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The atomic force microscopy is method used to obtain surface properties of various materials, including 
surface morphology, local magnetization, conductivity and mechanical properties. In this work the ato-
mic force microscope was used to investigate properties of rubber compounds. Three samples made of 
different rubber compounds that varied in filler content were studied in order to determinate their homo-
geneity and ratios of their Young’s moduli. Images of their surface topography were obtained and then 
on each sample five places were chosen where spectroscopic curves representing force – distance depen-
dence were scanned. Parts of these curves from which Young’s modulus can be determined were appro-
ximated by linear functions and their slope was calculated. Slope values close to each other suggest si-
milar values of Young’s modulus. By their comparison it was determined whether even distribution of 
ingredients in rubber compound can be assumed and thus the blending process to produce these com-
pounds can be considered sufficient. 
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Introduction

Scanning probe microscopy (SPM) has found ap-
plication in various fields. These experimental devices 
are used to examine the microstructures of organisms, 
bacteria, viruses, but also the microstructure of mate-
rials such as metals, plastics and ceramics. The atomic 
force microscopy is method of great importance 
within the field of SPM. The atomic force microscope 
(AFM) is a device used mainly for investigation of the 
surface properties of samples. This method allows de-
termining the local properties of the examined sam-
ples, such as surface morphology, local magnetization, 
reflectance and light absorption, electrical and thermal 
capacity, conductivity, etc. and can be used for wide 
range of materials [1]. 

Since invention of the AFM in 1986 by G. Binnig, 
C. Gerber and C. Quate a considerable number of sci-
entific works that deal with use of the AFM for inves-
tigation of properties of polymers was published. Ad-
vantage of the AFM is its use to measure a wide range 
of material properties in addition to providing a sur-
face image. It can be operated in various conditions 
including vacuum, air and liquid media and different 
range of temperatures. Commonly used modes to 
probe polymers are amplitude-modulation (tapping 
mode), force modes and electrical modes. There was 
also development in new imaging modes that ex-
panded the special and temporal resolution of the 
AFM, such as infrared spectroscopy [2], multifre-
quency imaging [3] and high speed scanning [4]. 

Force-distance curve based imaging is a widely used 
approach in which the AFM tip scans over specified 
area of the specimen surface and corresponding force 
and tip displacement are recorded. Then these images 
can be translated into an area mapping of the surface 
properties (e. g. elastic modulus, adhesion, stiffness) 
by using appropriate contact mechanics models such 
as the Hertz, Derjaguin−Muller−Toropov and John-
son-Kendall-Roberts models [5].

In the study [6] nonlinear force-indentation equa-
tion based on the Mooney-Rivlin model is derived and 
used to fit data from the indentation of lightly cross-
linked poly(vinyl alcohol) gels in equilibrium with wa-
ter. This method showed good agreement with values 
of Young’s modulus obtained by both macroscopic 
compression testing and by fitting of the force curves 
with the Hertz equation. Studies [7]-[9] examined elas-
tic properties and estimated Young’s modulus of dif-
ferent polymer materials. In [10] the AFM was used to 
study distribution of filler in a matrix and structural 
parameters for several EPDM-rubbers filled with car-
bon black N330, silicas Aerosil 200 and Aerosil R974 
and with filler fractions 20 and 40 phr. The study [11]
deals with nanoscale visualization and multiscale me-
chanical implications of bound rubber interphases in 
hydrogenated nitrile butadiene rubber with carbon 
black filler.  Other studies in which the AFM was used 
to evaluate rubber micro-morphology include [12]-
[15]. Authors in [16] examined structure of SiO2/rub-
ber nanocomposites. In [17], [18] and [19] authors fo-
cused on investigation of viscoelastic properties of 
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various polymers using the AFM. Authors in [20] used 
the AFM for studying surface glass-to-rubber transi-
tion of poly(tert-butyl acrylate). In [21] AFM was used 
to study influence of the fillers on mechanical proper-
ties of polyamide. The paper [22] used the AFM to 
study laser surface modification of polystyrene and 
polyethylene naphthalate foils. More detailed state-of-
art review of advances in use of the AFM in polymer 
investigation was carried out by Wang et al. in [23]. 

In this work the AFM was used to obtain surface 
morphology of samples made of three different rub-
ber compounds and then to scan spectroscopic curves 
that show dependence of force between the probe and 
the sample surface on distance between them, which 
represents approaching and retracting of the probe. 
On each sample five places for scanning were chosen 
to obtain the spectroscopic curves, based on which 
the homogeneity and ratio of Young’s modulus of the
samples were evaluated. Homogeneity of the rubber 
compound is important in terms of its uniform me-
chanical properties and even distribution of fillers and 
curing agents is one of the governing factors deter-
mining these properties.

