GRADIENT MECHANICS ACROSS TIME,
SCALES, & MATERIALS

« Serrin / Minnesota
. » Walgraef / ULB
e Senior Collaborators ——<{ . Romanov / loffe

 Milligan — Hackney/MTU

« Bammann / Sandia — Mississippi State
* Zbib / Washington State
e Senior PhD Students / Post Docs ——< « zaiser / U Edinburgh
* Askes / U Sheffield
« Konstantinidis - Kalampakas/ AUT

* R. Wilson - P. Taylor - D. Unger / US

e Other Students/Faculty "{ « M. Seefeldt - M. Gutkin - P. Cornetti - M. Lazar / EU
» |. Tsagrakis - G. Efremidis - M. Avlonitis - D. Tragoudaras / GR

- «Katerina / Nanotechnology
» Children { « Elias / Music

« Economou/Kafatos/Fotakis

» The Forth/Crete Effect | { « Flytzanis/Stratakis/Tsibidis



1990 Int. Conf. on Aristotle’s 2300t Birthday
[50 USSR Participants at Philippion]
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By Marcia Goodrich

aterina Aifantis’01 is accustomed to
being the youngest in the room.
At the age of sixteen, the Houghton High
School student sweet- talked her princi—

Associate Professor Paul Charlesworth
“She’s’ one\Q'f nest students to ever take




ERC STARTING GRANT
Probing the Micro-Nano Transition (MINATRAN): Theoretical and Experimental
Foundations, Simulations and -Applications [1.3 Million Euros]
2008-2013

Dr. Potocnik Professor Kafatos
European Commissioner for Research President of ERC



MOY2IKEZ TOY 2000 KAI TOY 21ou AIQNA

EPTAZTHPIA

2YTXPONH2 MOYSIKHS

Sounds Like Music {2008)

penapo, Mouoikad anoondopata nou ypa@tnkayv yia «niavo», ENAOUTIOUEVA PE «NAEKTPOVI-
HOUOCIKNS

adnvwyv
2008-2009

Kous nxous». Epygaon bivetal otnv ektéAean, yia va petadobei pia cuvaioBnpartikn
npepia pe 1évous Baaciopévous otnv anAdtnta Kal tn AItdTnTa VEaVIKOV BIopatik®y
1 EUNEIPIWV OTa Povaxika tonia tou Bapeiou Mitaykav Kail twv MeyaAwv Aipvaov.

ME THN YMOETHPIZH i
TOY YNOYPFEIOY MOAITIZMOY |




A Glimpse at Mythology

s Prometheus’ Legend
Hesiod’s Theogony (800 bc) — Aeschylus Trilogy (500 bc)

e Prometheus “kAéntel” (steals/arranges) fire/knowledge
from Olympus/Zeus via Athena’s helmet for miserable
Humans

.. Survival
e Humans survive but fight each other viciously/destruction
Zeus sends Hermes to bring them consciousness/peace

.. Societies

e Zeus sends Pandora (made by Hephaestus out of clay)
Pandora’s jar of gifts (evils/pain/diseases + hope)

Humans are left with “hope” striving to free themselves
from their troubled + mortal nature

.. Civilization



s Homer’s Automata

e lliad

E 749: Hera opens the Gates automatically
_ _ telecontrol?
2 372 Hephaestus’ 20 golden self-moving tripods

2 468-473: Hephaestus’ automated Lab — modern casting unit?

2 410-420: Young Servant Girls (made out of gold with
mind/voice/movement) assisting “crippled”
Hephaestus to walk — human robots?

o Odyssey

® 555-563: Phaeacians’ Ships possessing “mind of their own ”

traveling at extremely high speeds at night and in
clouds without fear to sink — modern auto-pilots?



A Glimpse at Ancient Technology

800-700 bc: Empirical Technigues imported from the East
700-200 bc: Science/Mathematics «+400 bc-100 ad: Technology

Teacher / Student Sequences

= Thales — Anaximander — Pythagoras — Archytas
= Socrates — Plato — Aristotle — Archimedes

« Euclid — Aristarchus — Hipparchus — Ptolemy

= Ctesibius — Philo - Heron

Geometry/Numbers/Forces/Compressed Air/Mirrors
— Geodesy/Astronomy; Mining/Metallurgy; Statics/Optics/Engineering
— Buildings/Monuments, Aqueducts/Harbors, War/Musical Instruments



The Great Alexandria
Turning point in the History of Mankind

From a Top-Down to a Bottom-Up Approach

The search for the origin of the Universe

from first principles [e.g. the 4 elements — earth/water/fire/air] —
search for unfolding the puzzle from everyday life observations

. measurement / fabrication / construction — Modern Engineering

Great Thinkers
are not Philosophers / Generals and Landlords / Merchants,
BUT simple everyday men

— Ctecibius (Aeroton, Hydraulic Pump, Hydraylis) - son of barber
— Heron (Watt’s Steam Engine, Siphons, Lamps) — shoemaker

. The Precursor of Renaissance: Da Vinci, Galileo, Newton



e 150-100 bc: Antikythera Mechanism — The 15t Computer/GPS

- Ancient Mechanical Computer designed to calculate the positions
of sun/moon/stars, eclipses, calendar — 15t astronomical clock

- Remarkable miniaturization/precision and complexity: 3 Dials &
over 30 gears with teeth (comparable to 18t Century clocks)

- Designed after Hipparchos’ theory of the Moon

The Antikythera Mechanism
main fragment: 32x16 x10 cm

The Antikythera Mechanism’s Reconstruction:
Athens Archaeological Museum

10



A Glimpse at Ancient Nanotechnology

Ancient Egyptians/Greeks (~2000 bc) used Pd-S Nanoparticles
(5-200 nm) for hair coloring

Ancient Thracians (~800 bc) used Au Nanoparticles (~70 nm) to
change Glass Cup Color with Light (Green — Red)

Damascus (Alexander/Ottomans) used swords containing  C-
Nanotubes developed during forging + heat treatment

Roman Catholics used Au/Si Nanoparticles (~100 nm) In stained
glass — Church Windows

11
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nm) for hair c

Damascus steel swords

Au Nanoparticles change Glass Cup Color
with Light (Green — Red)
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http://en.wikipedia.org/wiki/File:Kelt_schwert_2.jpg

A Glimpse at Current Nanotechnology

‘ \  R.Feynmann (1918-88) Prophet of Nanotechnology
| Ef Caltech’s Lecture: Dec 29t 1959
“There’s Plenty of Room at the Bottom”

m Recent Examples of New Fields

o Kamerlingh Onnes: Low-Temperature physics

o Percy Bridgman: High-Pressure physics

m New Emerging Field
o Manipulating/controlling things on small scale

In 2000 we will wonder why it was not until 1960 that anybody
began seriously moving in this direction

. Nanoscience / Nanotechnology 13



m \Why cannot we write the entire 24 volumes of the Encyclopedia
Brittanica on the head of a pin?
o All necessary to do is to reduce the letters by 25,000 times

— By Photoengraving to raise letters on a metal surface that are
1/25,000 of their ordinary size

— Look through with an electron microscope and reverse the lenses
to read (demagnify/magnify)

m 24 million volumes = Need 1 million pinheads
l.e. 3 square yards or 35 pages of the Encyclopedia

m This does not involve New Physics
.. you can decrease size of things in a practical way, according to the
laws of physics. | am not inventing anti-gravity, which is possible
someday only if the laws are not what we think.
| am telling you what could be done if the laws are what we think; we
are not doing it simply because we haven t yet gotten around to it.

. Nanolithography

14



m Nanolithography Today

« Chemical/electrochemical processes induced at predefined positions
+ AFM tip engraving on sample surface

i

60 nm

S, Feopf&p’.eﬂ'

e * ar

E 'Jl)(Ju A%

irtend o d'scuss. | € O 8%0gger '!lvj'u sma' !
wor'd trat is belo.. vhe year 20688, .
'.ho-:j look bock at this age. '}"5 wotll
wander "L R IS

- >

nvwil vhe year
1960 <kot or.JE.-::':j' qon seriouslL

Lo
' 3 ’ v
move ;.i ’,}i.; *1‘“&’\.

v 1 ON,

400 nm

Richard P. F(‘LJP.'TC.’. 1560

Text written by using Dip-Pen Nanolithography (DPL)
and imaged by using AFM

_ : (Mirkin Group, Northwestern University)

T. Schimmel et al, 2008
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m Nanomedicine Today/Future

o Smart Bio-Nanotubes / Nanorobots

spirals

nanotube of
lipid protein

Bio-nanotube: Selective Storage/Release of Drugs Bio-nanorobot:
Nanotubes of lipid proteins encapsulated in a lipid  Futuristic Targeted Drug Release
layer covered by protein spirals http://bionano.rutgers.edu/mru.htmi

http://www.voyle.net

16



o Nanostructured Li-batteries / Nanosurgeons
Cure of Alzheimer’s/Parkinson Diseases and Brain Damage/Paralysis

—

Mobile Cell Repairer
Y. Svidinenko, Nanotechnology News Network

Deep Brain Stimulation
Dr. H. Mayberg, Univ. Toronto Mobile Artery Cleaner 17



m New Electron Microscopes / Super Imaging

« High-Resolution Transmission Electron Microscope (HRTEM/~0.8 A)
(C atoms imaged in diamond separated by only 0.89 A/ Si at 0.78 A)

« Scanning Electron Microscope (SEM/~0.4 nm)
e Scanning Tunneling Microscope (STM/Lateral ~0.1 nm, Depth ~0.1 A)
 Atomic Force Microscope (AFM/Lateral ~0.1 nm, Depth ~0.1 A)

e Most Recent Ultrahigh Resolution TEM /~1 A
New Technigue overcoming the limit of diffraction

Reconstructed Image of a 9 nm diameter
CdS quantum dot
Zuo et al, Univ. Illinois

18



m Nanomanufacturing/Nanomechanics

 Nanoholes with diameters of a few nm were drilled in a stainless
steel foil using intense electron beams of 2.4 nm nominal probe
size from a field-emission electron gun ina HTREM

e Nanoscrews of ZnO were manufactured
with an average diameter of the tops of
about 250 nm, that of the roots of about
60 nm, and the average length in the
order of several microns

SEM top view of the 18 sides of nanotips Q..

