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Abstract
The thesis focuses on the application of force measurements with atomic force 
microscopy (AFM) on materials with a few surface contacts/asperities and 
chemically modified surfaces. The technique allows measurements of ultra-
small intermolecular and surface forces, down to the piconewton level. The 
force measurements between surfaces of well-defined geometry are often used 
to measure and model the interaction between different systems of charged and 
neutral surfaces in various environments. However, detailed knowledge of the 
contacting surface profile geometry and surface properties is required to model 
the fundamental forces involved in the interaction. The preparation of such well-
defined and idealized surfaces is often time consuming and the surfaces may not 
possess the behavior and properties of a source material in real processes, such 
as in industry. Moreover, external factors such as magnetic fields, ionic 
strengths and pH-values in a solution, may further complicate the evaluation. 
Hence, it is desirable to explore and develop techniques for trustable 
measurements of forces between “real” surfaces. These are often a complex 
composition of various force interactions and multiple surface contacts.

The AFM probe technique to measure force interactions between “real” particle 
surfaces was explored. The work shows the applicability of the AFM technique 
to study the interaction forces despite the forecasted difficulties with the 
roughness of the particles.

A technique to measure the adhesion and work of adhesion from AFM force 
curves was implemented and used. The thermal tune method was implemented 
in our commercial NT-MDT microscope to determine cantilever spring 
constants. The force interactions between natural microsize (m-s) magnetite 
particles and synthetic nanosize (n-s) magnetite particles were studied in 
calcium solution with concentrations of 1, 10, 100 mM and at pH values 4, 6 and 
10. The changes in force interactions, due to variations in calcium concentration
and pH were investigated. The adhesion force change with the concentration and 
pH was similar for m-s/m-s and m-s/n-s systems, and the adhesion force 
increased with the concentration at pH 6, except for the highest calcium 
concentration of 100 mM at pH 10. It was found that the magnetite surface 
modification could appear at the highest calcium concentration at pH 10. 
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Moreover, the thesis contains preliminary results of the force interaction study
between natural and synthetic bentonite-magnetite particles in calcium solution 
with concentrations of 1, 10 and 100 mM at pH 6.

The influence of roughness on the calculation of contact mechanics parameters 
were studied with AFM and Vertical Scanning Interferometry (VSI). This is
important for future development of a model to describe and characterize the 
force interaction between samples with multiple surface contacts. It was found 
that the optical artifacts, induced by VSI, have a large influence on all the 
roughness parameters calculated on the calibration grids, which represent 
extreme surface topographies. However, the difference between the methods is 
smaller when measurements are performed on a “real” surface. These results are 
further discussed.
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Fig. 1. The scheme of an AFM setup.

1. Background

1.1Atomic force microscopy (AFM)

1.1.1 Fundamental principles

The AFM was first introduced by Binnig in 1986 [1] as a new high-resolution 
imaging technique of material surface topography. Since then, the technique has 
become a very useful scientific tool in surface science and has ability to perform 
surface topography characterization with a high lateral and vertical resolution 
and to characterize charge distribution on surfaces, magnetic domains 
orientation, etc. Moreover, AFM allows direct probing of interaction forces 
between surfaces or molecules [2-4], down to piconewton level. The surface 
topography images obtained with AFM can have a vertical resolution better than 
0.01 nm and the lateral resolution of about 0.2 nm [5]. However, these values 
are strongly dependent on the AFM configuration: type and properties of the 
cantilevers, imaging mode, type and performance of the scanner, etc.

A typical AFM setup is presented in Fig. 1. The main parts are cantilever, piezo-
scanner, laser source and photodetector. The basic principle of AFM is as 
follows. The cantilever is brought into and out of contact with the surface by an 
accurate extension of the piezoelectric crystal located in the piezoscanner. While 
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Fig. 2. The example of the cantilevers tips. On the 
left is a pyramidal type and on the right is 
a custom made carbon tip grown on a 
standard AFM tip.

being in contact and scanning across the surface the cantilever deflects due to 
the interaction forces between the cantilever tip and sample surface. The 
cantilever deflection is continuously measured by the deflection detection 
system. This system consists of a laser beam, which reflects from the upper side 
of the cantilever, and is monitored by a segmented photodetector. The 
photodetector signal is processed by electronics and computer software.
Depending on the experimental purposes, cantilevers of different shapes and 
various spring constants are used. The most commonly used cantilever shapes 
are – “V-shaped” and rectangular “diving board”. The sensing AFM tip is 
located at the very end of the cantilever and is usually characterized by its outer 
tip-radius and aspect ratio. Tips generally have a radius of about 5-50 nm. The 
most widely used materials for tips are silicon nitride (Si3N4) or silicon (Si), but, 
for example, diamond tips have recently reached the market too. The typical tip 
shape is a square-based pyramid, tetrahedral or a cylindrical cone. Examples of 
two types of tips, a pyramidal commercial and a custom made carbon grown, are 
shown in Fig. 2. Scientific applications may require the use of specialized tips 
such as, functionalized tips, colloidal probes and plateau tips. Sharpness of the 
tip and its aspect ratio are important factors which significantly influence the 

spatial resolution of AFM. 
When asperities on the surface
are sharper than the tip,
convolution between the tip and 
surface will occur [6]. To im-
prove the obtained image and 
acquire real surface feature 
dimensions deconvolution 
operations can be applied [7-9].
It is clear that this effect is 
undesirable for accurate surface 
characterization. However 
imaging of sharp features may 

be used as an extension to AFM in a reverse AFM imaging mode as described 
by Neto[10] and is sometimes used for in-situ non-destructive tip characterizati-
on.
The upper side of the cantilever is often coated with a gold (Au) or aluminium 
(Al) layer to improve the reflective properties and increase signal-to-noise ratio 
in the measurements. However, this coating may introduce surface stress and 
tiny undesirable bending of the cantilever from temperature variations. In fact, 
such coated cantilever may be used as a super sensitive thermometer. Uncoated 
cantilevers are more stable to temperature drift. The reflective properties of 
coated and uncoated cantilevers might be less or more affected by ions in 
solutions. This depends on the chemical species in the solution and the 
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cantilever coating material. Another important property of the cantilever is its 
spring constant, especially in case of measuring force interactions. The choice of 
suitable cantilever for an experiment is sometimes non-trivial. The levers with 
low spring constants, i.e. soft cantilevers, should be used in measurements on 
soft materials or when weak force interactions are expected and the tip can 
affect the surface. Stiff levers, with high spring constants, can reduce the noise 
in measurement and are used when higher interaction forces are expected. Also, 
stiff cantilevers usually reveal higher resonance frequency which allows the tip 
to follow surface closer and this provides higher imaging speed. Also, the 
resonance frequency increase lowers the noise within a given bandwidth. Force 
measurements may require both types of levers with a high or low spring 
constant. The choice depends on the probe mass and on the expected interaction 
forces.

The next critical part of any AFM setup for metrology and the force interaction 
measurements is the piezoelectric scanner. The two most used types of 
piezoscanners are based on a piezo tube or on separate piezocrystals. An AFM 
based on tube scanners are often equipped with screw exchangeable scanners.
The piezoelectric material is usually lead zirconate titanate (PZT). The typical
tube scanner is simply a hollow piezoceramic tube which extends in lateral XY 
or vertical Z – directions due to the applied voltage. However, the piezoelectric 
material possesses several unwanted nonlinear effects such as creep, hysteresis 
and thermal drift. These imperfections can somewhat be eliminated in the 
software for the feedback loop. The cross-talk effect between the x, y and z axes 
may lead to image distortion too. Moreover, the close-loop with position sensors 
can further correct for the piezo non-linearity and hysteresis. This may reduce 
the total-non-linearity of the system to about 1% [11]. However, the use of 
displacement sensors also induces additional noise and disimproves to the high-
resolution imaging. Generally, close-loop sensors are used to scan relatively 
large areas. The scanners for high-resolution imaging are usually not designed as 
close-loop to avoid undesirable noise. Our AFM is equipped by so-called 
equivalent closed–loop for high-resolution imaging. In this setup an external 
large piezotube is operated in parallel to the scanning piezo. This external 
piezotube with capacitive position sensors is used as a reference for the closed-
loop. Hence, a “virtual” closed-loop can be used for high-resolution imaging, 
even down to the atomic scale. 
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The final main part of the AFM setup is the photodetector. This is often a
quadrant photodiode divided in four parts which are labeled as A, B, C, D, as 
shown in Fig. 1. It is desirable that all detector sectors would have similar 
sensitivity and linearity, since the laser intensity is acquired for each section of 
the detector. The total laser signal processed by the software is presented as a 
sum of signals A+B+C+D. The deflection signal (DFL), the deflection of the 
cantilever in Z direction, represents the difference between the acquired signals 
as (A+B)-(C+D). The lateral force (LF) signal provides information about 
torsional bending of the lever and is determined by the electronic as the 
difference (A+C) – (B+D). 

