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The starting point ...

Can Nanomaterials be Toxic? ... YESI

— Wide range of materials can be made “nano” TECHNOLOGY

\

— Nanometer range is where life processes happen — e.g. RELEASE
inhaled ultrafine particles are toxic to lung and *

cardiovascular system ENVIRONMENT

— Transported easily, go unexpected places *

) (HUMAN) TISSUE
— Accumulate in cellular organelles

— Some components are toxic as chemicals, i.e. they can be
toxic both as chemical and nano!

— Many (most?) of possible effects belong to the category
of “low-doses-long-term-exposure” which is an unsolved
problem in itself, also for “non-nano” materials!

Aluminum nanoparticles inside an
endosome of an A549 cell from an
in vitro toxicity experiment

(cf. ToxSci 2006)

— ... Huge knowledge gap: Currently we have “a nano *
part” of knowledge needed to assess the toxicity of Short-term and long-term
nanomaterials! ... probably just about 10-° of knowledge adverse effects:
we have about the toxicity of chemicals! ... think about disorders/diseases

REACH!
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The starting point ...

e What do we have (“good news”)? TECHNOLOGY
— public and scientific interest *
RELEASE
— Overall methodology/approach (e.g. the IRGC) *
— Running research (US, EU, ..) ENV'Ri\'MENT
— Some methods and tools (HUMAN) TISSUE

e What we still miss (for suret)
— clinical research
— targeted epidemiological research/surveys

— integration of research: anaiytical, in silico, in
vitro, in vivo ...

Aluminum nanoparticles inside an
endosome of an A549 cell from an
in vitro toxicity experiment

— integration of nano-issues into the routine practice (cf. ToxSci 2006)
of public health ... regulatory framework missing! *

Short-term and long-term
adverse effects:
disorders/diseases

PROGRAMME



Public health and medical issues

related to nanomaterials
— Few or no information

about the specific risks of a
technology and substances
already used in consumer
products.

Risks due to toxicity, fire,
explosion, etc. to the
workers handling nano-
materials and nano
technology

Risk to the environment
and public due to exposure
of airborne particles from
nano technology and nano
materials

— Lack of specific regulations
or legislations for NT. This
raises the general problems
of liability for the industry

— Societal acceptance not
sure (at least on the long

|| The tele(remote) monitoring system ||
Plant Local PC
Directly Intelligent nano- Hazard O
measured risk recognition management =
values system system o
D
e.g. o Case Based o Early warning =z
g Reasoning 2 indicators
o Fine dust S c . .
; o Neural networks & | o Decision making
Pressure 5 i 4
© % o Fuzzy rules = | o Action plan :>g
Leakage of ) =
° J =) o Fuzzy =D o Information 5
marker gas A
classification L . <
o Other factors © Logging S
o Pattern <

recognition

Warnings 7/ Action plan
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What is so
specific about
nano-
technologies with
respect to public
health?

methodology/approach

IRGC RISK GOVERNANCE FRAMEWORK (II/III):

CORE PROCESS
Public Health (primary concerns)

Assessment Sphere:
amentation of Actions Generation of Knowledge
\ Pre-Assessment
T . Ea”y }1”ﬂng
gcreening

+ Determinationaf Scientific Conventions

Management Sp
Decision on &\lm

Risk Managemant Risk Appraisal

Implementation N Risk Assessmen

+ Option Realisation + Hazard Identification & Estifrsdion
+ Monitoring & Confrol + Exposure & Vulnerability Assegsament
+ Feedback from Risk Mgmt. Practice Risk Esti

Decision Making
« Option Identification & Generatio
+ Option Assessment

+ Option Evaluation & Selection

A

BEEERERRR.

Communication

rEEEmER

(EE T T ANy

Risk Characterisation

{_ I } + Risk Profile < ________
» Judgement of the
Seriousness of Risk

* Conclusions & Risk
Reduction Options

Risk Evaluation
o Judaing the Tolera-
kility & Acceptabiliy
+ Meed for Risk
Reduction Measures
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Nanocontainers —what can go wrong?
Non-performance....

