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GRANULAR METAL COMPOSITES
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CB polymer composites and applications
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Two fundamental questions

1) What determines the conductivity threshold?
2) What determines the shape of the o(®) dependence?
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Confirmation of universality
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Experimentally observed non universal exponents
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The diverging normalized distribution
In the tunneling percolation problem
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Various carbon blacks




Percolation and Tunneling?

g(r;;) = 9o exp[-2(r;;-D)/E] What is the meaning of v.?

Carbon, 40, 139 (2002): 100 Q.



The hopping model

(the CPA network)
B,=(4m/3)[r.* (2b)°IN 0(r,) = goexp[-2(r,-2b)/E]
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The prediction of the percolation-threshold (critical-
resistor, hopping like) model and its relation to the
critical-percolation (phase-transition like) model

tn(o) g
t0(r) = goexp[-2(BINY#/g] - |
£n(6) — _(aﬁlg)q)_ﬂ'l'fn(Az) @ 10'”5:
@ 10
® oc N © ®
1/13 <p<1 © "y,
@®
A ®
Ao.__ o

Phys. Rev. Lett. Comment, 106, 079701 (2011)
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How is it then that
IN SO Many cases
we see a
percolation

> tn(N) behavior (even a

universal one)?



The origin of the staircase model

emeg e e
© O Qo
O &

OO Ly O H—

IOOO -0
OOOI—I—<
O C e O O

g(r) = geexp[-2(ry)/€] = [ °° .
pi’ 0.1—- " ’ °
4 $ P N I
J. Phys. D: 42, 064003 (2009) v



The lattice and continuum
@ @ composite models
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The effect of tunneling in lattices and the continuum
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Staircase observed in N990/Polyethylene Composites
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Conclusions

The observed o(®) behavior is a series of percolation
transitions, the stairs.

In the lattice these have to do with the series of lattice
neighbors. In the continuum these have to do with shells of
neighbors that result from an RDF with peaks.

In the continuum the o(®) behavior of each stair is that of a
universal behavior while the envelope of the stairs yields a non
universal percolation behavior which simply presents hopping.

The experimentally observed @ is either of a “universal” stair
or a result of the fact that the data do not go to ® = 0.
Percolation is well confirmed if both, a universal behavior and
a non hopping behavior are exhibited by the data.

One can get a simple universal percolation behavior if all the
resistors are nearly equal (non divergent distribution) and all
belong to a random network (as for anisotropic particles).









RF transmission (“AC Conductivity”) at 80 MHz
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What if we have a distribution of (or r, = 1/g) values?

LArea = p, | rea=p =2p,}

f(9)

Ry oc <r>(p-pg)™" i
f(0) = (1-a)g vyields that:
<r>=  [{Lg)i(G)dg SR s it i

plel*f(9)dg] = p <r> oc (P-p,) 0 o (p-p,)Etun)




Universal and Hopping Interpretations in
XC72-Polyethylene Composite
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Non-Hopping but Percolation Behavior
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Percolation Transition
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The LNB Model of the backbone

s v S&A 1992

R, =R, (L/AA)/(LA)PL =1 Ry & Toly)

RL oC (p-pc)'[C +(D-2)v)] o¢ (p-pc)_t”” Ll(p'pc)/pc =1 = Ll oC (p'pc)_l



The electrical conductance in composites
and the analysis of the conductance network

One expects intuitively and we can show rigorously that
V-V, = (N-N,)(Vye) (Vvol.%) in the continuum, is equivalent to ps-ps, in lattices



TUNNELING (Wiesendanger, 1994)
o(r) = opexp[-2r/L]

Impenetrable

3 yf) barrier

Tunnel

effect

Fig. 1.1. The difference between classical theory and quantum theory. illustrat-
ino tunneline throueh a potential barrier (Bleaney. 1984).
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Resistors Equivalent Network
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The critical behavior of the resistance of
pencil generated line-segments system
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s (Qcm)”

Non Universal and Hopping Interpretations
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The model of Kogut and Straley

f(9) = (1-a)g™
<r> =, ! [f(g)/g]dg < |(9;* 1), g = [(p-p.)/p]H+
we have here the three types of <r> = #g,)
behaviors; strongly-diverges for 0 < o < 1,

logarithmically diverges for oo = 0 and it will not
diverge for o < 0.