The main AFM device used in this research is shown in Fig. 3.

Fig. 3. Image of the NT-MDT NTEGRA atomic force microscope. In 
addition, to the left on the table, is a Nanoscope II AFM (Digital 
Instruments).
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Fig. 4. This image illustrates force regimes 
in which the AFM is operating.

1.1.2 Imaging techniques

There are two main force regimes for the operation of an atomic force 
microscope: contact and non-contact. Also, it is possible to operate the AFM in
the intermitted contact. This is shown in the force vs. separation curve in Fig. 4.

The two main imaging modes are known as 
static mode and dynamic mode [12]. The 
static mode commonly called contact 
mode. In this mode, the change of the
deflection signal, as the result of tip-
surface interaction and cantilever bending,
is monitored and used by the feedback 
loop. Contact mode can be operated in two 
modes: either constant height mode (force 
mode) or constant force mode (height 
mode). In the former, the separation 
between the cantilever tip and surface is
kept constant during scanning. The latter is 
the cantilever deflection is kept constant 
by the system feedback loop while 

scanning the surface. Hence, the voltage to the piezo, or the z-position sensor 
signal, is used as the height signal, i.e. to displace the topographic image. AFM 
operated in contact mode has ability to obtain high-resolution images with
higher scanning speed than in dynamic mode. However, the inserted force on the 
surface by the cantilever tip is continuous and causes significant lateral force. 
This can distort the obtained images and, for example, damage soft biological 
samples.

In dynamic mode the cantilever oscillates near its resonance frequency during 
the scan. There are two major methods for operation depending on the regime
either intermittent (see Fig. 4) or non-contact. The first method is amplitude-
modulation (AM). In this method the cantilever is vibrated at a fixed frequency
in intermittent region near its resonance frequency with oscillation amplitude 
usually 20-200 nm [13,14]. When the oscillating cantilever approaches its 
oscillating amplitude will change. The amplitude signal is monitored and used 
by the feedback loop. Operating AFM in AM method significantly reduces the 
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lateral force between the tip and surface which is preferred in characterization of 
biological and soft samples. The AM method operating in intermittent region
has different names from the AFM manufacturers, such as TappingModeTM or 
semicontact mode. 

A less routinely used dynamic method is frequency-modulation (FM). In this 
method the cantilever is vibrated at a small amplitude with a frequency slightly 
above its resonance frequency, usually located 50-150 Å above the surface [13].
The net force between the tip and surface is supposed to be completely 
attractive. The change in the frequency of the cantilever (relative to the driving
frequency of the cantilever) during scanning the surface is monitored. This FM 
method is completely non-destructive for the surface characterization. The main 
drawback of this method that it is difficult to obtain the true surface image since 
the oscillating probe can trap into the water layer on the surface or be beyond 
the effective range of the van der Waals forces. It was recently shown, that the 
resolution up to the atomic level can be reached by operating in FM mode in 
vacuum [14]. One example of high-resolution contact mode imaging is shown in
Fig. 5.

Fig. 5. A mica surface imaged in high-resolution contact mode with NTEGRA AFM 
is shown on the left image while on the right the same imaged surface is 
shown in 3D. The images are from the height-mode. The unit cell of mica, i.e. 
hexagonal rings of diameters 5.2 Å is clearly visible.
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1.1.3 Calibration techniques

The AFM piezo scanner and photo detector need to be repeatedly calibrated to 
perform accurate force measurements. The cantilever normal and torsion spring
(for friction measurement) constants should be accurately defined too.

Piezoscanner calibration:

Piezoscanners are made of piezoelectric ceramic materials, usually lead 
zirconate titanate (PZT). An applied field to a piezo crystal causes mechanical 
strain of the crystal (expansion or compression) [15].

Each individual scanner requires its own calibration since its properties and 
dimensions are unique. The motion of the piezoscanner depends on the applied 
voltage and has non-linear relationship. Effects, such as non-linearity and 
hysteresis may lead to image distortion. The voltage applied to the piezo has to
be compensated for scan size and scan rate. One way is to use a close-loop 
scanner where the scanner displacement is sensed [16]. The basic calibration in 
lateral XY or vertical Z – directions is performed by scanning a reference grid
with well-defined feature sizes and to adjust parameters of linear transformation 
ultimately to obtain a correct image [17]. The calibration should be performed
on the same feature dimensions as the expected features to be imaged.

Detector calibration:

The difference signal between the photodiodes is a measure of the cantilever 
bending or torsion. Hence, the measured signal, in ampere or volts, in each 
experiment has to be converted into a deflection signal (DFL) in nanometers to 
measure forces. There are several techniques to obtain the position sensitive 
photodetector (PSD) calibration. One routinely used method in this work is to 
measure the linear slope of a force curve acquired on a “hard surface”.

Normal spring constant calibration:

A typical “force curve” acquired by an AFM represents a dependence of the 
cantilever deflection signal versus the scanner displacement. However, it is 
necessary to convert the obtained DFL signal into a force for further analysis. To 
perform such conversion the cantilever is approximated as a spring and the 
Hooke’s law, (see equation (1)), is used. From the equation it is obvious that the 
force is only dependent on the recorded signal and the spring constant. This 
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implies that the spring constant must be defined with a high accuracy to perform 
such conversion accurately.

               xkF ,                                       (1)

where x is the cantilever deflection in Z-direction and k is the spring constant.

Usually, the nominal spring constant value for cantilevers is given by the
manufacturer. However this value is an approximation and is different for each 
probe due to slight variations in probe material thickness and the possible
presence of defects in the probe material. This requires calibration of each 
individual probe for accurate force measurements. There are several frequently 
used methods to perform the spring constant calibration:

- Cleveland method [18].

This method is based on measuring the spring constant by adding an additional
known mass to the cantilever. The added mass could be particles with sizes of a
few micrometers and preferably with defined particle geometry. To perform the 
calibration the resonance frequency of the cantilever is measured with and 
without the additional mass. This is done by conducting either a low amplitude 
TappingMode frequency sweep or from analyzing the power spectral density
thermal oscillations of the cantilever. The equation used to obtain the spring 
constant value is:

                                  
2

0
2

1

2

11
2

ff

Mk ,                                 (2)

where 0f is the resonance frequency of the cantilever without additional mass.  

1f is the resonance frequency of the cantilever with the additional mass. M is
the added mass.

This method has two main drawbacks. First, the position of the added particle on 
the cantilever is crucial. For instance, misplacing the particle closer to the base 
of the cantilever will lead to a smaller effect on the resonance frequency than 
expected. The second, the mass is usually calculated by the assumption that the 
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particle has ideal spherical shape. However, the particles are never perfectly 
spherical and the calculation will deviate from the true particle mass. 
This method does not require any special equipment but is time consuming.
Moreover, there is a risk of damaging the cantilever while attaching and 
detaching the particle. The uncertainty was previously reported as 15 % [19].
However, the method was recently been improved by several groups for higher 
accuracy.

- Sader method [20]

This method is based on calculation of spring constant from estimations of
cantilever dimensions. The following equation is applied to obtain the spring 
constant of a rectangular, “diving board” cantilever:

                                Re5246.7 2
0

2
if LQfk ,          (3)

where f is the density of the media (typically air), Q is the quality factor, 

Rei is the imaginary component of the hydrodynamic function. L is length 
of the cantilever and 0f is its resonance frequency.

