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ABSTRACT

Conductive particle-filled polymer composites are promising materials for

applications where both the merits of polymer and conductivity are required.

The electrical properties of such composites are controlled by the particle per-

colation network present in the polymeric matrix. In this study, the electrical

properties of crosslinked carbon black–epoxy–amine (CB-EA) composites with

various CB concentrations are studied at room temperature as a function of the

AC frequency f. A transition at critical frequency fc from the DC plateau rDC to a

frequency-dependent part was observed. Conductivity mechanisms for f[ fc
and f\ fc were investigated. By considering the fractal nature, conduction for

f[ fc was verified to be intra-cluster charge diffusion. For f\ fc, with the

assistance of conductive atomic force microscopy (C-AFM), the conduction

behavior of individual clusters can be observed, revealing both linear and

nonlinear I–V characteristics. By combining microtoming and C-AFM mea-

surements, 3D reconstructed images offer direct evidence that the percolating

network of these materials consists of both a low-conductivity part, in which the

charge transports through tunneling, and a high-conductivity part, which shows

ohmic electrical properties. Nevertheless, for these CB-EA composites, the

presence of these non-ohmic contacts still leads to Arrhenius-type behavior for

the macroscopic conductivity.
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Introduction

Epoxy–amine resins are widely applied in various

fields where easy processing, low water uptake,

excellent adhesion and good corrosion protection are

needed [1–4]. Such polymer systems are generally

electrically insulating, having a volume resistivity

from 1012 to 1015 X cm [5]. By incorporating con-

ductive particles, i.e., carbon blacks (CB) [6–9], carbon

nanotubes [9, 10] or metallic fillers [11], the material

can be altered from an insulator to a (semi)conductor,

resulting in a broader range of application possibili-

ties. However, the insulating-to-conductive transition

is generally not a gradual one [6–13]. Instead, it is

characterized by an abrupt increase with several

orders of magnitude at a certain particle loading [14].

Above this critical concentration, the percolation

threshold, a phase consisting of an insulating poly-

meric matrix and a (semi)conductive particle network

exist. Electrons are transported via conductive path-

ways in these networks.

To deal with such disordered systems in which

long-range connectivity suddenly appears, percola-

tion theory has been extensively applied [14, 15].

Based on this theory, the conductivity behavior fol-

lows a universal rule when the particle concentration

p is close to the percolation threshold pc, i.e., for

|p - pc| � 1 [14, 15], given by

rDC / p� pcð Þt ð1Þ

with rDC (S cm-1) the DC conductivity and t a critical

exponent. A Monte Carlo simulation for three-di-

mensional random percolation yielded 2.0 ± 0.2.

However, such a simulation does not take into

account specific interactions and reactions. In real

systems, many experiments displayed results in

which t-values higher than 2 were found, implying a

different type of conduction mechanism that is more

sensitive to increasing particle concentration than

predicted by conventional percolation theory.

One way to study material properties is 3D imag-

ing by AFM, a relatively new area of research which

started 20 years ago [16]. The use of this technique

requires controllable, subsequent removal of thin

surface layers, since AFM is surface characterization

method. Different methods can be used for the

removal of material from surfaces, e.g., plasma or wet

etching, microtoming and scratching by the AFM

probe [17]. After removal of each slice, the surface is

measured by a suitable AFM method, where after the

set of 2D AFM images obtained can be used to con-

struct a 3D image. An advantage of this technique is

the possibility to construct 3D images of different

properties by using different AFM modes, in partic-

ular the distribution of local electrical properties,

such as the current and surface potential [18, 19].

Here, we use combination of AFM and ultramicro-

tomy for the 3D reconstruction of the conductive

network inside a CB-EA composite by measurements

of the current distribution on sample surfaces with

conductive AFM (C-AFM). The lateral (x, y) resolu-

tion of the reconstructed volume structure is deter-

mined by resolution of the AFM, and z-resolution is

determined by accuracy of microtome cutting step,

which can be as small as 10 nm.

