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It is the great beauty of our science, chemistry, that advancement in it, whether in a
degree great or small, instead of exhausting the subjects of research, opens the doors to
further and more abundant knowledge, overflowing with beauty and utility.
M. Faraday

Science cannot solve the ultimate mystery of nature. And that is
because, in the last analysis, we ourselves are part of nature and therefore part of the

mystery that we are trying to solve.
M. Planck

Time is the wisest of all things that are, for it brings everything to light. Thales
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Abstract

Scanning probe microscopy (SPM), such as by the atomic force microscope
(AFM), using colloidal probes is a highly suitable technique to probe sin-
gle particle-particle interactions in aqueous solutions. Under controlled
experimental conditions, the interaction force between a colloidal probe
on the AFM cantilever and a surface can be reliably measured, revealing
ultrasmall intermolecular and surface forces, down to the piconewton level.
The interactions between magnetite, bentonite and silica particles play an
important role in many different applications. One important applica-
tion is in the steel production process where high-quality iron ore pellets
are used. Moreover, the interaction of magnetite nanoparticles with Ca2+

ions and silica particles is of importance in several medical applications
including for nanoelectronics. It is widely known and studied that particle
surface properties significantly affect particle dispersion and aggregation.
Particles are often treated in aqueous suspensions or in moist conditions
prior to final aggregation as, for instance, in a pelletizing process. Thus,
different dissolved chemical species may adsorb onto the magnetite, ben-
tonite and silica surfaces, hence changing their surface properties. How-
ever, the exact mechanism by which the dissolved chemical species influ-
ence the direct particle-particle interaction and particle adhesion is not
well known. The main focus of this thesis was the study of magnetite
particle force interaction with natural and synthetic magnetite, silica and
bentonite particles in aqueous solution with SPM. The force measurements
were performed on the following interacting systems: natural magnetite
probe particle and nano-magnetite layer, spherical silica probe and nano-
magnetite layer, spherical silica probe and bentonite layer, bentonite probe
particle and nano-magnetite layer. Complimentary investigative methods,
such as scanning electron microscopy (SEM), vertical scanning interferom-
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etry (VSI), energy dispersive spectroscopy (SEM-EDS), x-ray diffraction
(XRD) and electrophoresis techniques were used to study surface morphol-
ogy, chemical characterization, atomic structure, and measurements of the
zeta-potential. The particle interaction forces were examined in solutions
with various Ca2+ ion concentrations and in NaCl solution to determine
the effect of Ca2+ on surface properties. Also, the effect of pH at various
ion concentrations was studied. The colloidal probes in the studies were
individual natural magnetite, bentonite and synthetic micrometer-sized
spherical silica particles. Sample surfaces were glass substrates covered
by natural magnetite, synthetic nano-magnetite particles and bentonite.
Qualitative changes in adhesion forces, in other words interaction trends,
and interaction forces on approach for magnetite-magnetite, magnetite-
silica, magnetite-bentonite and bentonite-silica interaction systems with
an increase of Ca2+ ion concentration and pH were measured and evalu-
ated. The interaction trends were in most cases consistent with the zeta-
potential measurements. The interaction in the studied systems found to
be mainly governed by the van der Waals force and the double layer force.
This result is based on experimental data analysis using the DLVO model.
Possible surface modification and formation of calcium silicates and cal-
cium carbonates at pH 10 on the magnetite surfaces is discussed. The
long-range repulsive interaction, similar to a steric-like interaction, was
observed in the interactions for bentonite-silica and magnetite-bentonite
systems. This is likely due to the swelling of bentonite layers and rising
of bentonite flakes from the surface. The rising of bentonite flakes in wa-
ter was verified with cryo-scanning electron microcopy. Furthermore, the
measured adhesion forces were compared with adhesion forces evaluated
using contact mechanics models. The comparison revealed discrepancies,
which could be explained by the particle surface roughness. Additionally,
a comparison of VSI and AFM techniques for surface characterization was
performed on samples possessing sharp periodic surface structures and
a three stage plateau-honed cast iron surface. This comparison is rele-
vant for accurate calculation of tribological surface roughness parameters.
Moreover, force measurements on biological samples and between mag-
netic particles are also briefly discussed in the thesis. The work within this
thesis shows that SPM methods can reliably be applied to measure inter-
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action forces using natural particles, such as magnetite and bentonite, as
colloidal probes in solution. The research contributes to the fundamental
understanding of the interaction forces in the studied systems and supple-
ments previous studies using other techniques. The results obtained and
presented are new and of high interest in applications where the knowl-
edge of the dispersion and aggregation of particle interaction is important.
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Chapter 1

