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The 9th International Conference on

Multiscale Materials Modeling

Toward the next twenty years, opening new era in Multiscale Materials Modeling

Oct. 28-Nov. 2, 2018, Osaka, Japan
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® The most delocalized

® Plastic deformation /\
® Very localized (atomic scale)
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Yield Strength (Pa)

Mt

MERREDY 1 X ikFIEE T MRl

1E12

E 99.99% Pure Au Table I. Experimentally Measured Ultra-High Strengths.
B Material Number of Layers Measured Ideal Strength Reference
1E11 or Diameter (nm) Strength (GPa) ~ E/0 (GPa)
E- Single Atom Chains CNT SW 30 100 Falvo et al 2
: * : CNT MW 30 100 Yu et al.®
1540 Ideal Strength (Atomistics) CNT MW 97-110 100 Peng et al.®®
E- Nanowires * / Ideal Strength (Classical) WS,-NT MW 3.8-16.3 15 Kaplan-Ashiri et al."
= * * i ZnO-NW 30 7 14 Wen et al.12
K e Si-NW 100-200 12 17 Hoffmann et al.2
1E9 E MNanoboxes Manofilms Ag-NW 16.5 7.3 8 Wu et al.™*
- *pa? Microwires Au-NW 40 56 8 Wu et al.15
= * Q” Au-NP 300 0.8 8 Greer and Nix'®
1E8 Au-NP 300 1 8 Volkert et al."”
: Si-NS 20-50 20-50 17 Gerberich et al.1®
Au Atom DNA E-Cali Human Hair
CdS-NS 200-450 2.2 4.6 Shan et al.™®
1ET PR ETITT N -ml_‘_uuni_l_u.uul_*_u.umi_.uud_l_le Graphene ML 130 100 Lee ot al 20
1E-11 1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E~

Note: CNT, carbon nanotubes; NT, nanotubes; NW, nanowires; NP, nanopillars; NS, nanospheres;
ML, monolayer; SW, single-wall; MW, multi-wall; E, Young’s modulus.

Lateral Specimen Dimension (m)

J.R.Greer, Rev.Adv.Mater.Sci. (2006) T.Zhu, J.Li, S.Ogata, S.Yip, MRS Bulletin (2009)
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Figure 2. The strongest-size behavior for polycrystalline Cu from the Argon-Yip model3®
(solid line) and molecular dynamics simulations3? (symbols), where d is the grain size, b is
the magnitude of the Burgers vector, ¢ is the von Mises effective shear stress, 6, is the 1 6

tensile flow stress, y is the sh dulus. . . .
enstie flow stress, p s fne shear mocuiis T.Zhu, J.Li, S.Ogata, S.Yip, MRS Bulletin (2009)
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Ti-5 at.% Al single crystal
d=0.7um d=0.4pm

d=1.0um

5.0 ym

Figure 1| Scanning electron microscopy images

of the deformed micropillars and EBSD pole . . . Figure 3| Electron microscopy images of the tested samples. a, b, SEM
% SR i s of the deformed d = 0.7 pm (a) and d = 0.4 um (b) pillars.
. a,d= 8. . b, d=1 . ¢, d, jT D I t images o t
flg;“; ad fli 0(;,“1‘ SbO d I-H‘}m‘; F d (H;Md WI n “ Is Oca IO n ¢, d, Centred dark-field TEM images with diffraction pattern (insets) of the
PO EUISOL e it i dr, eloxe \c)an 0.25-pm-diameter pillar before (¢) and after (d) the in siftu compression test.
after (d) compression. T): {1122}(1123) and T,:

{1011} (1012)denote the twin type. Ty and T The beam direction was [0110] and the reflection vector g = [0002].
enote the twin type. Ty and T

have misorientation of 64 /<1100> and 57"/
<2110, respectively, with respect to the initial Q.Yu et al'! Nature (201 0)

orientation. (Half-width 10°; cluster size 5°.)

a d
o b 25 8030 12 07 04 026024
55F50 20 10 025
3 3 ' |—e+—0 45k L b

Figure 2 | Mechanical data of the tested 24p " ash
samples. a, The stress—strain curves of 20 3 %
micropillars with decreasing side length, d from g 20k | 3
8.0 to 1.0 ym. b, The load-displacement curves of <) = 28F =
submicrometre pillars. ¢, The load-displacement ﬁ _ 15} % } U_Q._
curves of a submicrometre cylindrical pillar with % 16r £ 2 2sp = 1 1
0.25 um diameter, in five consecutive g § i _E ! B
load-unload steps during in situ testing inside a 3 12 «-80um —4-50um =y 3 24p ! !
TEM (see movie in the Supplementary = —a—30um —e—20um [ 2 ! 1
Information). The negative forces at the end of w 08 —e—12um —a—10pm 3 2.2 ? Ry ‘- ! !

it s . ’ . . . ..
the lI])l(lal!ll‘lg segments are dus to adhc53011 '3 L. ODP: Ordlnairy DlSlOCﬂthIl Plasticity
between diamond tip and the pillars. d, Flow 05 2.0p e H B ¢
stress measured for the pillars versus d. We use 0.4 # 1,7 t. L
the narrowest cross-section md,,  owes /4 tO 18p Pl DT: Defor lnd.thll Tw lllllélllg R
calculate the flow stress. The error bars are two 0.0 L L L L é v
standard deviations. ] 4 8‘ 1‘ 16 20 24 0 50 1.UD 150 200 250 300 JU‘

Engineering strain (%) Displacement (nm)
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APPLIED PHYSICS LETTERS 102, 041902 (2013) @ P i

Size-dependent transition of deformation mechanism, and nonlinear
elasticity in NizAl nanowires
Yun-Jiang Wang,?® Guo-Jie J. Gao," and Shigenobu Ogata

' Department of Mechanical Science and Bioengineering, Graduate School of Engineering Science,
Osaka University, Osaka 560-8531, Japan

2 o . . .

“Elements Strategy Initiative for Structural Materials, Kyoto University, Kyoto 606-8501, Japan

1,2,b)

(c)

d~2nm (Phase
transformation)

Phase transformation
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d~8nm (Deformation Twin)
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Wang, Gao, Ogata, APL (2013) 1 8
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From “Smaller is Stronger” to “Size-Independent Strength

Plateau”: Towards Measuring the Ideal Strength of Iron

Wei-Zhong Han, Ling Huang, Shigenobu Ogata, Hajime Kimizuka, Zhao-Chun Yang,
Christopher Weinberger, Qing-Jie Li, Bo-Yu Liu, Xi-Xiang Zhang,* Ju Li, Evan Ma,
and Zhi-Wei Shan*

Advanced Materials 27 (2016) 3385
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sy /doorg 03038/s01467015-1201 |
Controlled growth of single-crystalline metal
nanowires via thermomigration across a nanoscale

junction

De-Gang Xie', Zhi-Yu Nie', Shuhei Shinzato?, Yue-Qing Yang 1, Feng-Xian Liu3, Shigenobu Ogata:
Ju Li® ¥, Evan Ma