Correspondingly: <r> o (p-p.) /o),
<r> o |log(p-p,)| and <r> = [(1-a)/(-a)] = const.



The basics of non-universal behavior
RL oC <r>(p-pc)-tun
<r>=_ [\ (1/g)f(g)dg.
pl[f(9)dg] = p,

Example (K&S, 1979): f(g) = (1-a)g yields that:
0. = [(p-p)/p] e+

<r> oc (p-pe) ¥ o (p-p)
(<r> = [(1-a)/(-a)])



“RDFEF” of the polymer shells
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“RDE” of the polymer shells
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pointing vector normal to the nanoparticle surface. An align-
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a value of —1/z (small R). A random alignment corresponds to
a value of zero (large R).



Bulk Modulus / GPa
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Evidence for stairs in MWCNT-polymer composites
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Some 1dea about the materials
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Evidence for stairs in MWCNT-polymer composites
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Conductivity and viscosity
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Fig. 2a, b Optical micrographs for carbon black aggregates
dispersed in PDMS liquids. Dispersion of 0.13%. 0.27%, and Fig. 4a—f Optical micrographs for 0.43% volume fraction of
0.54% carbon black by volume into 500 cp PDMS are shown in a.l carbon black dispersed in PDMS liquids with various viscosi-

to a.3. The correspondent conductivities are 6.36x107'°, 1.50x107®, ties: (a) 10cp (b) 100 cp (¢) 500 cp (d) 1000 cp (e) 10 000 cp
and 9.04x10° (Q<m)™, respectively. In contrast, dispersion of (f) 60 000 cp

0.81%, 1.09%. and 1.64% carbon black by volume into 60 000 cp
PDMS are shown in b.l to b.3. The correspondent conductivities
are 3.56x107'°, 5.63x107%, and 4.21x107° (Q-cm)™", respectively



RDF and Cumulative coordination number
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the Continuum
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Statistics of the t values iIn CNT-polymer
composites
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Two presentations of the same data

Percolation interpretation  “hopping” interpretation
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Non Universal and H

Conductivity (Qcm)
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The physical and mathematical resemblance of the
percolation and (CPA) hopping behaviors:

In the classical hopping (CPA) model :
log 6 = -6/+log A; = -(ag/E)xP +log A; 1B<P<1

In our percolation model: log ¢ =t log(x-x.) +log A,
and we saw (from the Excluded volume argument) that

t =t,,+d/€ -1 so that for t >> t,, we have that t = -(xP)/§
where 1/3<p <1 and log (x-x.) <0.

« The two models yield then quite a similar dependence on x.
Experimentally; since usually x >> x_ these two are usually non
distinguishable. Can we still distinguish between them?



Presentation of the CPA results in the case of spheres
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CB-polymer composites

1{:«*%: !
i O\t
ot o o (P-pc)
) t=64
-§1D
o v, =39 vol.%
5 10° — x
: P = VIV
10° E
Ry & roly) 1 :
10 3
R, = R, (L/A)/(L/A)P-2 e i s i sers
' (P-Pc) 1

*Non universal value of t = 6 for low structured CB composites

Phil. Mag. B, 56, 991 (1987): 1420




Non Spherical Fillers

Figare 1. Scanning electron micrographs of the freeze-frachued surfices
of SPCNF (top) and SFCNF (bottom) systems, displaying the CNF
dispersion throughout the N1m thickness. The scale bar is 10 gm.