In previous work, CB-epoxy–amine (CB-EA) com-

posites were prepared and analyzed [20]. The clusters

were demonstrated to be fractal and influenced by

the crosslinking process, resulting in a fractal

dimension df = 1.66 for high-temperature curing and

df = 1.56 for room-temperature curing, both notably

smaller than 1.85 for diffusion-limited cluster aggre-

gation (DLCA) mechanism. Moreover, the percola-

tion threshold for this composite was found at CB

concentration 0.24 vol%, and the corresponding t-

value was 2.9 ± 0.14, considerably deviating from the

value 2.0 ± 0.2 obtained from Monte Carlo simula-

tion for three-dimensional (3D) random percolation.

In order to obtain a deeper understanding of the

electrical conduction of these materials, in this study

AC conductivity measurements were done as a

function of CB concentration, and the transition from

the DC plateau to frequency-dependent AC behavior

was determined. Furthermore, using C-AFM com-

bined with ultramicrotoming, the conductivity

behavior of individual percolating pathways was, to

our knowledge, revealed for the first time.

Experimental

Preparation and characterization of the CB-
epoxy–amine nanocomposites

The preparation of CB-epoxy–amine composites with

CB concentration ranging from 0.25 to 1.25 vol% has

been described in detail in our previous work [20]. In

brief, carbon black particles (KEC-600J, AkzoNobel)

were ground into a fine powder in a mortar and dried

at 50 �C for 5 days under vacuum. Afterward, a
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master batch with 2 vol% of CB was prepared by

dispersing these particles in a bisphenol A-based

epoxy resin (Epikote 828, Resolution Nederland BV)

for 8 h at 6000–15000 rpm by using a disk agitator

(Dispermat CA40-C1, VMA) until a homogeneous

dispersion was obtained. During this process, the

temperature remained below 80 �C. No additive was

used in the whole process. To parts of this dispersion,

epoxy resin and crosslinker (Jeffamine D230, Hunts-

man) were added to obtain the desired CB concen-

trations (0.25–1.25 vol%) at an epoxy/NH molar ratio

of 1.2/1. Mechanical stirring was then performed for

1 min. Immediately after applying on substrates by

using a quadruple applicator (Erichsen GmbH & Co.

KG), the samples were placed into an oven. The

curing cycle is at 20 �C for 4 days and then a post-

cure at 100 �C for 4 h. Differential scanning

calorimetry (DSC) indicates a degree of conversion of

0.99, while transmission electron microscopy (TEM)

shows that the particles are distributed homoge-

neously with a fractal dimension df = 1.56 [20].

AC conductivity measurement

For each composite, free-standing films were made

and from samples with a thickness of 40–60 lm,

pieces of 15 9 15 mm were cut. Silver paint (Fluka)

was applied on both faces of the films as electrodes as

well to reduce the contact resistance. The conductiv-

ity rAC was measured at room temperature as a

function of frequency f using an impedance analyzer

(EG&G, Model 283) equipped with a frequency

response detector (EG&G, Model 1025) in the fre-

quency range from 10-2 to 106 Hz.

Temperature-dependent DC conductivity
measurement

Measurement of rDC as a function of temperature

from 145 to 345 K was performed on a sample with

1.25 vol% CB. A sample with a thickness of 0.25 mm

was cut into 2 9 0.8 cm2, with silver paint (Fluka)

applied on both sides in order to reduce the contact

resistance. The measurement was done by placing the

sample into a brass cell, equipped with temperature

control and a two-point measurement set (DVM 890,

Velleman), placed in a liquid nitrogen bath. For each

measurement, the system was set to a fixed temper-

ature divided in approximately 20 intervals over the

temperature range used, allowed to equilibrate and

kept constant during data acquisition.

C-AFM analysis

Two samples with CB concentrations (1 and

1.25 vol%), well above the percolation threshold,

were used for conductive AFM (C-AFM) measure-

ment. Conductive gold-coated cantilevers NSC36/

Cr-Au (Micromash) were applied for conductivity

measurements using an AFM equipped with an

ultramicrotome (Ntegra Tomo, NT-MDT Co.). Both

topography and current distribution are measured at

the same time in contact mode with C-AFM. The

sample is always grounded, and a voltage is applied

to the tip. An oscillating diamond knife (Diatome)

was used for cutting. Alternate microtome cutting

and measurements of the same area by C-AFM result

in a stack of AFM images having a z-interdigitation

(thickness of each section) of 20 nm. This array of

scans has been aligned in one 3D image by using a

simple procedure for which a more detailed

description can be found in [18].