7> MROZER
- IBHIC KD Thermomigration & R-FHARERHIGH -

Metallic
nanowire

Hot metal

244

16 & Zhi-Wei Shan® *

NS| (2019)10:4478 | https://doi.org/10.1038/541467-019-12416-x | www.nature.com/naturecommunications

a b 0 MPa

011 274 MPa

e 1. BEGRCSRFILE

[011—]>[1001 (Thermomigration:

R entropy production)
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» Y.-J.Wang, S.Ogata, PRB (2011)
» Y.-J.Wang, S.Ogata, PRB (2013)

Simulation details:

~ Copperwith 16 grains

~ random grain orientation
# Mishin EAM potential

#» NoT ensemble (constant stress)

~ Periodic boundary condition
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He bubbles)
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Ming-Shuai Ding, Jun-Ping Du, Liang Wan, Shigenobu
Ogata, Lin Tian, Evan Ma, Wei-Zhong Han, Ju Li, and Zhi-
Wei Shan, Nano Letters, (2016) 4118
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» Masato Wakeda, Junji Saida, Ju Li, Shigenobu Ogata,

n nature partner Scientific Reports, 5 (2015), 10545
J joumals » Narumasa Miyazaki, Masato Wakeda, Yun-Jiang Wang,
Ilpj Computational Materials Shigenobu Ogata, npj Computational Materials, 2 (2016),
16013
7 . » Narumasa Miyazaki, Yi-Chieh Li, Masato Wakeda,
2002 JohnJ. Lewandowski and Peravudh Lowhaphandu Shigenobu Ogata, App’. Phys. Lett., 109 (2016), 091906
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Atomistically informed multiscale modeling to predict temperature and
loading-rate dependencies of first pop-in load

Molecular dynamics (MD) simulation of nanoindentation Predicted first pop-in probability
Ta Fe (@)Fs - Temperature dependence Loading-rate dependence
St g (a) Fe (a) Fe
5 o ¥ 10 00k —— 10 —ouns —
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(b) Ta (b) Ta
Observe plastic deformation process and obtain local stress state o IR = " 10 e
beneath indenter z 08 700K z 08| 5000uN/s ——
é 06 § 06
NEB calculation of dislocation nucleation % 0 a o
2 K = 5
g 8
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AR moca) ' < Y. Sato, S. Shinzato, T. Ohmura, S. Ogata

0000 o002 oo o6 oos ot International Journal of Plasticity (2019)
Normalized load P/R? (107 uN/nm?) "Atomistic prediction of the temperature- and Ioading-2 5

Investigate dislocation nucleation under obtained stress condition rate-dependent first pop-in load in nanoindentation

Dislocation nucleation site
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'l') Check for updates

ARTICLE
https://doi.org/10.1038/541467-020-17918-7

Unique universal scaling in nanoindentation
pop-ins
1 Shuhei Shinzato!, Takahito Ohmura?34™, Takahiro Hatano®™ & Shigenobu Ogata
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» Y.Sato, S.Shunzato, T.Ohmuda, T.Hatano, S.Ogata, Nature
Communications, 11 (2020) 4177.
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Journal of the Mechanics and Physics of Solids
52 (2004) 691-724

www.elsevier.com/locate/jmps

) V Predictive modeling of nanoindentation-induced
7 \ homogeneous dislocation nucleation in copper

Ting Zhu?, Ju Li®9, Krystyn J. Van Vliet>¢, Shigenobu Ogata’e,
Sidney Yip®¢*, Subra Suresh®¢

E? ) ,? - I‘g
(Kib) I

Length "
I 0.076

10 atoms

1 0—15 S R ' ‘H =]
THFRBIE
f Mises stress (in GPa) beneath a cyl

& EFRNBTERY - YUOCEHET SZRITILF R — LRI Fi%
> BICSMIBRENTVS

drical indenter: (a) FEM and (b) MD simulati
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= B8R FEHEE/ER

Transferability | Computational cost | Typical number of

/ reliability atoms ERRE Sl
Y HIREEAT > S vl
First-principles (DFT, etc.) © X O(N3) 1000 iﬁ! .
Empirical potential x © O(N) 100,000,000 =

function (EAM, etc.)

flachine Learning ©- ©- O(N) 10,000,000 S —EEE
Potentials / Deep learning ) (Almost same (Little expensive
nti as DFT if well- than empirical
trained) potential)

SAlE
coonate fonctont put Hiddenlayers - Qutor SHENEE & EHEED
Atomle @FDHD ML —RA T &$TH
Cont QEAOE |
@ : : (Atomic
\@—*@ energy)
Input Pre-process Neural network Output

(descriptor) (n2p2, DeepMDKkit)



vie=:...

Osaka University 0970 Laboratory B Osaka Universty

Machine-learning potential (MLP)

Bayesian Force Field

* Fit the energy/force/stress functions by gaussian process
regression

* Predict not only energy but also uncertainty (reliability) of
output value

* Hard to fit precisely into training set
(intrinsic error by gaussian noise)

Descriptor-type Neural Network

* Be able to fit precisely into large training set.

* High transferability
» Overfitting may be happened

Input
layer

Hidden layers

Output

layers

(Atomic
energy)

Moment Tensor Potential .

*  Moment tensors of different ranks
are formed by multiplying radial
functions by outer products of the
position vectors of the neighboring
atoms

* Optimal combination of accuracy
and computational efficiency

» Less accurate than descriptor-type
NN for large training dataset

2 body

o Select by rule levB, = (2u1 + 1) + -+ < levaax

o Fewer radial functions for higher-body terms

Graph Neural Network Potential

» Structure descriptor is expressed by
graph (convolutional) neural network

* Unnecessary to adjust hyperparameters *
for descriptor g

* High computational cost




Available codes for training/application of MLP

Bayesian Force Field

Gaussian Approximation Potential(GAP/SOAP)

(https://libatoms.github.io/GAP/)

FLARE
(https://github.com/mir-group/flare)

Descriptor-type Neural Network

* n2p2 —
(https://github.com/CompPhysVienna/n2p2) -"
* 2enet

(http://ann.atomistic.net) @
 DeePMD-kit*

(https://docs.deepmodeling.com/projects/deepmd/en/master/)
*Descriptor is expressed as neural network (DeepPot-SE)

Moment Tensor Potential

MLIP package(MLIP-2/MLIP-3)
(https://gitlab.com/ashapeev/mlip-2)

MACHIN
LEARNING

® PapeR

The MLIP package: moment tensor potentials with MPI and active
le:

‘a DeePMD-kit
Graph Neural Network Potential

* NequlP
(https://github.com/mir-group/nequip)

* M3GNet

(https://github.com/materialsvirtuallab/m3gnet)

* TeaNet
(https://codeocean.com/capsule/4358608/tree/v1)
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Fan-Shun Meng, et al., Acta Materialia, 281, 120408 (2024)
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SrTiO dislocation

(a) Positively charged (b) Negatively charged

Ceramics NNP

npj | computational materials

Article

nature partner

Published in parinership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

https://doi.org/10.1038/s41524-024-01456-7

@sroTieo

GaN nanopillar compression test
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Neural network potential for dislocation

plasticity in ceramics

Zn0O and GaN nano-indentation test

Sphere indenter

(b)
L2y
/3
z t2
s
s
3
g
=3
N
L=30 nm
JC y[1120] o— x[1100]
x[1100] y[1120]
wp=1/3(1213) = b =1/3(1120) b =1/3(1700)