Graphene composites

2040 nm




GTN for colloidal conductor-insulator composites

effects of particle shape asymmetry: spheroids (ellipsoids of revolution)

prolate spheroid (a/b >1)

oblate spheroid (a/b <1)

ab=1/2

0=0.44 2257 spheres 0=0.42
2245 spheroids 2005 spheroids

a/b=1/10 ab=10
6=0.177 ¢=0.2

1730 spheroids 4774 spheroids
alb=1/100 alb=100
$=0.0177 ©=0.0037

2464 spheroids 8833 spheroids
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Typical behavior of all composites

100 T. Ota et al. J. Mater. Sci. 16, 1182 (1997) K. Nagata et al. Compos. Interf. 6, 483 (1999)
10° b .
A I
Cl /v A e®® i _ .- 0"/.
1L /’ /. .
107+ J - 10 & e
v - ”0 ° o
** /
10 s 7 10 4 / b _
4 s/
10°F ? - . .
[r— [r— 10'7 | |
g 10° F copper fibres g graphite ]
) —@— spherical ) —@— spherical |
'E' 10° - Ay ~5 'E' 10" k- T3 ——~13 |
Vo~ 15 °
10-7 B T 10_13 -_ / |
. i
10°F 7 Al _ee% . ! .
o A—© 107"% | ¢ ...o i
10° . PRIV o -
-4
Percolatlon Thres old ¢
1 -10 19

| s 10— 1 L | s | " | L | L | L | "
O 0 0 1 0 2 0 3 0. 4 0 5 06 0.7 00 01 02 03 04 05 06 0.7
¢ ¢



Graphene-based composite materials

Sasha Stankovich', Dmitriy A, Dikin'*, Geoffrey H. B. Dommett', Kevin M. Kohlhaas', Eric J. Zimney',
Eric A. Stach”, Richard D. Piner', SonBinh T. Nguyen® & Rodney S. Ruoff’
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Geometry of Local Resistors

IRV-like
(microemulsions)

RV

L_ocal
connectivity
criterion?



A percolation thresnolad (critical resistor)
system vs. a critical percolation (phase

transition like) system
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Critical Path Analysis

One labels the conductances (the interparticle
distances) in the system in descending order
until one gets percolation i.e., one finds the
thinnest soft shell 6/2 that still provides
percolation for a given ®.

Actually, we implant hard core particles and
then attach to each a shell of thickness 6/2.
We check then how many particles, or how
high a @ is needed in order to get a
percolation path.

The agreement of the CPA with simulation of
the resistors network suggests that one finds
the largest o(®) without having to calculate
the entire resistor networks.

. T .

o = aue” "', This works because of
the very wide resistor
distribution values

spanning probability
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The effect of tunneling Iin lattices and the continuum
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FIG. 3. (Color online) Monte Carlo conductance for (a) the cubic lattice model and (b) the continuum model for different values of DVE

(c) The same results of (a) and (b) plotted as a function of ¢,




The tunneling percolation staircase

J. Mod. Phys. B, 18, 2091 (2004): 52 Q
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The tunneling percolation staircase

Int. J. Mod. Phys. B, 18, 2091 (2004): 52 Q
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Two Interpretations of the full set of data points
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Fig. 3. Variation of Log o, vs. ©~1 (sce text).

Fig. 1. DC conductivity as a function of the volume concentration of graphule.
The inscrt represents Log ¢ vs, Log (@ — &), The slope has a value of 6.27.



LATTICE PERCOLATION
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A typical continuum system
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The Staircase in the AC measurements
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Fluctuations 1n “experimental “ data
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Two presentations of the same data
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FIG. 1. Plot of o as a function of carbon black volume content,
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Two presentations of the same data
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The volume and excluded volume
of the capped cylinders

T N = BV, > @ (BAV)(WIL)
™\ when L>>W (0<6 <)
L W
L
AN
W L
L'.\.EI_-; 1IFI?. 1. Carbon nanotube and its representation as a capped
i L cylinder.

V = (4n/3)(WI2)3+m(W/2)2L
<V,,> = (32n/3)(W/2)3+8a(W/2)?L+4(W/2)L><sin0>
Phys. Rev. Lett. 52, 1465 (1984): 186 0 <SINB> = 7/4
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Electro-Thermal Switching: the ‘global’ effect
V=3 | V=6V V=8V __

0.3

® t~1sec o ©®
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[ ]
o B 01t v,
E 0F S < AR
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g 15 — 5 q:) ¢ o ® o ) :
o 3 01t
10 : O °
§ o Constant volta o
5 [») VO ge ] _02 N
P s  Constant current oo ®
b
¢ ' ' ' : : 03— - - .
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» an increase of the macroscopic resistance above a threshold bias
e a stationary “switched” state 1s reached within 30 sec

Phys. Rev. Lett. 90, 236601 (2003): 20 Q.