This method is experimentally comfortable to use since the resonance frequency 
and the quality factor are easily and accurately measured by the AFM software
in most commercial devices. The method is relatively simple to implement by 
custom hardware and an in-house written, software. The cantilever dimensions 
can be precisely defined by SEM and the air density and viscosity in the 
laboratory are easily determined. The method has one significant limitation, it is 
mostly aimed for rectangular cantilevers. It is more difficult to apply this 
method to “V-shape” cantilevers. The uncertainty was reported as 10 % [19].

- Calibrated reference cantilever

In this method it is needed to measure a force curve on the end of a reference 
cantilever with already accurately determined normal spring constant. The slope 
of this force curve is compared to the slope on a hard surface and the spring 
constant is calculated as:
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                              1
hard

ref
ref S

S
kk ,                                       (4)

where refS and hardS are deflection sensitivities measured on the reference 

sample and the hard surface. refk is the spring constant of the reference 

cantilever.

There are two main errors of this method. The first is that the force curve should 
be taken as close as possible to the end of the reference cantilever, since the 
stiffness of the reference cantilever is increasing closer to its base. This means 
that the positioning of the tip on the reference cantilever becomes crucial in such 
measurements and may lead to an offset. The correction to this offset was 
suggested in 1995 by Sader J.[21]. The second factor, as it is obvious from 
equation (4), is that the calculation of the spring constant strongly depends on
the predefined spring constant of the reference cantilever. This method is well 
suited to measure stiff cantilevers constants such as the ones used in 
nanoindentation experiments. The uncertainty was estimated as 10 to 30 % [19].

- Thermal tune method [22]

This method is probably the most used method due to its relative simplicity. The 
principle is based on the assumption that the cantilever is a simple harmonic 
oscillator and the cantilever thermal oscillations are related to its thermal energy,
i.e. the equipartition theorem, as:

                                                
2
cz
Tk

k ,                       (5)

where k is the Boltzmann constant, T is the temperature, and 2
cz is the mean 

square displacement [23].

Thus, to determine the spring constant the power spectral density of the 
cantilever thermal oscillations is acquired. Then, the resonance peak area needs 
to be integrated in order to obtain the mean square displacement value. At least, 
two corrections are often applied in the spring constant determination. First, the
cantilevers do not behave exactly as ideal springs and their oscillatory modes 
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vary from a simple oscillator. To resolve this Butt H.-J., suggested the beam 
theory to derive equation (5) accounting on the bending modes of the cantilever
[22]. For the fundamental mode the corrected equation is:

                                   
2
1z
Tk

k ,                            (6)

where is a correction constant.

The difference in the constant between rectangular and v-shaped cantilevers is 
relatively small and it was calculated to be 0.971 for rectangular cantilevers and
0.965 for the V-shaped type [24].
Secondly, it was found that the measured cantilever deflection is different from 
the actual displacement of the cantilever due to angular changes in the cantilever 
position. 
The final corrected equation is:

                     
2*

1

817.0
z

Tk
k ,        (7)

where 2*
1z is the virtual cantilever displacement.

Among all discussed methods, the thermal tune method is the most attractive in 
this work because of its simplicity and potential to measure the normal spring 
constant of both rectangular and v-shaped cantilevers. This method showed to 
have a high precision in the spring constant determination, the error is only 
about 5% [25]. Moreover, the risk of damaging cantilever tips and probes during 
calibration is low. The main limitation of the thermal method is in calibration of 
very “stiff” cantilevers. Then, it is difficult to acquire the power spectral density 
spectra with a clear resonance peak.

Calibration of torsional and lateral spring constant:

The lateral and torsion spring constant determination is crucial in friction 
measurement. The relation between the lateral spring constant and torsional 
spring constant can be expressed by the following equation:
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Fig. 6. The stripes of molecules are barely observable in the left AFM height image, 
while the LF image, shown on the right, clearly reveals the pattern of 
molecules

            2h
k

klat ,                                         (8)

where h is the height of the probe and k is the torsional spring constant.

Clearly, both these parameters depend on each other. The determined torsional 
spring constant can be used to find the lateral spring constant. The torsional 
spring constant can be determined by the method introduced by Sader J. for V-
shaped cantilevers [26]. Also, Bogdanovich suggested a method based on 
simultaneous measurements of both normal and lateral deflections of the 
cantilever on a sharp surface feature by collecting force curves. 
The torsional spring constant can be obtained from the resulting torque as:

             Fk ,                    (9)

where k is the torsional spring constant, is the bending angle. F is the 
applied load and is the lever arm [27].
An example of AFM lateral force imaging of a micro-contact printed gold 
surface with hexadecanethiol is shown in Fig. 6. In the LF image stripes of 
molecules on the surface are clearly observable from their interaction with the 
tip, while the stripes are barely seen in the height image.
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Fig. 7. A typical force curve showing the dependence of 
cantilever deflection (DFL) versus z-piezo position. The 
dotted line is the approach curve and the solid line is the 
retract curve.

1.2Force measurements
 

The main aim of force spectroscopy is to measure the interaction forces between 
two surfaces in different media (air, liquid and gases). In 1991, Ducker W.A. 
suggested a direct way to quantitatively measure the force interactions between 
different surfaces by using the colloidal technique [28]. This technique is based 
on the use of a microsize or nanosize particle attached to the end of cantilever
and measuring its force interaction with a surface. The measured interactions
can be analyzed by applying theoretical models, such as the DLVO, DLVO-ex
[29]in liquid environment and the DMT, JKR or Hertz in air.

The basic principle of the AFM force curve mode is that the cantilever tip is 
brought towards and out of the surface and the cantilever deflection versus piezo 
height signal is recorded. A typical force curve is shown in Fig. 7. There are two 
parts of the curve: one is the approach curve, when the cantilever is approaching 
the surface and snaps-in the contact and another is the retract curve, when the 
cantilever is retracting from the surface and then snaps-out contact. Again, to
perform quantitative analysis of recorded force curves it is necessary to convert 
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the photodetector signal, i.e. cantilever deflection, into force (see the section 
1.1.3). Sometimes, it is also needed to convert the scanner position into tip-
surface separation distance [30]. To conduct these conversions two parameters 
have to be extracted from the force curves: the photodetector sensitivity and 
point of zero distance. The slope of the contact region (see Fig. 7) defines the 
sensitivity and the beginning of the contact region, after the jump in, is 
attributed to zero distance for a hard surface. The force curves may look 
different depending on the sample surface properties. This requires a different 
approach to define the point of zero distance in each experimental case. Several 
usual situations which may occur are such as the cantilever tip interaction with a 
hard surface or a deformable surface, with or without the presence of surface 
forces, as have been in details described by Butt et.al. [31].

The precise determination of the point of zero distance is crucial for 
measurements where the aim is to quantitatively determine the magnitude of 
interaction forces and the distance where they start to act. However, in the case 
when the aim is to qualitatively investigate acting forces between two surfaces 
there is no strong need for precise estimation of the zero distance.

As previously mentioned, there are 
two parts of the force curve 
(approach curve and retract curve).
They are both used to describe and
characterize the force interaction. 
Thus, force curves on approach 
describe force interactions when one 
surface is approaching the other and 
provide information about the nature
and the strength of interacting 
forces. Moreover, the theoretical 
models such as the DLVO, DLVO-
Ex can be applied to analyze 
approach curves to provide 
information about the interaction 
energy. The retract curves provide 
information about the adhesion force
and adhesion energy between the 
two interacting surfaces.

Fig. 8. Force curves measured on a 
muscovite mica surface in 
solution before (dotted lines) 
and after (solid lines) drag 
correction. 
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It should be remembered that while performing measurements in liquid,
hydrodynamic drag of the cantilever may appear [32]. This induces unwanted
changes to the approach and retract force curve which leads to errors in the force 
curve analysis. To eliminate the hydrodynamic drag it could be enough to
decrease either the approaching or retracting speed in the experiment. Also it is
possible to at least correct for the hydrodynamic drag afterwards. One example 
of force curves affected by the hydrodynamic drag and the force curves after the 
drag correction, using custom made algorithms, is shown in Fig. 8.

1.3 Adhesion measurements
 

The knowledge of particle adhesion is important for many technical applications
[33-35]. As an example, in pellets production, the magnetite – magnetite particle
agglomeration is a substantial question [33], as well as the adhesion between 
magnetite and bentonite particles, in order to produce “smart” pellets, i.e. pellets 
where the agglomeration properties are predicted at different process conditions.