Results and discussion

AC conductivity

The AC conductivity rAC is derived from the com-

plex impedance data [21] using

rAC ¼ Z0= Z02 þ Z002� �� �
� d=Að Þ ð2Þ

where Z0 and Z00 are the real and imaginary parts of

the impedance, respectively, d the sample thickness,

and A the sample area. The conductivities as a

function of frequency f for CB-EA composites with

different CB concentrations are plotted in Fig. 1a, in

which an increase in intercept values as well as an

extension of the plateau for each sample can be

observed with increasing CB content. With increasing

f, a f-independent to f-dependent transition occurs at

a critical fc. In the low-f region (in this study 100–10-2

Hz), where the AC conduction mechanism is the

same as that for DC conduction, the intercept value is

generally considered to represent the DC conductiv-

ity rDC.

For such a system with a conductive percolation

network, the transition of conductivity from the DC

plateau to frequency-dependent AC behavior is
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usually described by a relationship between fc and

rDC given as [22]

fc / r z
DC ð3Þ

The critical frequency fc for all samples, except the

0.25 vol% samples, was taken as the frequency at the

intersection of the lines describing the rDC plateau

and the (approximately) linear increase (Fig. 1a), and

z = 1.14 was obtained by fitting the fc--rDC data

according to Eq. (3) (Fig. 1b). To verify the validity of

this value for our system, we note that percolation

theory [14, 22] at the vicinity of pc provides

n / p� pcð Þ�t ð4Þ

where m is a critical exponent and n denotes the per-

colation correlation length, which can be regarded as

the largest finite size of clusters possessing a fractal

structure. Below this length scale, the clusters show

self-similarity, and above, they can be considered as

Euclidean. If the f-dependent behavior in our system

is caused by the presence of fractal structures, the

critical frequency fc can be associated with the fre-

quency fn associated with the correlation length n, so
that

fc ¼ fn / n�drw / jp� pcjmdrw ð5Þ

where drw is the effective critical exponent for a ran-

dom walk on a fractal structure. A value 4.17 ± 0.08

(R2 = 0.9999) was obtained for mdrw by fitting using

Eq. (5).

By inserting the known value m = 0.8 [22, 23], we

obtain drw = 5.21. Inserting the fractal dimension df-
= 1.56, as obtained before for the same composite

[20], in the relation [15, 24] z = drw/(drw - df ? 1), the

value z % 1.12 results. This value is in good agree-

ment with the experimental fitted value z = 1.14

mentioned before, indicating that the assumption of

fc = fn is valid, and the f-dependent behavior in this

composite is dominated by intra-cluster charge

transport in fractal objects. Notice that the z-value

1.14 is smaller and closer to unity when compared

with other values reported, namely 1.67 [22] and 1.35

[25]. Further note that the relation [14] drw-

= 2 ? (t - b)/m holds, where b is the critical expo-

nent for the percolation probability P * (p - pc)
b. A

reasonable estimate for b is 0.4 [14] which, together

with m = 0.8 [22, 23], yields t = 3.0, consistent with the

experimental value t = 2.9. Based on the established

relation fc = fn, the deviation between t = 2.9 experi-

mentally and t = 2.0 from simulations implies that

another conduction mechanism, offered by clusters

with a smaller n-value than predicted by percolation

theory, contributes. Jäger et al. suggested that this

additional conductivity is due to the electron tun-

neling through the gaps between clusters [24], but

direct evidence of charge tunneling on fractal perco-

lating clusters was still missing.