Impacts _ occupational ‘ external environment

. water and water and strong
health & Safety (l n corrosive anions  +ageingor  Mechanical impact  all factors
'l' mechanical impact

production)

D |intact coating "
]
ImpaCtS — heath & Safety E micro-defects 2, "water displacement“|
of the intermediate/end £ . e -
o J B 3. "healing by polymerization ‘
user ] E corrosion \/'\\Li.“corrosion inhibition™
Impacts — environment — . .
Synergistic protective effect ‘
normal use |
Impacts — environment —
abnormal use ) | RISK
Impact - "low-dose-long- ——— ¢ VelyHigh @ —
exposure" scenarios = S o
. j— Medium
Impact - security g ----- T
0
o CONSEQUENCES: Environment, Health,
o

Safety, Economic ...

* - Calculated and/or perceived by the society
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(integrated) Risk assessment

and management should:

e combine quantitative and
qualitative assessment

e deal with low-quality,
scattered, inconsistent and
few data

e match the model-based and
behavior-based assessment
be seamlessly combined with
the preliminary screening
analysis

e provide a preliminary
assessment of risks and
effects of low-doses long
exposure effects in the
(usually!) short times
available in research projects

*

Y

Y V

YV VVVY

PROBABILITY*

methods & tools

| RISK

. VeryHigh :—

TLow |

CONSEQUENCES: Environment, Health,
Safety, Economic ...

Calculated and/or perceived by the society

IT infrastructures
(databases, communication
possibilities ...)

simulation

bio-inspired modeling (e.g.
artificial organs, artificial
life)

advanced methodologies
data mining

complex systems

risk assessment
methods & tools

iNTeg-Risk _7;
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Nanocontainers in a life-cycle:

needed:

INTEGRATED RISK MANAGEMENT
(Over the life-cycle)!

/Hazards~ Impacts — Hazards\
PRt >
Risks ,.* -

. P . Hazards
II Use , \
mpacts fisks

Inspections,
maintenance,
repair...

AN

~a Impacts

Testing and
characterization...

modeling ...
NANO
Technology

\
Risks

-
~ ~
~
/ N /
\

\‘ Impacts

Decommissioning,
recycling ...

Hazards
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... health ... general:

e Health effect are:
— not only “depositions” and
“concentrations”, but more

— how the people feel (*“thick” or
“well”!)

— ... if exposed to nanoparticles,
nanomaterials,
nanotechnologies ...

e ..and for industry and
industrial safety it means the
exposure of:

— work force
— users of their products

— general population

------



Nanocontainers —what can go wrong?
Non-performance....

Non-performance: material properties

— The properties are not as expected/foreseen — globally, locally,
in time

* Non-performance: as part of the structure

— difficult or impossible to inspect, monitor, maintain

 Non-performance: failure modes
— Different/unforeseen failure modes ... ?

« Safety / Health/ Economic / business risk of failure or
non-performance?

SIVLNTY masi WO
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Example of Risk-analysis

Corrosion of substrate due to lost corrosion
protection capability of coating

Failure of coatings

¥

Unacceptable change in appearance of
surface due to coating degradation

External (Mechanical) Damage (impact,
scratch, etc.)

STVLNT FramL
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Example of Risk-analysis

Uniform corrosion of coated
substrate

Blistering

r

_| Adhesion loss/undercorrosion at

defect or damage of coating

Partial or total adhesion loss

Failure/Damage
Modes

L 4

Cracking of coating

Color Change

L 4

Gloss Change

Degradation caused by
envirocnment

Soiling

SIVLNTY SrasiaT
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Example of Risk-analysis

Severity/Consequences RN Likelihood RN Probability for detection RN

Mone — there are no consequences known or possible upon MNone — the event cannot occur under no Obvious - Failure which always is noted.

