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Here, we show that a prediction of conductivity in composites can be improved by replacing fitting
parameters of the percolation models by information on composite’s microstructure. The methodology
was demonstrated on the modified McCullough'’s structure-oriented model combined with current maps
obtained by Conductive Atomic Force Microscopy (CA-AFM). The approach was tested on nanocompos-
ites with graphene nanoplatelets (GNPs/PS) and proved to be coherent with experimental conductivity
measurements and able to predict a percolation threshold. For the composite GNPs/PS both experimental
and calculated percolation thresholds are approximately equal to 0.9 wt.% of GNPs. The model can be
used for a prediction of conductivity of different kinds of conductive-dielectric composites.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Polymer composites have been used industrially for over
110 years [1]. The discovery of graphene [2,3], a light, stiff material
with the unique conductive properties, gave a rise to a novel class
of materials - polymer nanocomposites with graphene [4,5].
Graphene nanoplatelets (GNPs) are thin nanodisks with high as-
pect ratio consisting of up to 10 graphene monolayers stacked to-
gether [6,7]. The morphology of nanoplatelets allows the platelets
to provide barrier properties efficiently, while their pure graphitic
composition makes them excellent electrical and thermal conduc-
tors. Such composites have a tunable conductivity level in the
range of 107 1'-10% S/m and, as a result, can find different applica-
tions, for example as antistatic coatings [5,8,9].

At a certain loading of graphene the electrical conductivity of
nanocomposites with graphene nanoplatelets (GNPs-NC) drasti-
cally grows up to thirteen orders of magnitude. This loading is
called a percolation threshold, graphene in this case is a filler
and a polymer is a matrix [10-12]. The percolation threshold is
an indicator of quality and fine functionality of a composite. It
should be as low as possible in order to reduce the use of graphene
and reproducible in order to obtain the composite with a desired
functionality. Nowadays, the lowest percolation thresholds for
GNPs-NC are less than 0.5 wt.% and reach 0.1 wt.% [13]. The most
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important parameters influencing the percolation threshold are
dispersion, a shape of the filler, physicochemical interactions be-
tween the matrix and the filler and a method used to obtain the
composite. As there are so many parameters, the prediction of
the conductive properties is critical.

Various models were proposed to predict the conductive behav-
ior of composites. These models consider different assumptions
and can be classified as statistical [10,14,15], thermodynamic
[16-18] and structure-oriented [19]. The most conforming class
of models is structure-oriented [19]. These models consider a
microstructure of nanocomposites before or after the final process-
ing. However, at the time they were developed the methods allow-
ing realistic description of the composite’s microstructure did not
exist. Therefore, in the models mentioned above the composite’s
microstructure is replaced by fitting parameters.

Atomic force microscopy (AFM) became a powerful tool of
investigation the morphology and electro physical properties of
nanocomposites. In this study we propose a method allowing
replacement the empirical fitting parameters by the information
about the real morphology of the composite obtained with AFM.
The method is demonstrated on the McCullough’s structure ori-
ented model [19].

2. The McCullough’s model

In the McCullough’s model [19] a microstructure of the compos-
ite and an orientation of the filler particles inside the composite are
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assumed to change with the concentration. Below the percolation
threshold the filler particles aggregate in chains. The aspect ratio
of the chains depends on a shape and a concentration of the filler
in the composite. It is assumed that after the percolation threshold
all smaller chains are connected in a conducting network. The for-
mation of the chains is statistical in nature. Therefore, a distribu-
tion of chains’ lengths will occur. The distribution can be
described by a probability density function n(v, a) resulting in a
distribution of an effective aspect ratio a for a specified volume
fraction u of the filler. Thus, the average value of the chain param-
eter (/) is given by [19]:

() = /fn(vf,a)aa)da, (1)

where [ n(vs,a)i(a)da =1 and A(a) is a chain parameter, depend-
ing on a filler shape. For the filler particles with an aspect ratio a
exceeding 1, the chain parameter can be found as [19]:

Ma)=1-A (1 - 0.5<A —A’1> In <%)> 2)

where A’ = ;2.

The distribution n(v, a), and hence (4), is a function of concen-
tration z. The final equation for the isotropic distribution of the fil-
ler particles appears as [19]:
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where 20 << 1, Vp = (1= (4))Vm + (1),

om, 05, 0-electrical conductivities of the matrix, the filler and the
composite respectively; 7, vn,-volume fractions of the filler and the
matrix. The complete characterization of n(v; a) and the subse-
quent evaluation for (1) is a tedious experimental task. However,
J.and its average (1) might be chosen as fitting parameters through
the assumed aspect chain ratio a. An avoiding real microstructure
of the composite brings a limitation to the model and a semi-
empirical character of the Eq. (3). We have developed the tech-
nique of extracting the value for (1) from the AFM-obtained data
on composite’s microstructure. The technique is demonstrated
for the composite with polystyrene and graphene nanoplatelets
(GNPs/PS).