Material 

Rubber compound is mixture of natural and syn-
thetic rubbers with many other additives, which affect 
its processability, allow vulcanization and determine 
properties of vulcanite. Rubber compounds are widely 
used in different fields and its composition depends 
mainly on the application of final products [24]. 

In this work the samples made of three different 
rubber compounds were measured and evaluated. The 
examined rubber compounds contained natural rub-
ber (NR), butadiene rubber (BR) styrene-butadiene 
rubber (SBR 1500). The natural rubber is frequently 
used in rubber industry as it combines high strength 
with good resistance to fatigue. However, one of its 
drawbacks is low heat resistance, therefore it is often 
used in combination with synthetic rubbers to im-
prove its temperature resistance. Synthetic rubber 
SBR-1500 is a styrene (23.5%) and butadiene (76.5%) 
copolymer. It is a general-purpose cold SBR with 
higher physicals and abrasion resistance than hot pol-
ymerized equivalents and it is suitable for products 
which do not require resistance to staining and discol-
oration. Synthetic rubber BR is widely used in tire 
treads and is noted for its low heat build-up, high re-
sistance to abrasion and resistance to cracking [25].

The filler content in the examined rubber com-
pounds is listed in the 

Tab. and composition of the rubber compounds 
included: 

· natural rubber (NR),

· butadiene rubber (BR),

· styrene-butadiene rubber (SBR 1500),

· vulcanizing agent – sulphur,

· sulfenamide vulcanization accelerator – CBS,

· oil softener,

· silica filler ULTRASIL,

· carbon black filler,

· vulcanization activator – ZnO, 

· antidegradant DUSANTOX, 

· antidegradant, antioxidant FLECTOL, 

· vulcanization activator – STEARIN. 

Tab. 1 Filler content (of the total compound volume)

Compound 1 Compound 2 Compound 3

Carbon black content (%) 5.0 12 30

Silica filler content (%) 35.0 20 5

The blending process of rubber compounds con-
sisted of two stages. All the mentioned types of rub-
bers, fillers and other additives were added at the first 
stage, except for the sulphur vulcanizing agents and 
CBS, which were added in the second stage. The 
blending procedures consisted of several steps, with 
each step having a specified temperature, time and ma-
chine speed. First, the rubbers entered the blending 
machine according to the recipe and were mixed. 
Next, chemicals and part of the fillers followed. Then, 
an oil softener was added which reduced the viscosity 
of the mixture along with the rest of the fillers. Then 
the blend was mixed, dusted, mixed again and dis-
charged. For the second stage, the blend was prepared 
by rolling on a twin roll machine in order to achieve a 
better dispersion of the particles in the blend. After 

rolling, the blend was cut into smaller pieces in the 
form of strips. In the second blending step, the blend
was mixed at a temperature of up to 105 °C for 150 s, 
while vulcanizing chemicals according to the recipe 
were added.

Methods 

The AFM uses a sharp several micrometres long 
tip, to scan the surface of the sample, the tip is at-
tached at the free end of the cantilever, that is used to 
sense the interaction forces between the tip and the 
sample surface. By using a piezoelectric crystal, the 
cantilever with the tip rasterize in the x-y plane parallel 
to the sample surface. The sharp tip copies relief on 
the sample surface and bends in the z-axis direction 
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perpendicular to the sample surface. Bending detec-
tion is based on the optical principle. The beam from 
the laser diode is reflected from the end of the canti-
lever to the photodetector. During the measurement, 
the bending of the cantilever is manifested by the dis-
placement of the trace of the reflected beam, so that 
the energy of beam falling on the individual parts of 
the detector will not be the same and from their ratio 
it is possible to determine the deflection of the canti-
lever. It is also possible to detect the deflection in the 
horizontal direction (lateral force microscopy). The 
deflection of the beam is recorded during the meas-
urement and the resulting surface topography is gen-
erated by further software processing [26].  

The tip, which is in close proximity to the surface, 
is subjected in particular to short-range repulsive 
forces of electrostatic origin and long-range attractive 
Van der Waals forces. Precise quantum-mechanical 
calculation of these forces acting between the tip and 
the surface atoms is relatively complex. The influence 
of both forces can be modelled, for example, by the 
empirical Lennard - Jones potential [5]. 

 

Fig. 1 Force-distance curves representing the probe approa-
ching and retracting the sample [28] 

 
Using the AFM, it is possible to capture curves 

showing the dependence of the interaction force be-
tween probe and the sample surface on the distance 
between them during approaching and retracting of 
the probe. These curves are important for measuring 
the vertical force applied to the surface by the tip in 
the scanning process. Parameters that can be evalu-
ated based on the curves also include the viscosity of 
the surface impurities, the thickness of the coating 
layer and the local variations of the elastic properties 
of the surface. The approaching/retracting curve is in-
fluenced by thin layers of moisture, which are nor-
mally present when working with the AFM in the air 
environment, as well as smudges and impurities. 