event occurrence 0-1 |circumstances 0-1 |Probability for detection =99.99% 0-1

Low — the event can lead to short delays or small technical

drawbacks that can be very fast mitigated; very small amount of Low — the event can occur only in very Very good detectable - Normal probability for

additional resources needed. 2-3 |exceptional circumstances 2-3|detection 99.7% 2-3

Medium — the event leads to the medium (couple of days to

couple of weeks) delays or technical drawbacks that can be

mitigated in the relatively short time; some amount of additional Medium — the event can occur and the cases of Good Detectable - Certain probability for

resources needed. 4-5 |occurrence are known 4-5|detection >35% 4-5
Medium-high — the event can occur and the

Medium-high — the event leads to the serious (up to 2 months) cases of occurrence have already been

delays or technical drawbacks that require significant amount of experienced by the risk assessors, it is common

work to be overcome; additional resources are needed. 6-7 |occurrence in the field of appraisal 6-7 |Detectable - Probability for detection =50% 6-7
High — the event occurrence in the particular

High — the event leads to the serious (up to 6 months) delays or case is probable; the risk assessor identifies

technical drawbacks that require high amount of work to be the elements/indicators that might lead to the Difficulty to Detect - Probability for detection <

overcome; significant additional resources are needed. 8-9 |occurrence 8-9|50% 8-9

Very high — the event might lead to total failure of the project or Very high — the event occurrence in the

technical solution, technical drawback or additional work to particular case is very probable; the risk

overcome the problem is measured in years; doubling or more of assessor identifies most of the Mot detectable - Failures will not be found -

the resources is needed. 10 |elements/indicators that lead to the occurrence |10 |cannot be tested or not feasible 10

iNTeg-Risk
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Examples of PoF scales

Example of Risk matrix
CEN CWA 15740:2008

Very probable y<ea1r >1x10" [ 5 Very high risk
1-5 1x107 to . .
Probable years 1107 4 > High risk
S
Possible 5-10 |1x10%to 3 2 Medium risk
years 1x10° 8
S
. 10-50 |1x10°to o :
Unlikely years 1x10 2 Low risk
. >100 y (Very Low
\Y likel <1x10™ o 2
ery unixely years = 1 negligible risk)
g2 = -~ CoF category
$ ] ~ Y
] = A B c D E

Health (Long term visibility)

Safety (Instant visibility)

Environment
Business (€)
Security
Image Loss

Public disruption

Warning issued
No effect

Warning issued
Possible impact

Temporary health
problems, curable

Limited impact on

public health, threat

of chronical illness

Serious impact on
public health, life
threatening illness

No aid needed

First aid needed

Temporary work

Permanent work

Fatality(ies)

Work disruption No work disability disability disability

Negigie mpact | IMPRC(e0 o) | Mor impec e e
<10k€ 10-100 k€ 0.1-1 M€ 1-10 M€ >10 M€
None On-site (Local) On-site (General) Off site Society threat
None Minor Bad publicity Company issue Political issue
None Negligible Minor Small community Large community

Examples of CoF scales

iNTeg-Risk
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Example of one item risk assessment

detection? laser Medium .\'\
15 |Detection Low Low i *
scatter? high X
Weighted Weighted Average
Medium |High Medium
Average of ALL Risks
Risk Matrix
5
2 Agglomeration of
L the nanocontainers
I
K 1. Mon-opening of
) the container 14. Powder &
E 15. Detection )
L 3. Mot enough agent] Suspensions
I in the container
4. Toofastrelease
H " 10. Registration
ofthe agent 11. Quantities /use
0 ) (REACH)
5. Too slow release Weighted Average
o 13. Safety
D ofthe agent
7.The agenthas an
ite effect
6. The agent does upp[?s & )
9 Basic properties
not perform
8. Scale effects change
i 12. Toxicity
problems
A B C D E

CONSEQUENCES

iNTeg-Risk
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Basic DPD simulation concept for self-healing process

Crack DPD particle for DPD particle for Microcapsule

nanogoating layer healing agent membrane
S/ ///[//A;;////Aé////,
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DPD simulation for one microcapsule