The adhesion force is a complex mix of 
forces such as van der Waals and 
electrostatic forces, capillary forces, 
solvation forces, hydrophobic and steric 
interactions and chemical bonding. The 
total adhesion force can be measured by
AFM. The acquired retract curves
contain information about adhesion 
between two surfaces (see section 1.2).
By conducting appropriative analyses of 
these retracting curves it is possible to 
extract the adhesion force [36].

Figure 9 shows the sketch of a typical 
force curve and a schematic explanation 
of one way to calculate the adhesion 
force and the work of adhesion. Thus, 
from the Hooke’s law follows that the 

Fig. 9. Sketch of a typical force 
curve with illustration of 
the work of adhesion (W) 
and the height of a force 
step (dH)
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adhesion force is simply calculated as F=k·dH, where dH is the height of a force 
step, is determined from the force curve. The work of adhesion (W) is calculated 
from the shaded area shown in Fig. 9

The adhesion force depends on many factors but contact area and contact time
strongly affect the force magnitude. This have been explained, for instance, by
plastic deformation in the contact point [37]. When measurements are performed 
in a solution the contact time and time to achieve equilibrium condition in the 
liquid chamber are essential for careful adhesion measurements [38].

1.4 The influence of roughness on force measurements
 

Many different roughness parameters are frequently used in surface science. The 
most common are roughness average (Ra), known as arithmetical average (AA)
and root-mean-square (RMS). The Ra parameter is an averaging of the absolute 
value of the profile height deviations over the surface divided by the evaluation 
area [39]. The RMS is the root mean square average of the heights. The 
roughness parameter of surface may differ with the size of measurement area for 
engineering surfaces and most natural occurring particles surfaces. 

Moreover, the surface roughness plays an important role in force measurements. 
Most theoretical models are based on a well-known tip shape, such as spherical,
plateau or pyramidal. However, not many models include effects of the tip
roughness. Also, when two small particles interact with each other and the 
contact area is relatively small, the nanofeatures of the surfaces can strongly 
affect short range force interaction, because these features have size equitable 
with the short range forces, or even larger.

Hence, the adhesion force is affected by the surface roughness. This was proved 
in a simple sphere/plate geometry experiment performed by Schaefer et.al. [40].
It was found that the obtained adhesion force was less than predicted which was 
attributed to the surface roughness in the contact. to overcome this problem a
theoretical model based on the use of a spherical probe with small spherical caps
was suggested by Rabinovich. The model was further improved to account for
the surface roughness at various length scales. The model showed good ability
to describe the decrease in adhesion for increasing roughness [41].
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1.5 Surface interaction forces
 

The force interaction between surfaces is characterized by short-range and long-
range forces. During the interaction the following forces occur:

Van der Waals forces

These forces are weak on distances larger than 100 nm. The combined attraction
and short range repulsion is usually described by the Lennard-Jones potentials 
[42]:

                            
612

4
rrr ,                   (10)

where and are the empirical parameters and r is the distance between two 
atoms.

Van der Waals forces are present in all material interactions and depend on the
interaction nature. Van der Waals forces can be separated into three types:

- Keesom forces

Keesom forces are introduced by dipole-dipole interactions.

- Debye forces

Debye forces are created by dipole-induced dipole interactions. They are present 
when an induced dipole interacts with a permanent dipole. 

Keesom and Debye interactions exist only for polar molecules and are hence not 
always present in surface interactions.

- London force (dispersive)

London forces are introduced by the interaction between dipoles induced on 
opposite molecules.

To estimate the van der Waals force between colloidal particles the Hamaker 
approach is frequently used [31]. However, the effect of retardation, i.e. when 
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two atoms interact on large distances and the dispersion energy decays faster 
than 1/r6, is not taken into account in this approach. Lifshitz suggested a few
improvements to the Hamaker approach in order to avoid the additivity problem,
for instance when the van der Waals interaction between two molecules is 
disturbed by the presence of a third molecule, and assuming the macroscopic 
bodies as a continuum media [43]. However, this model is not valid when 
surfaces are on molecular dimensions and for non-homogeneous media. The 
equation using Hamaker approach for the sphere-plane interaction is:

          26D
RAF h ,       (11)

where hA is the Hamaker constant. R is the radius of the sphere and D is the 
distance between them.

The constant Ah is important and fundamental for all material properties.

Electrical double layer forces

These forces occur due to surface charging in liquids. The charging appears
because of ionization or dissociation of surface groups and can also occur due to 
ions absorption from the solution.

Solvation forces

Solvation forces occur on very small separation distances (a few nanometers) 
between two interacting surfaces. Solvation forces appear when the solution 
layer is squeezed between two interacting surfaces on very close distance [44].
In the case when the squeezed liquid layer is water, this force is called hydration 
force. The ordinary DLVO model does not account for solvation and hydration 
forces and hence they are sometimes termed non-DLVO forces. 

Steric interaction forces

The forces are induced by chains of the contacting surface material with a 
degree of freedom to move [45]. When such surface comes into contact with 
another surface, these chains will induce a repulsive entropic force, i.e. increase 
of entropy. However, there is still no clear theory describing these forces in 
detail.
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Hydrophobic forces

Hydrophobic forces are the attraction of two hydrophobic surfaces [46]. The 
forces occur when hydrophobic surfaces interact and the free energy of the water 
increases due to the motion of the water molecules from the separation gap 
between two surfaces to the bulk water. 

1.6 Surface properties
 

The electrical surface property is important for the accurate analyzing of force 
interactions between surfaces in solution. The interaction can be either attractive 
or repulsive depending on the charge of each interacting surface. The surface is 
neutral in liquids when the net charge on the surface equals zero. This surface 
condition is named point of zero charge (PZC) and can be reached by adjusting 
the pH value of the solution. The PZC is only valid when there is no adsorption 
of ions at the surface. The isoelectric point (ISP) should be used instead of PZC 
in the case of ion adsorption. The ISP corresponds to a surface condition when 
there is no net electrical charge on the surface in solution.

Electrical double layer (DL) commonly appears on the surface in solution due to 
ion reaction with the charged surfaces. The electrical DL is created by a charged 
surface and a diffuse layer, which consists of free ions in solution. This effect
was first described by Hemgoltz as the ions attraction to the surface and creation
of a second layer with an opposite sign; this is basically an analogue to an 
electrical capacitor. Grahame proposed an improvement to this model [47,48]
and suggested that ions first can build a layer close to the surface due to 
different charges. Also, the already attached ions can react with the remaining 
free ions in the diffuse layer and create an outer layer of attached ions. He
introduced the description terms which are commonly used today such as: inner
Hemgoltz plane (IHP) and outer Helmgoltz plane (OHP) (The sketch is 
presented in Fig. 10).
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Fig. 10. The triple layer model.

The double layer also defines the electrical 
surface conductivity. The surface conduc-
tion is important for evaluation of electro-
kinetic phenomena [49]. Zeta potential is 
usually used to characterize surface charge
and to account for elektrokinetic effects.
This parameter describes the electric 
potential in the present double layer and is 
used to define the system stability in 
colloidal systems. Thus, at high Z-potential 
(more than 25 V) the particle system is
stable, while for a low Z-potential value
unstable. 

The surface energy can be estimated by analyzing and determine the surface 
hydrophobicity. For example, it can be measured by the contact angle method
[50]. The surface is hydrophilic when the contact angle between a surface and a 
liquid droplet is less than 90 degree. For angles larger than 90 degree the surface
is hydrophobic. The hydrophilic surfaces are capable to hydrogen bonding,
while hydrophobic surfaces are not.