Thesis Introduction

“Science is the key, the key to our souls, the key to
our creation, the key to our universe.”

Illia Dobryden

1.1 Introduction and Motivation

Atomic force microscopy is a high-resolution microscopy used to precisely
characterize surface topography. Moreover, AFM is also a suitable tool for
evaluating different material surface properties such as surface potential,
conductivity and magnetic, and also provides great possibilities of directly
probing interaction forces between surfaces in gas, vacuum, or liquid envi-
ronments. In 1991 Ducker et.al. [1] showed that direct force measurements
could be conducted with use of colloidal probes, introducing new insights
into studying direct particle-particle interactions. The AFM colloidal
probe technique has been greatly improved in recent decades, and has suc-
cessfully been applied in many different research fields. Magnetite, (iron
oxide Fe3O4), bentonite (the ideal composition (Na,Ca)1/3 (Al5/3,Mg1/3)
Si4O10(OH)2) and silica (SiO2) particles are abundant in nature and their
physical and chemical properties are of high research interest for uses in
various application. In recent years, when science takes intensive steps
towards nanoscale in many research areas, studies of these oxide nanopar-
ticle properties and their interaction with surfaces become crucial [2, 3].
For instance, it has been established that synthesized nanoparticles of
magnetite possess superparamagnetic properties [4], while particles of mi-
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crometer sizes are ferrimagnetic [5]. Bentonite particles consist of many
alumina sheet platelets each surrounded and layered between silica sheets.
It has been shown for 1 nm thick platelets that surface charges on their
edges are highly sensitive to pH changes, and have point of zero charge
(PZC) around pH 5, while the platelet surface consisting of silica remained
negatively charged with almost no sensitivity to pH changes [6]. Synthetic
nanoparticles usually have well-defined particle geometry and predefined
chemical composition, which is often an advantage over natural particles
of irregular shapes which may contain impurities. Magnetite particle sur-
face properties and magnetite-magnetite particle interactions play a key
role in applications such as targeted drug delivery, magnetic resonance
imaging, magnetoelectronic devices and in steel production, where pellets
from agglomerated magnetite are used [7, 8, 9]. Studies of magnetite-
bentonite interaction and their surface properties are also of importance in
magnetite pellet production, since bentonite is the main, commonly used,
inorganic binder for magnetite concentrate [10, 11]. Surface properties of
nano-magnetite and silica and their interaction could be of importance for
steel production because of the presence of silica particles during process-
ing of iron oxide ore [3], and may additionally be of interest in developing
nanoelectronics devices [12]. Much research has already been carried out
on magnetite, synthetic magnetite, bentonite and silica bulk and surface
properties in the presence of various ions and additives. The investigations
usually focus on surface reactions on solid-water interfaces, such as ion ex-
change, ion adsorption, absorption and precipitation [8, 13, 14, 15]. In such
investigations, the primary interest is on measuring absorbance of chemi-
cal species, surface charge changes, chemical composition of the interface,
and wetting using infrared spectroscopy, electrophoresis and contact an-
gle techniques, surface imaging techniques and a few others as well. The
fundamental understanding and predictions of particle-particle dispersion
and aggregation are usually based on such measurements. However, direct
single particle-particle interactions under similar conditions have not been
measured. AFM using the colloidal technique provides a highly suitable
tool to measure in-situ such particle-particle interactions and study ef-
fects of various ion concentrations, additives and pH. Thus, investigations
of direct force interactions between such particles can significantly con-
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tribute to ongoing research. With respect to the pelletizing process, when
particle-particle interaction plays a significant role in particle dispersion
and aggregation, it was shown that the presence of Ca2+ ions may improve
sorption of other species onto magnetite surfaces, and can strongly affect
the agglomeration and chemical properties of magnetite particles [16, 17].
Calcium ions are one of the most abundant and important ions in the
process water used in a pelletizing process. The presence of silica parti-
cles on large magnetite particles during a pelletizing process [3, 18] has
also been previously reported. Calcium ions play also a key role in many
other applications. In its turn, bentonite clay is used as a main binder
mineral during agglomeration. Importantly, that single particle-particle
measurement may be used as a representation of a real dispersion and ag-
gregation processes on a small controlled scale, which is quite complicated
with other methods. There are only very few investigations where AFM
has been used to study comparable relevant systems, such as a microsized
iron oxide probe-silica surface [19] and iron oxide nanoprobe-magnetite
particle interactions [20]. Moreover, to our knowledge AFM has not pre-
viously been used to measure the force interaction between natural mag-
netite and bentonite particles. The use of natural particles, as with the
colloidal probe in AFM measurements, causes more difficult evaluation of
experimental data. Thus, measurements with the use of natural particles
such as the colloidal probes in AFM are difficult to evaluate quantitatively
due to non-homogenous particle properties and lack of exact knowledge
of particle morphology and chemical composition. In contrast, funda-
mental understanding of the interactions is achieved from measurements
with their proper synthetic substitute of well-defined geometry and chem-
ical composition. It is also well known that the surface roughness has a
strong effect on the measured interaction forces and adhesion [21, 22]. The
mentioned difficulties with the use of natural particles, as probes, may re-
quire alternative characterization techniques of particles prior to the force
measurements. Ultimately, the interpretation of the measured interaction
forces and adhesion can be performed via comparison with the predicted
interaction trends based on the measured zeta-potentials and calculated
interaction forces and adhesion using common theoretical models. The
presented work in this thesis was accomplished to address the following