Conductive atomic force microscopy (C-
AFM) analysis

To investigate the conductivity behavior of percola-

tion clusters, C-AFM was utilized [18]. The topogra-

phy of samples with 1 and 1.25 vol% CB is shown in

Fig. 2a and c, respectively, in which the CB particles,

which are harder than the polymeric matrix, can be

identified from the contrast as the brighter spots. (The

vertical lines are caused by microtome cutting.) The
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Figure 1 a The AC conductivity as a function of scanning

frequency for CB-EA samples with CB concentrations ranging

from 0.25 to 1.25 vol%; b the plot of fc versus ln rAC as well as

the fit based on Eq. (3).
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corresponding current distribution images of the

same area are shown in Fig. 2b and d, respectively,

where the different colors represent different current

densities, as indicated by the color bar on the side.

The average current calculated from the C-AFM

images is almost independent of the tip-sample load

(within the load range changed by a factor of 3),

which means that contact resistance has only a small

influence on measured current and the current is

determined by the bulk properties. Note that many

particles, especially those inside the circles shown in

Fig. 2a and c, cannot be found in Fig. 2b and d,

respectively, indicating that the particles missing in

the current images are not contributing to the long-

range conduction. In addition, with increasing CB

concentration, it can be observed from Fig. 2b and d

that more clusters display higher conductivity levels

(shifting to red color). Such an effect should not occur

in a composite where the conduction is mainly con-

tributed by ohmic contacts between clusters, which

are expected to display an on–off behavior only.

Figure 2g and h shows the topography and the

corresponding current distribution of the same area

at another spot for a 1% CB-EA sample. The differ-

ence between Fig. 2b and h clearly indicates the large

variations that occur locally in such a close-to-the-

percolation threshold sample. The average current

Iave over the scanned area as a function of applied

voltage for the complete 10 9 10 lm2 image given in

Fig. 2f shows that averaging over such an area

already yields already linear I–V behavior, albeit with

a different slope for different spots (keep in mind that

Iave, figuratively speaking, represents a 10 9 10 lm2

tip, as compared to a single point measurement with

a typical tip contact area of 75–300 nm2, but that

direct comparison with a 10 9 10 lm2 electrode

result is not straightforward). The values for Iave for

the two different spots of the 1% CB-EA sample are

0.017 nA and 0.076 nA, respectively, while the aver-

age current for the 1.25% CB-EA sample is 0.14 nA.

For macroscopic measurements [20], one can expect a

difference of a factor 2–4 between 1% and 1.25% CB-

EA samples. Thus, a direct comparison of current

data from micrometer-sized areas with macroscopic

data is inappropriate, as relatively large variations of

the average current over small areas are expected.

To confirm the presence of non-ohmic contacts,

conductivity measurements were performed for

individual clusters of the 1.25 vol% CB sample, as

indicated by numbers 1, 2 and 3 in Fig. 2d,

respectively, with the corresponding I–V characteris-

tics displayed in Fig. 2e. Cluster 1 in Fig. 2d shows

the highest current densities, and a linear I–V curve,

indicating that a long-range conductive pathway

formed by physical contact between CB particles has

been built up, resulting in ohmic electrical behavior.

Notice that the linear I–V behavior of cluster 1 is only

valid for the path from the scanning tip to the elec-

trode and is not necessarily representative for the

whole composite. Indeed, clusters 2 and 3 show a

lower conductivity as well as nonlinear I–V behavior,

strongly suggesting electrical tunneling along the

conductive pathway.

To investigate the conductive pathways inside a

sample volume, a 3D reconstruction of the conduc-

tivity was made in the direct surroundings of clusters

1, 2 and 3. Figure 3a shows the results, in which

clusters with similar color have similar conduction

behavior. The dark-green parts are clusters in deeper

layers that do not form conductive pathways with the

clusters appearing on the surface. As illustrated for

clusters 1, 2 and 3 before, a color change from pink/

white to blue indicates changes of current values

from high to low, and in many cases changes of the

conduction mechanism from ohmic to tunneling.

In Fig. 3b, several transitions between low- and

high-conductivity clusters within one conductive

pathway can be observed inside the sample volume.