Making the Audio Disc

8. The cutting machine cutsa wavy
spiral groove into a plastic master disc.

“’;&r\

Me‘rdarbedi]robvej‘h.wklikethia. l.l:‘jatwwnthem,mdtheypreutagetherﬂ)mkcareoord. Iy

s

. 5
of the master. Warm plasticis placed -

MAKING A RECORD. sounds are

carried by air. In the past, once the sound waves
died out, that particular sound was gone forever. If
you wanted to hear something, you had to be listen-
ing at the same moment the sound was being made.
But, with the invention of the record player and the
tape recorder, people could not only carry music
around with them, captured on a record or tape, but
they could hear it over and over again, when and
where they wanted.

In the recording studio, the microphone changes
the music to electrical signals which are amplified,

76

and then recorded on tape. The musicians and studio
technicians listen to the tapes. They adjust the bal-
ance of the instruments and voices, and sometimes
add more music to the tape.

Finally, the master tape is played into the record
cutting machine. The vibrations of the signals make
the needle vibrate from side to side. As the plastic
disc turns, the vibrating needle cuts a wavy spiral
groove into it from the outside in. This groove is a
physical “record” of the music.

Metal molds made from the master disc press out
the plastic record that you buy in a store.



HISTORY

1982 RCA Laboratories, Princeton, USA
Request: High conductivity, High elasticity.

Question: Carbon Black supplier?

A) Cabot Corporation, Boston USA
B) Akzo Chemicals, Amersfoort, The Netherlands



Low structure or high structure ?




The “lost” signal (Percolation Threshold and Anisotropy)
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Overcoming the
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“Anisotropy”

The Question Is:

How to express
conceptually and
mathematically the
feeling that
elongated, not
parallel, particles will
yield a higher
conductivity (li.e.
connectivity) for the
same CB content?
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Fig. 2 - TEM micrograph of VGCNF [20].

Phys. Rev. B, 28, 3799 (1983): 156 Q



Behavior of three types of composites that are
based on elongated carbon particles

Spec. conductivity (S/m)
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Fig. 6. Epoxy composite conductivity as a function of filler weight fraction for the aligned CVD-grown multi-wall carbon nanotubes compared to results
previously achieved with entangled nanotubes and carbon black particles [4].

Table 1 - Typical properties of VGCNF, SWNT, MWNT and CF

Property VGCNE® SWNTP MWNT® CF©
Diameter (nm) 50-200 0.6-1.8 5-50 7300
Length (pm) 50-100 3200
Aspect ratio 250-2000 100-10,000 100-20000 440



Typical behavior of all composites

100 T. Ota et al. J. Mater. Sci. 16, 1182 (1997) K. Nagata et al. Compos. Interf. 6, 483 (1999)
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Typical behavior of all composites
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percolation versus tunneling

the percolation picture implies the presence of a sharp cut-off, but tunneling does not

1.0 | percolation tunneling

.r12.

Fq2

g(ryp) =0 for r, > D+ 9(r12) = 9o exp[-2(r,,-D)/E]
Y054 tunneling does not
S ) .
—~ imply any sharp cut-
(@)
off

g(r,) #0 for r, <D +6

O-O | | I | I | I L] —=l
0] 1 2 3 4 5

Carbon, 40, 139 (2002): 82 Q. 2(r,,-D)/g



The concept of “excluded volume”

We generalized v2P to other objects calling it “Excluded Volume”

NV, = B: the average

number of overlapping The EXC_IUded
objects, i.e. the average Volume is the
number of bonds per volume in which
object. B, is expected 2R

then to be a topological ) ] the center of the
Invariant

“other object”
has to be In order
for the two
objects to, at least
partially, overlap

V,, =v2Pb

VNC = (V/ Vex) (Vech) = (V/ Vex) Bc

Note: 2° = smallest V,, /v



History of percolation Thresholds In
the Continuum (Sastry, PRE 2007)