Healing agent and catalysts Randomize rupture
particles start to {nteract position of microcapsule

LS ///4////////////4
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DPD simulation for
more nanocontainers: “Scenarios”

Crack lines are positioned Rupture of nanocontainer

randomly or according to the
supposed “damage scenario” ///
:_/_/../”/ //// /

// crack

\\\\\\\\\\\\\\\Eﬂx\\\\\
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User friendly software for DPD simulation of
nanocoating with nanocontainers

Tiak
L
i
irak

Hift
Sl
=
:r:__ i1
9 1P
PEE 1
dH i i
::'I.*::E...-.... = e
ST E 2
b e | i
LELLE: +

GRS 5 R, lonod il aceid 5 B e ool 2 )
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Basic parameters in DPD equations and main software dialog

) J J

DelkaT: 0,00z Gamma;: 4,5 Rep. force coefficient: 5 Rep. Force coeff, 2: 500
Ext. Force: |0.02 Step average: 100 Total steps: 1000 Membrane small radius: | 5.0
Division U: 120 Divisiony': a0 Include random Force: Mernbrane thickness: 2.0
[ Calculakion l Show velocity plak Show graph table RunyStop animakion

Rep. force coefficient 2 — a; repulsive coefficient

Basic DPD equation

for healing agent particles

F =3 (FS+FP+Ef (Ar) )+ B

i
DeltaT = At
rl?l:\::t')z: (\)/f_ initial £yt force = Fex
Gretion FUC =a,(1-r;/r, )rUO

D 0
F. =—yw,(v, e)r,

R 0
Division U — initial number of
particles in X direction

FC - conservative force
FD - conservative force
FR — random force

Membrane small radius

Membrane thickness

Gamma — v viscosity coefficient

Rep. force coefficient — a; repulsive coefficient for
for dissipativ e, )
P @ iNTeg-Risk ﬂ%_

nanocoating layer particles



Gamma: 4,5 Rep. force coefficient: 25 Rep. force coeff, 2:

100 Total steps: 10000 Murnber of nanocontainers:

100 Indude randam force: Manocontainer radius:







Thank you very much!
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Discrete particle models of matrix with
microcapsules

« Smoothed Particle Hydrodynamics (SPH)
* Discrete Particle Dynamics DPD
* Molecular Dynamics (MD)

« Multiscale modeling (bringing scale method)

June 02, 2009 iNTeg-Risk ﬂ% 24
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DPD Method — Theoretical background

. C D R ext
mivl.—Z(Fl.j +F’ +F)+F,
J

F =F +F +F;

ij ij

Fij — Fi?onservative + EjDisipmiVe n FRﬂndnm

June 02, 2009 Titd iNTeg-Risk TZ 25
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Basic DPD equations

C 0
K, =a. (-1 /r)r,
0
Fij =—yw, (Vl.j -el.].)ry

0
F' = O'wal.jrl.j

al.j 1s the maximum repulsion force per unit mass

istan
n d1rect10 from j to
y 1s the friction coefficient
o 1s the amplitude of the random force.

wp and wy, are the weight functions for dissipative and random forces
[EZd| iNTeg-Risk 7
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Additional conditions for DPD equations

DPD fluid system possess a Gibbs—Boltzmann equilibrium state, the following
relation between the amplitudes of the weight functions of dissipative and
random forces, and , must hold (Espafiol 1995):

2
WD o WR
Also the amplitude of the random force o 1s related to the absolute temperature 7,

o=(2k,Ty)"

\ /

where is the Boltzmann constant. The weight functions can be expressed in a form
(Groot and Warren 1997) given as

wy=(=r/r)y  wp=1-rr,

uuuuu



Multiscale Modeling FE + DPD

Division of the flow domain into:
a) GLOBAL DOMAIN - Domain modeled by a continuum model (Finite Element) only
b) LOCAL DOMALIN - Domain modeled by both discrete particles (DPD) and FE