Such a transition indicates that the cluster possessing

the lower conductivity is the bottleneck for charge

transport along this conductive pathway, thus con-

tributing to the nonlinearity of the overall I–V char-

acteristic. Once the low conductivity parts were

removed by microtoming, the remaining conductive

pathway showed a higher conductivity level as well

as linear I–V behavior. Similar results were also

obtained for multiwalled carbon nanotubes/PS

(MWNT/PS) composites [18] and graphene/PS

composites [19]. The low-to-high conductivity tran-

sition in a single conductive pathway has been

detected here for the first time. This has become

possible due to small size of the filler particles, which

implies a large amount of connections within a short

distance and thus a higher probability to find a

junction within the reconstructed volume. In contrast

to conventional percolation theory, the percolation

network formed in this material is composed of both

highly and weakly conductive clusters. Hence, before

a percolation network is formed through physical

contact, electron tunneling can take place in some
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parts of the network, resulting in an increased overall

conductivity, consistent with the t and z values as

observed for DC and AC conductivity, respectively.

The C-AFM images directly visualize the high-con-

ductivity paths, which provide conductivity through

the whole sample. These high-conductivity paths are

surrounded by low-conductivity clusters, which are

connected to the high-conductivity paths by tunnel-

ing contacts.

An attempt to provide additional evidence results

from temperature-dependent DC conductivity mea-

surements was made. For tunneling, the temperature

dependence of rDC can be modeled by fluctuation-

induced tunneling (FIT) theory [26] including con-

tributions from thermal and voltage fluctuations in

tunneling and given by

rDC / exp[� T1=ðT þ T0Þ� ð6Þ

Here, T0 is the temperature that can be viewed as

the temperature above which fluctuation effects

become significant and T1 is a measure of the energy

required to move an electron across the insulating

bFigure 2 a and c Topography of CB-EA samples with 1 and

1.25 vol% CB, respectively; b and d the corresponding current

distribution images; e the I–V curves as measured for clusters 1, 2

and 3, as indicated in Fig. 2d; f Iave–V curve for the 10 9 10 lm2

area shown in g and h; g topography of a 1 vol% CB-EA sample

at a different spot; h the current distribution corresponding to g.

Figure 3 a 3D reconstructed image of a 1.25 vol% CB-EA

sample taken from the area where the clusters 1, 2 and 3 are

located (Fig. 2d). A microtome z-step of 20 nm was used, and 28

C-AFM images were obtained to reconstruct a volume of 4.5 � 4.5

� 0.54 lm3. b A zoom-in 3D image of conductive clusters

obtained from a, showing the transitions between clusters with

high and low conductivity. c 3D reconstructed image of another

1.25 vol% CB-EA sample; d A zoom-in 3D image of conductive

clusters obtained from c, showing, respectively, a pathway with

approximately constant conductivity (top) and a cluster with

rapidly changing conductivity (bottom).

8936 J Mater Sci (2020) 55:8930–8939



gaps between clusters. Figure 4 displays the data for

a 1.25 vol% CB-EA sample as a function of 1/T. Over

the temperature range used (145 to 345 K), rDC can be

accurately described (R2 = 0.9855) with T0 = 0 K and

T1 = 226 K, indicating essentially Arrhenius-type

behavior. It seems that the T-range used is too limited

to discern any curvature in a ln rDC versus 1/T plot

with some accuracy and that a much lower temper-

ature is required to do so. A similar conclusion was

obtained before [9, 10]. Alternative fits using variable

range hopping models [27, 28] in which lnrDC versus

T-c with exponent c = � or � should provide, if

obeyed, a linear relationship, while they resulted in

somewhat curved plots (R2 = 0.9812). Altogether this

indicates that it is virtually impossible to establish the

presence of non-ohmic contacts between conductive

particles by conventional macroscopic measure-

ments; here, conventional means using liquid nitro-

gen temperature as the lower limit and an upper limit

of, say, 150 �C typically the maximum temperature

allowed for polymers. This may have been clear

already from the fact that the I–Vave curves for

10 9 10 lm2 areas are already linear.