« Nanostamping Parts with characteristic dimensions below 1 nm
and up to 100 nm are used for magnetic memory storage

e Micro/Nano Motors

Quter rotor diameter: 10 mm
Length from mount: 14 mm

19



Popular Nanomechanics Topics

s Nanotubes 5/7 Dlslocatlon I|ke Defects in CNTs
Various Forms f CNTs

f& @ a AN

. Nanoblomembranes/M sinense Cells

CPAS




m From Atomic/Nano to Micro/Macro

Quantum Atomistic Microscale Mesoscale Continuum

AN ;’ //‘
 Er A TR LN
SE YKL AN 3 A\
(% S

{
N W, = 4/ :
A \-\—\ ’/!'
N \\>\_ IR
h Y e

uantum olecular 1slocation rain Boundar ‘ontinuum
Q Molecul Disl ' Grain Boundary Conti
Mechanics Dynamics Dynamics Mechanics Mechanics
10" -10"m 10°-10°m 10°—10° m 10°-10° m >10° m
10718 — 1072 s 101 - 107 sec 102 - 10® sec 101°-10%sec  >10°sec
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m A Sense of Scale: 1032—10% m

proton Dimensions
Virus

Resolution of
Accelerators:
<10'%cm

Radius of
Galaxies

LHC

LEP

y123bPauss : 22



m A Sense of Scale: 1034—10% m

Prttcl Track

T~

10% m

Ring of iron Atoms




m Below Newton’s Apple

A SENSE OF SCALE

protons, 1015
neutrons

-1
e
J |
. » b
" *“.- :
| | electron —1 +

101 A |
v 9

Get down with the apple 1033 ﬁ

10 centimeters |

24



m Interesting (?) Analogies
Hot Big Bang

Hubble : 1928

——— 20em ——

Expansion | Expansion
slows\down | speeds up

garis ) ?)f |

wt \
Farthest
supernova '\ o

\-l

»

"~15 billion years

Penzias & Wilson : 1965

COBE:1992 WMAP: 2003

Spacetime Foam

= theMattérhorm.net
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A Glimpse at Mechanics
m Post-Newtonian (Continuum) Mechanics

e Basic Laws (mass & momentum)
o,p+div(pv)=0, divT = pv

e Constitutive Eqgs (closure)
- Elasticity T=A(tre)1+2us e=4%(Vu+vu')

.. Lamé EQs : pViu+(A+ p)Vdivu = pu
- Hydrodynamics T =-p(p)l+A(trd)1+2ud; d=% (VU+VUT)

- Navier-Stokes :  —Vp+ V0 +(A+ u)Vdivo = p(a_UJrvgraduj
e Plastic Flow / Fracture ot

- Complex Microstructures/Defects: vacancies, voids, dislocations, polymer chains
- Feynmann/Physics Texts: Plasticity — Too difficult and complex to address
- Prigogine/Self-organization — ECA/Gradients: Internal length scales, plastic instabilities,

. . . 26
dislocation patterning



m A Note on Electromagnetism

o MacCullagh’s (~1850) Eqs of the Rotationally Elastic Aether
T=ko ; @=12(Vu-Vu')

. o°u o%u
divT =p— = kecurlcurlu+ p—=0
s e

ou

Letting kcurlu = aE & 'OE = abB

curle +E§:O : divB =0

E ... electricfield ; B ... magnetic flux

27



e By also noting the identities

divcurlu=0 &
divE =0 &
where k:>é ,
E
1.e.
a—B+curIE:O :
ot
aE— 1<mHB:O
ot ue

curl

1

ou — 0 curlu=0

ot ot
ok

—curlB—-¢—=0

Hy

ot

P = P,

divB =0

divE =0

28



A Glimpse at Gradient Mechanics
m Motivation

e \acancies

e Dislocations

. . e
. - g
1 |2 |3 H 1 {2 |3 |4
LS fe 7 5 6 |7
ANV T o
dislocation ' - —
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® A continuum with micro(nano)structure is viewed as a classical
continuum which, in addition, can interchange mass, momentum,
energy and entropy with its bounding surface. As a result, a surface
region is excluded from the local (bulk) description; however, changes
In the surface region are considered by means of the boundary
conditions which are always given to us in a manner inherently coupled
with the surface conditions

(ECA: Mech. Res. Comm. 5, 139-145, 1978)

e dB o

_ crystal axis — - —

30



m Self-Diffusion in Solids
e Balance Laws

p=p*p, vacancy concentration
op O .
— +—(pv)=C¢C
e aX(,O ) ......... mass balance
qN_¢
PV momentum balance
e Constitutive EQs 5
T=-ap, f=pj+r—
X
j=-D, 0P, . j=pv, D, = a+y
OX
i.e. 15t Fick’s Law of Self-diffusion
620 — %, 9 _g
- Let , ot oXx
ops _ D, 0 ,[ZS
ot OX

i.e. 2"d Fick’s Law of Self-diffusion



s Continuum Nano-Elasticity
e Balance Law (momentum)

divT = f
f =div(divM) ; M: 3rd order tensor
M =VS ; S: 2nd order tensor

~

o Constitutive Eq.

The Simplest Model
S=cT
div(T —=V?T)=0

Elasticity:
T = A(tre)1+2ue, divT ™™ =0
T = A(tre)1+2pue —cV?| A(tre)1+2¢ |
l.e. Gradient Elasticity

32
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m More on Gradient Benchmark Problems

« p=0(p)+DV?p ... Gradient Dislocation Dynamics

J-,rtf'.“”
J"

A /" s

é.-—-? ." i ‘ Cpape 1

+ ,-f
ﬂn’./

W - m {;m,.v,;

v

e 7=x(y)—CcV?y ... Gradient Plasticity

-
-~
A

Tooy 2§
¢ ;&;—.—E)m
Wy
%




DIFFUSION
MECHANICAL BASIS FOR TRANSPORT IN SOLIDS

m Fick 1855/ Fourier 1822:1=-DVp
m ECA 1980: Mechanics / Diffusive Force

e Balance Laws: 0,p+divj=0 , divl =f
o Constitutive Equations:{T, f} — {p,],...}

e Diffusion Classes
- Fick 1855

T =1
7-2,0 = a—'0=DV2,0 (D=7zla)
f=aj ot

- Barenblatt 1963

T=(np+xtrVj)l op
_ _
f=aj



- Cahn 1961

T=(-p+V°p)l

f=aj

} = %—'[t):DVZp—EV4p (E=¢la)

- Cottrell 1948

T=—npl

f=aj+ pfoVp—-yoVo

e Note:

} = %‘t’z D'V:p-M Vo-Vp

(D =D+No, M =M-—N)

Kinetic Theory of Gases (Maxwell 1860/67)
Thermomechanics of Mixtures (Truesdell 1957)

36



m Double Diffusivity / Diffusion in Nanopolycrystals

5§a +divj, =c, divT, +f, =0

{-I-a’ a! a} > @a’ja""}; 0[=1,2
o Simplest Model
Ta = _ﬂ-apal ’ fa = aaja ’ Ca — (_1)a[K1p1 _K2p2]

9P _ P,
ot

=D V2p1 (ko —K,0,) = D2V2p2 + (K0, — K, 0,)
e Solution

Dyt
m:e“%xxum+‘$g ™ [ e [Ah, (%) +A,h, (X, £)]dé
D,-D, oo

1/2
h, =V°h, :&=JT§ jHW);AfVEum

Dt—¢&

kD, —x,D, K, — K, 2\/16 K, 1/2
= [(Dt £)(E-Dyt)]
D, - D, D, - Db,




Uncoupling / Higher-order Diffusion Eg.

op 52,0 2 = 0 2 4
—+7T =DV p+D—Vp-EV
ot ot? P ot P P

T:(K1+K2)_l , D:T(K1D2+K2D1) ’ I5:7([)1"'[)2) , E=7D,D,

t >0= P_Dv?p : D=D,-—*2 p+— K _p
ot K, + K, K, + K,

=D, + (1- f)D,

- Diffusion Penetration Profiles

67

**Cu in Polycrystalline Cu Cu in Nanocrystalline Cu

968K
‘ . 85K
\ * 817K
. 777K

5 0 15 20 >
x6/5 (105 m6/5)

1b 2-0 | 30
X2 (10* nm?)

—

0

Concentration (arb. units)
Specific activity (arb. units)
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* Rutherford Aris: On the Permeability of Membranes with Parallel but
Interconnected Pathways [Math. Biosci. 77, 5-16 (1985)]

*This paper is dedicated to the memory of R. Bellman

d°c d°c
AlDldel — klpcl - kzpcz ! A2D2 dez — _klpC1 + k2p02

« M. Kang and A.K. Kenworthy: A Closed-Form Analytic Expression for
the Binding Diffusion Model [Biophys. J. 95, L13-L.15 (2008)]

k 1=D,V?u-Kk K b
on = — +
U+R+B ; =DV U= Kanll+ Koy
) * 2
k b=D,V°bu-k K D
off = — —
2V u on u off
A Pure Diffusion B Effective Diffusion C Reaction Dominant D Full Model Only
1 TR OO e T E0enog 1 = 1 PSSR 1
g i é' ;1u;enunnsnxu ........ > >
€08 208 B % o
E—‘ (k =102 k .~10) .% k =10°5 k 1) o 08 T aaiidiamecontaatiensastanan S 0.8 = Full (F 'FD)
=06 R =08 ¥ a5 < (k=105 &, =10°1) £ Free [; )
Ec)’ 2 Full (FU~FD) § A Full (FU+FD] § 0.6 — Eull (FJ+F_) § 0.6 UF
804 Free (F,) 804 Free (F,) S 0.4 Free (F ) 8 0.4 :Ound Fy)
o - Bound (F,) - ~ Bound (F o - 4 ) ’ prague
502 : und (F,) So02 = (FY 20-2 ~~Bound (F,) ‘g“ 0.2/, .Am"zl—(b-.d F (mobile)
] prague = prague € | Sprgue Z k~10") - F, (mobile)
0 0.05 0.1 0 50 100 0 50 100 0 20 40 60
t (sec) 1 {sec)

t (sec) 1 (sec)

(A-C) FRAP curves for four different sets of parameters and comparison with the results of Sprague et al.

Refs

E.C. Aifantis, Acta Mech. 37, 265-296 (1980). .
E.C. Aifantis and J. Hill, Q. J. Appl. Math. 33, 1-21 & 23-41 (1980)



* F. Xu, K.A. Seffen and T.J. Lu: Non-Fourier analysis of skin
biothermomechanics [Int. J. Heat Mass Transfer 51, 2237-2259 (2008)]

— DPL (dual phase lag) model of bioheat transfer

oq(r,t)
ot

oVT(r,t)
ot

q(r,t)+t, =—k| VT(r,t)+1,

« S. Valette et al: Heat affected zone in aluminum single crystals submitted
to femtosecond laser irradiations [Appl. Surf. Sci. 239, 381-386 (2005)]

— 2-temperature model for metals irradiated by ultrasoft laser pulses

C. aaTte ~V(K,VT.)=g(T,~T )+5(r,,t)
C, Lo v(K,VT,)+9(T,-T)

"ot
T, ... temperature of electron gas; T. ...temperature of ions/phonon bath



=*Random Walk Model
« Random Walk on Graphs

S2

S1

e Probabilities for jumps:

e Assumptions:

S1

S2

P2

S1

I P1 IIO
S2

Sp

‘ P1 ‘ P1

1

S2

P2

S SIS oane

S1

S2 S2
S1 i p2 S1 ;2 S1 i
S1 S1
S2 S2 S2
o<

ro——>®

Graph: Two dimensional infinite grid

p: - diffusion path #1 )
p2 - diffusion path #2

ri - remain in position

S; - exchange #2 to #1

s: - exchange #1 to #2 )

Free particle (pi=qi);
Volume of fraction of paths #1 and #2 the same

~— diffusion path #1

+—__ mass exchange

“—— diffusion path #2

p

2p, +2s,+r =1
2p,+2s,+r1,=1
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e Discrete \ersion
#1: f(X,y,t+1)=p, f (Xx-L,y,t)+p f (Xx+1,y,0)+s, f (X,y-1,t)+s, F (X, y+L,t)+rf (X,y,t)
#2: Ty, t+1)=p, f (x-1,y,t)+p, f (x+1,y,t)+s, f (X, y-Lt)+s f (X, y+Lt)+r, f (X,y,t)

e Continuous Version

o
aﬁl =D 0p t =~ (kP = K,P,), gtz = + D0y p, + (kP —K,P,)
Py S S P,
Dy==, D :/1_ ’ D21:/1_ , Dy === )
4 2 2 A L
28, 2s, : At : At
I T vl L B U LS S I
a0 (AX) a0 (AY)
K K

=0=x,D,,—x,D,, =0

D21 D12

® When mass exchange much slower than diffusion i.e. A:>>A: - D:=D2:=0 i.e.

cross effects negligible
42



® Special Case
® \o>>\1 ; S1=p1, S2=p2

® Discrete equations and continuous version in a similar way

0 0
% =D, 0,0, — (k.0 —K,0,) % =D,0,0, + (k.0 — K, ,)
e Extra condition b B, =0=k«,D,—x,D, =0
KK K Y

e Diffusion of Co® in polycrystal y-Fe
D, ~4.34x107°,D, ~1.36 x10™",x, * 4x107* ,k, ~ 4x10”"
— ., D, —x; D, =10~

e Diffusion of Ca** in MgO single crystal
D, ~7.64x10™"",D, ~6.65x10™°,x, ~5x107°,x, ~1.5x10°°

= x,D,—x;,D, ~107%
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INTERFACES
THE VAW/MAXWELL GRADIENT L-V INTERFACE

mVan der Waals 1873 / Maxwell 1875: Thermodynamics

/ f [p(o)- P12 =0
P o,
!