(@, O O O O O O

C\/Cmﬂnmon boundary ABCD

> /t‘ QO QO C

O
A particle — VFE \ )|
1 \\ ) O
DPD+FE domain FE domain

Periodic boundary conditions — keep the number of
particles constant within the local domain

iNTeg-Risk _7;
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Coupling the DPD and FE models

1) Decomposition of particle velocities

2) FE nodal forces in terms of the particle interaction forces

. : C Y o,
Particle interaction force fl.j = fl.j +fij +fl.j Viy
V
.-@ @ ©
. Velocity
() J
® Vi @ ®
Force f,
0o ® v
@ Particle| S | ®
V; .
o o ®
. - ® ®
FJX . . '
@— -@
FE node J

iNTeg-Risk _7;

uuuuuuuuu



MESOSCOPIC BRIDGING SCALE METHOD

Mathematical interpretation of the coupling between
discrete particle (DPD) and finite element (FE) models

1

_ T
Kinetic energy E,=2v M,y DPD
— 1 7 1 .
nl ’ E,=—vVM/\v=—V MV
E, =FE +F £y AT T,
k k k
E]; = lv’ T MAV, Fluctuating

Kinetic energy

Diff. Eqgs. of Motion M . v=Ff4f int DPD

Lagrangian Description

MV:Fext_l_Fint FE

uuuuu



Diff. Egs. of motion

Lagrangian description 4y
IR P
Navier-Stokes — M+ K KP AV
FE A N
r AP
eqs. of motion i Kp 0 |
and Continuity 1 . ] . (1 )
AR AR | MK HNV MV
o T AN * LA
0 0 K; 0 HNP(I ) 0

Nodal internal . ) _ oy ,,41—1)
forces Fnt( j M{f i & HNT;_D Shear
stresses
From DPD
Stress o=—"7 va ®V _|__ E E

tensor i

[EZd] iNTeg-Risk 7
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Example 1: 2D Poiseuille fluid flow between

two parallel plates

HEREEEE!

WTH| I RAMLWIRE
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2D POISEUILLE FLOW

22
20

DPD local domain >

10

16

14

12

10

— FE

A Multiscale FE-DPD

0.4

0.5

| ..

B

06
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Example 2: 2D flow inside a cavity

e
| £

1 [ s T

1 15‘;/.‘ ————————— - e v A

] \\\\5.4 ....... [

51\\\\\\\ ....... PR ] ) ) '

L O T Tt ol Prescribed velocity for a driven cavity problem
[ N N Tt aiad P Ar AV RV A A A A

Vb % N N N N e e e e FRERr Y A i

L T A N N T e it B T A SN AN S B ‘. .

! = O

T T T T A A A A ' g8

[ T T T R A i A R A ) gE
T T T I R N d:a

L T R T T P

e e e e e mm m e . PR

o b e e m o — — = e = e e s PRI Wall

Sl FE+DPD domain -

"""""""""""""""""""" Transfer velocities from FE solution

iNTeg-Risk
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Vertical middle line

Driven cavity problem: Results

N en
{ ) p7o= =
I UAEEEEEEEETE NS
A N P
NN v
SRR M
BRSSO
1.14 1.14
yeen — 1.00 . =
@ . A
086 | £ 0.86 Multiscale
FE o 0.71
0.71 4 e Multiscale ko]
T 0.57 1
0.57 - e
0.43 | R
: £ 029
(4]
0.29 1 > 014
0.14 - 0.00 -
OOO T T T T T T T T T
125 100 -075 -050 -0725 0.00 025 -0.33 0.00 0.33 0.67 1.00 1.33 1.67
Velocity Vy Velocity Vy



DPD application in platelet adhesion and

aggregation modeling

GPlIb/llla
1 um
PLATELET
. "
FIBRINOGEN
ENDOTHELIAL
e = L |
/" ! VAV VA4 /!