Zn0O

GaN

/ [1010]
[

T
2

Sﬁihao Zhang, et al.,
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npj computational materials, 10 (2024) 266.
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Constructing reliable and highly efficient neural
network interatomic potential for Fe-H system

R - L
R ;

RS RS SR - 6 A3 mm———m 50 A3
%

o
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% % e e % % % %,
%% % % % % % % % % e % e
% R e
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Now
a o
T T
m
o

VY

L2 L8282
% LLLLLRRIR I
CARLRLELL40424 2428242608
Yo Yo Ve Vo Vo Vo Vo Vo Yo Yo ¥

CLALILD

n2p2 72CPU
deepMD 8CPU+8GPU

(S |

Loop time
(microsecond/atom/timestep)
s & 8
T T T

(&
T

@®n2p2 version are available at * % o000
https://github.com/mengfsou/NNIP-FeH 1o 1o’ o o o

Number of atom
Fan-Shun Meng, et al., Phys. Rev. Materials, 5, 113606 (2021)

o
T

@®DeepMD-kit version (GPU acceleration 40x faster) are available at
Shihao Zhang, et al., Comput. Mater. Sci., 235, 112843 (2024)
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KD FENFE
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: (BUERGE : BX1016)
) 9 e ] . o O
) o [/ . [+] v .
o [ . ° o Fe ‘Q‘ e ¥ G
o o O .
> @ o o o @
o 0 0 "o o 0 .% Teu ey [ N R — —
g e © ©° g . T=0K T=200K T=300K
o @@ . ) ® ° B Nudged elastic band AB(accel.)MD AB(accel.)MD
N 0 S Q. Q- ° 0 e calculation at simulation at simulation at
O e e N0 2.5GPa. 2.5GPa. 2.5GPa.
) LB (24 replicas)
—-SRERDEE UZR VKSR X THRA AT HE -
il HEDRE S ETEEEEE (HEE: BA102)
200 00 400 600 1000 - ERETEFATERVEENR TR EEDEETF AL -
T DERF WP
10° | NormalMD 4 g Y/ -
o [ Stanley ] 3.0 - -
10 Smith (" Perform canonical MD sampling for certain - e
10%° | Wert = g MD steps and obtain the probability p(A) . - A
—_ Thomas o [+ [ 5(A(r,p) - A) exp(—3H)drdp — - -
£ 10" Maringer B P4 = T Tesp(~3H)drdp © 28} -~ PRaPig
b 9 \_ Sampling on the unknown free energy surface Y, % - - P
g 10} ppf‘—‘ E Repeat these two procedures l - : -7
— 16 P until certain transition occurs. »
o 107 : i (" Compute the boost energy AV(A) ) 2 26r
108 [ E and add |t onto the free energy surfacer(A) . s Shuffling Collective
102°[ . ] AV (A) = —lup ) C5) F/(A) = F(A) + AV(A) ° - --250K
Boost energy should be the best fit to the free energy surface > 24 - - 275K
1 L ] —— - - -300K
10 . . . . . L . — - --325K
45 4 35 3 25 2 15 1 Time scale conversion Voter, PRL (1997) ool — - --350K
1000/T [1/K] timg = 125" (exp(BAV))
MD time E> actual time l? d ¥l d. fl a d. | sl l ol d. ¥l ul d. ol el l
10° 10 10? 10° 10° 10° 10° 108 10" 10"

A.Ishii, S.Ogata, H.Kimizuka, J.Li, PRB (2012)
A.lIshii, J.Li, S.Ogata, PLoS ONE (2013)

J.-P.Du, Y.-J.Wang,

\_ /

Y.-C.Lo, L.Wan, S.Ogata, PRB (2016)

Strain rate (s™)
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DIFFICULTY OF MD SIMULATION OF
INFREQUENT PLASTIC DEFORMATION
EVENTS

Accessible time- <
domain with MD S

Typical time scale of Important
elementally process of plastic
deformation (dislocation nucleation)

P Molecular _>|
Dynamics
Atomic diffusion, dislocation nucleation,
|@ GB motion, ... e o ‘
1 1 1 ] 1 1 R .
T T T 1 T > time
psS ns ‘ KS S ‘ Year

Need to overcome the MD time scale issue
- Accelerated MD




GENERAL STRATEGY OF
ACCELERATED MD METHODS

Free-energy

surface .
Activation energy

barrier

state | state |
State i
Saddle Transition frequency
exponentially decreasing with
Free energy surface increasing the energy barrier

with many local minima

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




HYPERDYNAMICS
ACCELERATED MD METHODS

B Hyperdynamics and related methods
(bond boost, strain boost, ...) AF. Voter, PRL 78, 3908 (1997)

R.Miron and K.Fichthorn, JCP 119, 6210 (2003)
S.Hara and J.Li, PRB 82, 184114 (2010)

MD Accelerated MD

Activation-energy
barrier

Free-energy
surface

state | state | Boost energy

*Add predetermined boost energy (AV) to the original free-energy surface.
tij = boost (exp(BAV)) : Hyperdynamics theorem  aF.voter, PRL 78, 3908 (1997)

1—)
<L

The boost energy should be carefully determined (risk of over-boost). Over-boost
violates the assumption of hyperdynamics (saddle point cannot be boosted).




ADAPTIVE BOOST MOLECULAR
DYNAMICS METHOD

A.lshii, S.Ogata, H.Kimizuka, J.Li, PRB (2012).
A.lshii, J.Li, S.Ogata, PLoS ONE (2013).

Activation-energy
barrier

state | state | \W\/

Free-energy
surface

*Add boost energy (AV)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)

by = 227 (exp(BAV)) : Hyperdynamics theorem




ADAPTIVE BOOST MOLECULAR
DYNAMICS METHOD (ACCEL. MD)

—

" Perform canonical MD sampling for certain )
MD steps and obtain the probability p(A).

[ [0(A(r,p) — A) exp(—BH)drdp
P = [+ [ exp(—BH)drdp

\_ Sampling and explore the unknown free energy surface )

Repeat these two procedures l
until certain transition occurs.
(Compute the boost energy AV (A) N
and add it onto the free energy surfaceF(A) :
AV (A) ——lnp ) T F/(A) = F(A) + AV(A)

\ Boost enerqv is the best fit to the free enerqy surface j

!

4 Time scale conversion Voter, PRL (199%)
bimj = tEinSt (exp(ﬁAV))

MD time |:> actual time Frequency
\ (not free energy) J

Ishii, Ogata, Kimizuka, Li, PRB, (2012)
Ishii, Li, Ogata, PLoS ONE, (2013)

J.-P.Du, Y.-J.Wang, Y.-C.Lo, L.Wan,
S.0gata, PRB (2016)




DIFFICULTY OF MD SIMULATION
OF CARBON DIFFUSION

e e @ Activation barrier of O-site diffusion:
: ‘ : - SR : : g

i o ~0.9eV

o O @ . T o

’ o ° Average time for one jump (400K):
It LS ~0.1 ms

e S L5 o

.....