44



m Aifantis / Serrin 1983: Mechanics

e Equilibrium: divT=0

o Constitutive Eq: T=f(p,Vp,VV)p)
= -p(p)+aVip+p Vp2]1+ yVVp+SVpQVp

. 1 1 ‘b
e Solution: MR:?%E(p)=geXp(Z.gdpj; a=a+y, b=f+6

o Note: Maxwell (1876) ; Korteweg (1901) ; Truesdell (1949)
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m Solution Details — Remarks
e Planar Interfaces
Txx =T :_p(p)+apxx+bpf
- p=p(X) = )
Tyy :Tzz :_p(p)+apxx+ﬂpx

a=a+y

oTlox=0 = ap, +bp’= -P;
P Tho, =p(p)-p {bzﬁ+5

- Analytical Solutions / Conditions for Existence

P(o)=p(p,) =", j[p(p)—p]E(p)dp=0; E(p)ziexp(ngdp)
p(X)

_ dp e[ . G =
ot | el F-!(p PE(P)dp; G=aE(p)

p (%)

46



o0 e}

- Surface Tension: a:j{l(T +TZZ)—TXX}dx:ijfdx; c=y' -9

o\ lyy

—00 —Q0

2 1
- Statistical Models (D-S 1982): 7 =2a, 6=28 = C=;(a—b)

a=—pUuU+-pu, b==—pUu"+-pu'—-u, c=-Uu+-pu
16 2 16 4 4 2 4

/

- Validity of MR: (%) =2(%)
(~1603. . . Steam Tables

Exps: H,0 at 100°C ... “2—{~16..... MR
. | ~1660. . . Mechanics
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e Planar Interfaces /1D Profiles

- Transitions (interfaces) o —>p,, as X — F©

P p(p)]
P :"_""_'_‘,5;;_5 ,
A 2 p A
P
- Reversals (films) p—p, as X—>Fw Pr P p
P p(p)t
Po
jL P
e L NPTA
P

—_—

- Oscillations (layers)

®)
A~
ks
~—

+® lbl pz P



e General Interfaces/ 3D Structures

( 1
o b=b+2 C—a—
V(-p+aop+b|Vp[)=(cop)Vp; | ¢

op=V p+——\Vp\

bz0 = p=p(X); p=pr); p=pR)

cylinders spheres

Micelle Structures
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RECENT EXAMPLES
BENCHMARK PROBLEMS FROM SOLID MECHANICS

m Gradient Solid / Solid Interface

TOO — y(um) ||— 'Ci :|(0.3'N, 65 N) |
: 10t-- ¢; = (3 um, 3.5 um)

Film (material 1) ~ T Gi=(30GPa40 GPa) |

0

-
_ X
: Substrate (material 2) 107

-20 1 R 1 \ 1 . 1 .
0.024 0.026 0.028 0.030 0.032 0.034

Y

e 1;°°
t=x(y)-cViy=1"

 Elastic Bimaterial / Elastic Interface: =Gy ; 1,=G,y,
Y1=7> ~ G _6162(\/Gl/cl+\/62/c2)
aleaYZ‘y:o | G, Gz/Cz"'Gz\/Gl/Cl
Y1=7> _G1Gz(\/Glcl+\/Gzcz)

= G, =
618\(12628}’2‘3,:0 | G,y/G,C, +G,/GiC,

- Aifantis (1984){

- Fleck-H (1994){



e Elastic Bimaterial / Inelastic Interface: xi=G;y ; 1,=Gyy,

- Scaled adhesive energy (Rose etal.): E" =E/E, =—(1+ By*)exp(—ﬁy*)

*

T

- Maxwell Rule: I[r*(y*)—r’f]dy* =

0.0 bt

y(nm) ,
20 |

1.o§ Ga
R T R T i—

% £ ’ :‘ ¥ : a2 d
. f%‘f; ’g‘:‘; 7 c{ /‘ 4 'h)‘;',' : w' ﬁ,' A :
/ J/" .'- 4 .'..-.. . '.‘.?0-. £ 4 , . ' ¢ 0 & o [
G T _
s Bt S lf (1 e L0t Si
740 ? i :,:, / 4% / / A s s :
) ~, il ﬁ/ /t’/ ' f’ / . : :.'.f '. -2.0F

.v.r’ e 9
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M Plastic Boundary Layers

o Fleck/Van Der Giessen/Needleman (2000)
Discrete Dislocations (DD) Fleck-Hutchinson (F-H)

X Q0
U, = L_JQ&Z =0 j ///sztdé
1

PIFP777 777777
T

T o

|
l
| T
|

S —_—
:\"

., 'u'l"é'b, u2 s I'=av.(y)

o Aifantis (1984) / Gurtin (2000)
UL T T, {1_ cosh(x, /z)}

1=7,+Gy -G [’Vy=1" = y=

G G, cosh(H/ /)
H/2
r=2 | vo)dx, == + 5 = (1—% h—j
H G G, H 2

-H/2 52



e Plastic Strain Profiles / Size Effects

X, X, 1 —
TN - H 10 =0.1um
0.8 1 A - )
, I Aifantis/
] os| ~.1Gurtin
osl 0.4 '
0.2 — 0.2+
0.0 I - 0
o.000 1.4
o0
’C o0
— =4 T_ 12 —m r———rr+—r—r=———T 1
T
0 T, ‘
0.8 4
10 |- \ 4
7 o H/(=20 30 ]
0.4
05 ¢ 02 _‘]
_____ 240 0 0 — ‘0.005: I I0‘101 ’ J_(L)CIHSA j lU.lOZ‘ - J_EOES
0.0 VI ST S e M AT PO [N SRR ST ED SN TN (T T S SO Al M R W 1 B | r
0.000 0.005 0.010 0.015 0.020 0.025 0.030 5 3



« L. Isa, R. Besseling & W.C.K. Poon, Shear Zones in the Capillary Flow
of Colloidal Suspensions [Phys. Rev. Lett. 98, 198305 (2007)]

Smooth |
1

Rough
|

1.04 !

C
oo

e

<\/>/<\V >
o
n
b/D
w A g

| } |
Iﬂﬁ §§ ;?H‘H hAg

X Averaged velocity profile as a function of y/a
\ for smooth (red, O) and rough (blue, V) walls

0 50 100 150 200 250 \%,
<V >- <V > [um/s] i

T 1 \‘i{

0.0 —r——
-1.0 0.5 0.0
y/acﬁ

05 1.0

 Silber et al / Goldsmith & Turitto Experiments

v mm/ s
1 M
- 0.3 . . .
/ o.zs \\ Poiseuille flow of a transparent suspension
/ A \ through circular glass capillaries of R =51.8 um
? 0.1 | Ghost cells and tracer red cells; Hematocrit H = 52%
0.05 {
L A r/R
-1 -0.5 0.5 1
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B Effective Moduli of Nanopolycrystals
o ldealized Unit Cell

y T
h OyYgp =0 , y=0
----- Gy---oooioo- LG Y. =7
d ’ (‘1; Bc's | ° % }, y|=d/2
h( ______ c;é ____________ éayYQ ::éayYQb
: v, =7 /G, ly|=h+d/2

t=1(7)-¢Vy=1"
o Average Strain/Effective Modulus

1 d/2 h+d/2
rz(h+d/2)uygbdy+ ! ygdyj, Gy =1"IT

55



e Size Dependence / Experiments

06! o Nanocrystalline Fe |

o 20 40 60 8 100
Grain Size d (nm)

e Observations

P 0.076
) <
>.0.09t > Fe
§ i Z) 0.074
[<B) : ()]
O H
L ()
Lé : O 0.0721
8 0-06 b E
< L
lili.li.il]. illlililtiilll AiN alFERRINRNEN < 0.070 T T T T T T T T T
-150 0 150 -10 -5 0 5 10

Distance from Interface Plane (A) Distance from Interface Plane (A) .,



ADDITIONAL BENCHMARK PROBLEMS
m Internal Stress in Thin Films

///// M7/ //

| : .°"..
i T 1 i
| 1 s ' s Q o
: ‘ | : FILM UNDER RESIDUAL FiLM UNDER RESIDUAL l
L L TENSILE STRESS COMPRESSIVE STRESS

Axial Strain: (&y)i =x(YVi—Yy) ; Load Balance: P, +P; =0

Moment Balance: PS(V—XS)+ Pr(Y-Vi)+M;+M; =0

M; =Wfaxx(7i—Y)dY; (i=s,f); Vs=h/2; Vs =hs+h¢/2
Gradient Elasticity: 0

oy =E(&u+0sign(s,)[Vey|) E=E/(L1-V?) T Them,
25¢ .
Modified Stoney Formula: o
. _ T 20
o Pf Eshsz 3CS Esgs
O = =K 1+ 15}
wh; 6h; 5
-1 . 10¢ 1
— ff — 1 1+3 E | 'B - hf /hS o T T T T T 13p
Esgs 318 CS Lgs — Khs /2 0 5 10 15 20 Zﬁ 30 35 40 45 50



m Bending of Cantilever Microbeams

Nanoindenter loading mechanism applied to a cantilever microbeam of a thin film material

ggﬁaggr | DIGITIZE h—]
é P Moment Equilibrium: M = P(L—x) =jaxxydA
= cot 2 A
. T . Axial Strain: g, =KY,; K:(; f
— 5 . X
= o] beteerna. | L ' ; .. —
B { gy S ) . Gradient Elasticity: oy, = E (& —CVZEXX)
J:l Cross-section _
_ E=E/1-V?
= MICRO TI w |
COMPUTER :
0
-0.1f E
0.2+ AE—CI
s d's P _° ol b
— — — 3 — “1 0.9 ‘
o S gt PL®/3El 058 e
o7t ot 0.4
3 -3 27 09 03 e I
E: PL |:1+3(L] tanh[LJ_gtij :| 019 0246 8101214161820 " ‘ ‘ ‘ ‘ 8
35max| \/E C \/E 0 01 02 03 04 05 06 07 08 09 1

X/L
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LOCALIZATION
SHEAR BANDS AND NECKS

m Gradient Plasticity: ECA 1984 / 87, Zbib’s Thesis '88

o Constitutive Eq.
S'=—pl+2uD

T T
H=—
e Linear Stability / SB Orientation g

v=Lx+%%" 0>0 (&&,,) — 6, =

1g'.g T )Qﬁv/j
2 ; T=K(7/)—CV27/ %@’Wf

NG
Ro
—
oj
I
o

e Nonlinear Solution / SB Thickness 2, [ e
cy, =Kk (y)-—1* )

T0

Yo Yy 59



m Bulk Nanostructured Fe — 10% Cu Polycrystals

- Compression tests

d ~1370 nm, 6, ~750 Mpa d ~540 nm, 6, ~960 MPa
angle ~ 499 angle ~ 490

- A R
v /,‘ \
B Y
o AT e
X
000 ‘.‘_" 6Xr
= ~
800 ? iz
600 o = ™
&, ~ ANl .S
400 p e ',, o
. X
200 k/ 4
0 L | !
000 001 002 003 004 005 006 007 008 009

Strain

f ’
&y~ 4% / =

Stress (MPa)
Stress (MPa)

1 0.02 0.03 0.04 0.05 0.06 0.07
St I

- Shear band width analysis

r=x(y)-CcV’y
w~0.4v/c

PR IR IR A N B

z ; = 0 P S AU A A A S | ]
a 0 100 200 300 400 500 600 700 800 900
1 5 (1 - V) Shear band width (microns) —l

W 60



B Statistical / Random Aspects

* Microscopic vs. Macroscopic Constitutive EqQ.
o=x(¢) vs. o=k(€); £=(¢), o=(0)
(o,¢) ... random microscopic fields

(o,€) ... average macroscopic fields

« Taylor expansion + Averaging

2 = 2
a:K(g)+(g—z)g—’; N 5+CGZXZ=/?(E)+CEZ);
2 -1 2 -1 —
C_.= 8A(r) : c.=h aA(r) - E@_K
> Ler? |, ° orz | ) oz

A(r) ... correlation function;  h ... hardening coefficient
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B Bulk Nanostructured Fe-10%Cu Polycrystals

& d =830nm
N (.o =1143um
e Correlation Function and Corresponding Correlation Length

- Moving Average Process
1 X*L/2 {é‘(x) : stationary random process

_2 dx . _ .
LT X_{/zé(x) * L:  window of observation

- Variance/Correlation Functif)n + Correlation Length

f(L)=g2/g%, f(L=2[a=Da0)dr;: &*: vari
(L)=92/9%, f(L) L!( DACYr; g variance

m m —Z—E
A(,,)_{l_m—l( M] HHH }
2 KCOI‘ fCOI’

(eor = lim L (L)

L—oo 62




- Shear band width analysis

r=k(y)—cV?y,

c=-h

o%A(r)
or®

——h/?

r=0

- Calibration for 300nm grain size

W= a\/—h (62/1(1”)/87/2‘

r=0

- Modeling of experimental data

cor?

