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The scale behavior of fillers in elastomers
by means of indentation tests

Abstract Indentation tests were
carried out on a carbon black filled
rubber sample on different length
scales. The experiments covered the
range from aggregation of particles
on the submicron scale up to struc-
tures which represent the bulk
properties of the sample on the
millimeter scale. The local stiffness
was used to visualize the areas
investigated; therefore, mechanical
images were obtained for all length
scales. So-called “mechanical units”
were defined for every scale. The size
distribution curves for the mechan-
ical units were analyzed and they
were found to be non-Gaussian-
shaped for every scale. Moreover,
the distribution curves of the me-
chanical units are similar to the
distribution curves of particles and
aggregates obtained by electron
microscopy reported in the litera-
ture. Evaluation by means of fractal
analysis led to fractal dimensions for

the mechanical units. It could be
shown in the present case that the
fractal dimension D=1.24 of the
mechanical units in the range of
submicrons up to several hundred
microns is in good agreement with
that of the filler aggregates proposed
in the literature. Furthermore, D is
constant over a wide range of about
6 decades in area scale starting from
aggregates up to the size of agglom-
erates. This leads to the conclusion
that the local arrangement of the
filler ensembles seems to be self-
similar from the smallest scale of
aggregation of particles up to the
largest formation observed by
indentation testing on the
millimeter scale.
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Introduction

In the first half of the last century carbon black
incorporated in rubber, initially to cheapen the product,
was found to be a suitable ingredient for reinforcement.
In the following years much effort was done in the
enlightenment of the mechanism of the reinforcement
and the role of the microstructure of the filler [1]. Later,
relations between the dispersion of carbon black and the
physical properties of the rubbers were found by the help
of microscopy [2-4]. In recent years a rising popular
method to characterize the type of filler is the fractal

analysis of filler aggregates by means of microscopy. In
the literature it is reported that the fractal dimension, D,
of the filler aggregates varies for the different grades of
carbon black [5-7] and is an indicator for the reinforce-
ment potential of the filler. D of the filler aggregate was
found to correlate with mechanical properties of
themacroscopic system, for example, the modulus [5].
The question about the link between the microscopic
and the macroscopic system arises. In this work
indentation methods were performed for the character-
ization of “‘mechanical units” resulting from carbon
black ensembles from the micro to the macro system.
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Morphology of carbon black

Carbon black [1, 8] used in the rubber industry for
reinforcement consists of essentially spherical colloidal
particles made up of quasi-graphitic crystallites [1].
High-resolution scanning tunneling microscopy images
reveal the ordered structure of the carbon crystallites [9—
11]. The size of the particles ranges from about 100 A to
a few thousand angstroms [5, 10, 12]. The smaller the
particle the higher the reinforcing potential of the filler
[13]. These particles exist in various forms of aggrega-
tion, the extent of this aggregation is referred to as
“structure”. Typical length scales for the aggregates are
50-500 nm [5, 10, 13-17]. Depending on the mixing
process, the aggregates are able to cluster together to
form so-called agglomerates, which have length scales
from 10 to 10° um [18]. Early experiments by Payne [19]
led to the existence of filler—filler linkages and there is
evidence that carbon black is also able to form an
agglomeration network which can penetrate the whole
body of a rubber sample [20, 21]. At certain loadings a
percolating network structure is to be expected [22] and
can be verified experimentally [23].

Fractal analysis

The characteristic feature of fractal objects is the high
complexity and randomness of their pattern. It is
impossible to classify them by terms of classical
Euclidean geometry with integer dimensions. In a
Euclidean space the dimension of a line is D=1 and
that of a surface is D=2. Any complex object between
these two, for example, a very irregular and broken
curve, can be described best by a dimension between 1
and 2, a so-called “‘fractal dimension” [24] (“fractus”
means “broken” in Latin). Mandelbrot [25] used this
idea 1967 to investigate the complexity of coastlines and
boundaries of different countries. Whereas mathematical
fractals such as the Koch curve or the Sierpinski curve
are regular and exactly self-similar at every length scale
[24], fractal patterns found in nature are usually random
[26]; therefore, the self-similarity of random fractals is
statistical and usually exists only over a finite range of
length scales [26]. In the present study the perimeter—
area relation due to Mandelbrot was used to investigate
the boundaries of structures as defined in a following
section on different length scales. The relation used is
shown in the following equation [24]:

L(6) = c8"Pa(5)P? (1)

where L is the perimeter of the structure, A4 is the area of
the structure, ¢ is a yardstick length, C is a constant, and
D is the fractal dimension.

