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About JSOL

Tokyo, Osaka, Nagoya office in Japan
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1,300 employees (150 for Simulation field)
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Motivation, In the case of FRP
Macro-scale Injection molding
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OCTA and J-OCTA

Open Computational Tool for
Advanced material technology

Japan
Editor

for Chemical Innovation
Computer
Simulation
of Polymeric
EIEELS
Applications of the OCTA System

Since 2002 Nt
National project in Japan
(Leader = Prof. Masao Doi)
Open source

Engines, Simple GUI, Python
Current distributor = AIST
BBS users > 2600

J-0CTA

Since 2005

Developed by JSOL
Commercial version
Modelers for OCTA Engines
Parallel MD engine
Industrial users > 100 sites




Multi-scale Simulation

nm 10nm 100nm

Smoothed Profile Method
Colloidal dispersion

Finite Element Method
Mechanical properties, etc.

Mean field
Phase separation

Tube model
Entanglement, Viscoelasticity

Molecular Dynamics (Atomistic & Coarse Grained)
Molecular structure, Thermo-mechanics, Diffusion, etc.

Density Functional Theory, Molecular Orbital method
Electron state, Interaction, Polarizalon, Reaction, etc.

J-0CTA
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Multi-scale Simulation

100nm

10nm

Smoothed Particle Method
Colloidal dispersion

4 Finite Element Method
| ‘ “ﬁr\ Mechanical properties, etc.

Mean field (SCF, RPA)
Phase separation

Tube model (Slip-link, Primitive Chain Network)
Entanglement, Viscoelasticity

Molecular Dynamics (Atomistic & Coarse Grained), DPD
Molecular structure, Thermo-mechanics, Diffusion, etc.

Density Functional Theory, Molecular Orbital method
Electron state, Interaction, Polarizalon, Reaction, etc. ]-OC?}Q
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10nm 100nm
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Density Functional Theory

Density Functional Theory (Kohn-Sham) 5|MUNE

Exslpl = Tslp] + f dr Vext(r)p(r) + Eyartree Pl + Ef + Exc[P]

l | start
1 ‘

Hege = —EVZ + Vesr
Veff _ 5Eext + 6EHartree + 5Exc
op op op

Hege|Y;) = €|1;)

end
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Interfacial energy

Small molecule on Cu(111) surface

energy [kcal/mol]

20.0

10.0

Density Functional Theory

FF parameters (General L)) search result

0.0

10.0

20.0
2.0

F Adsorption of Alkane molecules onto

Cu surface
F Results of DFT was fitted to the
Generalized Lennard Jones potential

F Obtained LJ potential was used in the

classical MD calculation

——=propane
—hutane
—pentane

—hexane

propane (DFT)
butane (DFT)
pentane (DFT)

m hexane (DFT)
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Cu-C distance [angstrom] S | eSta
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Molecular Dynamics

Atomistic model

m d':‘ =F
dt~

Coarse Grained model

i _r 1w
dt~ dt

Angle

Torsion Bond

NonBond‘b

Potential functions

o\ 12 - 6‘
B Non-Bonding Ur) = 4e [(r) B (r)
van der Waals (Lennard-Jones potential)

I[:Friction constant, W:Thermal noise Coulomb U( ) 1 040,
r) =
4
- Bl Bonding o T 1
; 2 atoms:Bond potential  U() = Ek(l —1p)?
3 atoms: Angle potential 1
4 atoms: Torsion potential U(8) = Ek(@ — 6,y)?
|74
U(p) = =1 —cos(n(y — ¢o))]
2 J-OCTA et
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Thermoset resin O

S—

Full Atomistic Molecular Dynamics

» Modeling of Cross-Linked Phenolic Resins
courtesy of

«» SUMITOMO BAKELITE CO. LTD.

. > D/ N
,\/‘l q . ‘\\(\L\ : g
9-mer x 50 molecules R AR
HO L 4//2 2508 ; =3
Cross-Linking Reactions (N

Cross-linking reactions were repeated until the degrees of cross-linking (D)
reached 70%, 82%, and 92%, where D is given by (2Ngp2)/(3Nprow)x100.

Soft Matter, 8, 5283 (2012) JSOL
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Thermoset resin

Do . Full Atomistic Molecular Dynamics
+ Scheme of Cross-Linking Reactions courtesy of

SUMITOMO BAKELITE CO. LTD.

: oH P EZSH
H M@/CHz

H .
OH O reactive carbons OH
Two reactive carbons at the first nearest neighbor A methylene was inserted and reactive
were selected and attached hydrogens were carbons were connected via the methylene

removed:  goft Matter, 8, 5283 (2012) ™" 7 oc7n [
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Thermoset resin @

' :

Full Atomistic Molecular Dynamics

« Glass Transition Temperature (7) courtesy of
«» SUMITOMO BAKELITE CO. LTD.
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temperature / K temperature / K temperature / K
Soft Matter, 8, 5283 (2012) J-0CTA
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Thermoset resin @

"

Full Atomistic Molecular Dynamics

» Uniaxial Elongation: Stress—Strain Curves
courtesy of

«» SUMITOMO BAKELITE CO. LTD.