180 —— 1 7 T T T T
2R i o]

10 - —Model . g

40010 Experiment ]

1200

1o |- Self-consistent

Grain Size (nm)
g

| M P PR | —d N B

Probabilistic

0 100 200 300

400 500 600 700

Shear Band Width (microns)

800 900
—

w

w = anfe

-1
) = an=hl gy —> a®(~h) = 0.85
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B More on Nano Shear Bands: n-Fe (Ma et al)

1500 |

1000 |

True Stress, MPa

500 |

1st loading
= e 2nd |l0ading
= ==—=—3rd loading

4th loading
--------- Cont. loading

RN T VRN YU TN SN ST ST W T ST S

0.08

True Strain

Stress-strain behavior and development of shear bands. Compression test
of a Fe sample with an average grain size of 268 nm with loading,
unloading, and reloading at various strain levels (~0.3%, 3.7%, and 7.8%).

0.1 0.12 0.14

0.16
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*Front Propagation in a Disordered Field

 1-D Gradient Model
B 0%¢ 0 B
G—K(E)—Caxz 0o/ox=0= o =0,
0%¢

= C——

* Front Propagation

— Transition-type solution

— Fronts propagate only when o,=0c (Maxwell stress)

P

* |ntroduction of Disorder/Perturbations
E>E+O0E; Oy —> 0y +00;

Fluctuating strength: k(&) > x(&)+0 f (&,x); 6 “small” parameter
0%e
= +o f(e,x)—-c— c=1



2 0 0]
izx+aog—V(8)+5j f(e,X)edx'=0=
2 - s
iz)(+gog—v (£)=0; V(e)= _[ k(&) dx
== -
501:% [ F(2.%) & 0x
L F oo

— Front “locus” shifts along specimere = (X — X, )

gn

Ag, \_




Statistical Properties of Stress Perturbations
— Assume short-range correlated:

f(ex)=h(2)a(x); {g(x)g(x))=&5(x=x)

(So)=¢& i Thz(g)gxdx E=L o =1
(Agf )2 2 )
h oo ge
[ ¥
i (e-1){1-¢7)

04 f

03} random
} ¥
0.2 wlha

01




e Implementation

k(e)=¢ e 2 4 g -

@ =const. ... linear hardening




S~ (S
| |

Scaled Stress

homog. constit. curve . J J

- - — . )/\J‘ PASAAN A A Y /\J"\V,— N ANAANNSN N ~ -
simulation (6= 0.01) 0.1 F/5\?:%IZiﬁfj:;fZ\t,iff:lii&iﬁf:iﬁt;fﬁfﬁ:ﬁi:ffiﬁ"jﬁ:;”fiﬁf;\ifj:j:_i:fiﬁL

0.1 0.2

Nominal Strain

T T T T T ) T I T T T T T

0.3 0.4 0.5 0.6 l I ' I '
- 00 02 04 06 08 10
Strain Position (X/L)

0.5

04 0.5

0.2 0.3

0.1 0.2

0.0 0.2 0.4 0.6 0.8 0.1

Position (X/L) o9



7_ 2
0 =\
% > UL
DN 4- ! \ | |
© ‘ \‘
5] i
< 3- \
[S)
n homog. const. curve i ‘ (I
2 } TV ‘
] simulation (5= 0.01) 0-2_ il "‘g LR
ol simulation (5= 1.28) 0.1] T il
0 01 02 03 04 05 06 00 02 04 06 08 10
Strain Position (X/L)
0.5 06
0.5
c 04
o
73 0.4
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=
g 0.3
= 0.2
| 0.2
0.1
0.1
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MORE ON TRAVELLING DEFORMATION BANDS

m Liiders bands (LB)

o (10" Pa)
LUDERSBAND 10._
W 5
—sl~8mmp—

Al-5 % Mg polycrystal
T=293K, 4=2510"s"

~05mm -
fo—el

T

° 2 * t (min)

N(U>U)‘
105
ot
103 -
102 -

slip band cluster slip bands consisting 100 S — .
of slip lamellae 10% 10" 102 103 10* 105 105 10" ulnm]
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m Portevin-Le Chatelier bands (PLC)

STRESS, MPa

o o = const. (Al -5% Mg)
TIME, MIN
7220 21 22 23 24 25 2
| AI-5% Mg
S 58l RT
z
< 44F
o
—
M 3.0F
6./h=10"s "
1o
100 110 120 130

STRESS, MPa

160

10 °

10° 10* 107
STRAIN RATE, s~

10 *



Strain rate (x10™ s)

PLC (Preliminary) Modeling
oc=he+ f(g)+ce,
c=0o,t ; o, =he

s=1(Vt—x) ; n= E(\/t—x);

150

8
>

—h
—t
o

Stress (MPa)

40 90 140 190

Strain (%) 70

o
o
o
—
o
©
o

; : - : ;
0 1 2 3 4 5

Strain (%)
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B A Note on the Origin of Gradients
o Self - Consistent Approximation

- Simple Shear
T=7— PAy
7=k(), f=au{l-2S,,} . Ay=y-7
1 4
y="|y(x+r)dv V=—7R® =
y VJM ) %
y(X+T) :y(x)+V7/-r+%V(2)y- rr+.... jVZ”“y-rZ””dV =0
' v
R*_,
v =~ +7V ) =
yEY 10 /4 R=d/2 o
R2 {,3205 —V
r=k()- BTV i-v)
10 h=dz/dy

c—R—Z(ﬁJrh) =  ¢=Cd?
10
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Various Models for «

Lin 1954 a=1/1-S,,,,)
Kroner (1958) / Budiansky — Wu (1962) a=1
- - 1 T
Berveiller — Zaoui 1979 o= H==
(Secant Model) 1+(ul2H) y

h(7-5v")

Hill (1965) / Hutchinson (1970) «a =

(Tangent MOdel) {6#(4 — 51/,) +15h(1— V’)} (1— 281212)

V,_vh+y(1+v)_ h:d—f
h+2ul+v)  dy
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o Adiabatic Approximation (Defect Kinetics)

t=k(y,a) ; a=Dda+0(y,a)

=K(y)—A
{T K(y)—he ;. {MA,M} =constants
a = Da,, +Ay—Mauo

dqz—quaq+qu—Mocq ; o, ~0,
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NANOMATERIALS & NANOMECHANICS

Nanopolycrystals: Observations/Metal Physics Aspects

B Grain Configuration at the Nanoscale

Traditional Polycrystals ...... 10 — 100 um Nanopolycrystals................ 5-100 nm

Grain size (d) of the same order as dislocation core (r,)
10 nm grain size: 30% of atoms in the boundary

Plasticity Mechanisms ?

Nano ‘ Traditional Materials

Yield LA-LY2
Strength o =kd

~ Amorphous

Grain Size
Inverse Hall-Petch Relation ?
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B Improved/Engineered Properties: Examples

Property Material Bulk  Nano
Density (g/cc) Fe 7.5 6
Modulus (GPa) Pd 123 88
Fracture Stress (GPa) Fe 0.7 8
E, for Self-diffusion (eV) Cu 2.0 0.64

m In-situ TEM Deformation Testing/MTU Early Observ.

200 nm
0
W Au 0 f !ggrz:l(;:;)[:'lr‘x?;?’to plane
~ | : e
/ \ S0 nm  ERE
- | e

Schematics 8 nm Au on Al: Nanovoid Coalescense
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 Nanovoid Nucleation

25 nm Au on C: Periodic Crack profiles and bifurcation
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« Grain Rotation / Dislocation Emergence

Elementary Rosette Analysis

Triangle angles (deg) Triangle lengths (nm)
Step a B Y a b C
Start 89 36 55 22.2 27.7 16.4
1 91 35 54 22.6 27.9 17.4
2 96 36 48 23.4 31.2 18.9
3 102 33 45 21.7 32.0 18.0
0.05 -0.11 0]
Strain Tensor g¢=|-0.11  0.16 0| & =20%

0 0 -0.24

10 nm Au: 6-15 degrees
relative grain rotation

100 nm Au film ~ ~12nmNi nanopolycrystals



m Initial Simple — Minded Models

« Model: 2-Phase Material / Rule of Mixtures
“Bulk” Phase, Hall — Petch relation - Volume Fraction

N N 3
__—_8 / GG:K]_"'ﬁ f:d—
; ) Jd (d +6)°
<— “Boundary” Phase, Constant :
strength related to - Rule of Mixtures

amorphous material or grain o = fo, +(1- f)og
boundary sliding (ogg)

3.00

i ' ' I

«Continuum Model predicts behavior of
NanoCrystalline Materials

250 —

P Continuum Model can sort out
g 150 Copper conflicting Materials Science data
k= ,
S am| Model = «Continuum elasticity Model has
ol vo0em 100m o Chokshietal. | | also been developed, which shows
| | oFougereetal. | the importance of gradients in
00 elasticity of nanophase materials

d-l/Z (nm-IIZ)



B Improved Inverse Hall-Petch Relation
HHo (L)t Hey 1 = H=[0-07/aHe + o7 (0 -7 /0" e

ln(l9d/ro)J

In(9d, /r,)

Hg =Hyg +kGd_]/2 ,  Hgg =Hoep +kGBd_]/2 , Kgg = kG(

3 3 3
[0 ad-s (9 d/n) )
BRI B qd3 In(9 d;/ry)
c/'0

12 6 N A S B L B B B 14 10 (T T T
i 7 4 P i 9 lﬁw’s"

10 - g:i. 2 3-— & ¢ ;:::B
é’s' g’ Al Em &k g [xras
g | &s T g S ]
B 6 fa <~ a Bt "
21 g I " 1T B gL 3
e 4 '23_ L T Tt :
[ ] @ g @ 3 =
Tl o T 1 EaL k
2 1 F 2 r D&r_\b b
L D-"‘B——\G 1 e 0!‘_.«--‘—?\ q

0 0 | T TN SO SO N I oL [T T AT ST T MR | o - S T T S T |
00 00 01 02 03 04 05 06 07 08 00 005 00 045 02 025 03 035 0.4 045 00 01 02 03 04 05 06 07 038

a2 (nm™?) 4 (am™ d*? (am™?)
(b) {c) (d)

(a) & (b): nanocrystalline metals; (c) & (d): intermetallics
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m Activation Volume (v)
olnég

® uv=+3KkT
oo 1.1 1
e Rule of Mixtures —=f—+ (1— f )—
) ) v
g gb
3 3 — ]7/ 0 -1/2
f=(d-0) /d , (]7/09) ( 09)+k9d
) @ Ni-w l o 4
20 | Ni-Co® -
I[ o I N33° Iiteratl:re
|| i ‘ ff"f(f#—_ 100 |- (é: AIon’f‘ tr’endlme
30 st : 2
£ sarh s I /7
§ 20 l&: ; //,,f’"f-:ff ) _’ ',“
RS
5 o’
0 20 0 60 80 100 120 140 1 10 100 1000
Grain Size (nm) Grain Size (nm)

v? =1000b°, o, =30b% &=2nm, k,=0.3v/nm/b’
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B Pressure — Sensitivity Parameter (a)

Jj+&p—K:O

Mohr-Coulomb Yield Condition used for the prediction of shear
band Angle in Fe-10%Cu Nanopolycrystals

Rule of Mixtures

a= fag+(1— fa

= (d=5)'/d* | (ag+ kgdl/z)+{1—[((gib— 5)3/d‘°’}}a

Grain Size (nm)

0.30 : 0.25 - —
] ' Ni-W
T 1 - Sm lated Ni®
c 025 ] C 02t
Q ] @ 7
=t [ . ] =t
% 020 F e : qqq:)
o i l ] O 015+ = Amo ""‘
@) 015 L b @)
Q ;] 2 |
g I — ] g 0.1+t
= 0o . — ] =
o i I _— o
o ] o
¢ 005 7 < 005
e ] e
(o) ] o)
= 000 R L >
0 50 100 150 200 0 L s i

1

1000
Grain Slze (nm)

a, =002, a,=016, §=2nm, k,=0.7+nm .