For 6—0, L— and A4 remains finite. Since for a self-
similar object D is independent of J, the only condition

for Eq. (1) to hold is a é small enough to measure the
smallest feature of the structures. If this condition is
fulfilled, the slope of a plot logL versus logA4 gives the
fractal dimension of a coastline profile of the structures
within a self-similar range of a random fractal.

Experimental

Sample preparation

The sample investigated here was a sulfur cross-linked carbon
black filled vulcanisate (for the formulation, see Table 1). The
compound was mixed in a laboratory Brabender Banbury mixer
and afterwards passed through a laboratory mill and sheeted out.
The mixing process ensures maximum filler dispersion according to
a prior investigation [27] (see also Table 1). The sample was
vulcanized to a thickness of 2 mm in a heating press at 160 °C to
maximum cross-linking using a Monsanto MDR2000 E. The
surface of the sample was then investigated by indentation methods
as follows.

Indentation methods

The indentation methods used in this investigation were atomic
force microscopy (AFM) [28] and a recently introduced new
method, in the following called the dynamic indentation method
(DIM) [29-33]. Both methods work by the same principle but on
different length scales. In every case the surface of the sample was
examined with a sharp tip in contact with the sample. The DIM
works with a conical tip with a semivertical angle of 14° and a tip
radius of 1 um. For the realized AFM indentations the tip can be
regarded as a cone with a semivertical angle of around 10-20° and a
tip radius of 20 nm. Defined indentations can be carried out and a
quantity proportional to the force, or in the case of the DIM
directly the resulting force, can be detected. The local mechanical
information (local stiffness) is obtained by the ratio of force and
corresponding indentation. In both cases there is a possibility to
scan a defined area of the sample and to get mechanical images,
so-called “stiffness images”.

The AFM was used in two different scan modes: The pulsed
force mode (WITec) [34] and the layered imaging mode (Topome-
trix) in a way described elsewhere [35], in the following called
AFMpgy and AFMy p, respectively. The indentation depths were
in the range of a few hundred nanometers, dependent on the
stiffness of the local spots. In the case of the AFMpgy the scan
range was 3 um X 3 um and in the case of the AFMp\ the scan
range was 50 um x 50 um.

Table 1 Compound formulation (phr) and mixing procedure

Formulation
E-SBR 1500 100
Zinc oxide 3
Stearic acid 2
N220 50
TBBS 1
Sulfur 1
Mixing procedure
0 min Polymer
2 min Zinc oxide/stearic acid/N220
14 min TBBS/sulfur
18 min Dump
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The DIM was used in the dynamic mode in two ways:

1. Constant force mode (DIMcpgy). Here the tip penetrates the
surface until a force of 2 mN is reached. The indentation depth
in the present case was then of about 10 um. After that a
sinusoidal oscillation of the tip of £3 um and a frequency of
15 Hz was carried out.

2. Constant depth mode (DIMcpwnm). The tip penetrates the surface
with an indentation depth of 50 um, followed by an oscillation
of £5 um with a frequency of 10 Hz.

The DIM investigation corresponds to an area in the x-and y
directions of 4 X 4 mm in both cases. All the measurements were
performed at room temperature. The mechanical images were
created with SigmaPlot 2000 V.6.00 (SPSS) in a black—white
contrast, where the black spots mean high stiffness values. In the
following the black (“hard”) spots are called ““mechanical units”.
Here it should be pointed out that the sizes of the structures in the
mechanical images generally depend on the agreement as to what is
to be regarded as “hard”. The common procedure followed in this
study was to entitle every stiffness value, x, as “hard” which
deviated more than the standard deviation, o, from the average
value, X, of the whole image, that means x«harg» > X + 0. Whereas
the sizes of the structures depend slightly on this agreement, the
fractal dimension and the shape of the size distribution were
assumed to be independent. Enough images were created for every
length scale to allow at least 500 mechanical units to be evaluated
for the size distribution curves. The respective yardsticks to
measure the structures were the ratio of the edge of the image to
the number of pixels in the same direction. This condition always
ensures a yardstick small enough with respect to the smallest cluster
according to Kaye [36]. The perimeters and the areas of the black
spots according to the previous section were determined by an
image analysis program (SigmaScan Pro V.5.0.0, SPSS).