Table 2. Key percolation studies in three dimensional random fibrous materials

Authors Year | Reference | Arrangement Objects Contribution Approach
Balberg, canped First study of percolation of Monte
Binenbaumand | 1984 27 isotropic bp random objects in three Carlo

cylinders - h : .
Wagner dimensions simulations
Presented the conjecture that
lation threshold for a
Balberg perco : . . . Monte
! . . capped system of identical objects in
Anderson, 1984 26 isotropic : ! L Carlo
Alexander et al. cylinders | three dl'mensmns is inversely simulations
proportional to excluded volume
of one object
Confirmed excluded volume
Bug, Safran and 1085 28 isotropic capped rule anq shc_wed constant of cluster _
Webman cylinders | proportionality equals one in expansion
slender rod limit
Performed Monte Carlo
. simulations of 3D sticksystems | Monte
glsg%r';g]'eap 1999 29 isotropic gaﬁﬁggs using correct isotropic Carlo
Y distribution and confrmed simulations
excluded volume theory
Presented analytical
approximation for the series
Yi and Sastry | 2004 30 isotropic ellipsoids | percolation threshold of two- .
and three- dimensional arrays expansion
of overlapping ellipsoids
Uniform Provided comparisons of
distribution in cluster sizes, densities, and
x-y plane. percolation points for two- and
Yi, Wang, and Range qf o three-dlmenspnal ;ystems of Monte
Sastry 2004 31 distributions ellipsoids | overlapping ellipsoids to Carlo
from parallel investigate the range of simulations
to randomin applicability of a 2D model for
z-direction predicting percolation in thin

three-dimensional systems




The generalization to the hard core case

In considering
tunneling, the
tunneling range is

R-r=90
L e S
B R +7R°L. - Ml ¥ Theimportant
observation is that :
For L>>R
®_ =N,V o (BJ/AV,, )V o<
. L L r2L/[L2(R-1)] <
~ 2
Vex = 4L"R<sin ©> [r/(R-r)](r/L)
AV, = 4L78<sin ©> If & = (R-r) we
1 B E have that

(a) (b) (I)C oC (I’/ﬁ)(l’/L)



For discs of For Oblate Particles

radius a and
thickness b | o35 |
3 030 |
V,, < a
4~ 025 |
& pap L
_“ "
. 015 b
040 -
0.05 t
FIG. 8. Two oblate spheroids surrounded with shells of constant
thickness which are in contact (2D representation). 0,00

asp&n’t-mtin {afh)

FIG. 3. {(Color online) Percolation threshold ¢, variation as a
function of the aspect ratio for different shell thicknesses.

Asymptotically for a >> b, d and isotropic distribution:
AV, o« [(a+d)3 -a3] = (a?d), v =ma’b, ®_ o« b/d = (a/d)(b/a)

From the simulations:
@, < V/V,, o« = (a/d)(b/a)'/?

Phys. Rev. B, 81,155434 (2010),
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The tunneling percolation staircase
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The RDF

RDF

Figure 7. The main features of the RDF of non-interacting hard
spheres (see figure 6) for a typical critical density of x = 0.4

(see [3U,60]). The solid curve represents the envelope of the
contribution of the various nearest neighbours, In particular note
that the integrated area between 1 and 1.03 sphere diameters (that
has contributions up to the third nearest neighbours) provides, on the
average, the critical two *needed’ near neighbours for a given
particle. Also illustrated (by the dashed curve) is the parabolic RDF
for the uniform concentration distribution (see figure 3) that 1s
applicable to spheres with a diameter 2b that 1s negligible in
comparison with the average nearest neighbours distance 2a.