GRADIENT ELASTICITY (GRADELA)
[Elasticity of Nanopolycrystals]

m Gradela: Nanopolycrystalline Materials

5 o] [ / “Bulk” Phase

o “Bulk” phase and “boundary” phase
e

occupy the same material point and d
Interact via an internal body force

<— “Boundary”

Phase

o Equilibrium
dive, =f, dive,=—1 ...... for each phase
dive=0, o=0,+0, ... total

o Elasticity for each phase

Assume that each phase obeys Hooke's Law and that the interaction force is
proportional to the difference of the individual displacements

6. =Lu, k=12; f=a(u, -u,)

L =AG+uV;, G=Ildiv; V=V+V a5



Uncoupling =

£V2U+ (A+ p)graddivu—cV?| 4V?u+ (4 + w)graddivu |=0

o Gradient Elasticity

The above implies the following gradient-elasticity relation

6 = A(tre)I + 2 ug —cV’ [A(tra)l + 2/18]

l.e.
elasticity of nanopolycrystals depends on higher — order gradients
In strain

e Ru-Aifantis Theorem

u—cVu =u,
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B Gradela: A Scale Invariance Argument

e 2D Atomic Lattice Configuration (n,v)

- Strain:
e=¢&(n,v; e)=a,(N®n)+a,(vOV)+a,(N®v+ven)

o, =0,(e); o,=a, .. isotropy

e... atomic lattice chain strain

g =oel+peM (1)
1

n®N+vv=1; E(n(>i<>v+v®n)=|\/|
o, =a,=ae, o,=1/2pe; (a,B)...constants
- Stress:

c=6(n,v; s)

o =asl+psM (2)
s... atomic lattice chain stress: (a,b) ... constants
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e Atomic Chain Stress — Strain Relation
S= k(e — cVZe)
k... lattice atomic chain elastic modulus
c... gradient coefficient

e Elimination of M from (1)-(3)

o =A(tre)1+2ug —cV’ [k(tra)1+ ZMS}

3)
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m Gradela Dynamics:Euler—Bernoulli Beam(EBB)

e Standard Relations ,
R ... radius

A = 2Rt ... area [ .
h ... thickness
I = wR3t ... moment of inertia

M= [ yodA

E/p ... elastic bar velocity
. Stress - straln relatlons - Internal Inertia

[2 ... static internal length
0= E(S - ZS XX ) TP ld [% ... dynamic internal length
S M = —EI(Uyy — [2U yynx) — plLGiL

, XX S YW xxxx P d“,xx

s pAU = M,xx = —EI(qu — lszu,sx) - P”glﬁ,zlx
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o Wave Solution

u(x, t) = dexp [2k(x — ct)]

o Comparison with MD
2l amplitude

k wave number

¢ phase velocity

c 1 k? 1+ [2k?

P 2
S ERL %

8000
7000}
000+

g, sa00f

2

% 4000}
g
£ aonot

2000

1000

| a

sirain and inertia gradients|
MO {Wang and Hu, 2005}

o ==

N EBB theory
i\~ (5,5) armchair CNT

T

a0op
7000}
gooof
£ 5000}
€ 4000}
£ anoof
2000f

1000f

a 9 10
wa numbear leg, (K}
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m Gradela Dislocation Nanomechanics
Gradela: (@-cv?) {G“}—[G“'

0

%=Z2{ Y+ r\/— (r/\f}; G, =
8xz=bjz{ y2+r\/— (r/f) g, =

50 = K ()5 = (o,8,) 0

Xz

Screw Dislocation :

- Stress / Strain : {

r
- Self —energy : W, = Zﬂ {7/ +In R } . 5 =0.577; Euler constant
Je

r -0 = noneedforadhocdislocation core r,




e Dislocation Dipoles [insight to nucleation / annihilation]

1 '
€|

€yz
o.sr 1 0.8 ”:l
A, d=2Vc d=10Jc [~ {
© ® s o \/J T ;
=2V V7 o6 M M e
Z

d ~10+/c.. characteristic distance of “strong” interaction

e Mode Il Crack [continuous distribution of dislocations n(x)]

7.5 X/\/E

. Barenblatt’s “smooth closure” condition
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e Comparison with MD Simulations (Stilliger —

2
W = b

_ (H){.n | Hzf g

R

2C

&)

R2

b? R
R—o>w=W= In +y+=
An(1-v) | 2vc

3 T T T
, sl D-edge-a )

2 -
1.5F

1F
L e Atomistic

5 Wcore calculated by atomistic simulations : }G radela

— Elasticity

0% 1 2 3 4 5 6 78 o 10 11 12 13 14 15

Invariant Relations:

Weber Potential)

3 4 5 6 7 8 9 10 " 12 13 14 15
T T T T T T

L) 1 2
3 T T T
} ,sL D-edge-b

W,

02

c=04 A

calculated by atomistic simulations

core

1 L 1 1 1 1 1 L L 1 L 1
3 4 5 6 7 8 9 10 1" 12 13 14 15
T T T T T

We(eV/A)

-0 50

02

c=02 A

W, calculated by atomistic simulations

1 1 1 1 1
9 10 " 12 13 14 15

0
Jc=02-22 A
g
M_o 33+0. oosﬂ W (b)f —0.3+0. oozaﬂ
fo A A
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e X-ray Line Profile Analysis

- Gradela Soltn for €, of edge L

According to Gradela (e.g. ECA 2003) the €,, component of the strain tensor
corresponding to an edge dislocation with Burgers vector b=be_is

(b=be,)

b (1-2v)rP+2x* b
* An(l-v) r' T on(l—v
where

cpl-_ (/). @ r[

- The first resu/ts for calculating <g

1e-04

2

L

)

)y[(yz —vrz)CID1 +(3x2 —yz)CDZ]

(r/\f)} r =x°+y°

0.0001
measured curve
s

-,

0.0002 - g

0.0003
0.0004 - f

-0.0005 C

loganthmic approximation .- 4

\\‘

gradient model
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- X-ray

1

01

=
=]

Intensity |

0.0001

1e-05 . - — 1 1 1 1 L i,
03 028 02 015 01 005 0 0.05 0.1 0.15 0.2 0.25

- @)

line profile for deformed Cu single crystal

o.oot

T
deformed Cu ~ +

i s
H+ + + HHHHH HHEHHH .+

+ 4t HHHHE HHE A
HHHH-HHHHHE HH +H-HHHHEH T ]
SHHHHHHHHHEHH +HH-HHHHHHHHHHH +

K- K,

The measured (count intensity 1) line profile
of the (111) reflection of a deformed single
crystal Cu sample: the intensity is plotted as
a function of K - K, where K =(2sin0)/A
and K is the K value at the exact Bragg
position. The intensity scale is logarithmic

for deformed Cu single crystal

deformed Cu +

The mean square strain (¢{) as a function of
log L, determined experimentally for
deformed Cu single crystal by FT. It is noted
that (¢ ) obtained this way is not singular,
but it tends to a finite value for L > O

95



e Image Force — Inverse Hall Petch Behavior

. - Gh? R E R
- Self -energy: W= o {In 2\/6ij +KO(\/EH

Gh|1 1 d
) : - T T K| —
Image Stress: T Zn{d 2Jc 1(2\5]}

derived by differentiation and evaluation at R=d/2 (d ... grain diameter)

- stress to move a dislocation situated at the center of a grain of diameter d

0.001 | \

0.0008 - d *

/G 0.0006

: d*~9nm
0.0004 i

0.0002 |

oL!
0

10 2
d/b
l.e. d* critical grain size for inverse Hall-Petch behavior 9%



m Gradela Crack Nanomechanics (Mode lllI)

e Gradela: Mode Il Cracking

- Gradela: (1—CA)Gij=Gij0 & (1—CA)8ij=8ij0 . 6° =Atre’ 1+ 2pg’

Target: Non-Singular Stresses/Strain Estimation at the crack tip

- Boundary Conditions
Far field coincidence of stresses: limo;; = Gi-o
Fr—o0 J J
Vanishing of stresses at the origin: lime;; =0
r—0

: +
Zero tractions on crack surfaces: G,y (x,07)=0 ; [x[<a



e Nonsingular stress distribution in Mode Il

o == i sing(1-exp[ -1/ ¥E])| oy, = KL cos (1 exp[ /7E]|

Gradient StreSS| non-singular Gradient Stress non-singular
— B 50 T, ®8 — M I
<>
20
: : ©0 1, OO0 : :
Classical Stress singular » Classical Stress singular

e |

e
S

Note: (1—e‘r/%)/\/F max at  r=1.25\c
I’<||| ~ I’<|||

4c ~ a¥c

.o =0 =0.254

yz (Stress Fracture Criterion) K, = rw@



m Gradela Crack Nanomechanics (Mode I)
e Gradela: Mode I Cracking
= Gradela(l_CA)G” :Gijo &. (1_CA)8U :(c..ijo , GO - 7\'[1‘801—|-2|VL£0

Target: Non-Singular Stresses/Strain Estimation at the crack tip

- Boundary Conditions

Far field coincidence of stresses: lim Gjj = cijo
F—oo

Vanishing stresses at the origin: lime; =0
r—0

Zero tractions on crack surfaces

O,y (x,07)=0,,(x,07)=0; [x|<a



o Nonsingular stress distribution in Mode |

Oy = [COSO(Hs1ngsin329ﬂ(1_e—r/\/6j

27r

Classical Stress singular Gradient Stress non-singular

Classical Stress singular

.

