depends on
deformation state
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brittle fracture

Example

fracture initiation

RN
3

TR

Element failed when one wave speed

equal to zero

min(c, )= 0



Atomistic FE

Fracture simulations with VIB

plastic zone boundary
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Further developments...

VIB can not treat finite temperature effects

zero temperature

Oy /7/
Cory = =U-18
k! O¢ 0, g




Finite temperature atomistic-
continuum methods

Need an additional term to account for temperature:

the entropy due to the vibrations



H. Jiang
Y. Huang

Department of Mechanical and Industrial
Engineering,
University of lllinais, Urbana, IL 61801

K. C. Hwang
Depariment of Engingering Mechanics, Tsinghua
Iniversity, Beijing, China 100084

A Finite-Temperature Continuum
Theory Based on Interatomic
Potentials

There are significant efforts to develop continunm theories based on atomistic models.
These aromistic-based continuum theories are limited 1o Zero temperatire (T=0 K). We
have developed a fintfe-temperature contiunem theory based on interatomic pofentials.
The effect of finite temperature is accounied for via the local harmonic approximarion,
which relates the entropy io the vibration frequencies of the system, and the latter are
determined from the interatomic potential. The focus of this theory is to establish the
continuum constintive model in terms of the inferatomic potenfial and temperature. We
have studied the temperatwre dependence of specific heat and coefficient of thermal
expansion of graphene and diameond, and have found good agreements with ile experi-
mental dafa without any parameter fitting. We have also studied the temperatire depen-
dence of Youngs  modwlus  and  bifurcation  strain of  single-wall  carbon
nanaiubes. [DOL 1001115/1.2019865

Kevwords: Finire Temperatire, Local Harmonic Approximation, Interatomic Potential,
Constitutive Model

Planck’s constant

3N

S=- A’BE In| 2 sinh

Boltzmann constant

vibration frequencies of the system

haé,, w=U -

AarkgT,

Concept: account for
entropic effects

Achieved by considering
atomic vibrations



Atomistically informed finite temperature
finite element method

IN )
hw .
S=—k In| 2 si h( n ) ={/ —
2 “[ . 4kaT} d

n=1

S 1 FU,

2 vibration frequencies of the system
W, L3Ny —

(eigenvalue problem)

(8]

mox dx

Determine atomic vibrations, determined for specific crystal structure
and interatomic potential

Jiang, Huang et al., JEMT, 2005



Atomistically informed finite temperature
finite element method

Free energy: 1/ = [] — TS(:; A) Vibration frequencies
For all atoms and all
directions in RVE

|

N 3
77// {f'.. T) = Llrtnt{ }') + ;‘BTE 2 l[1|:2 Hil]h( (Wi ):|
i=1 wx=1 -I'TTRBT

\ o 4
\_Ii/'

entropic

contribution

(new)

“regular” potential
energy term (sum over
all contributions in RVE)

Key concept: use free energy in Cauchy-Born rule instead of potential energy



N 3
hw:
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Similar method (developed by W.K. Liu’s

Comput Mech (2008) 42:531-541
DOl 10 10070065 0T 0230

group)

ORIGINAL PAFPER

A finite temperature continuum theory based on interatomic

potential in crystalline solids

Albert €. To - Wing Kam Lin - Adrian Kopacz

Received: 14 Tune 2007 /Reviced: 11 Seprenber 2007 £ Accepad: 14 December 2007 [ Publiched online: & Tamsry 2008

i Springer-Verlag 2008

Abstract A finite remperature continomm theory of crvs-
talline solid based on an approximate Helmboltz free energy
expression 18 proposed. The free energy expression is specif-
1cally dermved for simple implementation in atomistic- based
contimmm metheds (e quasicontinim method) via the
Cauchy—Bom mle at lnite temperature, It s obtaned by
the method of @aisical moments via the quasi-barmonic
approximation gether with Taylor series expansion of a
given interatomic pofential. The phonons are assumed to
Tellow the Bose—Einstein distobution so that the quantum
effacte at Jow temperature are pecounted for. The resuling
free energy is in terms of a given interatomie patential and
asimple function of displacement that accounts for thermal
expansion. [tis employed to formulate two finite termperature
contimumm merthods via Cauchy—B orn rule and via the virmual
atomic cluster(VAC). [tis validated throngh comparisonwith
experimental results of varous thermodynamic quantities. In
the case of fee metals, the proposed free energy exprescion
15 shown ta be valid for a wide range of temperatures above
S K.