Curves are specific for each sample, however they can 
be divided in general characteristic sections as shown 
in Fig.  [27]. 

Section A – B: probe is completely moved off, the 
tip is not in the contact with the sample and the canti-
lever is not bent. During approaching the cantilever 
bends when the Van der Waals forces start to act in 
the point B. 

Section B – C: the cantilever suddenly begins to 
move towards the sample surface and in the point C 
the tip begins to be in a contact with the surface. In 
addition to electrostatic forces and Van der Waals at-
tractive forces, the shape of the curve is influenced by 
the surface moisture and impurities. Force value 
change in the section B – C can be related to the 
shrinkage of the tip characterized by the Hook law (F 
= -kΔx) and it allows to identify the thickness of ab-
sorbent layer on the sample surface. 

Section C – D: the probe further approaches the 
sample which is accompanied by pressing of the tip to 
the surface and almost linear rise of force value. From 
this part of the curve Young’s modulus of the probe – 
surface system can be evaluated. In the case of the 
much softer measuring probe compared to the sample 
surface the slope of the curve presents mostly elastic 
constant of the cantilever itself. Contrariwise, if the 
sample is much more elastic the slope of the curve al-
lows studying elastic features of the sample. However, 
the section C – D does not have to be straight line and 
in this case the change of the slope shows differences 
in surface reactions to force applied by the tip. 

Section D – E: in the point D the approaching 
phase ends and the retracting phase from the surface 
starts. If hysteresis of the scanning device is not pre-
sents, this section is basically the same as the ap-
proaching section C – D. If both sections are straight 
and parallel they do not provide any additional infor-
mation. In the case when they are not parallel it is pos-
sible to determine plastic and elastic deformation of 
the sample provided the surface geometrical features 
recover at slower rate than the probe retracts. 

Section E – F: the point E refers to the neutral 
deflection of the cantilever and when the probe fur-
ther retracts from the surface, the cantilever starts to 
incline towards the sample as the tip is affected by ad-
hesive force. The presence of absorbing layers on the 
sample surface influences the shape of this section. In 
the vacuum, Van der Waals and electrostatic forces af-
fect the tip. However, in air environment quite strong 
capillary force of moisture of the surface layer is added 
to these forces and the final force value is also affected 
by impurities. The length of the section E – F and its 
inclination are influenced by the thickness of the sur-
face layers. Probe separates from the sample surface, 
when the elastic response of the cantilever outruns at-
tractive force of the surface and its layers, which is 
represented by the point F. 
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Section F – G: The size of load in the point of 
separation F is equal to the total maximum adhesive 
force between sample surface and the probe and gives 
information about adhesion. If the moisture layer is 
covered with layer of grease or other impurities, more 
than one point of separation can be observed (points 
F1 and F2). Viscosity and thickness of these layers alter 
position of the points F1 and F2. Transition between 
the sections E – F and F – G does not necessarily in-
crease steeply. If viscosity of absorbing layer is big 
enough, the probe can retract from the sample surface 
gradually and the shape of this transition is round [27], 
[28], [29]. 

3.1 Snedonn’s model

General approximation and Snedonn’s model was 
used to analyse measured data and to calculate the ra-
tios of the Young's moduli [5], [30]. Snedonn’s model 
gives the dependence between the load gradient dP/dh
and the Young's modulus E given by the equation (1):
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where E is a combined modulus of elasticity of exam-
ined material and the probe given by the equation (2): 
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where Em, Ec [Pa] are Young's moduli of the sample 
and the cantilever, respectively, νm, νc  [-] are Poisson 
ratios of the sample and cantilever, P [N] is normal 
load, A [mm2] is contact area and h [m] is indentation 

depth. It can be assumed Ec≫Em, therefore Em=E [5]. 
The following equations represent the moduli of two 
different samples:
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The part of the curve from which the tensile mod-
ulus can be determined was approximated by linear 
function in order to find the slope k. Considering the 
formulas (5) to (7) the equation (8) can be derived, 
which was used to obtain ratio of Young’s moduli of 
the samples 1 and 2. Similarly relation between 
Young’s moduli of the samples 1 and 3 can be formu-
lated.
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Experimental part 

Three samples made of different rubber com-
pounds were examined. The aim was to evaluated their 
homogeneity in order to determinate even distribution 
of the fillers and thus to determine suitability of used 
blending process. For examination of tested samples 
the AFM NT- 206 was used and its technical specifi-
cations are listed in the 

Tab. . It has following operation modes: 
· Static (including contact mode and lateral 

force microscopy), 

· Dynamic (including non-contact and inter-

mittent mode), 

· Static/Dynamic force spectroscopy.