21 
 

2. Materials and methods

2.1 Materials

Four commercially available AFM calibration grids TGG 1, TGZ 2, TGZ 3, a 
square grid (NT-MDT), and one “real” steel surface were characterized by AFM 
in contact mode. The TGG 1 grid consists of triangular steps with an edge angle 
of 70° and 3 μm period formed on a Si substrate. The two grids, TGZ 2 and 
TGZ 3 have rectangular stripes formed on a layer of SiO2 and step heights of 
112 nm ± 1.5 nm and 545 nm ± 2 nm respectively. The fourth grid has square 
holes formed on a Si wafer and a period of 10 μm. The reference “real” surface 
was taken from a combustion engine cylinder liner. The material is grey cast 
iron and is three stage plateau honed. The steel surface was indented with marks 
at four locations to make possible to find and characterize the same surface area 
with AFM and VSI.
The magnetite particles used in force measurements were of nanosize (hereafter 
called n-s) and microsize (hereafter called m-s). The m-s particles were supplied 
from the pelletizing plant in Malmberget (LKAB, Sweden) and their purity was
about 97% [51]. The n-s magnetite particles (Fe3O4) were synthesized by using 
the precipitation procedure, which is described in [52,53]. The XRD measure-
ments were performed on both types of magnetite particles with D5000 X-ray 
diffractometer (Siemens). The recorder XRD spectrum of natural magnetite
particles is presented in Fig. 11 and corresponds to magnetite (Fe3O4). The XRD 
spectrum of synthetic magnetite particles has been published in ref. [53].

Bentonite clay (Milos, Greece) was ion exchanged using 0.6 M of NaCl [53].
The crystal structure of bentonite commonly consists of about 80 % of 
montmorillonite. This type of bentonite clay is highly used as an adsorbent in a 
variety of applications [54-57]. In our experiments the sodium bentonite particle 
suspension was used for dip-coating glass substrates. Also, bentonite particles 
were glued to cantilever ends and were used as colloidal probes in dedicated
force measurements.

Small amount of epoxy glue was used to attach magnetite and bentonite particles 
to the end of AFM cantilevers. Deoxygenated Milli-Q water with a resistivity of 

the solution preparation and as reference liquid in force 
measurements. Calcium chloride (CaCl2*2H2O, 95 %, Riedel-de Haen) was 
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Fig. 11. The XRD pattern of the magnetite concentrate particles.

used for aqueous Ca2+ solution preparation. Analytical grade of NaOH and HCl 
were used for adjusting pH in the solutions. To clean and remove organic 
impurities from the glass substrates they were kept in 0.1 M aqueous HNO3 acid 
for 1 hour and afterwards washed with acetone, methanol and Milli-Q water 
before magnetite and bentonite particle deposition.
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2.2 Methods

2.2.1 Surface characterization 
 

In the research “The influence of AFM and VSI techniques on the accurate 
calculation of tribological surface roughness parameters”, AFM was used to 
characterize four “reference” grids and one “real” steel surface in contact mode 
with closed-loop operation and with use of two different types of cantilevers: 
PNP-DB (NanosensorsTM) probe with nominal spring constant 0.48 N/m and tip 
radius less than 10 nm and CSC-21 (NT-MDT) probe with nominal spring 
constant 2 N/m and tip radius less than 20 nm. AFM images of the 545 nm stripe 
grid, triangular grid and the square grid are shown in Fig. 12. Both sample-
scanner (NT-MDT Z50251CLPI) and head scanner (NT-MDT) were used to 
characterize calibration grids while only the head-scanner was used to image the 
“real” steel surface. The latter was necessary since the steel sample was too 
heavy for the sample-scanner and this induces significant image distortion or 
even can damage the piezo. The “real” surface was imaged at sizes of 100×100
μm2 and with 1024×1024 pixel resolution. Scanning such large areas of
relatively rough surfaces requires careful adjustments of feedback parameters, 
applied force and the scanning speed. Eventual wear of surface or the tip was 
investigated. It was found that surface topography and surface roughness remain 
the same after repeated imaging of the same area. To check the tip quality the 
grid TGZ 3 was imaged before and after scanning the “real” surface. The grid 
stripes had the same shapes and the measured (Ra) roughness remained the 
same. This proves that the tip was not worn from scanning the “real” surface. 
Suitable probes for imaging were carefully selected. It was established that the 
PNP-DB probe was fully suitable for the experiments. However, the grid TGG1 
could not be correctly imaged with the use of PNP-DB probe. It was found that 
the standard pyramidal probe, such as the PNP-DB, with a macroscopic opening 
angle around 70° and the tip length of 3.5 μm, did not reach the bottom between 
the triangular stripes since the probe touched the stripe side before it could reach 
the bottom. The measured stripe height with the PNP-DB probe was 1.43 μm, 
while a more correct value was achieved with the CSC-21 probe as 1.65 μm.
The TGZ 3 grid was characterized with use of both sample and head scanner 
(NT-MDT ) and the measured stripe heights were similar and differed only by
±2 nm.
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Fig. 12. The 3D images of the TGG1 grid (a), TGZ 3 grid (b) and the square grid (c)
obtained with AFM.

a

c

b
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In the research “An atomic force microscopy study of the interaction between 
magnetite particles: The effect of Ca2+ ions and pH” the glass substrates covered 
by n-s magnetite and m-s magnetite particles (used as a probe too) were 
characterized with AFM in TappingModeTM with the use of soft NSG-01 (NT-
MDT) cantilevers with the spring constant 5.1 N/m and a sample-scanner. The 
glass substrates were covered by natural m-s particles by spreading magnetite 
particles on a glass slide covered by a thin epoxy glue layer. The glue layer on 
the glass surface was prepared thin enough to prevent magnetite particles to be 
fully immersed and to keep the upper particle surface clean of glue. The glue 

Fig. 13. The two AFM images (a, b) show that the shape of the magnetite probe particles is 
either triangular or pyramidal. On the right these images are shown in 3D.

a

b
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Fig. 14. AFM height images of the nanoparticle magnetite layer on the glass substrate. The average 
roughness parameter Ra is 10 nm for this area. The left image is the same area in 3D.

layer was let to cure for about 15-30 min before particle deposition. After
deposition, the covered substrates were let to cure for 24 hours and stored in a
desiccator cabinet. The AFM images obtained on m-s magnetite particles 
showed two possible types of particle contact area shapes. One was triangular 
(see figure 13b) and the other one was pyramidal (see figure 13a). The substrates 

covered by n-s magnetite particles were prepared by the dip-coating procedure 
[58]. A typical AFM image of the n-s magnetite layer is shown in Fig. 14. The
image shows that the substrates were homogeneously covered by n-s magnetite 
particles and the 2 was 
about 10 nm and increased slightly for larger measured areas.

To prepare the samples covered by bentonite platelets the glass substrates were 
dip-coated with bentonite by the procedure described above. The deposited 
bentonite layer on the glass substrate was characterized with AFM in 
TappingMode with use of the NSG-01 probe. Fig. 15 shows the thin bentonite 
layer with the average roughness (Ra) of about 3 nm. In addition, the 
characterization of individual bentonite particles deposited by a droplet method 
on a mica substrate was performed to investigate the growing process of 
bentonite platelets (see Fig. 16). A representative cross-section of a bentonite 
particle is shown in Fig. 16 b, revealing the typical bentonite layer thickness of 
approximately 3 nm. Bentonite colloids have been characterized before by, for 
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instance, Plaschke et.al. [59] but the growing process has not been clearly 
shown.

 

Figure 15. The image shows the nanobentonite 
layer with an average roughness 3 nm

Figure 16a, b. The image of a relatively large bentonite particle with growing bentonite 
nanolayers on the top is shown in (a). The height profile of the imaged 
bentonite particle is shown in (b). The growing bentonite layer thickness is 
about 3 nanometers.

a b
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Fig. 17. A sketch of the colloidal probe method. 

2.2.2 Colloidal technique
 

The colloidal probe method was applied to perform force measurements 
between magnetite particles [28]. This method is based on measuring the force 
interaction between a particle attached to the cantilever and the surface of 
interest. The sketch of this method is shown in Fig. 17. Interestingly, not only 
solid particles can be used as the colloidal probe but also oil droplets as recently 
was shown by Lockie et.al. [3]. Two types of colloidal probes were used as 
previously described: m-s magnetite particles and m-s bentonite particles.

The 200 um long V-shaped Si3N4 cantilevers (NP-S, Digital Instruments/Bruker, 
Santa Barbara, CA) were chosen for the measurements. The procedure to 
prepare the colloidal probes was:

- The AFM cantilever was mounted in a holder and placed under a light 
microscope equipped with a CCD camera.

- A mechanical XY positioning stage was used to control the movement of a
thin steel wire with an epoxy glue droplet.