The effect of a tunneling like distribution of conductances

GOC(p— pc)t

0 D R-N2 R *A/2
10° or 1;1‘ | ulr‘ | ”(IP“'E:FP 10 1t|1 0 10° -?
=~10* t - 6 4 ‘='
f(g) = (1-a)g™ 2 E
'm <r> (pp)te
10? E
1o | f(g) oC g(i/d-l) 10 | : 3

e w2 4 e e t — tun+(d/§)_1 o :lrl;;u 2 3 4 5 e78

(P-pPc}

-
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lil}(ﬂ)

> n(N)

Figure 4. The dependence of the conductivity on the particle
concentration in the critical sub-network of the (nearest neighbour)
hopping model for a system such as the one that is shown in

figure 3. The curve that is described by the open circles indicates
primarily the change in the values of the critical resistors in the
network. The jump in the critical conductance Ao, with an increase
in the density by AN 15 indicated in the figure.
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A percolation thresnolad (critical resistor)
system vs. a critical percolation (phase

transition like) system

0 — KT’_—'
T |
tn(o) . -
) ~ o Jﬁ ~
log 6 = -(a3/€)xP+log A, g o
© “°_. 11
@ 10_ { |
'y ® of LJ__l—I
@ @ 14 b l - /i
- = @ W
égC_ — @ "
T > tn(N)



Critical Path Analysis

One labels the conductances in the system in
descending order until one gets percolation
I.e., one finds the largest soft shell 6 that is
needed to get percolation for a given ®.

Actually, one implants hard core particles and
then attaches with a shell 6/2. One checks
then how many particles, or how high a ®@ is
needed in order to get percolation.

The agreement of the CPA with simulation of
the resistors network suggests that one finds
the largest o(®) without having to calculate

resistor networks.

fEE=] This works

T because of the

very wide

distribution of

resistor values

o = gpe TOBVE

spanning probability

=
e
T
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@
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o
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T
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Presentation of the CPA results in terms of percolation
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FIG. 1. (Color onling] Tunneling conductivity in a system of spheres with
different characteristic tunneling distance to spheres diameters rato £/0 as
a function of the volume fraction . The matrix intrinsic condwetvity for
=077 S/cm and the ovemll conductivity for the £ D =000] case am
shown. Results from Eq. (2) with o, =0.115 S/cm are displayed by dotted
lines



GTN for colloidal conductor-insulator composites

application of CPA formulas to real conductor-polymer nanocomposites

95C(¢)J from the knowledge of o vs ¢ and from the filler geometry [a/b and

T >~ gpexp|— : :
£ D=2max(a,b)] one can estimate the value of the tunneling factor &

conventional In(c) versus ¢ plot In(c) versus §_plot
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The physical and mathematical resemblance of the
percolation and (CPA) hopping behaviors:

In the classical hopping (CPA) model :
log 6 =-d/€ =-(ag/E)xP +log A; 1/3<P<1

In our percolation model: log ¢ =t log(x-x.) +log A,
we saw (from the Excluded volume argument) that

t =t,,+d/€ -1 so that for t >> t,, we have that t = -xP/§
where 1/3<p <1 and log (x-x.) <0.

« The two dependence yield then quite a similar dependence on x.
Experimentally; since usually x >> x_ these two are usually non
distinguishable. Can we still distinguish between them?



GTN for colloidal conductor-insulator composites

application of CPA formulas to real conductor-polymer nanocomposites
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even if a/b changes over 6 orders of magnitude, the tunneling factor is found to be within the
expected range 0.1 nm < £ <10 nm [G. Ambrosetti et al. Phys. Rev. B 81, 155434 (2010)]



The effect of tunneling Iin lattices and the continuum
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FIG. 3. (Color online) Monte Carlo conductance for (a) the cubic lattice model and (b) the continuum model for different values of DVE

(c) The same results of (a) and (b) plotted as a function of ¢,




Analysis of a resistors network




Critical Path Analysis

One labels the conductances in the system in
descending order until one gets percolation.

One takes then the smallest conductance thus found
and determines its o(®) value. The agreement
with simulation suggests that:

Ong can_simply arrange the o(®) values and % iy
find directly the largest needed é(®) Jow IR e i
without having to calculate resistor S somer: heonwiz
networks. o
This works because of the very wide . TR
distribution of resistor values o N
= _ e !
gm El- —_ U-DE_EE-I:#F:IIIEI. i 'ﬂfl:l I DT“ |}TE II* EIT'-!- I D; UTE
------ . \ 2. (Color onling) Geometrical percolation threshold o -core-
15{ tﬁfj 1 n ( Erl:' jl Eg-.sa::lfcmcld:] frlcun:ll]gurithu; -:ui:]::uriscuctl]ifurk at:d f:l'nrl: I:i::utll-tj; :FE:E 1&.
=" e Shown is the cntical interaction distance to sphere diameter rtio 5/ as a
funciion -::f the hta.Td spht:mstmlum: fm-;'t:cin Zr e P




The excluded volume approach

The parameter that is known experimentally 1s the critical volume % of the “filler” @, so
the prediction to be made is how does ®c¢ depend on the microscopic parameters.

