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Introduction

Pigments or fillers for elastomers and polymeric coatings

have often been utilized, in order to enhance properties or to

add functionality. Carbon black (CB) is the filler most

frequently used in polymer technology as a reinforcing

agent or conductive filler to generate permanent antistatic

and electromagnetic interference (EMI) shielding proper-

ties.[1] Siloxane rubber, on the other hand, has nearly

constant physical propertiesoverabroad temperature range,

good dielectric properties and high resistance against

weathering.[2]

Upon increasing the CB concentration, mechanical

properties and volume conductivity of the composite

change dramatically at critical volume fractions (fC) of

CB. Certain macroscopic properties scale in a power law

fashion when f of the filler is increased. Beyond the

percolation threshold an ‘‘infinite’’ cluster of particles spans

the sample, inducing a drastic change in, e.g., volume con-

ductivity. Estimations of fC range from 0.16 to 0.34

(volume fraction), but experimental values of up to 3 orders

of magnitude lower (10�4) have been observed.[3] Both

from industrial and fundamental points of view low fC

values are of special interest. In this respect, CB

Communication: A systematic investigation into the sur-
face properties of siloxane rubber/carbon black (CB)
nanocomposites has been performed, using an automated
scanning probe microscope. In this way the influence of CB
concentration and curing rate of the siloxane rubbermatrix on
roughness and conductivity of the composites was studied.
Decreasing the curing rate while keeping the CB concentra-
tion resulted in a decrease in both roughness and surface
conductivity, which can be explained by an additional
siloxane-rubber layer formed during curing.
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characteristics (particle size, porosity, specific surface,

surface groups, etc.), dispersion, and processing conditions

are the key parameters.

When a composite is utilized as a permanent antistatic

coating, however, surface properties, such as roughness,

surface conductivity, etc., are particularly important. In

applications where CB is used mainly to enhance surface

conductivity, the presence of CB particles at the surface is

essential. A common approach in paints and coatings

technology is to adjust the formulation by studying the bulk

properties. A volume fraction of CB higher than the perco-

lation threshold should therefore be sufficient to reach

reasonable surface conductivity. However, surface and bulk

properties are often different, due to the formation of a top

layer, a so-called ‘‘skin’’. Thus, systematic research direc-

ted towards better understanding the origin of skin forma-

tion and the corresponding factors presents a real challenge.

Scanning probe microscopy (SPM) should be a valuable

tool to study skin formation, as it covers several technolo-

gies to image and investigate surfaces from the micrometer

down to the nanometer scale. The principle of SPM

techniques is very similar to profilometry; a sharp mini-

ature-size probe scans across the surface to sense different

types of interactions, in the near-field region or in contact

with the surface. A breakthrough in lateral resolution was

achieved by the invention of the scanning tunneling micro-

scope (STM) in 1981,[4] when for the first time, atomic

resolution images were reported under ambient conditions.

The limitation of STM of imaging predominantly conduct-

ing materials was soon overcome by the development of

atomic forcemicroscopy (AFM).[5] Since then, a large num-

ber of polymer samples have been investigated regarding

morphology, nanostructure, and molecular order.[6–12]

Besides the capability of measuring lateral sizes and

height features, AFM has the potential to investigate nume-

rous additional materials properties, such as friction forces

and adhesion between tip and sample surface, stiffness,

hardness and functional properties of the sample, such as

conductivity and magnetic properties. Moreover, AFM can

be used as an automated characterization method.[13,14] In

the present study an automated AFM was utilized to

investigate the properties of a large number of different

siloxane rubber/carbon black nanocomposites, prepared in

a systematic way. The two main parameters varied in this

investigation were carbon black concentration and curing

rate. The study moreover demonstrates the potential of

automated AFM with respect to combinatorial materials

research (CMR).

Experimental Part

Printex XE2, a conductive carbon black grade from
Degussa, was dispersed in siloxane melt using a three-roll
mill. This premix containing 10 wt.-% of carbon black was
diluted in order to obtain samples with lower concentrations.

The siloxane oil used (Gelest Inc.) was a linear vinyl-
terminated poly(dimethylsiloxane) with Mn� 27 kg/mol and
a polydispersity of about 2.1, as determined by means of gel
permeation chromatography (GPC). The siloxane matrix of
theses dispersions was crosslinked by adding amultifunctional
siloxane hydride (Gelest Inc.), generating ethylene linkages
between siloxane hydride and the vinyl group. No side
products are observed during curing.[15,16] The kinetics of
crosslinking can be affected by several parameters, such as
catalyst concentration, temperature and presence of an inhi-
bitor. A platinum catalyst (10 ppm) was added to the mixture
before curing.