1201 1300k }
O D - 920/0
90 | O D=82% =
5 O D=70% |
=
s 60 »
O
..(7). 4 )
30
0 w, oal . .
0 0.01 0.02 0.03

strain / —
Soft Matter, 8, 5283 (2012)
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Shear Viscosity

v Shear Thinning behavior of polymer melt

v" Direct comparison with the experiment by narrowing the gap between MD
and experiment from 5 to 2.5 orders of magnitude.

v’ Large systems (over 100,000 atoms) can be efficiently analyzed using
GPU based cloud computin

10 E L ~ [5-MD 240 ns lammps -
R N ¢—MD 60 ns lammps |]
f """ ©--MD 60 ns gromacs | |
10°F  oxp T=384C f -
2 i exp T=370C 5
o L _
St experiment MD,Gromacs(GPU).
:g‘ : " i / MD T=25C :
% 103 F 'j/
Dr.Dmitry Luchinsky, Dr.Halyna Hafiychuk, ° -
Dr.Gabriele Jost, NASA 10%F g E
Collaboration with supercomputing division I MD LAMMPS "
at Ames and Amazon cloud computing at W ks s
AWS. 10 104 108 108 1010

shear rate, 1/s

J-0CTA
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Mean field : Self Consistent Field Theory(SCFT)

Mean field approximation

% Segment density ¢(r) Kﬁ
Vi(r) = quﬁ,{(rwr/
con3|stent
- Potential V/(r) . Path integral Q
(statistical weight)

Path integral to calculate the conformation of polymer chain.

b2 1
6 kBT

—Q(S r)= { V(F)}Q(S,r)

Calculation of the segment density considering Ensemble.
j dsj- drj dryQ, (0,1,;5,7)Q, (s,7;N ,1y)

5 M,
P (r) = | dry| dry0,(0,r;N 1)

J-OCTA it
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Strength of interface (polymer blend)

1D Mean Field

1.0

Volume fraction
= o o
B ()] 0

°
N

Elongation | .,

—A(Homo polymer)
-~ B(Homo polymer) M d ppl ng
....... A(Compatibilizer)
---B(Compatibilizer)

Thick interface

Thin interface

10

With compatibilizer

20 30 40
vs A | Stress-Strain
I
0.6 '
2 )
g0.4 1
wv Vi
\
\
0.2
0 AT AT P SN,
0 0.2 0.4

Strain

—xN=4.1

- - XN=20

------- xN=20,with compatibilizer

J.Soc.Rheol.Jpn, 37,75 (2009)
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Filled Rubber

. Cross linked rubber Coarse grained Molecular Dynamics (CGMD)

« Influence of cross link, interaction between filler and polymer

Slow deformation is necessary.
— CG model

(=
O
©
(@)
C
O
LLl
Stress-Strain curve Non-cross link With cross-link (elongation speed is 0.001)
Influence of deformation speed
0.4 | —elongation_speed=0.001 o
—elongation_speed=0.01 6.0
03 o ——elongation_speed=0.1 5.0
ﬁ4.0
ﬁoz 53,0 -
2.0
0.1 | 1.0
/\WM 0.0
0.0 TS AN S e ANA— el ]

0.0 1.0 2.0 3.0 4.0

0.0 1.0 2.0 3.0 4.0 ' ' . ' '
Strain
Strain 2
“J vy
. . . Integrated simulation system for soft materials
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Filled Rubber under Cyclic Tensile Deformation 0

—

Courtesy of

F The origin of the difference in dynamic response by Morphology

1st cycle 2" cycle _
Experimental results Experimental results D|Spersed Agg regated
0.7 0.8
9 06 2::;
N £ o5 T N 7
g o4 : 04
§ 03 € 03
02 2 0.2
0.1 dispersed dispersed Polymer
0 aggregated 0 ¢ Kremer-Grest model
0.1 -0.1 ¢ Chain length : 20,000
0 02 04 06 08 ! 0 02 04 06 08 ! Chain number : 1,000 (Cross link: 3%)
Nominal strain [— Nominal strain Filler
= L + Number 1,000 (15v0l%)

_. Filler bond stress \(fPonmer bond stress

03 5 03
5 £
= S
“5 o
° 02 5 02
g @
3 Fud
T 0.1 5 01
£ S
£ £
o £
=2
0 2 0
0.1 -0.1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Nominal strain Nominal strain \]-OCTH
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Filled Rubber under Cyclic Tensile Deformation @

E Mechanism of hysteresis Courtesy of Ve e T

° Mechanism (Flller) Stress components of filler in aggregated model
(difference from dispersed model)

Loading Unloading

Stress(1) Loading Unloading

‘ . ’ Parallel Vertical

Stress(l)

positive

Parallel

» 000 ¢

gative

. Stress-Strain curve and
* _Mechanism (Polymer) [Fraction of short polymer network

(Dispersed model)

®Ominal stress

2. Polymer folding

0 0.2 0.4 0.6 0.8 1

Nominal strain \I'OCTH
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Slurry coating process

¥ Simulation model (Cognac/VSOP)