R N o C g v MD steps needed for one jump:
e 9 ~ 101" steps

g T e S ~>
°c° Computational time for one jump:

Carbon diffusion (C atom hopping) is rare event in MD time scale 2>
accelerated MD (adaptive boost method)




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

Normal MD

Adaptive boos

t MD
e ° o % "¢ o

. .o.. Boost potential
| o o o .0 ° AV
e e O g o 0 |07V
L T S o0 9 "o [ sy
0 Ve e % e e | Hosey)

« BCC (432 Fe atoms + 1 interstitial C atom) with PBC

- EAM interatomic potentials (Lau. et al. PRL 2007) ':228313;?’ Kimizuka, Li,




ACCELERATION FACTOR
to—o = t5.50 (exp((BAV(A)))

Acceleration factor

Temperature K|  fo_0 |ns| oot ns]  |foo /TR0y
200 1.48 x 100 1.02 x 107" {145 x 107
300 3.24 x 10°  5.64 x 1072 | 5.72 x 107
400 7.08 x 10* 822 x 1072 |8.78 x 10°
500 248 x 10 8.12 x 10™* | 3.07 x 10*
600 4.64 4.72 x 1072 | 9.78 x 107




C DIFFUSIVITY IN BCC IRON

T [K]
_4200 300 400 600 1000

10_6 Thiswork ® | | ]

10° | Nomal MD & /f Activation enthalpy

10° | Smith A

10—10 B Wert - . . .
—_ . Thomas - / | « Adaptive Boost MD estimation
= 10|  Maringer - ) ~0.89 eV
€ 10"} - { « Experiments:
o 10| i ) 0.77 ~0.90 eV

10| / D !

w02l 5

10-22 _/ _

10244 | , ] Ishii, Ogata, Kimizuka, Li,

5 45 4 35 3 25 2 15 1 FPRE(0M2
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.
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Dislocation nucleation at GB

- N ]
grain boundary e |

dislocation nuclé%\_ﬁ.m.‘
. Y B

B
2. B
>

N

Centro-symmetry Parameter Y. Wang, S.Ogata, PRB (2011)
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G12

G12

Short ISF facets Extended partial
dislocations

Shuffling-assisted single dislocation nucleation: Collective multiple dislocation nucleation:
Local shuffling of atoms and the stress-assisted free Uniaxial tension of a £ 9 <110>{221}
volume migration allow the creation of the

B f the Shock ia1s[1 symmetric tilt grain boundary in Cu with strain
necessary Burgers vector of the Shockey partials[1] rate of 109 <1 [2

U9 AREAEEDRERLYBH10'EHE VBRI E X BT

1. H.Van Swygenhoven, P.M. Derlet, and A. Hasnaoui, Phys. Rev. B 66, 024101 (2002).
2. D.E. Spearot, M.A. Tschopp, K.l. Jacob, and D.L. Mcdowell, Acta Mater. 55, 705 (2007).

o0



ACCELERATED MD ANALYSIS FOR
DISLOCATION NUCLEATION FROM
GRAIN BOUNDARY (FCC)

29 <110 > {221} Grain boundary

Uniaxial tensile stress

Cb. / i\ o
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Grain Boundary Plane
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M.A. Tschopp, et al., Dislocation In Solids (2008)

CV Boosting DOF

Relative displacement
between centroids of
group of atoms in
adjacent (111) planes
along [11-2]

N1

CVix=k- (

Uniaxial tensile stress is applied by a fixed strain.

EAM potential: Mishin Y, Mehl M J, Papaconstantopoulos
D A, et al. Physical Review B, 2001, 63(22): 224106.




BOOST ENERGY AND
ACCELERATION FACTOR
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Boost energy at 2.4GPa and different temperature.
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Acceleration factor and typical time scale.

mm-m- 275K L 250k
014 021

Acceleration factor Tl
Typical time scale ~104[s] ~10-2[s] ~10%[s] ~104[s] ~10%[s]

B Acceleration factor (typical time scale) strongly depends on
temperature




DISLOCATION NUCLEATION
PROCESS

T=0K T=200K T=300K
Nudged elastic band AB(accel.)MD AB(accel.)MD
calculation at simulation at simulation at

2.5GPa. 2.5GPa. 2.5GPa.
(24 replicas)

B Nucleated dislocation shape at saddle point becomes
smaller with increasing temperature J.-P.Du, 5. Ogata, PRB (2016).




TRANSITION OF DISLOCATION
NUCLEATION PROCESS

T=300K T=300K
ABMD Normal MD
simulation at simulation at
2.5GPa 2.81GPa

B Transition from single to multiple nucleation with increasing
applying stress seems to be happened

J.-P. Du, S. Ogata, PRB (2016).




ACTIVATION FREE ENERGY OF GB
DISLOCATION NUCLEATION
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Fig. Activation free energy — stress relationship.

B Activation free energy exhibits very strong temperature
dependency - Higher activation entropy

J.-P. Du, S. Ogata, PRB (2016).



ACTIVATION VOLUME (STRESS SENSITIVITY
OF FREE ENERGY BARRIER) CHANGE

This work
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Fig. 5. (a) Strain rate sensitivity m vs. T for conventional coarse-grained
Ni (circles) and 373 K, 1 h annealed nc Ni (squares). The data shown were Fig. 4. Temperature dependence of the activation volume of NC Ni with d=30nm.
obtained from the first cycle of the stress relaxation curve for each The solid lines are the present theoretical predictions and closed circles and squares
temperature. (b) Normalized apparent activation volume (A V//73) vs. T for represent measured values for apparent activation volume and effective activation
p. L Lo PP . L volume, respectively, obtained by Wang et al. [12].
nc Ni (circles). The inset is the same plot for conventional coarse-grained

Ni (triangles). Note the different temperature-dependent behavior of these
two materials.
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Stress induced by dislocations piled
up at a grain boundary is

=pn(t®* — 1¢),
where, T¢%is external stress, n is the
number of dislocations piled up %

— d ex

n= Cub (t 7o),
C and f are constants.
When t = 755, dislocation nucleates,
which leads to the Hall-Petch
relation® (7¢5 : the critical stress for
dislocation nucleation from grain
boundary)

GB
Cub
¥ =14 + /—Tcﬁd"

Yield Stress(d) = 27*¥

b =0.26 nm
1 =33.3GPa[1]

_m(2-v) _ _
=T B =05,v=033[2]
58
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— EIE>>HJ)LOE (kinetic Monte Carloix) —

Al-Cu&£GP-zoneZ £

T.Mohri, Y.Chen, M. Kohyama, S.Ogata, et al., npj Computational Materials (2017)
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: oo 7 - 7 glide direction
‘Construct the event list ‘ o
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T—— . Possible kMC events :
©Cu eVacancy ‘ CaICUIate the tOtalI rate Of event IISt ‘ Thermal activated double kink nucleation and kink migration
[100] (a) 350 K (b) 400 K (c) 450 K /
‘Select the event from possible event list ‘ : "X\ [Thermal activated kink migration is
{C} » 3 - possible when solutes affect kink
600 : : : : E " th | t d t migration process
Xecute the selected even
550+ 4 l Event rate for forward(+) / backward(-) dislocation motion
/510 K . - o Agljn/‘(f) R = 0 7AGI:L"/1_(T)
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3 .
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H.Miyoshi, H.Kimizuka, A.Ishii, S.Ogata, Acta Materialia (2019) 100} ]
M.Wakeda, S.Ogata, et al., Acta Materialia (2017) 0 ‘ ‘ ‘ ‘ 5 ‘ 3
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Atomistic model to coarse grained kMC model Algorithm of kMC simulation Possible kMC events :
Thermal activated Iunk nucleation and migration