3. A modification of the percolation model

A calculation of the chain parameter (1) for ideal filler shapes
(spheres, disks, ropes) according to the equations proposed in
[19] allows to substitute (/) by:

(4) = 2((@*)), (4)

where (a?) - a mean-square value of the aspect ratio a of the con-
ductive chain.

If the data on two-dimensional chain distribution is obtained
(as it is possible with AFM in CA-AFM mode) the value of (a?)
may be found as:

o 1 <1i>2 B <(l>>2
(@)= ; d ) (5)
where n — the number of conductive chains; [; - the length of the ith
chain; d; - the diameter of the ith chain; (I) and (d) - the average
length and diameter of the chain.

The evaluation of the right part of the Eq. (3) for the GNPs/PS
composite shows that due to the low electrical conductivity of
the matrix (10~°S/m) and high conductivity of the filler (10*S/
m), the first term is 5-7 orders of magnitude larger. Therefore,
the Eq. (3) for the chosen type of nanocomposite can be reduced to:

) ,
% — vm(‘lvi </“>) , (6)
m
where (/) is described by Egs. (4) and (5).
The density of the composite can be found as a sum of densities
of the filler and the matrix taken according to their volume
fractions:

P =PsVr+ pp(1—vy), (7)

where p - specific density of the composite, kg/m>; p; - specific
density of the filler, kg/m>?; p,, - specific density of the matrix,
kg/m>.

When one uses GNPs as a filler, the resulting composite con-
tains micro- and nanopores, influencing the bulk conductivity of
the composite. We propose to consider the pores by using an
apparent density pq, connected with the specific density through
the pores coefficient:

KP :pf/pap‘ (8)

Assuming that the composites are produced by a reproducible
technology (i.e. latex technology [20]) the K}, can be calculated only
once from the measured properties of the produced nanocompos-
ite and used for the conductivity prediction afterwards.

Then, Eq. (7) can be transformed to:

P =PV /Kp + pr(1 = vp). 9)

The coefficient K, depends on geometry of the filler and on the
technology of the composite’s production. The value of p,, can be
defined experimentally if the sample’s mass m, the volume V and
the filler loading w are known

,Df m-w

g _— T (10)
m(1-w)
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From the Eq. (7) the volume fraction of the filler can be calcu-
lated as:

P — Pm
vy =h—Fm (11)
[/(_i_pm

Usually the loading of the filler in composites is expressed as a
weight fraction (wt.%), therefore it is useful to change the volume
fractions to weight fractions:

G= Vf/Wf7 (12)
where G - can be calculated by combining Eqs. (11) and (12).

On _ GE(1—wp)*(1 - (1))
- CUowpa-m) )

Vin = (1= {(4)G(1 —wy) + (4)Gwy, (14)

the Eqs. (13) and (14) describe a conductivity behavior vs. filler
loading. To solve these equations such known material properties
and experimental parameters as the weight fraction of the filler
wy the mass of the sample m, the pores coefficient Kj, the specific
density of the filler p; and the specific density of the matrix pp,
should be used in a combination with the average chain parameter

(4).
4. AFM-based technique of (1) evaluation

In order to obtain a value of (a?) and (/) a technique based on
analysis of an AFM-image obtained in the CA-AFM mode [23]
was developed. A standard CA-AFM image should be imported to
a software allowing for a statistical analysis. In the current exper-
iment the scanning was performed with a probe station Ntegra
Vita (NT-MDT, Russia) which goes together with Image Analysis
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2.0 software. As the CA-AFM method gives a current distribution,
one can interpret the clusters with a similar non-zero current level
as separate graphene clusters incorporated into the dielectric ma-
trix with a near-zero current. One should set a threshold of a min-
imum current level which will be associated with graphene
clusters. The CA-AFM image of the GNPs/PS composite is presented
in Fig. 1a. The corresponding image of the grains is shown in Fig. 1b
where 368 grains are demonstrated. The histogram (Fig. 1c) pre-
sents a size distribution of the GNP clusters. For each graphene
cluster the information on the grain aspect ratio, the number, the
average length and the diameter is available for the analysis. Based
on the statistical data the calculations of (a?) (Eq. (6)) and (/) (Eq.
(4)) can be done for all samples of nanocomposites and used for the
conductivity calculations afterwards.