For spheres these parameters are D and & so:
v= (4n/3)(D/2)3, ® = Nv, ®_ = N.v,
B, = (4n/3)(r.3-D3)N and é, = r.-D
Case 1:r,>>D — B, = (4n/3)(8.3)N = (4n/3)(5,3)D/v
— 3, ¢ (PIV)1R —
Log p = o, + B, D"
Case 2: r,~ D — B, = (4n/3)(35.D?)N = (4n/3)(35,.D3)N/D = (35,8)®/D
®/v — B, =24 5.0/D — §,=B.D/24D
6, oc DD
Log p = a; + B, @



The predicted CPA conductivity
dependence on @

For capped cylinders:
v~=7nR2L, ® = Nv = tR2LN
AV, =~ mL25.<sind >, NAV,, = B,

0. ~ B.R[(R/L)<sinO >]®? oc O
In general then, 6. oc ®P where in 3D: 1/3<p <1



log(e) [c in S/cm]

CPA for spheres
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The RDF

RDF

Figure 7. The main features of the RDF of non-interacting hard
spheres (see figure 6) for a typical critical density of x = 0.4

(see [3U,60]). The solid curve represents the envelope of the
contribution of the various nearest neighbours, In particular note
that the integrated area between 1 and 1.03 sphere diameters (that
has contributions up to the third nearest neighbours) provides, on the
average, the critical two *needed’ near neighbours for a given
particle. Also illustrated (by the dashed curve) is the parabolic RDF
for the uniform concentration distribution (see figure 3) that 1s
applicable to spheres with a diameter 2b that 1s negligible in
comparison with the average nearest neighbours distance 2a.
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The differences between the different
types of elongated Carbon particles

Table 1 - Typical properties of VGCNF, SWNT, MWNT and CF

Property VGCNE® SWNT® MWNT® CE*
Diameter (nm) 50-200 0.6-1.8 5-50 7300
Length (pm) 50-100 3200
Aspect ratio 250-2000 100-10,000 100-10000 440
Density (g/cm”) 2 ~~1.3% ~1.75% 1.74
Thermal conductivity (W/m K) 1950 3000-6000° 3000-6000f 20
Electrical resistivity (L2 cm) 1x1071 1x10%-1=x10"" 2x107*-1x10"* 1.7 =107
Tensile strength (GPa) 292 50-5008 10-60#8 3.8
Tensile modulus (GPa) 240 1500 1000 227

a From Refs. [1,20,6266] .

b From Ref. [2]. For high structure

¢ Properties of Akzo Nobel Fortafil 243 PAN-based fibers [67].

 From Ref. 139, carbon black the

e From Ref. [68]. aspect ratio is of the

f From Ref. [69].

g From Ref. [35]. order of 10







Recent results of the RF conductivity and
permitivity of Carbon Black composites
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Conductivity exponent
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Permitivity exponent
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An illustration of the basic answer
Approach: Keeping p and going from Z, to Z, in the square lattice

O O ) O O e—e (O O
OOI »—I—IOOQI
=) £l T 0 O O O O O
Q

() )l e—eo O O O O O

O O O O

O Ck O G O

@ A 2O O e OQ O
@ Occupied sites
O Empty sites B, = zp. =pz,

If resistors R, >> R, >> R, are attached, the resultant resistance of
the system will be dominated by R,, i.e., for a given p, an R, resistor
will yield a threshold resistance of the system (R;— 0 and R; — ).



The staircase In a lattice

Log(o)




The change of the average local
resistance upon threshold approach
(the bypassing network)

1) Start from p > p,

2) Consider the g’s in descending order

3) The largest p, of them yield percolation

4) The smallest g In this subset is g..