Kevwords  Quaosicontinuum - Finite temperature
continuum - Canchy—Borm mle - Interatomic potential -
Crystalline solids

scale. Traditional single-scale modeling methods encounter
great difficulties analyzing nanoscale structures due (o its
long length and tme scales that make computation very inef-
ficient [ [-3]. Mesoscale systems consist of billions of atoms,
which is simply teo many for dirset atomistic simulations
such as molecular dy namiss (MD). Neither scale can be mod-
eled by uaditonal continuum methods becapse the cormect
physics at the nano- and meso-scale cannot be captured by
these methods. Recently, many multiscale modzling methods
and cominium theories based on mteratone polentils have
been developed to address the ssues of length and time scales
while keeping some essential atomistic features [4-18], Ar
the continoum level mn many of these multscale methods and
in the atomistic-based continuum theories, the equations of
motien are derived from the interaromic potential via either
the Cauchy—Bom rule |6, 19], or the recently developed vir-
tual atomic cluster (VAT [1,2,20]. In addinon, the hetero-
genecus multiscale method (HMM) framework developad
by E and co-workers obtains multiscale constiutive behav-
1or by conserving energy and momentam at different scales
|7.21].

There has been o recent surge of interest 10 account for
finite temperature cffects in these multiscale methods and
atomustic-based contmuum theones, namely the change

Elasticity as function of temperature
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Quasicontinuum (QC) method

E Tadmor, R Miller, W Curtin et al

The code can be downloaded

http://www.qcmethod.com/



http://www.qcmethod.com/

Fundamentals of QC

Use a coupled atomistic-finite element domain

Atomistic resolution of FE mesh possible (one FE node point = one
atom)

In rest of domain, use C-B rule to obtain constitutive relation (similar
to VIB, for small deformation only since FE model is linear elastic)
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Crack in thin copper film
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Buehler et al., 2006

Combine atomistic regions embedded
In continuum region



QC method to link DFT, EAM and FE

'Local EAM (region II1)|
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Lu, Tadmor, Kaxiras, PRB, 2005



Advantages & features

= Significantly reduced # of DOFs: atomistic description
only where needed, in parts of the domain where strain
Is large (atomic bonds about to break, shear, rotate etc.)

» Compared with VIB can not only model brittle fracture,
but also microscopic processes such as dislocation
plasticity, grain boundary processes, etc.

Limited to O degree



A UNIFIED FRAMEWORK AND PERFORMANCE
BENCHMARK OF FOURTEEN MULTISCALE
AromisTiC/CONTINUUM COUPLING METHODS®

Ronald E. Miller! and E. B. Tadmor?
Department of Mechanical and Aerospace Engineering,
Carleton University, Ottawa, ON, Canada, K15 5B6
2Department of Aerospace Engineering and Mechanics,
University of Minnesota, 107 Akerman Hall, 110 Union St SE,
Minneapolis, MN 55455, USA

May 8, 2009

Abstract

A partitioned-domain multiscale method is a computational framework in which
certain key regions are modeled atomistically while most of the domain is treated with
an approximate continuum model (such as finite elements). The goal of such methods
is to be able to reproduce the results of a fully-atomistic simulation at a reduced
computational cost. In recent years, a large number of partitioned-domain methods
have been proposed. Theoretically, these methods appear very different to each other
making comparison difficult. Surprisingly, it turns out that at the implementation level
these methods are in fact very similar. In this paper, we present a unified framework
in which fourteen leading multiscale methods can be represented as special cases.