General considerations

Within a general structure–property relationship

point of view, one important aim for conductive

particulate composites is to be able to determine the

conductivity of such a composite from its

microstructure. For these composites, the conductive

behavior is codetermined by the percolation path-

ways and the nature of the contacts between the

particles. The former has been described many times

using percolation theory, albeit generally using

thermoplastic matrices with limited attention for the

influence of crosslinking on the formation of such

pathways [20, 29]. For the latter, when in the litera-

ture composite mesoscopic models are discussed, the

nature of the contacts is generally considered to be

ohmic, which this paper shows, at least for the CB

composites used here, not to be true. Moreover, non-

ohmic contacts have been discussed in the literature,

see, e.g., refs. [26, 30, 31]. Hence, together with the

admittedly limited results showing a variety of type

of contacts, this implies that making the approxima-

tion of ohmic contacts only is not warranted. Con-

sidering the option to model I–V curves, either

macroscopically or in C-AFM, it will be clear that full

details on the complete path between the one elec-

trode (or tip) and the other electrode are required,

which so far have not been obtained. Simulations

with an effective (constant) contact resistance, taking

the various pathways into account as done for carbon

nanotube composites [32], will thus be (highly)

approximate, as shown in this paper for CB com-

posites, because the contact nature (and area) will

vary considerably. We note that papers dealing with

the electrical conduction of carbonaceous particulate

polymer composites (see, e.g., refs. [9, 10, 29, 33])

generally do not discuss the variable behavior of the

contacts at all.

As indicated in the introduction, the main experi-

mental problem to realize reconstructed 3D images

by combination of C-AFM and ultramicrotoming is to

obtain at least 20–30 good quality C-AFM images on a

subsequent series of surfaces where each surface is

obtained by successfully removing a 10–20-nm-thick

slice. As such experiments are not only time-con-

suming but also quite tedious, at this stage, we per-

formed experiments mainly for samples with 1.25%

CB. However, we believe that for comparison of the

samples, 2D C-AFM images are sufficient, if we

assume uniform isotropic structure of all samples. In

a forthcoming publication, we plan to present a

detailed study of the volume structure in these

samples with the tomo-C-AFM technique, in partic-

ular by using local Iave–V curves and nanoimpedance

measurements.

Conclusions

The AC conductivity of carbon black–epoxy–amine

(CB-EA) composites has been characterized by a

crossover at frequency fc from a frequency-

σ
DC

(S
 c

m
− 1

) 

100/T (K−1) 

2.0×10−8

1.6×10−8

1.2×10−8

8.0×10−9

Figure 4 Arrhenius plot for a 1.25 vol% CB-EA sample of the

conductivity rDC as a function of reciprocal temperature 1/T.
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independent rDC to the frequency-dependent part,

particularly on samples with CB concentration higher

than 0.5 vol%. The relationship fc = fn was confirmed,

where n is the largest fractal length scale. The fre-

quency-dependent conductivity for f[ fc thereby can

be attributed to the charge diffusion within fractal

clusters. The z exponent obtained from fitting fc *
rDC
z is 1.14, which is significantly lower than the

values obtained from systems formed through ran-

dom percolation and diffusion-limited cluster

aggregation. Combined with a t-value of 2.9 obtained

from DC conductivity measurement (rDC-

* |p - pc|
t), and 3.0 from AC conductivity mea-

surement (drw = 2 ? h = 2 ? (t - b)/m), charge

tunneling between conductive clusters is likely to

occur for f\ fc. This study done by using conductive

atomic force microscopy (C-AFM) directly shows that

only part of the clusters in the composite contribute

to the overall conductivity, as inferred indirectly for

the behavior of other carbon-based composites

[18, 19, 34]. The conductivity measurements per-

formed on individual clusters displayed both linear

and nonlinear I–V behavior, confirming the conduc-

tive contribution of electron tunneling effects

between the clusters. Moreover, the 3D reconstructed

images offer direct visual evidence that the percola-

tion network of these materials consists of both a low-

conductivity part, in which conductivity is controlled

by tunneling, and a high-conductivity part, which

shows ohmic electrical properties. Nevertheless,

conventional temperature-dependent macroscopic

conductivity measurements still lead to Arrhenius-

type behavior for the conductivity despite the pres-

ence of these non-ohmic contacts.
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N, Costa LC, Queriagli A, Outzirhit A (2016) Structural

characterization and electrical properties of carbon nan-

otubes/epoxy polymer composites. Appl Pol Sci

2016:44514(1–8)
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