5. Sample preparation

Samples of composites with polystyrene and graphene nano-
platelets (GNPs/PS) were prepared by latex technology being the
only technology allowing the reproducible percolation threshold
[20]. The preparation procedure is described in details in [22].
According to the AFM analysis after sonication, the most of the
GNPs have a thickness corresponding to 2-3 atomic layers, the
average surface area of the GNPs ranged from 1 to 3 um?. The ob-
tained dispersion was mixed with PS latex in sufficient concentra-
tion followed by a compression moulding. Nanocomposite samples
were produced with various loadings of GNPs (0, 0.6, 0.9, 1.5,
2.0 wt.%).

6. Characterization of the nanocomposites
6.1. Scanning electron microscopy (SEM)

The morphology of composites was characterized with a FEI
Nova Nanolab 200 (Fei Co.) equipped with a field emission electron
source. A secondary electron detector was used for image acquisi-
tion in high vacuum conditions. No additional sample treatment
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has been performed. Standard acquisition conditions for a charge
contrast imaging were applied [21].

6.2. Micro scale characterization: CA-AFM measurement

Quantitatively the morphology and electrical properties of the
composite’s surface investigated with the probe station Ntegra Vita
(NT-MDT, Russia) operated in CA-AFM mode allowing mapping the
conductive properties of the surface with a resolution of a few
nanometers [23]. Freshly prepared surfaces obtained by nitrogen
freezing and cutting were investigated. The cantilevers NSG11
(NT-MDT) with a conductive W,C coating were used (tip radius
35 nm). The measurements were performed on air at 23 °C, and
45% humidity. The scan size was 5 x 5 pm. For each sample the ob-
tained topological parameters, i.e. the average length and diameter
of the chain, represent the average length or diameter of all clus-
ters detected in the scan. Such an assumption was taken due to
the reproducibility of the latex technology and a relatively big scan
area.

6.3. Macro measurements of electrical conductivity

Macro electrical conductivity measurements in DC mode were
performed in a direction parallel to the sample top surface using
a 2-probe configuration and a Keithley 2602 system source meter.
Conductivity was calculated from the obtained I/V characteristics
according to the following equation:

s bl
VA

where V - an applied voltage, I - a measured current through a
cross-section A between the distance b. The used values for b and
A are shown in Table 2.

The conductivity was measured between the two gold elec-
trodes with dimensions of 1 x 4 mm? and a thickness of around
100 nm. The samples had sizes of 5 x 9 mm? and varying thickness
between 45 pum and 560 pm. All contacts showed linearity of the
I(V) dependency and thus are ohmic. For each sample the

(15)

Fig. 1. An overview of the process of cluster analysing: (a) CA-AFM image of the GNPs/PS composite, the scan size in 5 x 5 pm; (b) the corresponding image of the grains; (c)

the histogram presenting a size distribution of the GNP clusters.
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conductivity data represent the average value of 10 consecutive
measurements.

7. Results and discussion
7.1. Scanning electron microscopy analysis

The charge contrast imaging SEM mode is applicable to the
composites above the percolation threshold, where the conductive
network of GNPs is formed inside the dielectric matrix. High accel-
erating voltages with incident beam energy of 20 keV were used
for imaging of as-produced nanocomposites. For such imaging con-
ditions graphene nanoplatelets appear bright against dark polymer
matrix. The nature of such contrast can be explained by a differ-
ence in the amount of secondary electrons generated in GNPs
and polystyrene. The detailed discussion of the contrast can be
found in [8,21].

The charge contrast images of GNPs/PS composites with various
GNP loadings are demonstrated in Fig. 2a-d. For the low GNS load-
ings the sample is charged and the image mainly shows artefacts
(Fig. 2 a). For the higher a bright contrast of GNPs appears in the
dark polymer matrix. The contrast is stronger for the samples with
higher GNP loading as such samples have an increased value of pri-
mary electrons (PEs) which dissipate through the GNPs neutraliz-
ing the negative charge of the dielectric matrix. Brighter GNP
regions are believed to be located closer to the sample surface,
while greyish ones are located deeper into the volume [21]. For
all cases GNPs are bended and even folded (the best can be identi-
fied in Fig. 2 d). The GNP sheets have sizes of a few micrometers
and are randomly oriented. However, due to the GNP shape and
the contrast mechanism the eye catches mainly platelets oriented
perpendicular to the PE beam which is parallel to the sample top
surface.

