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Multiscale modeling of composite structure-property relations: application to
electron transport in carbon nanotube reinforced polymer nanocomposites.

Sergey V. Pyrlin[1,2,3]; Marta M.D. Ramos [1]

1. Group of Computational and Theoretical Physics, Center of Physics and Department of
Physics, University of Minho, Campus de Gualtar, 4710-057 Braga, Portugal;

2. I3N - Institute for Nanostructures, Nanomodelling and Nanofabrication, IPC - Institute
for Polymers and Composites, University of Minho, Campus de Azurem, 4800-058
Guimaraes, Portugal;

3. Department of Physics, Bauman Moscow State Technical University, 2nd Bauman street.
5, 105005 Moscow, Russia;

pyrlinsv@fisica.uminho.pt

Development of functional composite materials by addition of inorganic inclusions to polymer
matrix attracts growing attention in last decades. However such material characteristics depend
not only on the concentration and properties of nanoinclusions but also on their distribution
inside embedding polymer, which complicates prediction and optimization of composite
properties. Carbon nanotubes (CNT) attract particular interest as reinforcement material due to
their unique properties tunable by doping and functionalization.

Different properties of carbon nanotubes were successfully studied in silico in numerous papers
by atomistic calculations. However computational chemistry is limited to systems containing
hundreds to several thousands of atoms so only fragments of polymer chains and nanotubes are
accessible. Meanwhile optical microscopy analysis shows that industrial-scale CNT-polymer
composites contain distribution irregularities and agglomerates of CNTs up to ~10 micron size
[1].

Charge transport in such composites mostly explained by electron tunneling between conductive
inclusions, probability of which depends on nanotube's electronic structure as well as on
tunneling distance and local electric field in the contact region, affected by the presence of other
conducting inclusions. To facilitate the investigation of CNT-polymer composites’ electric
properties a two-level modeling procedure is suggested: first, local density of states (LDOS)
around CNT's Fermi level is evaluated from ab initial calculations including the effect of doping
and functionalization, than a Monte Carlo simulation of charge transport between CNTs is
carried out where the tunneling probability is estimated using previously calculated LDOS and
simplified representation of electronic wave functions in the inter-CNT space as spherical or
cylindrical waves.

The suggested procedure, although very simplistic, allows charge transport studies on a length
scales of ~100 um compared to the scale of CNTs' distribution irregularities in composites and
direct comparison with experimental data.

[1] G. Olowojoba, S. Sathyanarayana, B. Caglar, B. Kiss-Pataki, I. Mikonsaari, C. Hiibner,
and P. Elsner. Polymer, 54(1):188 — 198, 2013.

Symposium D3. II Multiscale modeling - from atomic-scale properties to macroscopic
behaviour.
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ITN “CONTACT”: http://www.contactproject.eu/

The research aim of ITN “CONTACT” is the tailored industrial
supply-chain development of CNT-filled polymer composites with
improved mechanical and electrical properties
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Applications of polymer-CNT
composites:

Z. Spitalsky et al. Prog. in Polymer Sci. 2010, vol. 35, p. 357-401
Young modulus & Tensile strength increase ~70x by adding 1 vol%
Conductivity increase ~16 orders of magnitude

Percolation threshold ~0.003 wt%

* Photographs from

This project has received funding from the European Community's Seventh Framework Programme
(FP7/2007-2013) under grant agreement no. 238363

SEVERT AR
RO

~

- 've made a composite with
2 W.% of nanotubes!

- Indeed... and looks
like all of them are here.

This project has received funding from the European Community's Seventh Framework Programme
(FP7/2007-2013) under grant agreement no. 233363
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V=0 /='

Allows to investigate:
1. Voltage/Current profile
2. Resistivity variation with:
- CNT content

- agglomerate size
- fraction of agglomerated CNTs

Predicts weak dependence on agglomerate

size after 1.7-2 vol. % CNTs
S Agglomerate size >> CNT length (!) s

This project has received funding from the European Gommunity's Seventh Framework Programme

Z (FP7/2007-2013) under grant agreement no. 23836

Motivation: why multiscale?
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* Input: atomic data, molecular geométry ]

* Methods: QC & MD
* Results: (modified)CNT properties — IP,EA,

£—a

Multiscale picture:

At?erc;s'tlc charge hopping probabilities etc.; ‘1"
e

L1
* Input: composite morphology, external -
fields, matrix properties; L

.| * Methods: MC, RRN;

Meslgsgloplc * Results: composite FE properties; o
T |
-e .