/

Thermal activated kink migration is
possible when solute affects kink
migration process

Screw dislocation described as line segments
|Construct the event list |
|

- 1b Each segments have length I Y
At ;
\ of unit Burgers vector Calculate the total rate of event list |
Dislocation segment moves [ ‘ ‘
on (110) slip plane along |Se[ect the event from possible event list
l

[112] direction

. . . . . | Execute the selected event | Event rate for forward(+) / backward(-) dislocation motion
Dislocation moves in solute distributed field I AG”"'( ) ACH (D)
+/- _ 0 T /= _ 0 km
./ I |Update the time with 6t = 1/R | Rin = Vi ex"( kT ) R = Viem BXP( kT )
® . @ O_I“_’o"_'i_N(: Update event list Time evolution of dislocation with timestep 8t
——0—0----0—0----- 1 Nseg -1
+/-
o) ® o) ‘St=E=[Z(ka+ka)

Dislocation motion and activities

Screw dislocation Dislocation motion with kink nucleation

S.Shinzato, M.Wakeda, S.Ogata, Int. J. Plasticity, (2019).




Y >
S
ME
Ogeta Laboratory W Osaka University

Osaka University

RaEHE{FADRI IERASEE LF
- BT R & EARDEEE -

S00 Dislocation-solute interaction
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Solute effect on elementary process of dislocation motion
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Hydrogen-induced intergranular fracture
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S. Wang et al., Acta Mater., 2014
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Input Pre-process Neural network Output
(n2p2, DeepMDKkit)

Training database (DFT based) and potential files (n2p2 version) are available at

https://github.com/mengfsou/NNIP-FeH
Fan-Shun Meng, et al., Phys. Rev. Materials, 5, 113606 (2021)
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Subset (i) (1) Tensile and shear deformation, and volume expansion of +£2.5% and 0% in the a-iron
supercell, respectively.

[\

Monovacancy to quadravacancy-complexes with various configurations.
3) Self-interstitial atoms (SIA) with various configurations.

Low index surfaces including (001), (110), (111), (112), (210), and (310).
~v-surface for (110) and (112) planes.

Atomic clusters with one to four atoms, Bain path.

N

ot
N N e e e N N N N N

6
7) Transition states in the monovacancy diffusion pathway,
Symmetric tilt GBs with tilt axes of (001) (110) and (111).

Dislocation structures.

oo

9
(10

~ o~ o~ o~ o~ o~ o~ o~

Inherent structures in the liquid state.

Subset (ii) (11) Isolated H atom, Hs molecule, Ho+H cluster and Hy + Ho cluster, Hy molecular

clusters.

Subset (iii) (12) H atoms in the structures of the above (1), (2), (4), (8), Ha molecule above the
surfaces in the structures of (4), and H atoms in a nano-void with 9-vacancy.

(13) H atoms in the structures of (7) and (9).

Fan-Shun Meng, et al., Phys. Rev. Materials, 5, 113606 (2021)
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NNP®DI\N I #—<Y >R (screw dislocation motion in pure Fe)
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Easy

Easy

Energy surface with respect to
screw dislocation core

position

MEP of screw dislocation
motion (D.Rodney, private

communication)
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— 2 T
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Split core

Screw dislocation core
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Kink-pair Nucleation enthalpy (eV)
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Thermodynamics - H-defect thermodynamic interaction

RMElc bSvIEnickFEDOR BMHBE (GCMCHERT)

Exp. Exp. Exp.
—}— Vacancy
0.15 — Grain boundary 5
: 104 %
o Screw dislocation %
Vacancy :( ®
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c
) i - 4103 €
Grain i 2 !
boundary ] g 0.094 z
: o {02 2
Screw i ©
dislocation ; E 0.06 5
'.‘...........' ' O ==
i > 101 °a
I . —
200K 500K 0.034 2
0
Grand Canonical Monte Carlo simulation (GCMC) e I 410.0
(bulk H concentration: 40appm) 0.00 o
200 300 400 500 600
Fan-Shun Meng, et al., Phys. Rev. Materials, 5, 113606 (2021) Temperature (K)

Thermal Desorption Spectroscopy (TDS) Exp.:
M. Iwamoto and Y. Fukai, Mater. Trans. JIM 40 (1999) 606.
K. Ono and M. Meshii, Acta Metall. Mater. 40 (1992) 1357. 76
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Side view

 Screw
dislocation

® Diffusivity along screw core is lower than diffusivity in bulk
® But, H mostly flows around screw core because of H-Dis attractive interaction

Fan-Shun Meng, et al., Phys. Rev. Materials, 5, 113606 (2021) 17
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Screw

_ Screw
dislocation

N th(110) plane

(113 3 ?‘L

Edge core

N+1th(110) plane

[111]

[i10]

A.lshii, J.Li, S.Ogata, PLOS One, 8 (2013) e60586.
® Screw core is not the fast diffusion path because Hydrogen should
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cross the density-packed atomic plane.
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Kinetics —Hydrogen diffusion
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Hydrogen microprint technique micrograph of
X60 grade steel.
M. A. Mohtadi-Bonab et al., Eng. Fail. Ana., 13 (2013)
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Kinetics —Hydrogen impacts on defect kinetics
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Vacancy traps hydrogen - H slows down the vacancy diffusion?

0.1 vacancy diffusivity as a function of average H-concentration (c,), at 600 K, in
] y y g H
DFT Ni
| eav Dragging effect of
— 00 __H i 11
& 10715 Without
5 Ol == o
2 108 Dl s
9 -01 &2 D &l +phon e 2
S £ 17 VHy,  x 0.6 3
gﬂ = 10 i VH, o = Y. Wang, et al., Phys. Rev.
2 02 = S 04 8 B 91, 1 (2015).
> —
= VHS [s] 0T
(e VH, e b >
s LE Y 0.2
‘ 20 VHg L LB ’ 0,1—_ X W|th
10 L s e nnnsgat y Salliond o |y
© 207F _
= 10} ]
7117 \ 0 . 1 L L \4 \4 -4
) DY /Dy ~10
10 @ 107° 107 1073 107 107" at”;“/: o)
CH HE
H stabilizes the vacancy by forming H-Vac. complex Activation energy barrier was computed only taking into account

trapped H at initial (on-lattice) stable position of H-Vac. Complex.
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BHEDFHHFAEHE BDORBRERT

Vacancy diffusion acceleration by Hydrogen
(MD at 870 K, 4000 atoms Cu-H system with one vac., EAM potential, NPT (p=0), MSD of vac.)

| —o—MD
10 |k
Direct MD simulation shows totally
- opposite H effect on vacancy
R N S NSl :+~11 diffusion to previous prediction based
;‘% E Opposite!! on minimum energy path + TST
° i (**Same EAM potential is used)
- ——— HTST(VH,+H)
0.1 £ ———HTST(VH,)
001 Ll vl vl
107 10 10"

J.-P.Du, W.T.Geng, K.Arakawa, J.Li and S.Ogata, J. Phys. Chem. Letters, 11 (2020) 7015.
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BHEDFHHFAEHE BDORBRERT

Vacancy diffusion acceleration by Hydrogen
(MD at 870 K, 4000 atoms Cu-H system with one vac., EAM potential, NPT (p=0), MSD of vac.)

| —O0—MD Direct MD estimation (Ensemble of
various H configurations)

Direct MD simulation shows totally
opposite H effect on vacancy
diffusion to previous prediction based
on minimum energy path + TST

(*%The same EAM potential is used)

S ---Opposite!!