= ... 100



= A Note on Mindlin’s Strain Gradient Theory

 Strain Energy Density

W_E €€} T HE;E; + 0LE

Thadl] k+0(‘ 8||k8

i, jCik. ikj T %88k T

T 0,855k 8ijk T A58 ki

1
05 = — w _ M;MS +2;yu»:ij X [sij = aV\é = 65 — M GZSUJ
Og; ooy 2p 2u(l+v)
oW 1
Tik = P =04 (Sif,fsjk + Sjusik ) + E a, (SM,iBjk + Sﬁf,jsik + 28k£,f6ij ) +
Sii k
+20,,€,, 05 + 20,&;, + 0 ( Eik | -I—Sjk,i)
o; ... elastic—likestress ; o;=o; .. 6components

Ty -~ dipolar—likestress ; 7, =1, .. 18components
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o Equilibrium
0. (G —0 r”k) 0
0| A&, 0+ 2pg; _(al * OLS)(SiK,Kj T gjﬁ,ﬁj)_ . (gw,ij T 8kﬁ,kﬁ)_

Z(aV €40 T Ve )] 0
I.e. formidable to solve in general

o Special Solutions
- (1) Feynman 1962 Linear Theory of Gravity
(0,=0; of;=0; 1, =0]

metric : strain tensor

4D gradient theory o _ . _
gravitation : metrical elasticity of spacetime
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(V 8,M+8WJ,)+0L2(V €ori +8WJ,)+2(OL V? itV 8,”) 0
(ocl+a2)8j€’m+V2[(ocl+20c4)sw+(oc2+20c3)8m]:O (*)

choose o, =—a,=-2uc; o,=-0,=—puc = (*) is identity

1
— Z_MCT'JK K= (IﬂCs) ~Eike€jmn€ rnkm
_ = VZ"“Iij + 8kf,fk8ij + e ~ € €k — Y gkk8
1.€.
3D linear Einstein tensor used in the gauge theory of dislocations
(Malysev/Lazar)
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- (i) ECA 1992 .. Linear theory of Gradela

o, =0, =a,=0; o,=rc/2, a,=upc]

. W= 1cs € +Cc55ksuk , oW :CGE,kv 8V;/ = C&;;
2 2 O€; 00

J

= COy = (7‘8u <Ojj + ZHSij,k)
et G = 65 — Tk s Ojj = 0

1]

=\(tre)1+2pe—cV?| A (tre)1+ 2ue |
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A note on Density Functional Theory
m Hohenberg-Kohn theorem (exact)

The total energy of an interacting inhomogeneous electron gas in the
presence of an external potential V (r ) is a functional of the density p

E = [V, (M) p(r)dr + F[p]

Kohn-Sham: (still exact!)

L1 p(M)A() e
E =ToLol+ [Veup(Ndr + [ 277 20rdr 4 E, ]

kinetic Ene Ecoulomb Eee Exc exchange-correlation
non interacting

In KS the many body problem of interacting electrons and nuclei is mapped to
a one-electron reference system that leads to the same density as the real
system.




m Kohn-Sham equations

LDA, GGA
—  E=T,Ipl+ [Vapmdr + = [ 2L gegr g []
2 |r'—r |
Eiin E. E. E exchange correlation

(non interacting)

1-electron equations (Kohn Sham)

vary p

£ V2 Vo () Ve (0(1) +V, ((P)ID () = 5.0, ()

o § B
&i<EE

E;DAOC .p(l’) ghom'[p(r)] dr LDA _ treats both,

XC exchange and correlation effects,

Ec oc [ p(r) FLp(r), V(] dr GGA - but approximately

New (better ?) functionals are still an active field of research



GRADIENT PLASTICITY
[Plasticity of Nanopolycrystals]
Thermodynamics applied to gradient theories :

The theories of Aifantis and Fleck & Hutchinson and their generalization
[J. Mech. Phys. Sol. 57, 405-421 (2009)]

M.E. Gurtin/Carnegie-Mellon & L. Anand/MIT

Abstract : We discuss the physical nature of flow rules for rate-independent (gradient)

plasticity laid down byAifantis and Fleck and Hutchinson. As central results we show
that:

o the flow rule of Fleck and Hutchinson is incompatible with thermodynamics
unless its nonlocal term is dropped.

e If the underlying theory is augmented by a general defect energy dependent on P

and VP, then compatibility with thermodynamics requires that its flow rule
reduce to that of Aifantis.

Refs

« E.C. Aifantis, On the microstructural origin of certain inelastic models, Trans. ASME, J.
Engng. Mat. Tech. 106, 326-330 (1984).

« E.C. Aifantis, The physics of plastic deformation, Int. J. Plasticity 3, 211-247 (1987).

* N.A. Fleck and J.W. Hutchinson, A reformulation of strain gradient plasticity, J. Mech. Phys.
Solids 49, 2245-2271 (2001).



GRADIENT PLASTICITY / SCALE INVARIANCE
[PLASTICITY OF NANOPOLYCRYSTALS]

B Gradient Plasticity: A Scale Invariance Argument

« Momentum Balance for Dislocated State

divi®=f: T°=S—T': divS=0

TP...dislocation stress: f...dislocastion-lattice interaction force

* Yield Condition f:(d+Bj—w)v; t=T--M

®
N Vv, M=(v®n), Q=(v®n), v=ov

n e
\)// DszpM, Wp:pr’ TD:th+tnN

max{trTLDp}; trM =0, trM°=1/2 = Dp:i{—pTL'; J=%tr(TL'TL')

21
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« Momentum Balance for Dislocated State

divi®=f: TP=S—T': divS=0

TP...dislocation stress: f...dislocastion-lattice interaction force

* Recall
f:(éu—f}j—?rL)v; tt=T--M
®
N v, M:(v®n)s, Q:(v®n)a, V=0V

n -
V D’ ="M, WP’=7"Q, T°=t M+t N

max{trTLDp}; trM=0, trM?=12 = Dpzy—pTL'; JZ%U(TL'TL')

21
=VT=x(r)



 Structure of Macroscopic Anisotropic Hardening Plasticity

Dp: '.Yp ( r r)
2\/3 c —a
o= t,m—t”t,m Dp+t—”a, oL = L — @O, + 0L
YLy t,
o=W-W°, W’ =—ti(ocDp - Dfal)
yp:G"(G'—a'); Jf:(i
K(t;n+2K') f:—(o-'—a’).(o-'—a')—KZZO
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« Inhomogeneous Back Stress: TP =g+T™

- a= homogeneous back stress ... as before
T :@(n,v,Vyp)
~[nevy+(vy)en |+ vevy + (v )@ v]
divT™ ~(n+v) V%’ +(grad’’ )(n+v)
- (dVT™) v = VAP (v ving )
- Integrate over all possible orientations of (n,v)

(diVTinh ) VS szp

o 1= K('Yp)—CVZ’yp
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ADDITIONAL BENCHMARK PROBLEMS
m Size Effects in Micro/Nano indentation
e Definitions

‘ Pl Hzi,tané?:z—h
D Ap D
hi \y D ’ 7T y)
- A=r|—| = ~h
crystal 2 (tan )
e Gradient Theory (Symmetric Stress) and Tabor’s Rule
TZK(7/)+C|V7/|1/2 , 7/~2—£:tan6?

2y 2tan@ (tan6)”
D D h

V|~

tan @
H:30—>H:3\/§r:>H~H{1+\/%}; \/I_=3\/§ca|_r|]

0
112



o Couple Stress Theory (Asymmetric Stress)

45T (111) single crystal Cu (Nix et al. 1988)

Symm. Stress Theory—_
............ Asymm. Stess Theory
& Experiment ]

o 1 2 3 4 5 6 7
1/h (um?)

Gradient Theory - H,=0.35 GPa, | =4.6 um = (¢/G)? = 6.73 10> um

Couple Stress Theory — H, =0.581 GPa, | = 1.6 um



m Johnson’s Spherical Cavity Model Revisited

e Core Incompressibility —

27adu(a) = za’dh = za’ tan Bda Q%
By i

o Geometric Similarity

x

plastically deformed
d a. a zone
d r r elastically deformed zone
ep ep

e Constitutive Assumptions

— Rigid Perfect Plasticity (8 =¢g",do, /de = O)

— Gradient Yield Condition:  &=0, —CcV’¢



o Displacements / Stresses / Tractions

ep o, (1+v) l'ei 12 C
U(r) - 2 y -
r* 3E reIO +41°(1+v) E

20 I 4 |2 r,\
t(r)=——>-20, log(-—>)——o, (1 +Vv 9| = | -19
(N=-75—2ovlog- )= )re§+4|2(1+v)[ (r) }

o Johnson’s Modified Relations

pint — t(a) 2 Z 4 2 Iog( ep) 5.00 0
o o, 3 H int Hardness H ~ p;,
, : I Oy dependence on
N 4  1"(1+v) of fer e 19 . plastic zone size
15 r +41°(L+v) _

a ) 20,0+v)| 3(r2+417(1+v))

LrepT: Etan,B(2(32+20|2(1+v))j1300 R —
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Prediction of H/ay Vs T,

6.5
6 -Equation (26)
©  McElhaney et al
55

(&)
T

Reduced Hardness
N
AU

w
o1

w
T

@)
O o o

2-5 r r r r r
0 2000 4000 6000 8000 10000 12000

Plastic zone size (nm)

E =129.8 GPa, v = 0.34, &, = 0.36 GPa

The fit determines the internal length £ = 15.77 nm



B Stress-Strain Curves for Nanopolycrystals

e H-P Type Behavior

Y
he
o=0,+|o,—0o; )tanh
O s O f
0 —1/2 -1/2
O, =0, +K d77, h=h,—-k.d
1200 T T
=mm= GG OFHC Cu
() ), 720 NM 10 h, 32 NM
- 1000 } =™ 0.5 h, 350 nm — 20 h, 27 NM
é‘i — 2 1. 118 NM — 30 0, 22 NM
w— 5 h, 51 NM
=3 g soof
2 =
o »
Ef-) g 600
o »n
E £ 40
200
0" 01 02 03 04 05 ——— e
2 s . g : 3 0O 0.1 0.2 0.3 0.4 0.5
True Strain True Strain

o0 =230MPa, k =92.5kPam, o°=70MPa,
k, =104kPav/m, h, =827MPa, k, =86kPavm
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e Strain Rate & Temperature Effects

o — o 1+c|n.i. o - {1—[(T—Tref)/(Tmelt_Tref)]m}

S
)
1200
g_e 1000t 1pa0s” ’6 - 233K
S LA o2 02' 800 206K ] _ I .
= o0 o = o O, = 890+15In¢
§ 600 ﬁ 600 425K 1
ﬁ 400 % 400 ] (MPZI)
Q
|§ 200 lg 200 ] Gf = 383(MP21)

o

% 01 02 03 04 0 o5 o1 o1 oz o= h — 95 GPa

True Strain True Strain

1000'/ ' ' ' 5 Tref — 296I<
800 ({’ : ' T =1356K

g Sl s I
é E 400 lq" 1 m = 26
- o |
N (7)) j
8 8 200
] L
07 02 03 0.4 % 005 0.10 0.15 0.20 025
True Plastic Strain Plastic Strain
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e Simultaneous Grain Size & Strain Rate Dependence

Stress (MPa)

1800 . - . - . T
nanocrystalline Ni
1600 |- ultra-fine crystalline Ni |]
1400 |- -===microcrystalline Ni
. _ R
— 1200 decreasing £=3x10"s ]
&U 1000 grain size J
H =
= 800 ' .
N |
%) ] 4
oA 600 _
Q sl | . ]
4+ o N
V200 T )
0 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10
Strain
1800
1600
1400t g
ot : : ; :
0 0.01 0.02 0.03 0.04

Plastic Strain

1800 ] T 1 T
1600 -\ omemeeeeeen . ]
1400 - N\ LT |
1200 - . . |
increasing
—_ 1000 strain rate -
é_c 800 _
2 600 nanocrystalline Ni
' L . = | -9
w 400 — £=3x10 52 i
D , - £=18x102s7|]
Y 200y o a10< st |-
] &= s ]
m D L 1 L 1 1 1 A
000 001 002 003 004 005 0.06
Strain
1800F
1600f
1400t
1200¢
@M 1000
S 8o
~ 600}/,
a ,
QO  40or s,
= 200
wn 5
0 0.01 0.02 0.03 0.04