The curing ratewas changed by varying the concentration of
the inhibitor. All other parameters affecting the rate (e.g.,
catalyst concentration, curing temperature) were kept con-
stant. Curing time was 30 min in a vacuum oven at a tempe-
rature of 120 8C. Table 1 provides sample nomenclature and
sample characteristics. Slow, medium and fast curing are
denoted as s, m and f, respectively. This corresponds to a
concentration of the inhibitor of 0.3, 0.1 and 0.0 wt.-%. A
droplet of the final mixture was deposited on a siloxane wafer
(Infineon) before curing.

Optical microscopy (OM) and AFM investigations were
performed using an automated Solver P7LS large sample SPM
(prototype, NT-MDT Ltd., Moscow, Russia) equipped with a
high-resolution OM (Sony Exwave HAD). Non-contact mode
was used in order to prevent damages of the sample mor-
phology caused by strong tip/sample interactions during
scanning. Silicon cantilevers with spring constants k�
11.5 N/m and typical resonance frequencies of 255 kHz were
utilized. To measure the conductivity of the samples special
conductive cantileverswere used in contactmode. For constant
voltage the current level was measured at different areas of the
surface. The AFM was calibrated with height standards
produced by Siloxane-MDT Ltd., Moscow, Russia.

Table 1. Sample characteristics of the siloxane rubber /CB
nanocomposites (f, m and s indicate the way of curing, i.e. fast,
medium and slow).

Sample CB concentration Inhibitor

wt.-% wt.-%

1f 0 0.0
1m 0 0.1
1s 0 0.3
2f 0.1 0.0
2m 0.1 0.1
2s 0.1 0.3
3f 0.5 0.0
3m 0.5 0.1
3s 0.5 0.3
4f 1.0 0.0
4m 1.0 0.1
4s 1.0 0.3
5f 5.0 0.0
5m 5.0 0.1
5s 5.0 0.5
6f 10.0 0.0
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Results and Discussion

The automated AFM prototype (Figure 1a) offers several

features not common for conventional AFMs: (i) large

sample holder and moving system for exact positioning of

samples having diameters up to 20 cm, (ii) high-resolution

optical microscope and integrated frame grabber for optical

imaging of the sample, (iii) advanced control software

allowing automated sample positioning and sample mea-

surement using up to 16 different interaction/contrast

modes simultaneously, and (iv) advanced data acquisition

and database software allowing almost unlimited storage

and data handling ability. The AFM is thus capable of

measuring an infinite number of sample positions, limited

only by the amount of data-storage capacity.

For a fast screening of the influence of preparation

parameters on the performance of siloxane rubber/carbon

black nanocomposites, the AFM was used for automated

imaging of the optical appearance, measurement of the sur-

face roughness, and determination of the surface con-

ductivity. Figure 1b shows the 16 nanocomposite samples

investigated with increasing CB concentrations (top to

bottom) and increasing curing rates (left to right), deposited

on a standard siloxane substrate at defined coordinates. In a

CMR environment, the same substrate/nanocomposite

specimen may be used for further automated characteriza-

tion techniques, such as FT-IR spectroscopy, X-ray photo-

electron spectroscopy and scanning electron microscopy.

FromSEMand transmission electronmicroscopy (TEM)

studies it has been concluded that Printex CB has a particle

diameter of approximately 40 nm, aggregated in primary

agglomerates with a typical size in the range of 100 nm.[17]

In siloxane oil, these primaryCB agglomerates aggregate in

clusters with a size of about 1 to 100 mm, which can easily

be visualized with an OM. Figure 2 shows bright-field OM

images of two siloxane rubber/CB nanocomposite samples

Figure 1. (a) Side view of the automated AFM prototype
equipped with high-resolution optical microscope and large
sample stage (20 cm in diameter), (b) 16 siloxane rubber/carbon
black samples deposited on a standard siloxanewafer at particular
coordinates. The directions of increased carbon black concentra-
tion and curing rate are indicated.

Figure 2. Optical images of two siloxane rubber/carbon black
samples containing 0.1 wt.-% (a) and 1.0 wt.-% (b) of carbon
black.
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containing 0.1 wt.-% and 1 wt.-% of CB. At CB concentra-

tions above a given thresholdfCCB forms a networkwithin

the matrix, which is not affected by the final curing of the

siloxane rubber matrix. Additional numerical treatment of

such images provides information on the fractal dimension

of a percolation aggregate of the CB network for both non-

cured and cured systems. Such calculated fractal dimen-

sions contain information about the volume conductivity of

the nanocomposites, i.e. whether the CB concentration is

higher than fC, resulting in the formation of a network or

not. In the present case,fC is in the order of 0.03 wt.-%CB.