‘We use this common framework as a platform to test the accuracy and efficiency
of the fourteen methods on a test problem; the structure and motion of a Lomer
dislocation dipole in face-centered cubic aluminum. This problem was carefully selected
to be sufficiently simple to be quick to simulate and straightforward to analyze, but
not so simple to unwittingly hide differences between methods. The analysis enahles
us to identify generie features in multiscale methods that correlate with either high or
low accuracy and either fast or slow performance.

All tests were performed using a single unified computer code in which all fourteen
methods are implemented. This code is being made available to the public along with
this paper.

*To appear in Modeling and Simulation in Materials Science and Engineering, 2009, This article will also
appear in a modified form as a chapter in the upcoming book: E. B. Tadmor and R. E. Miller, Modeling
Materials: Continuum, Atomistic and Multiscale Techniques, Cambridge University Press.



Method Acronym Key Continuum Handshalke Coupling Governing
References Model Boundary Condition Formulation
Cluasicontinuum [l [53, 45] Cauchy-Born Mone Strong Compatibility Energy-Based
section 4.1
Coupling of L= [44] Linear Elasticity MNone strong Compatibility Energy-Based
Length Scales section 4.2
Bridging ED [60] Cauchy-Born Linear mixing of Weak Compatibility Energy-Based
Diomain section 4.3 ENErgy (penalty)
Bridging Scale BsM [59, 39] Cauchy-Born Mone Weale/Stong Mix Energy-Based
Method section 4.4 (least-squares fit)
Composite Grid Atomistic CACNK [ 1o Linear Elasticity MNone Weal Compatibility Iterative Energy-Based
Continuum Method section 4.5 [average atomic positions)  (two energy functionals)
Cluster-Energy CQCIm)-E [15] Averaging of Mone Strong Compatibility Energy-Based
Cluasicontinuum section 4.6 atomic clusters
(shost-force corrected [N [46] Cauchy-Born MNone strong Compatibility Energy-Based
Cuasicontinuuimn section 4.7.1 with dead load GFC
Ghost-force corrected COC{m)-GFC [15] Averaging of Mone Strong Clompatibility Energy-Based
Cluster-Energy QC section 4.7.2 atomic clusters with dead load GFC
Finite-Element /A tomistics FEA® [25] non-linear, nonlocal Mone Strong Compatibility Force-Based
Method section 6.1 elasticity
Coupled Atommstics and CADLD [47, 45] Linear Elasticity MNone strong Clompatibility Force-Based
Discrete Dislocations section 6.1
Hybrid Simulation Method H5M [25] Mon-Linear Elasticity atomic averaging Wealk Clompatibility Force-Based
section 6.2 for nodal B.C. [ average atomic positions)
Concurrent At Conpling At [14, 4, 5, 35] Lmear Elasticity Linear mixing Strong Compatibility Force-Based
section 6.3 of stress and atomic force
Ghost-force Clorrected AtC-GFC unpuhblished Linear Elasticity Linear mixing Strong Clompatibility Force-Based
Concurrent AtC Coupling section 6.3.1 of stress and atomic force
Cluster-Foroe COCm)-F [24] Averaging of MNone strong Compatibility Force-Based
Cluasicontinuum section 6.4 atomic clusters

Table 1: Summary of the methods discussed in this presentation.

14 leading multiscale methods



The intended audience of the paper is mainly developers of these and related methods;
we hope that it will help guide future improvements. It will also be somewhat useful to
potential wusers of these methods, but less so. By users, we imagine researchers that are
already experienced with molecular dynamics and other atomistic methods, and who are
trvine to determine whether implementine a multiscale method will be worth the trouble:
to understand if multiscale methods have a chance of solving their particular problem of
interest. Such a user should be less interested in our comparison of the performance of the
methods, focussing instead on the discussion of the details of the various methods presented
and on the actual code used to perform these tests (which is available at _[5d]). This will give
a sense of the effort required. Finally, in assessing the overall ¢ ilities of these methods,

http://www.qgcmethod.com/

You can download two code packages on this page:
*Multibench Test Suite version 1.0 (May 2009)
*Quasicontinuum Method Distribution version 1.3 (May