Plastic Strain
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g
d d €,
Gy G, h,
/0MPa 265MPa 3GPa
k, kPa/mlk, kPav/m|  m, |k, kPavmlk, kPa/m  m, |k, kPav/mlk, kPa/m
386 1634 | 0.045 | 437 1207 | 0.016 | 60851 | 216646
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True Stress (GPa)

e Inverse H-P Type Behavior

- -
."-I'I'I--I e g .
i

W
-
e ™8
-

N
wn

-
o
i L
] e - ey i .
= -
e *l-lf-‘__‘..b.i

o ——

N
o
&

-

= ey Lt e
j- x”".* i e T T
1.5 :"Ilr,-'#:" ‘..'P ]""""_ii‘i_ﬂ"*"***"'*"*liﬁ'-h o
-
"*i e
Wy
b
1
0.5
0.00 0.02 0.04 0.06 0.08

Plastic Strain

o, =05GPa, o, =4GPa, K

True stress o, (GPa)

2.0 " T r
CLI.. T= Sﬂﬂ'l‘:

2.0 r

1.0

.D‘G 1 1 x 1 M 1 1 1
0.0 2.0 4.0 6.0 8.0
Strain (%)

— _140kPa/m

S

|d [nm]:

13.2
6.56

5.21
413

3.28

10.0
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DISLOCATION PATTERNING: THE W-A MODEL
[Nicolis & Prigogine Book Exploring Complexity (1989), Chapter 5]

m PSBs Ladder/Labyrinth Structures in Cyclic Deformation
* The Initial Motivation for Dislocation Patterning Developments

— Winter-Mughrabi-Laird; Tabata et al; Kaneko-Hashimoto
TEM and SEM micrographs 122



More Pictures on PSB’s
- Vein / Ladder structure — specimen surface

. [111]
edge mat[rl)é? /,.»
. - ATA LA £
dislocation “{‘i‘z"}‘:*’f
™~ Aa

screw :&:,ﬁ/ //;
- - Y&
dislocation ‘;«/ %y,
"‘v /’ y«*:
T SA
v

- Stress — strain graph

10 - :
T o 4 F |
o107 w‘/ |
S AR |
St { £
i‘ ";./ o Cu
VAR : |
o/ e Ni
® |
" |:J"5 ‘ niT" l 1I|J'3 0 ) 123




m The (In)Famous W-A Model: 1D Reaction-Diffusion Scheme

bowing out gliding
edge segment  SCrew segment Pi =9(p;) + DiVaupi —

Pm = Dmv>2<xpm +

walls
h(piPm)=Bpi 105 i —9(p)=a>0
(pi ) pm) (immobile, mobile) dislocation density
B=B(t) - bifurcation parameter

(oc, y) reaction cross-section parameters
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« The Underlying Diffusive — Reaction Mechanisms

- Diffusive Mechanisms ( D;)

L —
T >y >
Dipole “switching* Dipole “sweeping*
- Dipole Dissolution ( S p;)
L _
L i g
< (&) P

- Cubic Term (y pp, pi?)

- ap| ’ Pl 2
/‘ /" /L ( 8tj Vi P P
T T T
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« More on the Origin of the Diffusion-like Terms D; , D,,
— Diffusion coefficient of immobile dislocations D,

Dipole exchange mechanism  (Differt — Essmann 1993)

— D.~=—~p.,VL
\Vy(j N Yy td pm yd
Y4 ... Mmean dipole height ty ... average time between two successive events

— Diffusion-like coefficient of mobile dislocations D,

Distinction between prin (Walgraef-Aifantis 1985)
P = P +Pry _ |Pm =—00Kn +Bp; =7 ppi
K =Pm —Pm ("':pGND) k. =v0,p, —vK.p’

Adiabatic elimination of k (k = O)
P =D 82xpm+Bp| ypmplz , Dm:
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 Linear Stability Analysis of the 1D W-A Model

— Hopf: B=PBy =a+yp’ bursts (Neumann)
2
~Turing: B=Pr= (\/E + \/y p?D; /D, ) layers (Mughrabi)
. 2T oy P; T h WMW\WW
o Ueritical =U¢ = }‘*c = Di Dm . p |
] i | I—
s [ t=2 | t=4
— Ladder Wavelength: A g | M‘k |
2 e UA h
: LI (11
Dm~_2  yDifa=L{,, Yplszmo ol t=6 t=24
Y Pi i i
256 k M
kczdzE Pi ~—5 Lh L; | Ltm
VP d ° X/IL—=
i.e. same estimate as Mughrabi for Cu Temporal evolution of the system within

a grain of size L=13 um. Stable spatially
periodic patterns for p; are developed

(Walgraef et al, Glazov et al) .



« 2D Considerations — Nonlinear Regime

— Governing Evolution Egs
P =0 (pi ) + Dixvixpi + Diyvf/ypi —h (pi , pm)

pm - Dmxvixpm o h(pl ’pm)
— Slow-mode Dynamics

2-time scales near bifurcation ( Haken’s Slaving Principle; central manifold thm.)
0, ® 0 — G, - slow modes in Fourier Space

... fast modes in Fourier Space R, =0

0, <0 — R g

q

0,0 = [s—dx (qc +V2 )2 + dnyN}G—UGZ —uc®

e~(B-B.)/B.. o~Rexp[i(gx+0)], (d,.d,; v,u)=consts
Gy = 2R, COS(qcX + 5 ) | Ro=m, ¢, = const.
R=R,+R ., ¢=¢,+6
R—>R,, ¢=D, Vio+D Vi



« 3D Considerations — The Bifurcation Diagram

— Governing Evolution Egs
P :g(P')_(D Vz T DJ_Vi)(1+ Evz)pi _h(pi’pm)

P = DV + (P59

1
E=L

.JO

2 2 2 2 2 . o] 0 0
Vi=Vi +V:, V2=V2 ; D,=M_,|J J J°|,

:l\/lyy

>>D =M,

— Holt-like Energetic Treatment ofpi
Ji=—MvVvy, u(r)=E, (r') (r))dr' ~E, +3°; (r)+J'V?p,

:J'J(r)f(r)dr : =—jJ r| dr

i.e. the first two moments of nonlocal interaction J( )

M mobility tensor; E, core energy; f dislocation distribution fct

— Amplification Factor o,

o, =r—d, (a2 +02-q%)-d,q? +B—

2

qx+q
:(D///4E)_0°’ d, =1/2E, q.=vp;?/D,,, d,=D,E, dLZ(D//_DL)/2
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« Stability Diagram: The Competition between Veins and Ladders

— Low values of stress (B~ 0)
r<o0

.. homogeneous states (pi =P, Py = O) stable

— Increasing stress (B <p.) W
2
r_d//(Qi+q32/_q§) _d¢q§>0 =
veins with wavevector-like structure q = (qx, qy,qz)

fastest growing q: q;+0;=0d., g,=0

. 0 Miedd!  Mxedl2 2

— Higher values of stress (BZBC) o
5 q2 Bifurcation diagram for patterning in fatigue.
. 2 A2 X > The preferred stable states are given in heavy
r d// (qx qo) + B 2 2 0 lines. A is the amplitude of modulation of the

qx + q* spatial pattern, and o the absolute value of

ladders with wavevector Q= (qx, 0, 0) maximum stress per cycle
2
preferred wavevector g : 2d, (Cli —q? ) B @ _g

.e. d. >, (qg +Qf)2
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- Simulation Results
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- Experimental Observations

(b)

(b)

s

%
A

7.5% anisotropy

7

A
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, A A A
e, A / ~
o~ N LA
% \‘" £ e o AN )
AN AL LA / \
A L NN

7

\

XK . 10% anisotropy
OV

t =20000

(a) Temporal evolution of p starting from a random initial

condition. Primary slip directions are parallel to box
diagonals. Walls develop locally perpendicular to each slip
direction, domains form and coarsen, finally reaching a
steady state which consists in coexisting domains for each
wall direction and with most of the domain walls
perpendicular to the two slip directions

Experimental “labyrinth” or “maze” dislocation wall
patterns in Cu-single crystal under cyclic loading and

oriented for multiple slip (Kaneko — Hashimoto) .



B Micro/Nano Defect Kinetics — Patterns
e The W-A Dislocation Patterning Model

%: | (pi’pj)+ Divzpi

e Application to Nanopolycrystals

Zfl_) A p—BppZ—CO§+C3p¢+wM9+ N%+ D VZp

(Z(tp Ap— B¢p2 —C,pp—Kg+ D(pVng
88'7’{” C, '0+A/,1// sz// +D Vw
%_‘tg =C, L —Rp9-PyI-GI+ DV
p — mobile dislocations ¢ — low-mobility (immobile) dislocations

3 - junction disclinations - grain boundary sliding dislocations,.,



e Twinning in Nanopolycrystals

@p 2 0°p
=A p-Ap -Bps+FO5-Glp—Kpp+Nbp+D, ox2

ot
06 5 0°6
—=B,p5 +G,0cp+K,p9p—RO"+D,—
ot 206 + G050 200 0 A
0
a_f =E.0 - K;00—N,0p
5 - F,0
= Azp 05
p —mobile dislocations U — disclination dipoles (twin fronts)

¢-twin lamellae &—sessile Lomer-Cotrell dislocations



AN APPENDIX ON SIZE EFFECTS
Elastic Moduli of n¢’s

r=Gy, _Civij/i , 1=(9,gb)

h 9 &) G
) i -------------- S =y= Aeﬁy +Be f=

Be’s: y & ay'y continuous at 7/=g

J 2
— O7p| =0 & | =2
4 yygb y=0 79 y:h+g G
11 ——— g
| — 1 d/2 h+d/2
l 7:h+d/2[0 T 7/gdy}
(=] 1.0 LT ‘_C,'_'_‘_‘._::.:.:.::.-:.—.—.-:ﬁm-_-__- B
g Gy =7/7
& 09 R
0.8 - Geﬁ | 1,
| Kochetal, 2007 { Gy =
MOI | l2|0| | |4lol | .60, | Islol I%o

Grain Size (nm) h (nm) h (nm)



= Playing with the parameters

c, d, h E,/E,|

e Effect of d/hon E » Effect of surface waviness on E
| | | ! Eeff
E
e s wavelength/film thickness
(1) d/h 2)

Initial decrease of ng than increase

(1) Simple gradient argument

(2) FE calculation for polysilica film {Chasiotis + Knauss}
Similar results for (nano)plates and (nano)wires using MD or
surface tension theories 135




Pure Elastic Bending
d/2 «/d2/4—22
e=xy , M :JaydA:2 J. I o ydydz cylindrical bar (diameter d)
A

~d/2 0

o =E(e+csgn(e)|Vel)

M d? . d
O = EK(y‘l‘C) : q2 = (72.64 +C6j (*)

K

Eeff f
NOTE: =1+—=; [(=T7Cc (**)

E d’
. . . ' Eeff
M i gradient gradient__,»r’f__ E ¢>0
.. 5 (N . \ _-"’“’"l" [ \ .'I,,,.. E
e H . D /,f’z .
100 A = , ‘
| . Exps/Lakes - %
i et l > w, - classical 1 feromomrmmo e
| /.'J""'J_ i . /,I*’,/"
i classical | | | c<O0
o =0 W e 2w uc}é.. 2 2 0 om 00 d
(a) d* (mm®) (b) d = (mm?) 1

Similar behavior from MD &
(a) Polymeric foam; (b) polyurethane foam (Aifantis, 1999) Surface tension theories ;3¢



pointer 1

pointer 2 \V

=1, +K(y)+c(y)V?y,
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{3 °N

M

— =27
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copper wire
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\ lower grip
(translates but
does not rotate)
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Ni
Foil

Plastic Microbending

14 T ! T T T T T T
o | —— Aifantis (I=11.4 — 15.6 um)
AM 121 ----- Fleck (I.=6.2 um) .
7 &l 3 bl
\fi’ ' 8;
Ler=] 6t
4 -
@ L
PO i!
O 0002 004 006 008 010
Ep = xh/2
J3_ 3

G=k(&)+c,(Ve-Ve)" +¢,V7g;
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¥ .bh?
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Microtension (Gradients or Not?)
e Experiments

a) Steel cylindrical macro-bars b) Ag micro-wires
00 —— , =15 mm 240 -
. = S=- - 20 20 40 50um
D 1 5 i - 3 . — T V ’___d_-;:,___
800 8 = i ’EEDD_ .:'/
A A \“ ll\ o i
d SaEr= : NEmR = 160{f20 30 40 _S50um
u" = i % - R
o P .
Geng “ ‘; - %12[)' d=3.5um
Probe B D=15 mm £ sof . dquﬁum
IRS 4 R |
40
- IRS5 D=1.5mm |
IRS 6 o4+—— -
. ; T L 0 0.00 0.05 0.10 0.15 0.20 0.25
0 19 2 » « 5 @ 7 Engineering Strain {mmymm)
Data from ECA et al 1998 €eng Data from Ngan 2011

NO macroscopic gradients; Size effect modeling?

e Modeling

o=x(e)+A(a) ; a= %J.adu a=DVia+As"—Ma

i.e. 0 dependson € and an internal variable @ which evolves

inhomogeneously through a Vv? diffusive transport term 13



e Adiabatic Elimination ( a =0)
o = a(r)reaches steady states much faster than €

a(r)zAKO(r/\E)+BIO(r/\E)+ggq {CED/M
g=A/M
Bc’s: o finite as r—0= A=0

zero fluxof ¢ atr=R :—D%—?

