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® Elastic Deformation
® The most delocalized

® Plastic Deformation
® |ocalized (characteristic lengths)
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® Theoretical prediction of “strength” of structural
materials is still big challenge

» Spatial and temporal
multi-scale feature in
structural materials

v

Big scale gap between the
first-principles scale and
target scale of mechanical
properties

v

We need to establish
smart models and/or
modeling methods to
bridge the gap
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I"mllum mmhlnu. of nanoindentation-induced
in copper

Ting Zhw', Ju Li%, Krystyn J. Van Vliet™?, Shigenobu Ogata’,

Sidney Yiph+, Subra. Sureshts
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How much hani y robust

gainst various =“strength”

“strength” is
relation btw action and
response

“strength” should

be dominated by

1) Deformation
(dislocation, twin,..),

2) Diffusion (creep,...)

3) Reaction (aging,
corrosion, ...)

in the multi-scale feature

of materials and

structures.

Matcrials and Structurcs
inki i i i i w di
Linking “materials science” and “mechanics” (links btw different

scales and fields) is necessary for understanding and engineering
the “strength”
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Ideal strength (first-principles calculation)

Using non-empirical DFT(Density Functional Theo
are estimated for 22 materials
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the stress-strain relations
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Ideal strength (Al vs. Cu)

3 Cu is 32% softer than Al
At equilibrium, Cu has
= 25 . Al 80% stiffer bulk modulus,
% 2 25% stiffer pure shear modulus.
':; 1.5 . ‘Why does Cu lose to Al?
g c
@ s
0s . .
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The apparent reason is Al offers a much longer
o 01 02 03 04 05 d range before ing than Cu, by
x/b’ (Strain) 50%! Cu starts out stiffer, but ends up
significantly softer under pure shear (by 32%).

Ideal Strength and Strain of Cu and Al

FCC (111)[112] pure shear by DFT using primitive cell
2¢Pure shear condition: stress components, excluding the applying shear stress
component, keep to be zero during shear deformation test

Ogata, Science (2002)

Ideal strength (Al vs. Cu)

L2

Aluminum

Copper

Ogata, Science (2002)

Ideal strength (Al vs. Cu)
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Normalized Ideal Shear Strength
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Ogata, PRB (2004) Ideal Shear Strain

Can we predict intrinsic ductility?

BV Decohesion
==——

= (Brittle)
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Competition
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=——= Sliding
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=—— (Ductile)
L | =
Competition between work needed for decohesion

and sliding of adjacent atomic planes determines
the intrinsic ductility

Yes, we can.
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Material

Ogata, JAP (2009)
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2% yield strain of metallic glasses

Experiments

Johnson, PRL (2005)

AS/2
S

Ogata, Shimizu, Li, Wakeda,
Shibutani, Intermetallics (2006)
Inelastic Displacement coloring

—
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Collective motion of ~100 atoms is unit of shear deformation
-> STZ can be a plaston

Shear banding is collective motion of STZs

What happens in glue zone (zone IIl)

Aged-rej -glue-liquid (ARGL) model

| thes iction s loa | puovides wetkon, 2% e
(Flow sirese) | mato Tomck.
Shimizu, Ogata, Li, Acta Mater. (2006)

Shear banding could be a collective motion of many STZs. However, looking at the
individual STZ does not provide valuable insights. - SB is plaston

d-rej lue-liquid (ARGL) model

2% yield strain of metallic glasses

Aged ion-glue-liquid (ARGL) model Experiments
(MD analysis)

The shear stress corresponding to 2% strain is
necessary for the shear band propagation.

Shimizu, Ogata, Li, Acta Mater. (2006)

Johnson, PRL (2005)

Melting by shear band propagation

d-rej! lue-liquid (ARGL) model

Heated zone width o vat
Heat injected = ht

ht
Temperature inerease ¢, (T -T,,,) o« —=
" Jat
Time needed to reach melting point T, :
ac(T,-T,.)
Bocunuion % 7
Th . s qust n?
HcaiT i o
B 6 =T = T Plugin 7,,, ~0.01E, &~¢, =\up,

thermal diffusivity a, heat capacity ¢, for Zr-based BMGs,
t,~100ps, 13 ~100 nm
Ifwe take & = 0.1c,, thent,

0 ot vy sl the et injection refe hv, 5 i,
i will eventually malt.