- Bead-spring model

Polymer Solvent

Particle

Study of material property
Interactions between molecules
- Polymer rigidity

Obijectives
v' Develop the method to simulate
diffusion in materials by CGMD

f—

c

TOYOTA

- Evaporation of the solvent

O

Evaporation

Delete area :
solvent molecule

Green: Particle
Red: Polymer

Blue: Solvent

Base

v Clarify the mechanism of slurry coating process

v Understand the correlation between battery performance

and material properties

Copyright © 2018 JSOL Corporation All Rights Reserved
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Slurry coating process @

¥ [Result] Molecular Dynamics (Large-scale model)(VSOP) TOYOT
- Evaporating process (4 millions coarse-grained particles)

Initial > Final

Confirmed that the slurry coating process can be simulated
from molecular level

J-OCTA
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Slurry coating process @

¥ Diffusion coefficient/Conductivity (LS-DYNA/Muffin) TOYOTA
Aiteiz_es;'ffgor:iifn Particle Polymer Particle+tPolymer Void

particlet+polymer <>

0.0016 0.46 0.87 0.15

Electron  Hydrogenion Electron Lithium in Li battery
in fuel cell  in fuel cell in Li battery Gas in catalyst

v' Studies of material property with microstructure after evaporation and fuel cell

using molecular dynamics (micro) and FEA (macro) J-0CTA

Copyright © 2018 JSOL Corporation All Rights Reserved 22 Intsgrated simulation aystem forscft ruatsrisls




Tube model

%»m»

Primitive Chain Network Model

Motion of entanglement points Diffusion of monomers in a tube
3T ¢ 1dn, _3kT 7
IR, ——-n,Vu+f 2 — N
QV ;n IS \ 2pdt b \n, n o 'u+]i

Tension

Osmotic force

Osmotic force (Chemical potential)

(Chemical potential)

z: friction, b: tube length, n: number of monomers in i-th tube segment  Z friction, b: tube length, n;: number of monomers in i-th tube segment

Provided by Prof.Masubuchi ]_ OCm
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Dynamics of entangled polymer melt

Slip-link model
Primitive chain network model

*Coarse grained unit is based on entanglement
*Entangled polymer chain’s long time relaxation
/ *Shear viscosity, elongation viscosity, etc.

Based on tube model.(Doi-Edwards)

LOE+06 ¢ Viscoelastic properties
PI, M, =48.8k
1.0E+05 |
£
o
1.0E+04 e G'(Simulation)
e G'"(Simulation)
° —— G'(Experiment)
—— G"(Experiment)
1.0E+03 Y Y R

1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05

w [rad/sec] j'Ocm
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Finite Element Method

Free energy of the elastic material, Continuum mechanics

1 2 K(x)
Flui()}=| d%x{G(x)|e; —Z%eu) +—— (en)* — K(x)a(x)ey
|74
K(x) Bulk Modulus _jv d®xp(x) giu;(x) — s d* = xT; (x)u; (x)
G(x) Shear Modulus '
Calculation of distribution of displacement u,
under the condition Free energy becomes minimum.
Stress tensor
JoF 1
0ij = 5 = 2G(x) {eij — 7 ijen | + K(x)5;5en — K(x)a(x)6;;
ij

J-0CTA
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Averaged modulus of PP/Elastomer @

—

Mean field —
Elastic analysis (FEM)

Prediction of average bulk modulus (MUFFIN)

103 - =T T T |
™ | PP/SEBS
E ' pamllél model
=) . .
» 107 _
Bicontinuous = _ aan . _
"8 [ Daviesmodel @ | Mean field
E i , O Dispersed(exp.)
RZ 10 ...~ I R et lidi] | O Bicontinuous(exp.)
g) O ﬂsenes model ® Dispersed(simul.)
= s | 5 { | @ Bicontinuous(simul.)
>C3 i . . . _ A WI(simul.)
¥ Nl(simul.
100 . i i i i : )

00 02 04 06 08 1.0

volume fraction of PP

Elastic analysis based on phase-separated structure.
*Same volume fraction, but different average elastic modulus.
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Fracture of CFRTP ()

——

Meso-Structure (UD material) @Cdlglmat
LS-DYNA
Sectional view
Matrix : PA
Fiber : CF
10 vol%

Dispersed Aggregated

Cohesive element considering results of CGMD

______ Modified surface @ Elonaati
b gation
2 TN A
g \ \ Normal surface
2 N e
NETHIN
N\ ™

Distance
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Fracture of CFRTP

Coarse grained Molecular Dynamics (CGMD)

» Interfacial property

o
o

o
o

-o-Modified surface
-+~—Normal surface

ress on WQ",
o ,/
NG
U4

t
N
N

\

\

o

o
o
o

2.0 4.0
Distance

Difference after the yielding

J-0CTA
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Fracture of CFRTP

Non-linear structure analysis

Normal surface

Aggregated
structure

Modified surface

&/ _digimat
LS-DYNA

b«

1.239993

Dispersed
structure

b«

1.239993

L

1239993 &

.........

b
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Thank you for your attention.

J ~ 0 C ; http://www.j-octa.com/
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