ST S/

Schematic representation of the mechanisms of
platelet adhesion and aggregation in flowing blood

[EZd] iNTeg-Risk 7
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Additional forces in platelet aggregation and
adhesion

Activated platelet Nonactivated platelet RBC

Platelet adhesion
spring constant

Kt:w

Boundary of aggregaiion
domaln for platslst =

Schematics of platelet aggregation and adhesion. Activated platelets in the vicinity
of a injured wall epithelium and binding of platelets at the walls using springs.
Interaction forces for two aggregated platelets . The domain of the interaction
between platelets 1s denoted by 7, . (Filipovic et al. 2007 )@ iNTeg-Risk _z
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Table of DPD parameters for thrombosis

modeling

Name of DPD
parameter

What is used for
platelet
aggregation

Reference

Conservative force
parameter

Groot, R.D., Warren, P.B., 1997. Dissipative particle
dynamics: Bridging the gap between atomistic and
mesoscopic simulation. J. Chem. Phys. 107, 4423-4435.

Friction coefficient

Groot, R.D., Warren, P.B., 1997. Dissipative particle
dynamics: Bridging the gap between atomistic and
mesoscopic simulation. J. Chem. Phys. 107, 4423-4435.

Spring constant for
platelet binding

K, =50 N/m

Filipovic, N., Ravnic, D.J. Kojic, M., Mentzer, S.J., Haber,
S. Tsuda, A., Interactions of Blood Cell Constituents:
Experimental investigation and Computational Modeling
by Discrete Particle Dynamics Algorithm, Microvascular
Research, 75, 279-284, 2008.

uuuuu




Table of DPD parameters for thrombosis

modeling

Relation between the weight
functions of dissipative and random
forces

Y
Wp = Wp

Boltzmann constant

kg=1.3806504x10723 J/K

Weight function of dissipative force

Wp :(1_7}]'/7&)2

Weight function of random force

we=l=r,/r,

Groot, R.D., Warren, P.B., 1997. Dissipative particle dynamics: Bridging the gap
between atomistic and mesoscopic simulation. J. Chem. Phys. 107, 4423-4435.

Random number with zero mean
and unit variance

fij

The Random Number Generator which | used is based on the algorithm in a
FORTRAN version published by George Marsaglia and Arif Zaman, Florida State
University; At the fhw (Fachhochschule Wiesbaden, W.Germany), Dept. of
Computer Science,

This random number generator originally appeared in "Toward a Universal
Random Number Generator" by George Marsaglia and Arif Zaman. Florida State
University Report: FSU-SCRI-87-50 (1987) It was later modified by F. James and
published in "A Review of Pseudo-random Number Generators"

THIS ALGORITHM IS PUBLISHED IN TRANSACTIONS ON MATHEMATICAL
SOFTWARE, VOL. 18, NO. 4, DECEMBER, 1992, PP. 434-435.

iNTeg-Risk 7;
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Platelet aggregation in blood flow between

two parallel plates

700 T

]

o))
]
(=]

e e e Experimental
—— FE calculation

500

N w B
o] o

] (=]

I

Platelets [ /1000 unv

X [mm]

Filipovic, N., Ravnic, D.J. Kojic, M., Mentzer, S.J., Haber, S. Tsuda, A.,
Interactions of Blood Cell Constituents: Experimental investigation and

Computational Modeling by Discrete Particle Dynamics Algorithm,
Microvascular Research, 75, 279-284, 2008.

Filipovic, N., Haber, S., Kojic, M., Tsuda, A., Dissipative particle dynamics
simulation of flow generated by two rotating concentric cylinders: 1. Lateral
dissipative and random forces, J. Phys. D: Appl. Phys. 41 035504 , 2008

uuuuu



DPD simulation of Karino’s example

blood flow through expanded tube

T. Karino, H.L. Goldsmith, Adhesion of human
platelets to collagen on the walls distal to a
tubular expansion, Microvascular Research

17,238-269, 1977.