7.2. Atomic force microscopy images analysis

The CA-AFM images (Fig. 2e-h) of the composites’ surface are
presented. The corresponding morphology images do not contain
information about GNP distribution and, therefore, are not shown
According to the CA-AFM imaging, for the sample with 0.6 wt.%
of GNPs the average diameter is roughly twice as big as other sam-
ples (Table 1). For the samples with higher GNPs loadings the aver-
age diameter of the chain does not depend on the GNP loading. One
could suggest that the used technique allows imaging only a small
part of the GNP network lying close to the scanned surface [24].

Similar to the SEM images (Fig. 2a-d) the CA-AFM images
(Fig. 2e-h) contain volume information about the composite. For
SEM method the imaging depth depends on the accelerating volt-
age [21], for the CA-AFM - on the applied potential [23]. GNPs ap-
pear in clusters, which can be considered as conductive chains
embedded in the matrix. The number of such chains is increasing

Table 1
The chain parameter and conductivity of GNPs/PS nanocomposite.

Table 2
The parameters for conductivity calculation.
Parameter Value
Density of polystyrene, kg/m? 1060 [25]
Density of graphite, kg/m? 1300 [26]
GNP loading, wt.% 0.6; 0.9; 1.5;
2.0
Sample’s mass (0.9 wt.% GNP loading), kg 0.017-1073
Sample’s dimensions, m, and volume, m?® (taken at a 44-107*
0.9 wt.% GNP loading)
b 8-10°3
¢ 55.107°
V 1936-108
K, 0.027
vy 0.18
G 17.99

with GNP loading (Table 1), alongside with the 5.7 times increasing
of the average chain length.

Thus, for the sample with 2 wt.% of GNPs the average chain
length is 3 times more than the average size of a single graphene
nanoplatelets taken from AFM analysis of just produced GNPs
[22]. However, it should be taken into account that in the compos-
ites the GNPs are randomly distributed being folded and bended
(Fig. 2b-d). Therefore, the conductive chains in GNPs/PS compos-
ites should consist of bigger amount of GNPs.

The conductivity dependence on GNP loading (Fig. 3, curve 1) is
well-known for this class of composites [8,14]. For the low GNP
loadings the conductivity of the GNPs/PS is close to the conductiv-
ity of the PS matrix. The percolation threshold is equal to 0.9 wt.%
of GNPs. At this GNP loading the conductivity is increasing by 5 or-
ders of magnitude and reaches 8 S/m for the sample with 2 wt.% of
GNPs.

Based on the presented methodic the average length () and
diameter (d) of the conductive GNPs clusters have been obtained
(Table 1) and used in order to calculate the mean-square value of
an aspect ratio (a®) (Eq. (5), Table 1). In presented composites
the aspect ratio increases in 8.7 times with an increase of GNP
loading. Thus, the uncertainty of the mean-square deviation
v/ (a?) decreases with GNP loading. The values of (1) for all compos-
ites (Table 1) are in the range 0 < (/) < 1 and therefore lie in the
restrictions of the McCullough’s model [19]. The dependence of
(2) on /{(a?) is presented (Fig. 4). For the sample with 0.9 wt.%
GNP loading the mean-square deviation /(a?)=5.3 and
() = 0.919. The latter tends asymptotically to 1 with an increase
of GNP loading. Therefore, the GNP loading of 0.9 wt.% can be inter-
preted as the percolation threshold being in agreement with the
results of CA-AFM measurements.

The calculations of the conductivity of the GNPs/PS nanocom-
posites were performed by Eqs. (10)-(14) with coefficients pre-
sented in Table 2. The resulting conductivity vs. GNP loading plot
is shown in Fig. 3 (curve 4) and Table 1. In order to estimate the

Parameter Number/name of samples

GNP loading, wt.% 0.6 0.9 1.5 2

The grain number, n 203 226 334 387

(), nm 98 +10 118+£19 247 +28 561+ 37

(d), nm 49+4 22+4 24+4 32+4

V<aZ> 20+03 53+0.5 10.1+£0.9 17309

(a?) 40+03 28.9+0.5 102.02 £ 0.9 299.29+0.9

() Calculated 0.768 0.919 0.967 0.985
Calculated based on [19] (1) — 0.67 - - (4) — 1(~ 0.99999)

o, S/m Calculated (1.05 +0.08) - 107° (1.10£0.1)- 104 0.14+0.01 3.04 +0.01
Calculated based on [19] (1.39£0.09)-10°° - - 0.08 +£0.01
CA-AFM (8.0+05)-1078 (1.1£0.1)-10°* 0.30%0.02 8.0+0.1
DC <235.107° (2.18 £0.06)- 104 1.78 £0.05 11.92 £0.08
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current 0-25 nA

Fig. 2. Characterization of the GNPs/PS composites with different GNP loadings: (a—d) SEM charge contrast images with a scale bar of 5 um; (e-h) CA-AFM images. Scan size is
5 x 5 pm. The GNP loadings are 0.6, 0.9, 2.0 and 1.5 wt.% for the 1st, 2nd, 3rd and 4th columns respectively.