T

- -

« Input: device design, material properties;
» Methods: FEM, analytical modeling etc.;
* Results: device properties;

This project has received funding from the European Community's Seventh Framework Programme
(FP7/2007-2013) under grant agreement no. 238363

Generation procedure: acceptance rejection method

To achieve better parallel performance, space is divided into cells, arranged
into tree-structure according to probability density

1) S
Decline
/\ -
Predefined “CNT web” . - AEEHILG
AN . Intersection Periodic system for
distribution following the . " : ’
. A correction conditions simulation &
density distribution .
analysis

This project has received funding from the European Community's Seventh Framework Programme 5
(FP7/2007-2013) under grant agreement no. 233363 g
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Tersoff — Hamann*:

Data required from atomistic level: LDOS p(E) in contact region

Resulting W, are used either as conductivity estimates (for RRN
model) or tunneling probabilities (Monte Carlo charge propagation
model)

* Theory of the scanning tunneling microscope
J. Tersoff, D.R. Hamann, PRB 1985 Vol. 31(2) 805-813;

This project has received funding from the European Community's Seventh Framework Programme
(FP7/2007-2013) under grant agreement no. 238363
ST

Random resistor network model:

+7
5 Vom0 =1

= E oV +ag +ayly—— (T —AW =B
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A= B =
[E}”-:;"r-'ur Iizduy

Easy to implement;
Can model electric current dependence on morphology;
Misses charges interaction;

This project has received funding from the European Community's Seventh Framework Programme
(FP7/2007-2013) under grant agreement no. 233363




Monte Carlo simulation of charge
propagation:

Current inside CNT ~mA;

Current in tunneling junctions ~ nA;
Ratio of effective time of inter- &
intratube transport:

ttun ~ 105

tCNT

Mesoscopic Simulation:
Monte Carlo simulation of charge
transport between CNTs under effect of:

Field of free charges:
Polarization field:

Thermal voltage fluctuations in contact region

This project has received funding from the European Community's Seventh Framework Programme
(FP7/2007-2013) under grant agreement no. 238363

Realization:

Rates of filling 168 um cube with 4um x 10 nm cylindrical inclusions:

Non uniform distribution
0.5vol. % | 18*10¢ 9,2 min

Uniform distribution
0.5vol. % | 18*10¢ 5 min

inclusions inclusions
1.0 vol. % | 35*108 33,5min | 1.0 vol. % |35*108 155 min
inclusions inclusions

This project has received funding from the European Community's Seventh Framework Programme
(FP7/2007-2013) under grant agreement no. 238363

SR RO
OGN

10/22/2013



10/22/2013

Jyri Tiusanen — sample preparation

Bernadeth Kiss-Pataki — microscopy

Anna Y. Matveeva — image analysis

Agglomerate size was determined from microscopy analysis of PC
samples containing 3 vol. % of 1,5 um long CNTs.

i g; o e R T i ‘ ‘ Code average agglomerate | Volume resistivity (pv)
i S ’ agglomerate |radius dispersion| average stdev

? = radius x,, um w, um Q.cm Q.cm
i £ F1 0.28 1.55 78,908 3,965

L%l o T F2 0.40 147 6171,026 | 2205,548

ol F3 0.41 0.5 27,934 2,025

F4 0.10 0.66 46,451 6,973

F5 0.14 0.53 156,873 28,616

i F6 0.10 0.76 23,274 4,244

Series of samples with close agglomerate parameters can exhibit 2
orders of magnitude difference in resistivity.

This project has received funding from the European Community's Seventh Framework Programme
(FP7/2007-2013) under grant agreement no. 238363
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Random Resistor Network analysis:

type 1: x=0.4 um, w = 1.47 um, total agglomerate volume fraction 0.32%
(corresponding to F2 series);
type 2: x.=0.1 um, w = 0.66 um, total agglomerate volume 1.1% (corresponding to F4

series);
Code |Volume resistivity (pv) 12
average stdev 1.00 —
QO.cm Q.cm 080 1| |
F1 78,908 3,965
F2 8171026 | 2205548 0.60 1—— —
;B | 27934 2,025 o0 L |
F4 46,451 6,973
/s |156873 | 288186 | **° T | —
F6 23274 4244 0.00

uniform type | type Il

Conclusion: the 2 order of magnitude difference cannot be attributed solely to
agglomerate size

This project has received funding from the European Community's Seventh Framework Programme
(FP7/2007-2013) under grant agreement no. 233363
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SONT. Random Resistor Network analysis:

Effect of CNT alignment on overall conductivity

1,00 -

0,80 1

0,60

Htypel

0/ Opax

040 7 = z
1 W type2

0,00
0,5 15 3 6 9

orientation distribution width

Conclusion: the observed difference should be attributed to different degree of
CNT alignment

This project has received funding from the European Community's Seventh Framework Programme 5 2
(FP7/2007-2013) under grant agreement no. 238363 n s
E o

Work in progress:

To be added soon:

» Monte Carlo simulation of charge propagation

implemented at the moment);

Constant searching for:

« Better intertube conduction models

« experimental data on alignment/wavness of CNT

This project has received funding from the European Community's Seventh Framework Programme 5 o
(FP7/2007-2013) under grant agreement no. 238363 ﬂ o
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