5) If there Is a distribution, g. decreases as p — p..

6) At p = p, the resistor of smallest g must be included
7) If itis g — 0 it may result that <r> — o

UPON p—p. NOT ONLY THE NETWORK SHRINKS BUT THE
AVERAGE RESISTANCE INCREASES AND MAY DIVERGE



A typical (pencil generated)

continuum system

Phys. Rev. B, 28, 3799 (1983): 156 Q

No p
no ¢.
and N Is not
Informative



The lattice composite model




Statistics and conductance of a composite system




RDF of spherical particles
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Staircase structure in nano Graphite composites
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s (Qcm)”

Non Universal and Hopping Interpretations
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Two fundamental questions

1) What determines the
percolation threshold?
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Another a priori unexpected behaviors
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FIG. 2. Resistivity, p, of granular W-Al,0, films
as a function of volume fraction, x, of W. For the sake
of clarity data points are left out and only smoothed
curves are shown. The annealing time and temperature
are indicated. The inset shows the average W grain
size, determined by x-ray diffraction, as a function of
% before and after annealing.
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same sample before annealing.



Percolation and tunneling -percolation

&

Fig. 3.7. Low-field resistivity p; in Qcm as a function of volume fraction x of

Ni in Ni-SiO, sputtered films, at the temperatures shown (Abeles and Ping Shen
1974).



Various carbon blacks




Two Conclusions
The understanding of the conductivity dependence
on the content of the carbon filler in terms of
percolation theory Is based on:

6 < (P-P )"

« 1) The larger the aspect ratio and the isotropy
the smaller the percolation threshold (the
smaller the content of carbon particles needed
for the onset of large conductivity), the
“excluded volume” argument.

« 2) The Behavior of the conductivity is
determined by the distribution of the tunneling
conductances (or interparticle distances) which
IS manifested by the deviation of the critical

exponent t from its universal value.
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3680 S, Ravati, B.D. Favis / Polymer 51 (2010) 35693584

b

Fig.12. a)Schematic representation of quinary multi-percolated morphology. the yellow phase is PANI, the blue phase is HDPE, and all other phases are located between them, b)
schematic of a PANI network obtained after removal of all phases except PANI, and ¢) a 3D image constructad from 2D SEM images of the interconnected PANI netwark in the
quinary 15/20/15/25/25 PS/PS-co-PMMA/PMMA PVDF/PANI bend after extraction of all other phases.
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The origin of the staircase model
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The NLB Model

N : . A model for the links
«MMJ
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TABLE 2. Scaling parameters caleulated for Co-PMMA composites
containing diferent particle sie.

R (cormelation

Compasile fe 1 coefficient )
Cu-PMMA (78 nm) 1395 20 * 0097 0.997
Cu-PMMA (0203 ) 11.04 20 % 0.100 0.994
Cu-PMMA (325475 pmn) 928 20 = 0.100 0.997
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Fli. 7. Fit of elactncal conduchvity data to the power law, Cu-PMMA
(T8 nm), Co-PMMA {0.2-02 pm), Co-PMMA (325475 pm).
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Fig. 2. Electrical resistivity of the thin NER layers which contain
carbon black & with and without polymer grafting as a function of
carbon black concentration. CB, carbon black: EP, reactive po-
Iymer; MEE. acrdonitrile-butadiene rubber.
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Fizure 4. Effact of an alkanethiol monclayer coating the surface of particles on the mean
conductivity of a polymer charged with the coated particles: (3} as a function of filler
content for different layer estimated laver thickmesses, along with the medel cmve for
wuncoated particles; (b) as a finction of laver thickness for the different filler volume
fractions indicated.






Graphene-based composite materials
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An Illustration of a Graphene composite
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The Graphene-composite problem

For example, for high density spheres
o. = B.D/24,

for cylinders 6, = B.R[(R/L)<sin® >]®! and

for discs Bc = 72(3b256+3b32+33)N so that
o/t = BJ/(3nd), or = ® = [t/50)], or . 6 = tB /(31 D),