Fig. 1 Mechanical stiffness im-

Results and discussion

Typical mechanical images of the AFM and DIMcgm
investigations are shown in Fig. 1. The mechanical units
as defined in the previous section are depicted in black.
The lengths of the respective image edges are shown in
the figure. The number of pixels for every image is
200 x 200. For every structure the diameter for the
equivalent circle is calculated. The relative frequencies of
these diameters are shown in Fig. 2. Despite the fact that
the curves show the distribution of local mechanical
behavior on different length scales, a certain relationship
of these shapes to the aggregate size distributions
obtained by other methods [5, 10, 13, 14, 15, 16, 17]
can be recognized. It seems reasonable that the mechan-
ical units more or less result from carbon black entities.
It was shown that the pulsed force mode accounts for
carbon black particles or aggregates by higher stiffness
values than the rubber matrix [34, 37, 38]. In the
AFMpgy investigation shown at the top of Fig. 2, the
first peak can be detected at 20 nm, which coincides with
the diameter of the primary particle of N220 [5, 39].
Further peaks due to aggregation of particles can be
detected. A bimodal distribution due to primary parti-
cles and their aggregation was obtained in AFM
investigation by Trifonova-van Haeringen et al. [40].
Therefore, the particles seem to create clusters with

ages of a carbon black filled . . h Tl

rubber sample on different X S e o e X

length scales. The number of 3 “' m 3 M m t '.tﬁ. ST ‘

pixels is 200 x 200 for every b~ - °

image. The stiffnesses of the AFM : - ’."‘ '” . .; ','

black spots are higher than the - T e e ’

average value plus standard Pulsed Force Mode - ’? . y

deviation of the whole image

50pumx 50pum

AFM :

Layered Imaging Mode

4000pumx 4000um

DIM :

Constant Force Mode

size of the
image above

size of the
image above




270

12 J ] AFM
| (Pulsed Force Mode)
10 4
2 | [
o 4 | H:l
i H’r"l- -
ol : ‘mﬂﬂ-H W . =
o 100 20 200 400
eaqunalent circle diameater of mechamical unit | nm
Eli}
_ ‘ AFM
=l | o (Layered Imaging Mode)
& 20 -‘
é 15 4
A
R
m ‘ H 3 I_I—I_HH' = e —= = — |
0 Eili] 1000 1500 2000 2500 3000
eouivalent circle diameter of mechanical unit f rm
14
i oin
. i (Constant Force Mode)
10 M
# a =
. |_’_H_‘
: ] 20000 40000 B0 A000

equivalent crcle diameter of mechancal unit / nm

Fig. 2 Distribution curves of the equivalent circle diameters of the
black structures in Fig. 1 for every length scale. Each distribution
represents at least 500 structures

different sizes of several hundred nanometers. For the
AFM| v investigation, Fig. 2, center, the most frequent
diameter can be detected at 400 nm. Since the indenta-
tion depth here is higher than in the AFMpgy, this
method seems to be related to the stiffness of the
cooperating ensembles on the length scale described
later. The local stiffness then is a result of the size and/or
frequency of the clusters on this scale. Regarding the
DIMcgMm investigation, Fig. 2, lower graph, a further
length scale is observed. The dynamic indentation depth
of the DIMcpy was +3 um; hence, this method is

supposed to be sensitive for the structures displayed in
the middle of Fig. 2 by the AFMy . Therefore, the
DIM images account for the carbon black density
distribution on the micron scale [31-33]. The use of the
conical tips in all the investigations ensures high locality
of the mechanical information and therefore the visual-
ization of the structures. Thus, according to Sneddon
[41] the radius, a, of contact between tip and sample by
the use of a cone can be estimated by

2
=Zhnt 2
a=_htano (2)