2007)



http://www.qcmethod.com/

Dynamic effects

Although many of the methods discussed here were developed with dynamics in mind,
we focus only on the static limit. As such, we are putting aside questions of wave reflections,
thermostats and others that remain open challenges to the development of dynamic multi-
scale models [31]. Our goal is to focus on the accuracy and efficiency of just the coupling
method itself. Any errors or inefficiencies present in the static implementation of a coupling
method will remain in the dynamic setting. Dynamics may introduce new challenges, and
indeed some of these methods may be better suited than others to address these dynamic
issues, but on this matter our study will be unable to opine.



Figure 1: (a) A general partitioned domain problem. B¢ is modeled as continuum while all
atoms in B4 are explicitly treated as discrete degrees of freedom. (b) Some methods require
a finite interfacial region, B!, where the atomistic and continuum features must coexist.
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Figure 2: A generic interface in a coupled atomistic/continuum problem. The finite cut-oft
radius of the atoms mean that an atom like 1 cannot “see” into the continuum, while atom
2 can. Thus the need for a “padding” region as discussed in the text. The model on the left
includes includes a handshake region, B, while the model on the right does not. Padding
atoms are shown as open squares, handshake atoms as black circles and regular atoms as
white circles. See the text for the discussion of frames (a) and (b).

BA region treated atomistically

B¢ region modeled as a continuum, FE

B' interface region, further subdivided in handshake region (H) and padding (fyll)
region (P)



Multiscale Materials Modeling of Fracture

Work done at the Department for Engineering Design and Materials,

NTNU \
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Inga Ringdalen Vatne, PhD Arctic Materials
Multiscale Material Modeling of Fracture in bcc-Fe

QuasiContinuum model

Coarse FE mesh

Atomistic modeling

10 nm

| R Vatne, E @stby and C Thaulow, “Multiscale Material
Modeling of Fracture in Fe using Modified Boundary
Layer(MBL)” Presented at ECF18, Dresden, Germany,
Sept 2010.



Multiscale modeling of fracture in bcc-Fe

Using the Quasicontinuum
method.

5 (0)+T6,6,

g, i

Atomistic description at the crack
tip. (adaptive)

Continuum mechanical description
in the rest (Cauchy Born)

Using modified boundary layer
analysis with different T-stress

and mode | and Il. Isotropic and
anisotropic.

—>
-
-
-
—>
-
—>
—
—>
-

Investigated three different
crystallographic orientations. <



Method and model

* Quasicontinuum method — adaptive

atomistic where high accuracy is |~ FE domain
needed, FE with Cauchy Born Crack __| 1
elsewhere. :_é )=
- Square model, 1500 x 1500 A Atomistic
domain

« 0K, static simulations, 2D
« EAM potential by Mendelev et. al.

(001) plane

101) plane
( )p\

Crack front
1 (010)[101]
R 2 (110][001]
3 (011)[011]
PR

Miller, R.E et al. The Quasicontinuum method: Overview, applications
and current directions J. comp. mat. Des. 2002



Crack tip mechanisms

Details of mechanisms at crack tip with pure mode | loading. Visualized in Ovito
with common neighbor analysis (cna). Blue — bcc, green — fcc, red — twinning,
white — other

t O

1050088

(110) cackrlre QOGO O O
0O0009(

o,
Original crack tip —> o
=
0200089

Orientation 1 Orientation 2
Crack growth on {001} plane. Creation of Crack growth on {011} plane (which
fcc area at crack tip with Bain orientation have lowest surface energy for
relationship. potential). Creation of fcc area at crack

tip with Nisishima-Wassermann
orientation relationship.