- —— HTST(VH, +H)
0.1 F———HTST(VH,)

Estimation by minimum energy path
of V-H complex jump for fixed
number of H atoms at the stable

* vacancy position (on-lattice)

0.01 L
107 107 101

J.-P.Du, W.T.Geng, K.Arakawa, J.Li and S.Ogata, J. Phys. Chem. Letters, 11 (2020) 7015.
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DFENFETFEROERE (MMDFEC K DAEHT & DLER)

Vacancy diffusion coefficient ratio btw w/wo Hydrogen at 870 K for Cu-H system

32 F—o—MD
t —»— Potential-of-mean-force
16 _— A— Mean field approximatio

W
Cu

D\éu H»"’ D
e
I

The acceleration trend is confirmed also by the
other methods, which take ensemble average of
various H configuration

0.5 E|| 1 TR | 1 T |

107 10 10

Cy

J.-P.Du, W.T.Geng, K.Arakawa, J.Li and
S.Ogata, J. Phys. Chem. Letters, 11 (2020)
7015.

Potential-of-mean-force method Mean-field-approximation:

Lattice gas model
AT aPaWal

Fava e VRN (0. XC.h TN N0 PR S ol 'l
f QR G =- [ Fdi, oy TPk )AL r,
W r Y LY
xexps—| I, | =& | -I'7, | =&
kBT rsar rsai

¢-8Ve-Vh o
Partial occupation of H at possible
interstitial sites

/ \ initial
2[112] ?opoogp

11T Y¥[110]

G" DY AG™
R=v,exp| - MH — -
0 p[ k Tj DY exp( kBT)

B
DY =a;R AG™ =G -Gy

with H - without H

GCMC+MD hybrid for sampling
of H configurations
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|| —o—Initial ([, =<N°_>)

—=— Saddle (F*H=<N*H{migration}>}

@gen Gibbs excess

n=ly F

) - More H are trapped at
saddle than on-lattice
~ Vac. configuration
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oow 94; °°°,°¢, 0-0.,0,00
L oooo°V4oo
ngqp’ ooooo 0-0°0°0-0
' V 0660

0000 0006

712) VH,
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Gibbs adsorption isotherm

(a reduction of activation free energy by excess H)
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Gibbs adsorption isotherm:

10X increase in Py,
105,

Hy :EIUHz :5(‘9}; +kBT1n%]
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v m
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3X increase in vacancy diffusivity, regardless of T

J.-P.Du, W.T.Geng, K.Arakawa, J.Li and S.Ogata,
J. Phys. Chem. Letters, 11 (2020) 7015. 84
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Gibbs excess theory (F&®)

DFT Gibbs free energy

Gibbs adsorption isotherm analysis at OK for Cu¥ac-
(predicting reduction of activation free energy) 10-H
Q 9 Pdgo 05__
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8 15

Reaction coordinate (A)

> Vacancy
o Metal atom
°eeH atoms with different
site occupying probability L .

H vucHH: ¢H»°V°
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Reaction coordinate, ¢ 2
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X[111] (10l © Metalatom © Hatom

“Hydrogen lubrication effect” (if AG, > AG))

J.-P.Du, W.T.Geng, K.Arakawa, J.Li and S.Ogata, J. Phys. Chem. Letters, 11 (2020) 7015.
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=EKFEHA T TORMAILA - Fe(001) RE (MDf#F)

Acceleration of surface diffusion (Direct MD simulation using NNP)

.| Mean Square Displacement .-
o

et

..| ofsurface Fe atoms .-~

/(4/
0.8 /"‘%*/
. 195MPa .~
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MSD [A?]

] 10 20 30 a8 50
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Experiment - acceleration of void migration by H (void surface diffusion)
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b bR,

100m

Without hydrogen With hydrogen

Fig. 1. Microstructure for cavities without hydrogen and those
with hydrogen, after specimen heating to 773 K. Some of
cavities without hydrogen are guided by polygon, and
some of cavities with hydrogen are guided by circle, to
emphasize the feature of their image shapes. (Online ver-
sion in color)

H, gas pressure: 11MPa

H, gas pressure: 195MPa
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FKAFRFILHOEE{ BRI RILF—DEtE
Activation free enerqy analysis
Potential of mean force method 600K s :Hll- Z
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® H Gibbs excess and temperature (entropic) effects reduce the
activation free energy
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Solving diffusion and dislocation motion equations

Update hydrogen distribution

dc(x,t) 0 (D (x)c(x, t) duy(x, xd(t)))

. . c H concentration distribution at  oax kgT dx
Screw dislocation ‘
> X
W_ Calculate drag force caused by hydrogen
dislocation-H interaction field : U o
X, X F, dUgiq (x, x4(t
_ dlsl( ’ d) Ty = _H:FH _ _f c(x) dlsl( d )) dx
b P dx

34

Update dislocation position and chemical potential

dx
d_td = vd(fext - TH)
¢(x) .
ty (2, x4(0)) = kg T lnl——c“:'(x) + 2WE(x) + Ugig (3, x4(2))

89
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58 AN —KFIZEMEED1RTET IV

To be submitted. c

Screw dislocation J\(

H concentration distribution

O Diffusion equation of hydrogen under dislocation — hydrogen interaction field

! d'
dislocation-H interaction fieldM—
aist (6, xq)

Update hydrogen distribution

dc(x,t) 0 <D(x)c(x, t) auH(x,xd(t)))

at  ox\ kgT ax

\ 4

Calculate drag force caused by hydrogen

F *® dUgzi41(x, xq(t
TH=—HFH=—f c(x)%d())dx

4

Update dislocation position and chemical potential

dxd
a3 v (Text — Tn)

¢(x)

> dc 9 (Dc(x,t) auH(x, xd(t))
ot ox\ kgT dx
AEy(x)
D(x) = Dy exp (— kT >

(- xd(t))2>

Ugisi (%, xq(©)) = Uy eXp( g2

¢ : Number density of hydrogen (H) atom

co = 12/a3 : Number density of possible site (T-site)

¢ = c/cy : Normalized number density (i.e. Occupation probability of T-site

Uy : Chemical potential of H atom

D, : Prefactor

AEy : Diffusion barrier of H atom

W : Interaction energy between H atoms

Ugis1 : Interaction potential energy field between H atom and screw dislocation
U, : Interaction potential energy at which H atom is in dislocation core

xq : Dislocation position

uH(x,xd(t)) = kBTlnl——E(X) +2Wé(x) + Udisl(x,xd(t))
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58 AN —KFIZEMEED1RTET IV

To be submitted.