Filipovic, N., Kojic, M., Tsuda, A., Modeling
thrombosis using dissipative particle
dynamics method, Phil Trans Royal, A
366(1879), 2008

Platelets /1000 microm’

’ & Experimental 1500/sec

@ Computer solution 1500/sec

Axial position [mm]

STVLNT FramL
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Deposition of platelets, computer simulations




Basic DPD simulation concept for self-healing process

Crack DPD particle for DPD particle for Microcapsule

nanogoating layer healing agent membrane
S/ ///[//A;;////Aé////,
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DPD simulation for one microcapsule

Healing agent and catalysts Randomize rupture
particles start to interact position of microcapsule

7///)\////4////////////,
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DPD simulation for
more nanocontainers: “Scenarios”

Crack lines are positioned Rupture of nanocontainer

randomly or according to the
supposed “damage scenario” ///
:_/_/../”/ //// /

// crack

\\\\\\\\\\\\\\\Eﬂx\\\\\
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User friendly software for DPD simulation of
nanocoating with nanocontainers

Tiak
L
i
irak

Hift
Sl
=
:r:__ i1
9 1P
PEE 1
dH i i
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b e | i
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Basic parameters in DPD equations and main software dialog

) J J

DelkaT: 0,00z Gamma;: 4,5 Rep. force coefficient: 5 Rep. Force coeff, 2: 500
Ext. Force: |0.02 Step average: 100 Total steps: 1000 Membrane small radius: | 5.0
Division U: 120 Divisiony': a0 Include random Force: Mernbrane thickness: 2.0
[ Calculakion l Show velocity plak Show graph table RunyStop animakion

Rep. force coefficient 2 — a; repulsive coefficient

Basic DPD equation

for healing agent particles

F =3 (FS+FP+Ef (Ar) )+ B

i
DeltaT = At
rl?l:\::t')z: (\)/f_ initial £yt force = Fex
Gretion FUC =a,(1-r;/r, )rUO

D 0
F. =—yw,(v, e)r,

R 0
Division U — initial number of
particles in X direction

FC - conservative force
FD - conservative force
FR — random force

Membrane small radius

Membrane thickness

Gamma — v viscosity coefficient

Rep. force coefficient — a; repulsive coefficient for
for dissipativ e, )
P @ iNTeg-Risk ﬂ%_

nanocoating layer particles



Gamma: 4,5 Rep. force coefficient: 25 Rep. force coeff, 2:

100 Total steps: 10000 Murnber of nanocontainers:

100 Indude randam force: Manocontainer radius:




Alternative and comparison: MD method for

nanocomposite coating for healing surface defects

*Thin film of polimers and nanoparticles

*Polimers are modeled as bead-spring chains

*Each chain is composed of 50 Lennard-Jones (LJ)
spheres that are connected by anharmonic springs

(5 (2] (2
4e || 2| —| 2| —| =] +
U,m=+ "Ir r r,

where o, is the characteristics

interaction energy between spheres i and
J» 1. is cut off radius

N
[e)}
(I
=N
A
-
~- J

Geometry of the system used in the
molecular

dynamics (MD) simulations.

(a) full simulation box

(b) view from a different angle
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Adjoining spheres along a chain interact

through a Tinite extendable nonlinear elasfic

(FENE) potential given as

-

U pne (1) =4

oo

xk=30e/0°

2
~0.5xR; In 1—(—} r<R,

Ry=150 T =kT/¢e

where k is spring constant, R, is radius, 7* is

constant temperature maintained by a

Brownian thermostat

Nanoparticles are added to the system at
random positions, resulting in a
configuration where monomers and
nanoparticles overlap. This overlaping is

define as
A 1+cos(ﬂJ r<r,
Usoﬁ (V) = rc

0 r>r,

v
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Large Motch -
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&
1
0.5 : : : ' : :
g 1 11 12 13 14 1.5 1.6 1.7

Yp

Average volume fraction of particles

I“ﬂ "l\l\ h 2 "

1da atoh ntfolh [rznifa
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1.8

function of particle size for two different
notch sizes. [Tyagi et al, Macromolecules

37, 9160-9168, 2004]
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