_a, ge
SN N

Assume Ludwig type relations:  « (&)=Y +k,¢"; A(d)=4,8"

Y4k [In(1+2)] +A4[9(2B8+1) ] [In(1+2)]"

1+ &

=

. Models specimen size effects in tension for steel
macrocylinders
e Extrinsic vs Intrinsic Size Effects

Grain size dependence can be introduced according to H-P relation to
model combined extrinsic (specimen size D) — intrinsic (grain size d)
scale effects @



e Size Effects on the Tensile Strength of Ag Microwires

—4 -3 -3
Y=10+&[MPa]; k0=0.1+&[MPa]; k0=250+ﬂ[MPa]

Jd

Vd Vd

2407 20 30 40__ 50pum
i 2.x108 |
/ =
200 ,:'// o
i/ 1.5 %108
] // d=3.5um

o
(o3}
(=]

0 30 40 S0pm 1.x10°

-

=

v

8 m=1.3
g 1 20 0.65 O.iO 0.I15 0.5’.0 0.525
g?

5 o ——— d=3.5um N

o8} I

& L. W oeees d=40.6um 1.5x 10% |

S _

= 404 d=40.6um

1.x 108 |

O ¥ T v T v T v T v 1
0.00 0.05 0.10 0.15 0.20 0.25
Engineering Strain (mm/mm)

5.%x 107

(Chen & Ngan, 2011)



o Size Effects on the Compressive Flow Stress of Au Micropillars

Flow Stress at 10% Strain (MPa)

1000 |

100}

520.1; ko =0.1+

21073

Jd

Single Crystal <001 >-oriented FIB'd Gold Pillars:
Diameters Range: 300 nm - 7450 nm

Critical Diameter

1000
Pillar Diameter (nm)

(Greer et al, 2005)

10000

0.1

[MPa]; Ag =250+ —d[MPa]

—_—

Flow Stress at 10% Strain (Pa

3.0%10°
2.0%10°

1.5%10°

1Lox10° |
7.0%108 |
5.0x108 |

3.0x10% |

2.0x10% |
1.5x 108

LOX108F

Jd

. n=0.1

51077 1 %1076 21078 5% 1076 1x10-5
Pillar Diameter (m)
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Compression of Micropillars

40 - - : 70 -
Pure Ni<2 6 9> Pure Ni<26 9>

18 pm Diameter Samples d/dy =50 MPa sol 10 to 11 pm Diameter Samples
and Larger e

w30/ ~ T
o v /r, — B2
g % ) SRR e
» - —]
2 @ O
o 20 t <3
B : -
@ n _
© —+—18.0 um “a = —+—10.0 um
2 —=—20.1 ym @ —+—10.0 ym
» 10| o 50w » ~otum
+—222um —e—10.7 um
+—30.7 ym —+—10.9 um
J —e—39.7 ym ——11.2um
«— Bulk Crystal «— Bulk Crystal
0 . . ]
0 0.05 0.1 0.15 0.05 0.1 0.15
a Shear Strain b Shear Strain
! T T 350 T
Pure Ni <26 9> Pure Ni <2 6 9> —1.0pm = 1.0um ——24m
80 | 4 to 6 pm Diameter Samples - 2.5 um Diameter +24pm —e—24um
— S _ 1 300+ I +—1.0pym —e—24um —=— Bulk Crystal
7/ and Smaller Samples | __ " "
e f,«.ﬁ.l'j; > — -
G R i ————
g el BT H
= - 5 200/ — -
» A - & 3 sy N
» S ———— it
® 40| Tl = .
= e Sn L
a ’/ i Q 150
- ©
3 £ 100}
= —e—47pm —+—49um 5 e
» 20 o tsp. a2 < B AR
*— 4.8 um *- 53 um
49 :ll’" ~ 57 pm 501
—+—49um —— Bulk Crystal
0 ; : T 0 4
0 0.05 0.1 0.15 0 0.05 0.1 0.15
c Shear Strain d Shear Strain

Dimiduk et al, 2005




= Deterministic Gradient Plasticity (GP) Concept
(Katerina Aifantis & Zhang, 2011)

- Pillars divided in elastic and plastic zones (different yield stress, moduli)

- Solve 1-D boundary value problems for each zone

3227257, !
§ Layer 4 59 D
B G
Layer3 L S
h< Layer 2 L Ll
o, :
Layer | I
K =0 ! j ’
SIS S S S S O —

—vys>  —vs4 — sk

€ =8 & %

2



= Deterministic GP Results
(Katerina Aifantis & Zhang, 2011)

350 , ‘
Pure Ni <26 9> *—1.0um =+ 1.0um —e—2.4um . . . | | /
2.5 pym Diameter *=24um —>—244m
3001 2nd Smaller Samples e S i | e
© 250 150
o
g [}
200
b a
e S 100f
5
»n 150 g
S 7
£ 100 50
7]
50 o L. | | | | |
0.00 0.01 0.02 0.03 0.04 0.05
0 Strain

d Shear Strain



" Stochastic Gradient plasticity (GP) Concept

= Cellular Automaton Implementation (1-D case)

- Random variations of cell yield stress (Gaussian distributed random
variables with mean (c,) and variance Jo? )

- The coefficient of variation CV =do,/(c,) is taken larger for larger
diameters to take into account the pronounced difference from the mean
d’e’

- Constitutive relation: e — 8" + BL° R

= Simulation Procedure
“Force controlled” simulations. External force f.; increased from O
by steps of Af

External stress at each cell Oy = fexr / (m,z)

- Cellsyield when ogy +or >0, . Increase of cell strain by Ae

- Compute again internal stresses. Repeat until new stable configuration.
Record values of Jexr and mean strain

- Repeat the whole procedure until a certain strain level



40

Shear Stress (MPa)

Cellular Automaton Results

w
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N
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=
o

(0,)=81MPa;  =6.4GPa;
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and Larger

.......

_______

i

T

*—20.1 ym
+—19.4 um

20.6 um

*—222um
*—30.7 um

39.7 ym

*— Bulk Crystal

0.05 0.1
Shear Strain

0.15

(=09 um; Af =0.08 uN;

Stress (Pa)

A&

=0.4;

2 10’ L
3.5 CV - 08
3 i
2.5 f ’—I,
25 |— ’7—
———
150
1 i
18 um
0.5 22 um -
r ) 40 um
% 0.05 0.1 0.15

Strain



AN APPENDIX ON ENTROPY & POWER LAWS

e Boltzmann-Gibbs Entropy

S=-kg> P(1)InP(1); kg=1.38065-10" J/K
i
e Tsallis Entropy

Sq(P)zqil{l—Z(P(l))q} . g=1 : entropicindex
o I

e Exponential Relaxation

%:_,115_)4?:5“ ; A>0: Lyapunov exponent

dt
. dé g 1
- Presence of fractality P g —> 6= :

[1+(q -1)4, t]q_—l

g1y (instead of p(l)~ | "as commonly done)

A
[l+ B(g-1)I ]

p(l)=

148



e Acoustic emission during creep of ice single crystals

5

T T T T 4,
03$3 (Miguel et al, 2001) logqo p(E)z;
~ o A=-1.6 |
a; 2

& 5]l & o",=0086MPa | ° ] -4 A=6000
o cuen:0'067 MPa ¢ &, - i

¢ ¢ =0.037MPa : 6; B — 025
> o¥,=0.030MPa 1-8 |

-100 é tl1 é 8' 10 ]_10; q :1.65
Log,,(E)

e Acoustic emission during paper fractqre

[I::Il:l= AP AL ISEULLLLLL BNLILLLLLL BNLILLLLLL BELLLLL DL, DALY LR RLLL IR 0 1 L
-|: L . -: ' E ° E
I0E  *sa . (Salminen et al, 2002)3 P(E) o | = E (AE Energy)
10°r e, : s
107F " A=-13 1 0.001-
-4F - = - 3 i
.—lD 3 !':I_ * B [ —
l_-l_-! “}-5:_ I-*_ _5 -5 A 0.2
=10 % 5 100~ -
107k :, 1 - B=0.012
ll}'?:' « pre fracture events '--_‘Ii 3 '
gf |« post fracture events i : 107 ¢
m_,;gr = all events L 3 ‘ q :165
10 |- Isq fit 1o all events, slope -1.30]  j« " = 8 I
]D-l':lzul [REINT | Il [RIRTT | ﬁl [RITIT | -LI [RETIT | -.I:IIIII' . [RETIT | Ijl vl 1| [RIT: 1| a|.|'|.i||E 9 |
100 100 100 100 100 107 100 100 107 10 ‘ ‘ ‘
AE Energy E [arb. units] 100 104 106

AE Energy (arb. units) 149



e Strain bursts in Mo micropillars under compression

p(S) [nm”]

log (probability)

1025

1000

1
p(s) = s (strain burst)
0.1
0.01+ '
A=15
0.001 - B =15
s q=1.65
01 05 1.0 5.0 10,0 50.0100.0

Burst size s [nm]

p-insin Zrc, <Al (Ni,;,Cu,-Be,, - glasses under indentation

104 @@ '\ (Zaiser et al, 2010)
] &
10°4 o0 ._ E
02 \ A=-1.5 :
107 3 @ E
(O~ E
1074
1074
10*4 | ® window 0.2s ;
_55 @ window 0.8s ]
10 E O window 2.4s ¢ E
‘10_6- T T T LR | T T
0.01 0.1 1 10 100
Burst size S [nm]
e Po
2.0- ® e . (Nganetal, 2007)
] - €B. .
1.5 “m N=-2.7
L0- e
7 Sy
R e
0.5 oot
0o |m 1mN/min, k=3.0:03 R*= 0.96?62‘. .
~l® 10mN/min, k=2.8+0.1,R?=0.985 =
05-$ 100mN/m|nk 27+02 R —0990

24

2 0
log (Ah/h)

16

-1.2

log (probability)

20F

0.0

150
10F

0.5

I = Ah/h (normalized pop-in)

|0g (Ah/h) 150



e Slip Avalanches

dg

dt——,urcf (l —u, )EY ; r=1landg>1

£ = b :

th /Jl

w'] . _ - ] . | = s (avalanche size
1 oo, (Zaiser & Aifantis, 2003) p(s) <. ( )
10'2'5 gy - 0.01
:*/ 10-3'; 0.001 ﬂ,q = 1_8
g
10 " 3 0.0001 ILL_I_ = 0_002
105_; 0.00001 q - 205
wﬁ? 1.010% b:OS
T+ 1 100 1000 10000 % o0 T e
Avalanche size s Avalanche size s
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