¢ H concentration distribution

Screw dislocation /\(
Y -
! d’
dislocation-H interaction field !
ml (x,xq)

Update hydrogen distribution

dc(x, t) 0 D(x)c(x,t) 6yH(x,xd(t))
at _ﬂ( kgT dx )

$

Calculate drag force caused by hydrogen

_ _J’w 0 dU4isi (%, xa(®)) .

4

Update dislocation position and chemical potential

dxd
dt = Vq(Text — Tn)

uH(x,xd(t)) = kBTlnli(—zjgx) aF ZWE(X) + Udisl(x,xd(t))

X

O BCC screw dislocation mobility by kink-pair nucleation mechanism under external stresses

dxd ( )
— = v3(Text — T
dt d\text H
Dislocation velocity in BCC metal with H Activation energy reduction by H
- b AG AG 1- AG
kan (1) AGyg, +AGy >0 Vien (7)) = (1 - %) exp (— ﬁ) + %exp (— AN = €. W)AGy
va (Text — )b AGur + AGw < 0 . p1? . p1?
B kn H= AG (T) = AGY, [1 I ] AGy(1) = AGY [1 e }
n
al2avigi(x) + L]
o S+ ISR | w dU..
B= 2hL B AG>0 = FH:—f () sl g
By + B;T AG <0 b e dx

Original formulation for pure metal: G. Po, et al., Acta Mater, 119 (2016), 123-135.

vq : Dislocation velocity

Text : External shear stress

a : Lattice constant

b(= v3a/2): Burgers vector

h(= /2/3a): Lattice spacing along glide direction

L: Dislocation length

AGy,: Activation barrier of dislocation glide in pure Fe
AGP, : AGy, without external shear stress

AGy: Activation barrier change by one H atom

AGY: AGy without external shear stress

Tyn - Critical shear stress at which AGy,, = 0 (i.e. Peierls
stress)

p, q : Parameters for stress dependency of activation barrier
¢, - Number density of H atom per unit dislocation length at
dislocation core

Ty : Drag stress caused by H atom

Fy : Drag force cause d by H atom

By, By, By, : Parameters for phonon drag of dislocation

w: kink-pair width
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Dislocation and Hydrogen coupled and de-coupled motion under external shear stress
(300K, 5.3 mppm B.C.)
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Temperature — Stress — H-concentration dependent acceleration
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Pure Fe Fe-H
X [121] 111.28
y [101] 80.25(62.13)
z [111] 647.95(598.61)

* Numbers in parentheses are
the model size without vacuum
slabs in y and z directions

* Number of atoms: 374784 Fe

* H concentration: ~ 7200 appm

» Temperature: 300K

* Timestep: 0.5 fs

+ Strain rate(y): 4x 108 s

* The atoms in movies are colored
by their y coordinate to indicate
the cross gliding.
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> Hydrogen stabilizes vacancy - more H-vacancy complex exists
» H-vacancy complex and H induce local cross-slip of screw - more vacancies generated
> Dislocation collects vacancies and form large defect (defect precipitation)

96



wY »
S
ME
Ogata Laboratory W Osaka University

Osaka University

A

o >hOADISTaY EFHHLSOMBASBEDETUSI LM
B ~TILFRT—ILOEEHS

® FJNF REFRhSDFJHHNEDHEEDR

o [RFimlcHIT DR
MRFEFHT S

flal Ao —JU

]

WRADPEE, EFRKE TR

® RFMICKDVIVFIA DDANDIRE KBEVLBEERREDHF
HIENDHE ~HF - (LF - PHE

O MBIEET A\ DER mmeme. mremulrimms

97



Osaka University

A 2]
S

ME

(%)  (HIES)

s

70

60

 AE-EMmI, AP

- BHFBEDINNDFY F -

50 -

40

30

20

10

0

N [RIFE] + BEE)
l'UIyI 1S . W
REEOBIEME
Ultra Tow !
carbon steel
Al alloy ~L—RAD
25 : DFTHE
e 4'973\ Lk High tensile
L\ Qj
A '@,f
‘%‘% ‘ =EwvOR
o4 High stre'}ngtn Cell'amICS
0 200 400 600 800 1000 1200 1400 1600

RE (MPa) ()
O =R EEEDEMLL

~ A RFREESHEE (BERKEE) A ZTEEBRORERE (IEL)

=T

Bh (8

o MR
Y (B3&E - SIET)
>

09H (ERE

98




W
S
ME
Osaka University  Ooela Laboratory B ©saka Univer

INR>AY FIC K B5EE EIEEDOMIZOH D
- PSS -

Bl RIS > fham

TSR DEME  RIEEEYY THEE JhE1=I0>2T3ED Malf=] & [
A ZDER (EDTSA N EDF BERADZXLD HEICRELE
(ADITSHVRBEE) FTCREIINOIYT (K> HwvwFEFH I

’ *‘ 600

— d=1.1um _ -
~ ol v 500 f 1=o050EF
g g £ 1S HO>EE E 400 *ﬁﬁ'ﬁ‘%ﬂ?@)
- B o m b2 v
z X FHRF 5> % 300 oum? L AP
1 *E FIAZ _ :
g o g B | tersrsim
Ei 5 o WRFSIHN GBXHD gy 100 (gEKk)
=] ’ « Prism ~ O i L
Wy } K > 0 10 20 30 40 50
X 1o it 163
n 0.0L(A) (C) /\ 100 10' 100 10° 10° 100 100 107 "
¥ R HRHE (A) 8T (%)
Gx5)

o EmAFEZSL5L1=/0O02ICHEBHIET S LT3 DD
ZRBIEDI\F> Sy FERRL MEE] & [EE] 2z

AEBIEHTF Y >GRO DOBHERNZEIREX TSIESHT




vy >
[SIVIE::
ME

INR2BY FIC K B5E EFEEDMIIDH @
- ) REEITIVEARH -

bubble
a 4, b c Step (new source)
o —— Nanopillar —.:;10'2 Nanopillar
30’1 ok —— He bubble < 0" —— He Bubble .He bubble
?0.8 o % 108 . w Slip steps
& g 10°
Radiation damage (Cu) 50‘6. = 10° s X
g200keV I-_|e ion 504} 2 {c? urface Partial dislocation |, -
implantation forms 5nm Bo2} B emission . o
“T S 10
Fle bubbles) 0.0 e et & 107 T Dislocation-bubble interaction
20 15 16 1.7 18 19 20 15 16 17 18 19 20
i H Resolved shear stress (GPa) Resolved shear stress (GPa)
wacCompression
. FD-Cu — e _— _ — s — e ras
= : I IIVERADSERAFEES )\ D )VIEGHEE/EA >/ \TJ JVRE (CFRERALR > S5 1858
n_ »
U] e ——
= 10} :
%3] .
0 ER
g . §
& 05} 4 :
L : ’E
_ } ]
0.0} ) v : 3
O 5 lo 15 20 25 30 35 40 » Model 5ize:6.7r?m>< 62nm X 20',""'. about 7,000,000. - g
Strain (%) :‘(I:rr:::::at::énfleo;zr::@\yd.strmmedbubbmswuh cuttl n g %
' 12
' H + NB-Cu
Tension & -
0ol W- % + FD-Cu
=) i F;* True stress-strain Time (ps)
o , :S . R Time evolution of the shear stress and the corresponding dislocation-bubble configurations.
[G) gy > Engineering
"J” 0.6 e p ¥ stress-strain
74]
v L Ming-Shuai Ding, Jun-Ping Du, Liang Wan, Shigenobu
s
n 03 ﬁ Ogata, et al., Nano Letters (2016)
oo £ .