Stukowski, A. OVITO — the Open Visualization Tool Mod.and Simul. In
Mater. Sci. and Engineering, 2010



Crack tip mechanisms

Details of mechanisms at crack tip with pure mode | loading. Visualized in Ovito
with common neighbor analysis (cna). Blue — bcc, green — fcc, red — twinning,
white — other

Original crack tip —»

Extra layer —>

Dislocation

[111]Burgers
vector

Orientation 3

Emission of edge dislocation with
%,[111] Burgers vector on the {112}
plane

/ OOo e
Original crack tip —boo [101] (

| 00 ey
600 8
Q0 %

bAoOog- cz‘oc

Orientation 4
Crack propagation on a {011} plane and
creation of fcc area with a Nisishima-
Wassermann orientation relationship like
orientation 2.

O >

Stukowski, A. OVITO — the Open Visualization Tool Mod.and Simul. In

Mater. Sci. and Engineering, 2010



lations (mode | and II)

Imu

d mode s

Mixe

=K*(1-w), K, =K*w

K|

by w through

Iven

tensity factors gi

N

Stress

T uoneualQ

¢ uoneualQ



Orientation 1

Orientation 4

Mixed mode simulations (mode | and IlI)

Stress intensity factors given by w through: K=K*(1-w), K,,=K*w
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Concurrent Multiscale Methods

Challenges with multiscale methods:

* Timestep
* Limited by atomistic vibrations also in
continuum domain

* Temperature
* How to account for kinetic energy
* What to do with waves

* Interface
* How to enforce compability and equilbrium
across interface
 Can cause spurious forces
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DEVELOPMENT OF NANOTECHNOLOGY BASED STEELS

USA

Elongation (%)
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Stahl ab initio - Germany

Quantum mechanics-guided design of new Fe based materials: Fe-Mn-C
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Neuer Ansatz: Parallelitat von
Werkstoffentwicklung und Modellierung



Multiscale material modelling of ductile fracture in steel

(@)
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Microstructure of high strength and high toughness steel

Heterogeneous material

Interfacial strength between inclusions influence the strength and ductility

primary particles (~um) — yield strength

secondary particles

Micro scale "
(~0.1um) — ductility

Macro scale Sub-micro scale

» Deformation of microstructure at each scale is important in the
fracture process

*Need a general multi-scale continuum theory for materials that
accounts for microstructure deformation and interactions




Classical MD

« Main point: calculate atomic interaction

3_ potential
2; force
The force vector for each particle f = _V‘Etot z
N s L N—
Total energy of the system E. = Zgzﬁi L
i=1 sk i : / 2165
B distrincle ‘betw‘egfw Itw‘o atomzs inc
¢i potential energy of a particle
z
Example: Lennard-Jones potential
N,
Pair potential d;(r)=)_d;(r)) i r
j=1
N, NN C;J © v
d);(}u) = L4EU|:(}_) - (_) :| . @)
j=I




A hierarchical multi-physics model for design of high toughness steels
Bottom — up model

oilic  pinic
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S. Hao, B. Moran, W. K. Liu and G.B. Olson, Journal of Computer-Aided Materials Design, 10, 99-142, 2003
S. Hao, W. K. Liu, B. Moran, F. Vernerey and G.B. Olson, Comput. Methods Appl. Mech. Engrg. 193, 1865-1908, 2004



Quasi-particle dynamical approach — sub-microcell

* Molecular dynamics (MD) breaks down when a sufficiently large
amount of atoms to represent the physics of interest.

* Quasi-particle dynamical approach: lumping of fixed number of

atoms into "super atoms” = "quasi-particles”

Quasi- Structure
particles particles

(D;"J“"' Quasi-
i Atoms particles
I/\\ ~ . /-\\; -----
......... .‘ } .
V-rl. ............ [e: & 7= [ror @ o
A RS LR I0d L A
S s o2 & ,::.:..
ot — " g |

(@) (b)

Lennard-Jones
interatomic
potential

Atomic system:

distance a,

Particle system:

equilibrium interatomic equilibrium inter-
particle distance Na,

Structural particle
system

Elements defined by
the grain structure

Coupling of the
continuum mechanics
solution inside a grain
with interfacial
solution




A quantum mechanical analysis has been performed to determine
the constitutive relations for iron matrix and the interfacial behavior
between the matrix and a TiC-inclusion.