6 Thesis Introduction

main research questions:

Question 1: Can AFM using colloidal technique be reliably applied to
study force interactions between magnetite, bentonite, and silica particles,
especially with use of natural probe particles? What preparations should
be taken in order to successfully conduct accurate AFM measurements?

Question 2: Can the interpretation of the measured forces be performed
with the use of zeta-potential measurements and calculations based on ex-
isting theoretical models?

Question 3: How can this research contribute to a more fundamental
understanding of the interaction forces between magnetite, bentonite, and
silica particles and the effect of calcium ion concentration and pH on their
interaction?

1.2 Scope of the thesis

The main purpose of this research was to apply scanning probe microscopy
(SPM) methods for a better fundamental investigation of the force inter-
action between magnetite, bentonite, and silica particles in aqueous solu-
tions. In order to achieve this aim, layers of nano-magnetite and bentonite
with minimized nanoroughness were produced, as the preparation of natu-
ral magnetite and bentonite colloidal probes. One preparation step was to
set up an in-house measurement system in order to accurately and reliably
determine the spring constant of individual AFM cantilevers with the so
called ”thermal tune” method. The AFM investigation of surface prop-
erties of synthetic nano-magnetite and bentonite in the presence of Ca2+

and Na+ ions at various pH and then further verification with the results
obtained with the use of other techniques was another aim aims. The
force measurements were performed on the following interacting systems:
natural magnetite probe particle and nano-magnetite layer, spherical sil-
ica probe and nano-magnetite layer, spherical silica probe and bentonite
layer, bentonite probe particle and nano-magnetite layer. The measure-
ments were conducted in aqueous calcium and sodium solutions at vari-
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ous pH with AFM. The applicability of the nano-magnetite particles as
the proper substitute for the natural magnetite particles was investigated.
This was accomplished via force measurements between natural magnetite
probe particles and nano-magnetite layers in aqueous calcium solution and
comparing the measured forces with the ones acquired between natural
magnetite probes and natural magnetite particles. The effect of Ca2+ ion
concentration and pH on the interaction in all studied systems was exam-
ined and analyzed. The measured interaction forces were compared to the
calculated forces using theoretical models in order to interpret the fun-
damental interaction forces and their contribution to the adhesion. Also,
zeta-potential measurements were conducted and used to interpret the
force interaction trends, in other words, the qualitative changes in the
forces, on the collected force curves. Thus, the measured interaction forces
between the spherical silica probe and a nano-magnetite layer approaching
each other in aqueous solutions were compared with the forces calculated
using the DLVO model. The measured adhesion force for this system
was compared with the adhesion calculated using JKR, Rumpf and Rabi-
novich models. The AFM study was supplemented with complementary
methods, such as scanning electron microscopy (SEM), vertical scanning
interferometry (VSI), energy dispersive spectroscopy (SEM-EDS), x-ray
diffraction (XRD) and electrophoresis. Additionally, the influence of AFM
and VSI techniques on the accurate calculation of surface roughness pa-
rameters was performed. The measurement of magnetic forces between
natural magnetite particles and interpretation with a proposed theoretical