In addition to conventional optical imaging of the

siloxane rubber/CB nanocomposites, AFM measurements

offer more insight in surface morphology and other specific

surface properties of the samples.[18] Figure 3 presents a

series of topographic images of siloxane rubber/CB nano-

composite samples. The effect of CB content (increasing

from top to bottom) and applied curing rate (increasing

from left to right) on the roughness of the samples can be

studied by AFM in height-contrast mode. At high curing

rate (no inhibitor), CB concentration seems to be the per-

tinent parameter in determining the roughness. In this case

roughness increases with raising the CB concentration.

However, for lower curing rates and the same CB concen-

tration sample roughness is reduced drastically. In the latter

case, the amount of CB present at the surface no longer

represents the bulk concentration of CB, thus disfavoring

the formation of a conductive CB network at the surface as

compared to the bulk of the same sample. This is parti-

cularly valid for lowCB concentrations near the percolation

threshold.

Further information on the CB distribution within the

siloxane rubber matrix could be derived from surface con-

ductivity measurements. At the present development stage

of the automated AFM, the standard silicon nitride tip had

to be exchangedmanually by a special conductive tip. (This

procedure is supposed to be automated in the future.)

Figure 4 shows a 3-dimensional representation of the

conductivity distribution at the surface of a medium-cured

nanocomposite containing 5 wt.-% of CB. Higher features

in the image indicate higher surface conductivity; the rather

flat background of the image represents the non-conductive

siloxane rubber matrix. Even though the values are quali-

tative, it is obvious that the sample is conductive onlywhere

CB particles are present at the surface. Most of the sample

surface is not involved in active charge transport. This

means that, besides the bulk CB concentration, also the

actual CB concentration on the surface, which in turn is

influenced by the curing rate of the siloxane rubber matrix,

determines the conductivity level. Consequently, the per-

formance of the nanocomposites is strongly affected by the

formation of a non-conductive skin at the sample surface.

Therefore, even for CB bulk concentrations above the

percolation threshold the conductivity of the nanocompo-

site might be insufficient if an isolating skin is formed. A

detailed discussion of possible reasons inducing skin

formation will be provided elsewhere.[17] Briefly, two basic

physical forces might cause the settling of CB aggregates

and thus skin formation: The characteristic convex-shaped

appearance of the siloxane rubber around CB particles at

the samples’ surfaces imaged by means of AFM (Figure 3)

indicates the presence of capillary forces. In addition,

simple gravity could play a role.

Optimization of the performance of siloxane rubber/CB

nanocomposites and, especially, achieving a high conduc-

tivity level includes controlling and avoiding the skin for-

mation process. Sedimentation can be prevented using a

curing recipe that solidifies or crosslinks the siloxane rubber

matrix as fast as possible. Furthermore, sedimentation can

Figure 3. Series ofAFMtopography images. Sample roughness,
equivalent to the number of CB particles at the surface, decreases
with decreased carbon black concentration (bottom to top) and
decreased curing rate of the siloxane rubber matrix (right to left).

Figure 4. 3D image representing the local surface conductivity
as measured by means of AFM using a conductive cantilever.
Scale bar in micrometer.
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be stopped simply if the sample surface is parallel to the

direction of gravity. However, minimizing the present

capillary forces around the CB particles is virtually impos-

sible due to the fact that mixing and processing of the

nanocomposites require high capillary forces for sufficient

wetting.

Conclusions

Combinatorial methods and high-throughput experimenta-

tion in polymer science require fast screening methods in

order to investigate important parameters that determine the

structural and functional properties and the overall per-

formance of the materials. Such approaches are promising

with respect to establishing structure/property relationships

in more detail and to a fast and lower-cost decision-making

in R&D. In the present study, an AFM prototype equipped

with a high-resolution optical microscope has been utilized

for automated investigation into the surface properties of

siloxane rubber/carbon black nanocomposite samples with

different CB concentrations and being cured at different

rates. From optical microscopy (and other investigations

not presented in this study), it has been concluded that CB

forms a network above a distinct percolation threshold,

which determines the conductive (surface) behavior of the

samples. Furthermore, AFM measurements demonstrated

that the roughness of the samples is equivalent to the

number of CB particles present at the surface. The number

of CB particles present at the surface decreases with bulk

CB concentration, but also with decreased curing rates for

the same bulk CB concentration. The latter effect can be

explained by the formation of a skin layer that is caused by

capillary forces and gravity. Local conductivity measure-

ments of the sample surfaces by means of AFM revealed

clearly the influence of the CB particles on the conductivity

at the surface over a larger surface area; the siloxane rubber

matrix acts as a local isolator. Thus only high amounts of

CB particles present at the surface in combination with a

conductive CB network in bulk guarantee the functional

performance of the investigated nanocomposites. Finally,

automated AFM could be shown to represent an extremely

powerful tool in combinatorial materials research.

Acknowledgement: The authors thank Océ-Technologies B.V.
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