FLAPW (full-potential spin-polarized linear augmented plane wave)
was considered to be the most accurate scheme to determine the
electron density distribution for metallic and intermetallic system.
Hence, this method was used to compute both the generalized fault
energy against dislocation sliding in a bcc-Fe crystal and to compute
the interfacial debonding of Fe/TiC.

The primitive cell considered represented the interface of a
periodically repeated Fe/TiC layered structure. The height of each
layer is twice times of the atoms layers.



Surface energies and equilibrium separations — results of first principle calculations,

Decohesion surface Interface Dve (JIM?) Ao (nm)
(00135 {00 1}0" Fe-C site 3.82 0.213
{001} {001} 5E Fe-Ti site 0.61 0.361
RS Perfect 5.43 0.094
HERN Pertect 5.38 (L0E04
Ny Two-empty sites l.1 0.241]
'111] stacking fault Fe-Fe vog = 043 (M?)
S [
» \
ork 8
=
S af
S
4} bee Fe (111)
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The present research concentrates on single crystal bcc-Fe, there are however

also a few reports on more complex behaviour, including diffusion of hydrogen,
effect of fracture initiation from a TiC-particle and development of stainless steels.
Development of potentials towards microstructures

vacancies

interstitials

substitute alloying elements

particles (islands of hard ceramics) 2
low- and high angle grain boundaries.

bee Fe(111)
bee Fe (111) with 2 vacancics
+ (00D O0T) Fe-Tisite

0 2 4 6 8 10
(b) hoy (A)

S Hao, 2004



From the results it is clear that vacancies have a strong effect on the
fracture mechanisms since they reduce the decohesion energy ,

significantly, and thus can transform a ductile fracture to brittle.

bee Fe (111)

nnnnnn bee Fe (111) with 2 vacancies

— - (001 e //1()()1),].K Fe-Ti site

The paper also demonstrated the application of a so-called quasi-

particle approach to bridge the above quantum physics calculations to

continuum mechanical scale by molecular dynamics.

Each particle can be a “super-atom” containing several atoms, or
represents an inclusion particle. As the particle system have fewer

degrees of freedom than the atomistic system, the method can be used

for bridging atomistic and continuum scales.

Multipotential models

An EAM potential was developed for the system, based on the
principles of Daw and Baskes, where the potential reflected the
guantum mechanical calculations performed.

10



Sub-microcell model = numerical simulation

Simulation of localization induced debonding process

 Volume fraction of particles
* Orientation
* Distribution

» Stress state

» Decohesion energy
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Microscale cell simulations

Microscale cell
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Fracture: crack growth simulation

(a) (b)

PP,
200

i
1.60
X

1201 "

0.80

imtiation
F 0.40 {/
0.00
0.00 020 040 0.60 080
(c) CTOD (mm)

Fig. 21. A simulation of crack growtl: contowrs of equivalent stress and load-CTOD curve



Toughness — strength — adhesion diagram

"..a guideline to assist for future engineering design and materials development”
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Examine the effect of size and type of inclusions, dechoesion between inclusion

and matrix, lattice orientation etc

S. Hao, B. Moran, W. K. Liu and G.B. Olson, 2004



Cybersteel 2020
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DEEP SEA SPONGES
Seven levels of structural hierarchi




Skeletal lattice

5 mm

0



Fracture of the laminated spicule:
Brittle fracture in silica arrests in the protein layers

Organic layers: 5-10 nm thick




Intermediate filament (IF) proteins of cells

Cell

Cytoskeleton

Full length
filaments

Unit-length
filaments
(8 tetramers)

Tetramers
(2 dimers)

Dimer
(elementary
building blocks)

————_— - ————— e - , ™ - R
— e ‘ >240nm

10 nm

~60 nm

~60 nm

~45 nm

Vimentin, lamin, desmin
etc.