Conductivity, S/m

GNPs loading, wt.%

Fig. 3. The experimentally obtained dependencies of the conductivity of the GNPs/
PS nanocomposite via GNP loading obtained via CA-AFM (curve 1) and macro
conductivity measurements (curve 2) and a comparison with the McCullough’s
model (curve 3) and the developed model (curve 4).

accuracy of the developed model the conductivity curve based on
McCullough’s model is also plotted (Fig. 3, curve 3). The compari-
son of these two models with experimental DC macro measure-
ments of conductivity of the GNPs/PS composite is shown in the
following section.

7.3. Electrical conductivity analysis

The conductivity dependence on the GNP loading for the GNPs/
PS composites (Table 3 and Fig. 3, curve 2) measured by 2-point DC
measurements is similar to one measured by CA-AFM (Fig. 3, curve
1). At low GNP loadings the conductivity of the GNPs/PS compos-
ites is very close to the conductivity of the dielectric polymer ma-
trix, because no conductive GNP network is formed.

According to the DC measurements the composite exhibits the
conductivity percolation threshold at GNP loading of around
0.9 wt.% being in agreement with the data from SEM and
CA-AFM. The curve obtained by DC measurements shows a sharp
percolation threshold. At this concentration the composite’s con-
ductivity increases drastically by 5 orders of magnitude. The con-
ductivity of the sample before percolation threshold (Table 1,
sample with 0.6 wt.% of GNPs) obtained with CA-AFM is one order
of conductivity higher, than for DC data. This might be explained
by a presence of microscopic conductive subnetworks of GNPs
[8] (Table 1) influencing local CA-AFM measurements. However,

0.968
0936
0.905
0.873
0.841
<A> 0809
0.777
0.745

0.714

0.682

108 126 144 162 18

0.65 : —
0 18 72 9
<a>

36 54

Fig. 4. The dependence of the average chain parameter on the mean-square value
of the aspect ratio.

these subnetworks are do not create the full network. Thus, there
is no a conductive pathway between two macro electrodes during
DC measurements and the macroscopic conductivity of such com-
posite has the level of insulating matrix. For the samples after per-
colation threshold, where the conductive pathway is created,
(Table 1, sample with 0.9 wt.% of GNPs) the conductivity obtained
by DC measurements and CA_AFM has the same order of magni-
tude. At the GNP loading of about 2 wt.%, the conductivity level
reaches 12 S/m.

8. Conclusion

We have improved the McCullough’s model for predicting the
electrical conductivity of conductive composites by replacing fit-
ting parameters of the model by the data on composite’s micro-
structure. The proposed model was tested on graphene-based
nanocomposites and proved to be coherent with the experimental
conductivity measurements. Moreover, both experimental and
modeled data are described by a similar value of the percolation
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Table 3

The cross-section, taken current path, as measured I/V data sets and corresponding conductivities of the composite samples. Relative error is about 10%.

Parameter GNPs /PS (GNP loading, wt.%)
0.6 0.9 1.5 2
b, mm 5 5 5 5
A, mm? 0.62 0.36 0.18 0.68
S conductance, S (as measured) <3.00-107"! 1.57-1078 6.43.1077 5.41.107°
Conductivity o, S/m (calculated) <2.35-107° 2.18.107* 1.78 11.92

threshold. A comparison with the conductivity prediction based on
the McCullough’s model shows that the conductivity value for the
sample with 0.6 wt.% loading of GNPs is within the accuracy.
However, for the sample with 2.0 wt.% of GNPs the conductivity
of the sample is about one order of magnitude lower than the
experimentally obtained value. Considering the overall conductiv-
ity difference of 10 orders of magnitude for the composites with
different GNPs loadings, a mismatching between predicted and
experimentally measured conductivity is relatively small.

To conclude, the proposed model basing on the composite’s
microstructure describes the experimental data more accurate
than the prototype one. The model can be used for the prediction
of conductivity of different kinds of conductive-dielectric
composites.
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