0 5 10 15 20 25 30 35 40
Strain (%)




wY >
S

ME

OsakaUniversity  Oaeta Labaratory B Dsaka University

INN2 By FICKDHE EIEEDMIZDFIG
- 7 CNTiEAREHH -

500 ‘ .
400} 1
a s
pining
: < 300- 1
R 1 Py
S 4 ; B moving i g 200 B
B Dislocnt‘i\oﬁs o Jom om 7] 100
¢ Elastic deformation f 140 =
& g P % ‘ 10 20
4 =10 s 5 ¢ Engineering strain (%)
- Dislocation ¥ Sabi? 9
e ~ene ‘; 100 /'/ o Experiment
= 4 - - - - - -
£ 5 é ----- il Kang Pyo So, Xiaohui Liu, Hideki Mori,
looping model e . .
Akihiro Kushima, Jong Gil Park, Hyoung
0 cwzm..;:.m:o..(m?v) 10 Seop Kim, Shigenobu Ogata, Young Hee
: . Lee, Ju Li, Extreme Mechanics Letters
Dislocation cannot cut CNT and
leaves a loop surrounding CNT (2016) 245
a
;.'!‘ 240 'Elastic Uniform 1cfarma(ian Non-uniform deformation
'é 180 + ' Eiad 2 vol%
= 0.4 vol%
B 120 W
5 |
2 6e0f i
2 1 / » CNT
T et v
1 siralm (6 L 1

L
0.00 0.05 0.10 0.15 0.20 0.25
Engineering strain (¢)

240

[
=

%

=

.
~
wm

= 200 | 4]

-
w o

160 i

~
=
.
-
=

Young's modulus(GPa) =
~3
th
Tensile strength (MPa) ©
(%) ureas 2anae |

>

n
e
3
n

00 05 10 15 20 00 05 10 15 20
CNT content (vol%) CNT content (vol%)




wY »;
S
ME
Osaka University Ogata Laboratory W Osaka University

&

o ;tHiKEENDOMRENRF L & 2EHE - BRIV FRAT—I)LEER
FEOFE, BICKEIRAT—ILDZREEL, CNFTTARETEET
HboIc ﬁ? s SDIRZ BN IONhFHE (HE, EE. M
HITE, MIRERE) OFRPEETZREBICAREICUDDHD
o sTBRZFEN I O—F(IHIRFE LORMEEEL<. AL
FIEEE TN\ DERDE < HiFEND.

e /> OAISIY EFRHSOMBALERDETUSH EM
B ~TILFRT—ILOBESHS

BEMHOMERR
WREBEEBAr—IL

e FINF  EFRHSOT ) BHARORREOR

g N T o FFRICHIBRMRT —IEEADIE R RRETRS
(TRLE T eA el o MRSEFNTS

® [RFMICKDBVNIFIA SDANDHE KBVPBELREDHE
HENDORE ~HEFE - {LF - PE

u\fﬂféﬂ;) o MPEEINDER MECENE. PBEEmIZULRRRH
102




	マルチスケールモデリング・シミュレーションによる�（ナノ）材料強度予測
	スライド番号 2
	スライド番号 3
	スライド番号 4
	スライド番号 5
	スライド番号 6
	スライド番号 7
	スライド番号 8
	スライド番号 9
	スライド番号 10
	スライド番号 11
	材料による靱性の違いの根源を解明 
	弾性変形と塑性変形 
	典型的な材料の強度 
	材料強度のサイズ依存性とナノ材料の強度 
	材料強度の組織代表寸法依存性とナノ材料の強度 
	変形メカニズムのサイズ依存性
	変形メカニズムのサイズ依存性
	スライド番号 19
	スライド番号 20
	スライド番号 21
	スライド番号 22
	スライド番号 23
	スライド番号 24
	スライド番号 25
	スライド番号 26
	スライド番号 27
	スライド番号 28
	スライド番号 29
	スライド番号 30
	Machine-learning potential (MLP)
	Available codes for training/application of MLP
	Fe-C NNP
	Ceramics NNP
	スライド番号 35
	スライド番号 36
	原子論の時間スケール拡張のための理論�ー 変形素過程の動力学、自由エネルギー地形、反応速度論 ー
	変形素過程の活動から長時間マクロ力学応答の予測
	原子論の時間スケール拡張のための具体的手法 I�ー 自由エネルギー地形解析、加速分子動力学法 ー
	Difficulty of MD simulation of infrequent plastic deformation events
	General strategy of accelerated mD methods
	hyperdynamics accelerated mD methods
	Adaptive boost Molecular dynamics method
	Adaptive boost Molecular dynamics method (Accel. MD)
	Difficulty of MD simulation of Carbon diffusion 
	carbon diffusion dynamics in BCC�at 400k (normal and AB MD results)
	Acceleration factor
	C diffusivity in BCC iron
	スライド番号 49
	スライド番号 50
	Accelerated MD analysis for Dislocation nucleation from grain boundary (FCC)
	Boost energy and acceleration factor
	Dislocation nucleation process
	Transition of Dislocation nucleation process 
	Activation free energy of GB dislocation nucleation
	Activation volume (stress sensitivity of free energy barrier) change
	スライド番号 57
	スライド番号 58
	原子論の時間スケール拡張のための手法 II�ー 動的モンテカルロ法 (kinetic Monte Carlo法) ー
	スライド番号 60
	スライド番号 61
	スライド番号 62
	スライド番号 63
	スライド番号 64
	スライド番号 65
	Al-Cu合金中のGP zone（Cu析出）核生成解析�- kinetic Monte Carlo + Classical Nucleation Theory - 
	スライド番号 67
	スライド番号 68
	スライド番号 69
	スライド番号 70
	スライド番号 71
	スライド番号 72
	スライド番号 73
	スライド番号 74
	スライド番号 75
	スライド番号 76
	スライド番号 77
	スライド番号 78
	スライド番号 79
	スライド番号 80
	スライド番号 81
	スライド番号 82
	スライド番号 83
	スライド番号 84
	スライド番号 85
	スライド番号 86
	スライド番号 87
	スライド番号 88
	スライド番号 89
	スライド番号 90
	スライド番号 91
	スライド番号 92
	スライド番号 93
	スライド番号 94
	スライド番号 95
	スライド番号 96
	スライド番号 97
	スライド番号 98
	スライド番号 99
	スライド番号 100
	スライド番号 101
	スライド番号 102