- The wire was used to deposit a tiny amount of glue to the end of the 
cantilever. 

- The cantilever was left to cure for 5 minutes and was then mounted in the 
cantilever holder and placed in the AFM head.

- The NTEGRA AFM with a 100 μm sample scanner was used as a precise 
and automatic 3D manipulator for attaching particles.
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- The cantilever with glue was used to pick up a magnetite/bentonite
particle by precisely positioning the cantilever and controlling the process 
through the CCD camera. The DFL signal was continuously monitored to 
the cantilever particle attachment.

- The cantilever was turned over immediately after the particle attachment 
and let to cure for 24 hours in a desiccator.

The colloidal probes were characterized by optical microscopy and SEM (Jeol, 
JSM-6460LV). The Fig. 18 shows SEM images of m-s attached magnetite and 
bentonite particles. Clearly, the particles are attached to the end of the cantilever 
and the particle shape is complicated. Therefore, the contacting surface area of 
these probes was further characterized with AFM to define the contact geometry
and the contact area roughness. The AFM images were shown in Fig. 13.

Also, a probe particle can be characterized with use of reverse AFM imaging 
[10]. This method is efficient for tracing probe debris. The method was 
examined on a TGT 01 grid (NT-MDT) and with V-shaped Si3N4 cantilevers 
(NP-S, Digital Instruments/Bruker, Santa Barbara, CA). The pyramidal shape of 

Fig. 18. (a,b) are the SEM images of colloidal m-s magnetite particles glued to the 
AFM cantilevers, while (c) is SEM image of colloidal bentonite particle.

b

c

a
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Fig.19a, b. Three-dimensional AFM images of np-s probe tips obtained by using reverse AFM 
imaging.

the new cantilever tip is shown in Fig. 19a. A slightly damaged tip is shown in
Fig. 19b. This method can be applied for additional characterization of the 
colloidal probe shape and to determine the tip end radius.

a b
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2.2.3 Normal spring constant calibration 

In order to perform accurate force measurements the spring constant of 
cantilever must be determined. The nominal spring constant is usually provided 
by the probe manufacturer but the true value may vary as much as 50 % (see 
section 1.1). This requires normal spring calibration of the probe before 
conducting force measurements. Different methods, as described in section 
1.1.3, are frequently used for the calibration. Our NT-MDT microscopes have 
built-in functionality for the spring constant calibration with the Sader method. 
This method works well for stiff diving board type cantilevers, but it is less 
suitable for soft V-shaped cantilevers. Therefore, a reliable in-house technique 
for spring constant determination was developed. The thermal method was 
chosen since it is non-destructive, fast and simple to use. A break-out box, i.e. a 
signal access module, was used to feed the deflection signal into a multifunction 
acquisition board PCI- 6110 (National Instruments, United States). The obtained 
signal was processed by an in-house computer program written by me in the 
IGOR Pro 6.21 software (Wavemetrics, Lake Oswego, OR). The interface of the
program is shown in Fig. 20. To calculate the spring constant the following 
equation was used:

   
Ed

kTtSpringCons b
2

8174.0
,         (12)

where T is the temperature, bk is the Boltzmann constant, d is the deflection 
coefficient and E is the energy of cantilever thermal oscillations.

The deflection coefficient, i.e. photodetector sensitivity, was obtained by 
sampling the approach curves on a hard surface and calculating the ratio from 
the contact region slope. A sequence of typical force curves are shown in the 
upper right frame of Fig. 20. To calculate the energy of cantilever thermal 
oscillations the cantilever thermal spectrum was acquired with a sampling time 
of 2·10-7 sec. A typical thermal spectrum is shown in the bottom left frame of
Fig. 20. The power spectral density transformation was calculated with the
periodogram function:

N
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2

,                         (13)
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where signalF is the Fourier transform of the signal and N is the normalization 

factor.

The obtained resonance peak was fitted by a standard Lorenzian peak fitting 
function to evaluate the area of the resonance peak which corresponds to the 
thermal energy. Gaussian filtering could be applied to reduce noise in the 
spectra, but it should be used with a care to avoid undesirable missing of data. 
The experimentally estimated time to perform the probe calibration, including 
placing the probe in holder and all additional preparation steps, is about 5 to 10 
minutes.

Fig. 20. The interface of the program to determine spring constants is shown. The upper right 
image shows the cantilever deflection as function of time. This curve is used to 
calculate the photodetector sensitivity. The bottom left image is the thermal spectrum 
acquired when the cantilever is away from the surface. The typical thermal oscillation 
peak obtained after the transformation of the thermal spectra by periodogram function is 
shown in the bottom right graph.
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2.2.4 Force measurements
 

Force measurements were performed with an NTEGRA AFM (NT-MDT). A 
liquid cell (MP6LCNTF, see Fig. 21), a scanning measuring head for liquid 
operation (SFC100LNTF), a fully closed-loop AFM setup, and the 100 μm 
sample scanner (NT-MDT Z50251CLPI) equipped by capacitive sensors were 

used. Liquids were sealed and 
replaced in the cell by two 
connected tubes. The pH value in
the solutions was measured with a
pH meter (744 pH meter, 
metrohm AG, Switzerland) and 
adjusted with NaOH and HCl. It 
was found that the 100 μm 
sample scanner (NT-MDT Z-
50251CLPI), equipped with a 

permanent magnet to fix samples, magnetizes the m-s magnetite particles. Fig.
23 shows the strong magnetic force in the force curve acquired between two m-s

magnetite particles. The scanner
magnet orients the particle magnetic 
domains and after some time the 
magnetic force between two m-s
particles reached its saturation. Also, 
the same experiment was performed 
with the use of a probe-scanner
without any magnetic parts and no 
magnetic force was observed in the 
force curve, see Fig. 22. Thus, to 
avoid particle magnetization either 
the non-magnetic sample scanner or 
the probe-scanner has to be used. The 
measurements between m-s magnetite 
particles were performed using the 
head-scanner.

Fig. 21. Liquid cells for AFM force measurement 
setup. From (http://www.ntmdt.com/).

Fig. 22. The approach force curve 
between a m-s magnetite 
probe and steel surface is 
shown. The interaction forces 
appear at the separation 
distance about 50 nm.
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The cantilever deflection sensitivity was
calibrated by acquiring several force 
curves on a reference hard glass surface. 
Z-close loop was used to measure and 
control the cantilever vertical position. A
relative trigger limit was used to minimi-
ze the applied force between surface and
probe. It is necessary to keep the same
approaching speed while performing 
force measurements to be able to compa-
re the results from different experiments.
Hence, force curves were collected at the 
same speed around (70 nm/s) and the 
curve time for all measurements was
typically 2 sec. The force curves were 
collected on the same surface spot to 
eliminate effects from particle geometry 

and multiple surface contacts. To study the effect of pH and ion concentration
the changes in force interactions were traced by the use of statistics. 

Fig. 23. The approach force curve 
between a m-s magnetite 
probe and steel surface is 
shown. A clear magnetic 
force appears at very long 
interaction distance of about 
2.5 μm.
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2.2.5 Force curve evaluation software

The approach curves provide information about the acting forces during
approach such as attraction or repulsion. The retract curves are analyzed in 
terms of the adhesion forces and work of adhesion. The maximum adhesion is 
usually measured, but it is also possible to acquire more information from the 
adhesion force analysis. For instance, the presence of several force steps on the 
retract curves, may provide information about other acting forces, such as the 
broken bonds between molecules, the detachment of different parts of the probe, 
the forces caused by agglomeration, surface modification, etc.

A computer program was developed to automatically evaluate an unlimited 
number of force curves in terms maximum adhesion and other forces such as 
caused by multiple surface contacts. More than 1000 curves were measured in 
each particular experiment and it was necessary to process them automatically.