where / is the indentation depth and « is the semivertical
(inner) angle of the tip; therefore, the contact radius for
the DIM is 16%, for AFM 11-23% of the indentation
depth, and the information is locally limited. For the
DIM and the AFMp, investigation the distance
between neighboring points was chosen to avoid
overlaps with the area of the indentation done before.
For the AFMpyy investigation the step size was smaller
than the expected contact area; however, the pulsed
force mode has already proven to be noninvasive for the
imaging of carbon black particles and aggregates owing
to the gentle procedure of this mode [34, 37, 38]. The
evaluation of the perimeters and areas of the black spots
in the mechanical images lead to the logl versus log4
plot shown in Fig. 3. One obtains linear behavior for
every s scale, where the slope of each curve immediately
delivers the fractal dimension, D. As can be seen again,
the structures detected by AFM start at about 10 nm up
to several microns. The fractal dimensions obtained and
the respective correlation coefficients, r, are depicted in
the figure. The fractal dimension for the AFMpgy
investigation is Dapmprm = 1.119, the same for the
AFMi v 1S Dapmiim = 1.245. The structures observed
by the DIM start at several microns up to about
100 ym. In this case the fractal dimension obtained is
Dpmvcem = 1.235 for the constant force mode and
Dpivicpm = 1.241 for the constant depth mode. Gersp-
acher and coworkers [6, 7] found the fractal dimension
of the aggregate boundary for N220 to be D=1.279
with an interval of 95% confidence of D =1.24-1.32 by
transmission electron microscopy (TEM) micrographs.
As also shown in the literature, D varies for different
aggregate shapes [5]. So, for N220, D was found to be
1.15 for ellipsoidal aggregate shapes, 1.29 for linear
shapes and 1.32 for branched shapes of aggregates even
within one grade of carbon black; therefore, the fractal
dimensions obtained by AFMy 1y and DIM are in good
relationship to the fractal dimensions reported for the
N220 aggregates in the literature. However, the statis-
tical self-similarity seems to be limited to the scale of the
particles of carbon black. It was postulated and shown
for a simulated aggregate by Kaye [42] that a discon-
tinuity is supposed in the plot owing to changing fractal
dimension when reaching the subunits forming the
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Fig. 3 LogL versus log4 plot 4
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aggregate. This was verified by Flook [43] for the profile
of a real carbon black aggregate. A change in the fractal
dimension at the transition from particle to aggregate
from D=1.07 to D=1.37 was found. This obviously
represents the lower limit of self-similarity of the carbon
black structures, and this seems to emerge by the smaller
fractal dimension at the lowest scale Dapypprm = 1.119,
which is significantly smaller within the limit of error
than D for AFM| or for DIM. Taking into account
that the fractal dimension here was determined by
indentation tests where the stiffness of the surface is the
requested property, the results are in good agreement
with the results in the literature. Overall, we have to
keep in mind that the structures evaluated are “‘me-
chanical units” obtained by indentation tests. It is
suggested in every case that the respective carbon black
entities result in higher local stiffness. Slight deviations
of this idea might result from the influence of cross-link
density fluctuation on the local stiffness [34, 44].
Moreover, by the validity over the range of 6 decades
in area scale, starting from aggregates up to structures
of length of around 100 um, the interesting question
about the organization of the carbon black structures
arises. The formation of the mechanical units shows
self-similarity in the sense of Mandelbrot’s definition
[25]. Assuming the fact that the local stiffness represents
the carbon black structures on every length scale, the
clustering of carbon black seems to obey the same
principle from primary particle to aggregates as well as

log ( area / um®)

from aggregates to agglomerates. Concerning this,
interesting models have been developed recently [45].
A further attempt to describe the aggregation process by
diffusion-limited clustering was done by Kolb [46]. In
his model reversible aggregation and fragmentation
occur independently from each other with different time
constants. In the steady state the equilibrium cluster size
is given. It could be shown that the cluster size
distribution has a scaling form and shows non-Gaussian
behavior with a shift on the right-hand scale with
respect to higher numbers of large clusters. By varying
the diffusing velocity of a cluster, the fractal dimension
of the system can be modified. According to Kolb the
cluster size distribution should show the same shape for
different length scales. The size distributions for differ-
ent entities of carbon black are shown in Fig. 4. The
upper figure shows the distribution for carbon black
particles of N115 by TEM [12]; the lower figure displays
the same for carbon black aggregates of N220 also
investigated by electron microscopy [14]. Since the
electron microscopy displays the formation of the
carbon black particles and aggregates, the indentation
tests performed in this study illustrate the mechanical
effect of these ensembles. Therefore, the fact that even
for the mechanical units similar shapes of distribution
curves are obtained gives a further hint that the
indentation tests performed in this study account for
the reinforcing properties of the filler. Furthermore,
Kolb’s model regarding the diffusion-limited cluster
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Fig. 4 Distribution curves of carbon black entities by electron
microscopy according to the literature. Top: Primary particle of
N115 [12]; bottom: aggregates of N220 [14]. The x-axis displays the
particle diameter or the length of the aggregates in nanometers; the y-
axis displays the relative frequency

aggregation process seems to describe the principles of
carbon black clustering.

Conclusion

The indentation tests used in this study have proven to
be a useful tool to investigate the morphology of carbon
black loaded rubbers on different length scales. The
fractal dimension, D, of the local stiffness is in good
agreement with that obtained by TEM of the carbon
black aggregates reported in the literature. Furthermore,
D seems to be constant over a range of 6 decades in area
scale. This was never described for such a large interval
in the literature before. The validity of this observation
extends to the millimeter scale, where bulk properties are
represented. Because of the direct relation of stiffness
and modulus [30-32], indentation tests are suitable for
the investigation of the relationship between carbon
black morphology and macroscopic mechanical behav-
ior of a rubber sample. In the future it might be a matter
of interest to investigate different grades of fillers or to
study the influence of mixing conditions of carbon black
on the fractal dimension on different length scales and its
relation to macroscopic mechanical data, such as
modulus, tensile strength, or abrasion resistance. A
further interesting study could be the fractal dimension
under strain on the scales investigated in this work.
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