Tab. 2 technical specifications of AFM NT- 206 
Scan rate 10 µm/s
Max. sample size 30 x 30 x 8 mm
Max. range of movement in the plane x-y 10 x 10 mm
Max.  scanning area 20 x 20 x 3 µm
Power supply 220 V, 50 Hz
Operating environment Air, 760±40 mm Hg col., 22±4°С, RH <70%
Detection system Laser beam, four-quadrant position sensitive photode-

tector
Scanner type A piezoceramic tube
Scanning unit dimension and weight 185 x 185 x 290 mm, 4.7 kg
Control electronic unit dimension and weight 470 x 210 x 195 mm, 7.7 kg
Scanning matrix Up to 1024x1024 points

The AFM was used to obtain topography of the 
samples. Based on obtained topography on each sam-
ple five spots, that appeared heterogeneous, were cho-
sen for which spectroscopic curve was scanned.  The 
part of the curve from which the tensile modulus can 
be determined was approximated by linear function in 

order to find the slope k. Values of the slope were 
compared and the ratios of Young's moduli of indi-
vidual compounds E1/E2 and E1/E3 were calculated. 
In the Fig. to Fig. the topography of the samples 
made of rubber compounds 1-3 and selected spots for 
scanning of spectroscopic curves are shown. 
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Fig. 2 The sample made of compound 1

Fig. 3 The sample made of compound 2

The example of the spectroscopic curve is in the 
Fig. . This curve was scanned on the spot 1 on the 

sample 1 and approximation by linear function with 
slope k1-1=-1.6276 can also be seen in the Fig. .

Fig. 4 The sample made of compound 3

Fig. 5 Spectroscopic curve of the spot 1 on the sample 1

The slopes of each curve and average values k1-k3

for each sample are listed in the 

Tab. . From these average values ratios E1/E2 and 
E1/E3 were calculated and values of E2, E3 can be es-
timated as follows:
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Tab. 3 Slope values of linear functions used to approximate spectroscopic curves 

Sample 1 k1-1 k1-2 k1-3 k1-4 k1-5 k1

Slope value -1.6276 -1.6224 -1.6241 -1.6238 -1.6268 -1.6249

Sample 2 k2-1 k2-2 k2-3 k2-4 k2-5 k2

Slope value -1.4467 -1.4431 -1.4458 -1.4487 -1.4437 -1.4456

Sample 3 k3-1 k3-2 k3-3 k3-4 k3-5 k3

Slope value -1.3245 -1.3254 -1.3221 -1.3258 -1.3228 -1.3241

Results and discussion

The topography of the sample surfaces (Fig. -Fig. 
) and spectroscopic curves for five spots on each sam-
ple were measured. The part of the curve, from which 
elastic properties can be obtained, was approximated 
by linear function as can be seen in the Fig. and the 
slope k was calculated. Slope values for individual 
samples varied minimally, which suggest that meas-

ured spots of the samples have similar elastic proper-
ties. Thus in combination with visual evaluation of the 
topographic pictures it can be assumed that sufficient 
homogeneity of each sample was obtained by the
blending process. Other methods that can be used to 
evaluate homogeneity of rubber compound include 
measuring of electrical conductivity [24] and tech-
niques using interferometric microscopy [31].

By comparison of the average slope values of the 
samples it can be noted that the sample made of the 
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compound 1 has the highest value of Young’s modu-
lus and sample compound 3 the lowest. The values of 
Young’s moduli for samples 2 and 3 can be expressed 
in reference to Young’s modulus of the sample 1 as 
E2= 0.8897E1 and E3= 0.8149E1, respectively. The 
variation in the Young’s modulus is caused by differ-
ent content of carbon black and silica fillers in the rub-
ber compounds. 

Conclusions 

The main task was to evaluate the homogeneity of
the examined samples made of different rubber com-
pounds using the AFM. The homogeneity of the mix-
ture, which is important in terms of durability, quality 
and reliability of rubber products, is achieved by the
blending process. Therefore, evaluation of the homo-
geneity is important factor in determination of suffi-
ciency of the blending process. The samples were ex-
amined by the atomic force microscope and general 
approximation and Snedonn’s model were used to an-
alyse measured data. It was found that all three sam-
ples are homogeneous, as evidenced by the above 
topographic images and comparisons of the slope val-
ues of the spectroscopic curves approximated by lin-
ear function. Thus, blending process can be declared 
sufficient. From the average slope values of the indi-
vidual samples ratios of their Young’s moduli E1/E2

and E1/E3 were calculated and it can be concluded 
that the sample 1 has the highest value of Young’s 
modulus and the sample 3 the lowest.  This is due to 
the silica filler content as the higher percentage of 
silica contributes to higher stiffness and tensile 
strength.  The calculation of Young’s moduli ratios 
can be useful for estimation of modulus values for in-
stances when larger number of samples is investigated, 
where Young’s modulus of reference sample is known 
or measured by a tensile test.
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