The in-house program was written in the IGOR Pro 6.21 software 
(Wavemetrics, Lake Oswego, OR). The deflection coefficient, i.e. photodetector 
sensitivity, is calibrated by averaging the contact region slope of at least 25
curves collected on the hard glass surface. This operation is similar to the one 
described in the previous chapter (see 2.2.4). The eventual slope of the free-level 
curve in the zero-region is also calculated. The deflection coefficient and the 
free-level will be used to process force curves obtained in each corresponding 
experiment. The steps in the curves are found by using peak fitting algorithms 
within IgorPro. The force steps are evaluated either from the virtual level, which 
is the extrapolation of zero level, or from the height of the next appearing step 
on the curve. All step heights are stored and can be displayed as histograms.
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3. Results and discussions
 

3.1 Spring constant measurements

The values of spring constants measured with our in-house technique were 
compared with measurements on other systems. The first comparison was with 
the build-in thermal tune noise calibration module of a Multimode Nanoscope V 
AFM (Veeco, CA). The measured average spring constant of NP-S cantilevers,
with nominal spring constant 0.06 N/m, was 0.11 N/m with the Multimode. Our 
system implemented with a NT-MDT NTEGRA AFM measured the same 
cantilever and defined spring constant 0.118 N/m. The calculation of this value 
is slightly different since the cantilever thermal energy is calculated only from
the resonance frequency peak. Additionally, our technique was compared with a
simplified method implemented directly in a commercial Nanoscope IV. Our in-
house system is expected to be more careful. The spring constant was evaluated 
for a few V-shaped cantilevers with nominal spring constant of 0.02 N/m,
provided by the manufacturer. The comparison of measurements with the 
Nanoscope IV and our device is shown in table 1.

Table 1: Spring constant values measured with two different systems.

Cantilever,

No

NanoscopeIV

N/m

NT-MDT

N/m

1 0.054 0.047

2 0.058 0.049

3 0.052 0.042

The conclusion is that the in-house technique can be used for accurate spring 
constant calibration. The technique has been applied to determine the spring 
constant of the cantilevers used in this study.



37 
 

Fig. 24. The image of the measured 
square grid with VSI. The 
batwings are clearly observed.

Fig. 25. Topography of the “real” surface 
measured with VSI.

3.2 Roughness measurements of reference and engineering 
surfaces with AFM and VSI

The eventual influence of optical artifacts [60-64] induced by VSI on the 
calculation of Rk surface roughness parameters, contact stiffness and flow 
factors was studied. AFM was used as a reference technique assumed to provide 
the “true” values. Calibration grids were used to separate specific measurement
artifacts, while a “real” surface was used to compare the two techniques in an 
industrially applied case. Four reference grids were characterized by AFM and 
VSI. The VSI generally overestimated the grid feature heights, except for the 
545 nm grid stripes. This latter result was unexpected and is probably caused by 
the resolution limitations from the relatively small stripe separation of 1.5 μm.
The sharp spikes on the edges, called “batwing errors” are present in all grid 
images. The batwings are prominent in case of square grid and triangular grid, 
while in case of 112 nm and 545 nm striped grids it is assumed that overlapping 
of batwings occurred due to limitations in the VSI instrument resolution. This 
leads to a sinusoidal shape of the stripes imaged by VSI. Also, the appearance of
kinks was observed in the valleys for the 545 nm stripe grid and the triangular 
grid. The kinks were probably caused by a phase shift or from interference 
phenomena. The topography images of the square grid imaged with VSI is
shown in Fig. 24. Clearly, the shape of squares is different than from the AFM 
imaging (see Fig.12c) and the optical artifacts described above are easily 



38 
 

observed in the VSI image. The topography of the “real” surface measured with 
VSI is presented in Fig. 25.

Roughness parameters calculated from the AFM and VSI surface measurements 
are given in Table 2. The VSI technique overestimated the Sa value for most 
experiments except the 545 nm grid. The difference between Sa parameter 
measured by the two techniques can be as great as 57.4%, however in case of 
the “real” surface the difference is only 6.3%. The core roughness, Sk, was 
overestimated with the VSI technique for 112 nm, 545 nm and square grids, but 
the values were quite similar for the triangular grid and the “real” surface. The 
peak roughness, Spk, was overestimated by VSI except for the 112 nm grid. 
Interestingly, the Spk value was overestimated by AFM, due to the presence of 
some surface contamination or dust on the grid surface. The amount of these 
disturbances was small and did not cause any noticeable difference in
calculations of Sa or Sk. However, the Spk parameter is very sensitive to the small 
surface disturbances. The Svk parameter was overestimated by VSI and only in 
case of 545 nm grid the Svk value was greater for AFM.

An analysis of contact stiffness and flow factors showed a significant influence 
of the optical artifacts caused by VSI for the reference grids. However, in case 
of the “real” surface, the difference was within 10 %. 

Table 2: Rk parameters measured with AFM and VSI.

 

The 
sample

Sa (nm) Sk (nm) Spk (nm) Svk (nm)

AFM VSI AFM VSI AFM VSI AFM VSI

112 nm 50.4 71.3 30.2 77.3 99.9 11.1 105 148

545 nm 232 89.1 53.5 103 17.2 169 514 24.5

Square 39.0 91.6 10.9 64.3 45.1 220 101 521

Triangular 450 539 723 667 1002 1407 43.2 74.3

“real”surf. 135 144 342 394 492 804 744 852
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3.3 Force interactions between magnetite particles studied 
with AFM: The effect of Ca2+ and pH

The interactions between a m-s magnetite probe and a n-s magnetite layer as 
well as between m-s magnetite particles were investigated in liquid media with 
AFM. The adhesion force was evaluated from the analysis of hundreds retract 
curves. The adhesion forces were compiled into histograms for each particular 
set of data (see Fig. 26).

The average adhesion was evaluated from the histograms with use of standard 
peak fitting algorithms. Fig. 27 shows the adhesion force versus pH for the 
interaction between the probe and the nanolayer of magnetite in aqueous 
calcium solution. The adhesion force increased with increasing Ca2+

concentration at pHs 4, 6 and 10. A very distinct increase in adhesion force is 
observed at pH 10 and Ca2+ concentration of 100 mM. The surface of n-s
synthetic magnetite particles has zero net charge around pH 6-7 [51], while at 
pH 4 the surface is positively charged. Also, synthetic magnetite particles have 
been shown to exhibit positively charged surfaces in 3.3 mM aqueous calcium 
solution [53]. This may explain that the adhesion force is less sensitive to
changes in Ca2+ concentration at pHs 4 and 6, as is shown in Fig. 27. The 
adhesion was slightly higher at pH 6 than at pHs 4 and 10 and this seems to be a 

Fig. 26a, b, c. Histograms of the measured adhesion forces. In (a) the diagram shows two 
adhesion peaks in water. The occurrence of an extra adhesion peak (extra 
force step on the retract force curves) is shown in (b). After replacing the 
aqueous solution by milli-Q water this extra peak disappeared (c)

a b c

See the printed version
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tendency for the two lowest calcium concentrations. Micro-size magnetite 
particles have been shown to be negatively charged in pH range from 4 to 10 
even in process water with concentration of calcium up to 8.8 mM [65] and the 
Z-potential curve tends to reach the point of zero charge at pH values below 4 
and above 10. 

Thus, the changes in adhesion 
between pH 4 and 10 at low 
calcium concentrations could 
be explained by the surface 
charge variations of the m-s
probe and n-s magnetite layer. 
The significant increase in 
adhesion force at pH 10 and 
calcium concentration of 100 
mM is due to the changes in 
surface charge. Thus the 
synthetic particles are positive, 
while the natural magnetite 
particle surface tends to be 
neutral or slightly negative. 
This results in attraction bet-
ween such surfaces which
leads to the increased adhesion 
force. Moreover, the probe is a
natural magnetite particle that 
has been exposed to process 
water and the surface might

contain silicates. It is well known that silica particles are negatively charged 
down to pH 2. Also, carbonate ions in solution can contribute to the additional 
negative Z-potential of the magnetite surface. Therefore, the abrupt increase in
adhesion force at pH 10 indicates that the magnetite probe particle is negatively 
charged at this pH despite the very high calcium concentration. 

The results obtained via adhesion force analysis are further supported by the 
approaching curves, see Fig. 28. Two interacting magnetite surfaces are 
attracting each other at pH 6 at short separation distance. The probe and n-s

Fig. 27. The figure shows the dependence of 
adhesion force between m-s probe and 
n-s magnetite layer versus pH at 
calcium concentrations of 1, 10, and 
100 mM. The solid lines are just guide 
for the eye 

See the printed version
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layer repel each other at pH 4 and 10. The repulsion at pH 4 is more long-ranged
than at pH 10 and was evident already at a separation about 10 nm.  