Organize the internal 3D
structure of the cell, provide
strength

Common structural support
of many cells

“safety belt of cells”

Buehler and Ackbarow,
Materials Today, 2008



The key for bone’s properties? Multi-scale structures and mechanisms,

from nano to macro

amino acids 1 z level 0

~1 nm \i’-‘é‘v&{ s
trgggcouagen M — Molecular uncoiling
- nm N / eve

mineralized YT T -
crystal
collagen . TC molecule

v Loves< Fibrillar sliding of molecules,
i :%, - = i microcracking
~10 ym ‘:L A T ]=J
fibril array o % - Hidden length (sacrificial
patterns ; ‘ - Level 4
~50 pm 2P D bonds)
i e

R
Osteons ! | Y R
~100 pm (BN AP Level 5 Crack bridging (collagen

fibrils)

spongy/compact
bone Level 6 A i ?
~50 cm Microcracking, branching

macroscopic
bone
~1m

Level 7 W
length scale

R. Ritchie, M. Buehler, P. Hansma, Physics Today (in submission)

\

Tolerate variations in boundary conditions

(robustness)



Bone — hierarchically structured adaptive material

amino acids
~1 nm

tropocollagen
~300 nm

mineralized

Collagen HA crystal

mm TC molecule

fibrils
~1 um

fibril arrays ) ) ( )
~10 ym

fibril array
patterns
~50 um

Osteons
~100 pm

spongy/compact
bone
~50 cm

macroscopic
bone
~1m

level 0

Level 1

Level 2

Level 3

Level 4

Level 5

Level 6

Level 7

« Strong and tough

* Stiff

* Lightweight

« Adaptable (remodeling, healing)

Toughness
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2 |
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R. Ritchie, M. Buehler, P. Hansma, Physics Today (in submission)



Bottom —up approach

Bone — hierarchically structured adaptive material
Stiff — Lightweight — Strong — Tough — Adaptable (healing)

amino acids
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1% 4
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mineral particles
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collagen molecules
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Adapted from M J Buehler, MIT

Transfer biological
structures to engineering
design
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Biomimetic Ni-Al nanostructured composite

mineral particles’ collagen molecules

Bone: nanocomposite of rigid “brittle” and plastic “soft” materials
Arranged at nanoscle, in characteristic pattern (staggered molecules
with embedded mineral particles)

Concept for technological innovation: mimic structure of bone by
combinations of metals, where metallic constituents mimic bone’s material
constituents (that is, combination of soft-protein and stiff-mineral particles)

N. Broedling, M.J. Buehler et al., IMPS, 2008



Transfer to metallic nancomposite analysis & design

Bone: Composite of rigid/plastic materials
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Biomimetic Ni-Al nanostructured composite

67 nm

3 . "4
mineral particles collagen molecules

Nickel: Hard platelets

Aluminum: Soft, ductile matrix material
N. Broedling, M.J. Buehler et al., IMPS, 2008



Bio-inspired nanocomposite: the strongest size

- - Strongest size - y-
2
'E' = = = Hall-Petch curve
o
® [ e <
=] . | .g
» 15 | | g =
v i W ~-M Jos 2
7 / 5
z - a S
— 1| R4 V\ o
S o 2
- oy
g 102 &
g 05 | A AN ©,
© - v v
s >
< ~50nm 4
0 A | L [ R | 0 <
10' 10?

Building block size [nm]

Nanoscale structure can be used to tune “overall” mechanical strength

At optimal size — balance of dislocation strengthening and sliding

N. Broedling, M.J. Buehler et al., IMPS, 2008



Structure: hierarchical structure of spider silk

a b c d

1E-2 m 1E-6 m 1E-8 m 1E-10 m

Identify the strength of spider silk: Comparable to steel cables
(very light weight, elastic, robust), despite extremely “weak”