~10 ns,
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Wang, Gao, Ogata, APL (2013)
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GB diffusion

GB Sliding Dislocation nucleation

Yunjiang Wang? and Shigenobu Ogata!
1 Graduate School of Engineering Science, Osaka University
2 Chinese Academy of Science, Institute of Mechanics

Deformation-Mechanism (Weertman-Ashby) Maps

====1Space of map

@ Stress

® Temperature|

® Strain rate
+

|® Grain size

Grain size d
4

structural size

Need deformation-mechanism map at nanoscale.
T. Zhu, J. Li / Progress in Materials Science 55 (2010) 710-757 29

Fundamentals of Creep

Empirical Mukherjee-Bird-Dorn equation

&
primary secondary itertiary AD Gb( b P o " Q
e=—"—|=| | = | exp| —=
kT \d) (G kT
A. K. Mukherjee et al., Trans. ASM 62, 155 (1964).
o &: steady-state creep-rate
I 1 A: constantrelated to T, ¢, d

) Dy: diffusion coeffecience
time

G, b: shear modulus, burger’s vector

Time-dependent strain subject to external

stress at elevated temperature

¥

Define the minimum strain rate as creep rate  kg: Boltzmann constant

d: grain size; T: temperature; o: stress
P, n: grain size, and stress exponent

Q: activation energy




Proposed Fundamental Mechanisms Responsible for Creep

Atomistic MD Simulations of Creep Deformation

Creep Mechanisms Schematics Equation Reference

Coble Coble,
(Grain boundary ic =Ac ,...g[lil“’_"] (2)| /AR 1963
diffusion)
Nabarro,
Nabarro-Herring 1948;
(Lattice diffusion) v = oy 2252 [I_- ’ Herring, JAP,
v = A= | 5 1950

Gb b, o i
vk i &= AyDyy () (2| Liithy,
Grain boundary sliding : "Mk MSE 1979
Dislocation
e climb R
« sliding - £=bpv Orowan
« forest interaction . | ] equation

31

Calculation details:

» Copper with 16 grains

» random grain orientation
» Mishin EAM potential

» NoT ensemble

» Periodic boundary condition

v
o(GPa) | T(K) | d(nm) 8 creep rate
0.066 720 8 . . 0
840 10.7 £=A(T,0,d)o Fexp(—kB—T)
960 133 Correlating steady-state creep-rate
1080 with different (T, o, d) conditions,
3.49 1200 16.0 determining (n, P, Q) .

Creep at different stresses, temperatures, and grain sizes

Transition of Creep Mechanisms

Different stresses

Different grain sizes

=
TeME K, SrIT ne =

wirsin e

i ) i (] ima (pa)

33

Stress exponent transition

o
)
L1 d=10.7 nm, Teg60K=0.7T, o
WU power law i o o GB siiding a
: sdislocation i
e Dlogé nucleation 5 =
e o,
W' ga g | E
o {R=4.14£0,07 Q.
-
aw Diffusion-accomondated _
GB stiding W =
o
' " ;_'III +0.10 g
\ 2
a8
- " \ o
o W= 1.17£0,12 \ T
Gobla creop (GB alffu sign] ; \ Q
i3 stress o (GPa) | 3 3
. { ; \
. ;\LDGXR o E= vksDc»L[EJ > o= AdTexp| ~AQ ]|
kT d G kTld kT
- . ) Wang, Ogata, PRB, (2011).
Coble creep GB sliding Dislocation

(GB diffusion) Power-law creep 34

Creep at Low Stress

Creep at 166 MPa, 840 K, 2 ns
GB diffusion and sliding

Centro-symmetry Parameter Displacement>vZ/2a,, Nearest Neighbor

35

Creep at High Stress

Creep at 1.16 GPa, 960 K,
GB dislocation nucleation

o Creep deformation of a nanocrystalline metal.

Centro-symmetry Parameter Wang, Ogata, PRB, (2011).




GB diffusion GB Sliding

Dislocation nucleation

BN S G, £ = PL0S UG S, SRR, & = P ROREE: REON, 1 M, v = X T
- = 66— 167 Mfa, = 167 — 661 MPa, & = 664 Mpa-LASGM,
= 1, grain bamdary diffusion w2 Z, difesion-accomenodeled "= 4.2, diffasian-
i bpureinry (E8) sliding sooommanteked
dislocation ectiity

Diffusive

— Displacive

Coble GBS Dislocation

37

Constitutive Equation for Nanocreep

Rate-controlling processes:
<GB diffusion (Coble creep)

Eur = 9Dy exp[—Q ]sinh(ﬁ”]
B

—— Effective (MD result)

T T T E =y T Egg T E g,

<.
£
S,
%
3
5
2
3
%
%
3
)