The adhesion force between the m-s probe and the m-s magnetite particles in 
calcium solution at pHs 4, 6 and 10 were also measured. This case has high 
relevance for the agglomeration of magnetite particles in the real industrial 
process. The adhesion force dependence versus pH at calcium concentrations of 
1, 10 and 100 mM is shown in Fig. 29. The adhesion force increased with pH 
except for the highest Ca2+ concentration. Also, the same tendency, as described 
for the m-s/n-s system, of the adhesion force increase with the increased calcium 
concentration at pH 4 and 10 was observed. However, the adhesion force 
decreased significantly at pH 10 and was lower than at pH 4 and 6. The reason 
of this strong repulsive behavior between these two surfaces is still unclear and 
is subject of further investigations. 

Fig. 28. Representative approaching curves measured for the n-s
magnetite system. The curves show a net attractive force 
at pH 6, which is close to the PZC of magnetite particles. 
Repulsion occurs at pH 4 and 10.

See the printed version
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The m-s particles are more 
likely to be surface 
modified by other chem-
ical species in solution, 
such as calcium carbonate 
and calcium silicate, than 
n-s particles, since they 
have already been exposed 
to process water and their 
surface is rougher. The 
indication of such beha-
vior could be noticed in 
the adhesion histograms of 
the m-s/m-s particle inter-
action. Fig. 26a corres-
ponds to the case when 
m-s particles interacted in 
water and only two ad-
hesion peaks are observed. 
An additional peak, corre-
sponding to an extra 
contact spot between the 

surfaces, appeared when the calcium concentration was increased to 100 mM at
pH 10, see Fig. 26b. This peak disappeared after replacing the solution in the 
liquid cell by pure milli-Q water, Fig. 26c. This proves that the magnetite 
surface was modified and chemical species were participated on the surface. A
possible presence of CO2 in liquid at high calcium concentration and pH can 
cause precipitation of calcium carbonate on the magnetite. One should bear in 
mind, that the m-s magnetite particles have been exposed to process water and 
may contain silicates. The formed chemical structure seemed to be a soluble 
entity as follows from Fig. 26c.

The adhesion force between n-s and m-s particles in pure water differed by 
12.5% relatively to the adhesion force measured after the measurements in 
calcium solution and replacing the solution with pure water again. This 
difference even increased to 32 % for the m-s and m-s particle interaction. This 
demonstrates that the magnetite surface was partially modified by the species in 
solution. To even further study the surface modification caused by the 

Fig. 29. The dependence of adhesion force versus pH 
at calcium concentrations of 1, 10, and 100 
mM as measured for m-s probe and m-s
particle interactions. The solid lines are just 
guide for the eye

See the printed version
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experimental conditions, the magnetite probe particle after washing in pure 
water and drying for 24 hours was examined by SEM-EDS, see Fig. 30. The 
analysis showed that Na, Cl, Ca and Si elements were present on the magnetite 
surface after the experiments. This could be caused by both the magnetite 
concentrate exposition to the process water and the chemicals used in the 
experiment.

Fig. 30. SEM-EDS spectrum acquired from natural magnetite 
after exposure to a 100 mM aqueous solution of Ca2+

containing 0.01 M NaCl. The particles were 
subsequently rinsed with water and dried for 24 hours 
before the EDS spectrum was acquired. 

See the printed version
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3.4 Preliminary study of bentonite particle interactions
 

The tetrahedral silica surface of bentonite platelet is not sensitive to pH change 
and the charge of this surface is defined by atomic substitution. However, the 
edges consist of metal hydroxide groups which are sensitive to pH changes. It is
non-trivial to measure the fundamental force interactions, since bentonite 
particles consist of many bentonite platelets, each with different orientation. The
preliminary approach was to investigate the bentonite-magnetite interaction, 
where a m-s bentonite particle is used as the probe and n-s magnetite particles
were deposited on a glass substrate. Additionally, bentonite was deposited on a
glass substrate and the interaction was measured between this bentonite layer 
and a m-s magnetite probe. This experiment does not answer the questions about 
bentonite orientation, but models the interaction in a real industrial process. 

The approach curves obtained in calcium solution with concentrations of 1, 10,
100 mM at pH 6 between m-s bentonite probe and n-s magnetite layer are shown 
in Fig 31. Clear repulsion between these two surfaces is observed in water. This 
repulsion is partially caused by steric forces because the bentonite platelets in 
water are like chains due to their swelling. This causes repulsion on longer 
interaction distances, which is about 25 nm in this case. The repulsion decreases
when adding calcium ions at concentration of 1 mM and even a weak attraction 
is observed. Moreover, the bentonite particle surface could be compressed by 
Ca2+ ions since there is no acting steric force which means there are no chains in 
contact. At calcium concentrations of 10 and 100 mM and small separation
distances around 2-5 nm there is either increased repulsion force or a change in
the contact region slope, which may indicate deformation of the probe. This will 
be further studied in the upcoming research.

The approach curves obtained at the same conditions between a m-s magnetite 
probe and a n-s bentonite layer are shown in Fig 32. The repulsion between 
these surfaces is observed in pure water environment. However, a strong snap-in 
is observed in the force curve and hence the bentonite layer was penetrated. 
Similar trends are observed in the force curves at 1, 10 and 100 mM calcium 
concentrations.
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Fig. 31. Representative approach curves between a magnetite probe particle and bentonite 
nanolayer at pH 6. 

 

Fig. 32. Representative approach curves between a bentonite probe 
particle and nanolayer of magnetite particles at pH 6. 
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4. Conclusions
 

The roughness measurements of 5 different surfaces were performed with AFM 
and VSI in order to study the influence of the two techniques on the calculation 
of tribilogical surface roughness parameters. It was found that the optical 
artifacts in VSI measurements strongly influence the calculation of roughness 
parameters of the grid surfaces which represent extreme surface topographies. 
The contact mechanics was applied to simulate the two surface interactions.

The thermal tune method to perform spring constant calibration was implemen-
ted in a NT-MDT NTEGRA microscope to be used in force measurements. The 
force curve evaluation software was implemented to analyze the adhesion and 
work of adhesion of particle interactions. The reliable results were obtained with 
use of statistics.

The magnetite particle interactions were probed in calcium solution with 
concentrations of 1, 10, 100 mM and at pHs 4, 6, and 10. The adhesion force 
change with the concentration and pH was similar for m-s/m-s and m-s/n-s
systems, except for the highest calcium concentration of 100 mM at pH 10. The 
statistical treatment of data from retracting experiments used in this work 
showed the applicability of the AFM technique to study adhesion forces. The 
possible magnetite surface modification observed at the highest calcium 
concentration at pH 10 was discussed.

The bentonite/magnetite particle interactions were examined in calcium 
solutions with concentrations of 1, 10 and 100 mM at pH6. The possible 
interaction mechanism is discussed.
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5. Future work
 

The results in the study of magnetite particle interaction should be further 
investigated in experiments with well-defined contact geometry. The surface 
properties of n-s magnetite particles should be further investigated in n-s
magnetite–spherical silica probe interaction measurements in calcium solution 
with respect to different concentrations and pHs. We expect to measure and to 
model the fundamental forces between n-s magnetite particles by the use of 
magnetite coated spherical particles. In addition, the surface modification of n-s
and m-s particles by different species present in process water, i.e. calcium and
silica should be studied with real-time AFM imaging.

The measurements of force interaction between spherical silica particle and 
bentonite layers are in progress. The continuation of the measurements of 
interactions between the bentonite and m-s natural magnetite particles is planned 
and this is of high interest for industrial use. Additionally, the settlement of 
bentonite platelets onto magnetite surface in liquid environment should be 
investigated.

Ultimately, the contact mechanics should be used to model and describe the 
force interaction between natural particles with multiple surface contacts.

Finally, the AFM tip can be used to indent a soft material and spatially resolve 
the surface micromechanical properties, even in liquid environments at large 
indentation depths, by collecting an array of force curves on the surface and 
using contact mechanics models. A mechanical model with AFM tip geometry 
as blunted pyramidal has been implemented and will be used in future research.
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