Xas.
kT
“ GBsliding

& =g" Zjvgb’ exp(—LGB il ]

gbs

GB sliding

+* Dislocation nucleation

: - i

0 flem 1 T 2 3 3. Casl :E"dm exP[*%j
‘ stress o (GPa) B

/ &= Egier T Egist T Egps

crossover stresses

Wang, Ogata, PRB, (2011).
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DIFFICULTY OF MD SIMULATION OF
INFREQUENT EVENTS

FOR MATERIALS PLASTIC
DEFORMATION

Accessible time-
domain with MD S

Typical time scale of Important
plastic deformation unit process

Dynamics

«—  Molelr 5,
Atomic diffusion, dislocation motion,
'

|<— GB motion ‘
1 o : '

t y 1 t T time
| ps ns | Hs ‘

Need to overcome the time scale issue of MD

GENERAL STRATEGY OF
ACCELERATED MD METHODS

Free-energy
surface
Activation energy
barrier

state i state j

Free energy surface
with many local minima

Transition frequency
exponentially decreasing with
increasing the energy barrier

Strategy: Making the escape from state i happen sooner without knowing about
the escape path and the shape of the free energy surface.

DYNAMICS METHOD

Adlshii, S.0gata, H.Kimizuka, J.Li, PRB (2012).
Alshii, J.Li, S.0gata, PLoS ONE (2013).

o
o/

state i state j

o/

Activation-energy
barrier

Free-energy
surface

+Add boost energy (A¥]to the original free-energy surface.

=The boost energy is determined by an adaptive manner (no risk of over-boost)

=The boost energy is expressed by a smooth function (not so many Gaussians)
tiej = b0y (eap{BAV}) : Hyperdynamics theorem

ADAPTIVE BOOST MOLECULAR l




ADAPTIVE BOOST MOLECULAR
DYNAMICS METHOD
N

/" Perform canonical MD sampling for certain
MD steps and obtain the probability g{4) .
sy = = [ Bl 31— )l —0p bty
\ S Jol- Ay )

Repeat these two procedures
until certain transition occurs.

Ve
Calculate the boost energy AV[A)
and add it onto the free energy surface F{A) .
AV(4)= 510 p(4) ) F(A) = FUA) + AVA)

¢ o\

Time scale conversion

by = 87 {exp(AV))

actualtime <] MD time

Ishii, Ogata, Kimizuka, Li,
PRB (2012).

Voter, PRL (1997)

CARBON DIFFUSION DYNAMICS IN BCC
AT 400K (NORMAL AND AB MD RESULTS)

Normal MD Adaptive boost MD
° - "o ° o - i °
e © é1 e PR ] " ®
] L] o L] ] L o o
° ° ° o o ° ° °
L] ® ° ° o e ° ° o 0o Boost potential
2 [ e O:Fe o .. ® e ° AV
o ¢ ict ° (S SLR 0.7[eV]
el R e e 0 e '
[ ° s o ] ° 3 - ° 0.5[eV]
- a 2 o ° il ° ° 0.3[eV]

« BCC (432 Fe atoms + 1 interstitial C atom) with PBC N - .
« EAM interatomic potentials (Lau. et al. PRL 2007) Ishii, Ogata, Kimizuka, Li,

PRB (2012).

C DIFFUSIVITY IN BCC IRON

TIK]
200 300 400 600 1000
10 Thiswork & | " '
10: NomalMD . Activation enthalpy
10 Smit
_ 1o® Thuvr\r:: + Adaptive Boost MD estimation
& 10"} Maringer ~0.89eV
E 10" + Experiments:
5 100 0.77 ~0.90 eV
10—!.
10*
10"
10244 Ishii, Ogata, Kimizuka, Li,

5 45 4 35 3 25 2 15 1 PRE@2)
1000/T [1/K]

With the aid of Adaptive Boost MD, diffusivity can be quantitatively analyzed even
at low temperature for which no experimental data are available.

v

ACCELERATION FACTOR
tooo =t {exp((BAV (A)))

Acceleration factor

Temperature [K] oo 5] 85098 [ns]  |fomo/T000
200 148 x 10" 1,02 x 107" {145 x 107
300 324 x 10° 5.64 x 1072 | 5.72 x 10°
400 TO8x 10" 822 %1072 | 8.78 x 10°
500 248 x 102 812 x 107% | 3.07 x 10¢
GO0 1.G4 4.72 % 107 | 9.78 x 10?
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Thank you for your kind attention.
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