model is briefly discussed in the thesis. An extension of force measurement
methods such as force volume mapping was conducted on living sensory
neurons. A blunted pyramidal model to evaluate elasticity was imple-
mented in a new way. It was used to probe micro-mechanical properties
of neurons subjected to external stimuli.

1.3 The thesis impact

The research in the thesis contributes to a better fundamental understand-
ing of the interaction forces between magnetite-magnetite, magnetite-silica,
bentonite-magnetite and bentonite-silica interaction systems in aqueous
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Ca2+ solution. As to author’s knowledge, it is among the first research
with a main focus on measuring direct magnetite, bentonite, and silica in-
teractions and adhesion with AFM using the colloidal probe technique in
such conditions. This study underlines the ability of AFM techniques to
contribute to the knowledge of the effect of various surface reactions and
surface charges on synthetic nano-magnetite and bentonite surface proper-
ties with varying Ca2+ ion concentration and pH. The blunted pyramidal
model to evaluate Young’s modulus was implemented in a new way for
automatic evaluation of elasticity from an array of force curves. The re-
search carried out creates an initial basis for future investigations and
development of new constituents for possible improvement of the pelletiz-
ing process, with a perspective of producing customer-specific pellets and
the use of new organic binders.



Chapter 2

Background

2.1 Scanning probe microscopy (SPM)

Scanning probe microscopy is an important imaging technique in mi-
croscopy that is based on the use of a scanning probe and provides out-
standing resolution abilities in imaging of surface features. The SPM was
first introduced along with the development of scanning tunneling mi-
croscope(STM) and the first surface characterization using STM was in
1982 year by G. Binning and H. Rohrer [23]. The development of STM
was highly acknowledged by the scientific community and gained Nobel
Prize in 1986. The development of new SPM modes over last decades
was very intensive and supplied researchers with various significant SPM
measurement techniques. This has broaden SPM typology to for exam-
ple next branches: atomic force microscopy (AFM), scanning force mi-
croscopy (SFM), scanning near-field microscopy (SNOM) and recently tip
enhanced Raman microscopy, PeakForce microscopy, magnetic force mi-
croscopy (MFM), Kelvin force probe microscopy (KPM) and others.

2.1.1 Fundamental principles of AFM

The atomic force microscope was first introduced by G. Binnig in 1986 [24]
as a new high-resolution imaging technique to measure surface topography.
The main advantage of this new developed technique, AFM, over STM was
its ability to study surface topography of non-conductive samples, which
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was not possible with STMmeasurements. Since the development of AFM,
this technique became a powerful scientific tool in great amount of appli-
cations to study surface topography, surface properties, surface hardness
and elasticity and measure interaction forces. Also, atomic force micro-
scope can be used as an accurate 3-D manipulator for nanosize objects
and for lithography purposes. AFM provides surface topography charac-
terization with outstanding high lateral and vertical resolution. The best
achieved lateral resolution is of about 0.2 nm and for features laying on the
surface of 3 nm and a vertical resolution is better than 0.01 nm [25, 26].
Also, AFM measures forces with very high force resolution of about 1
pN [25]. However, the resolution is known to strongly dependent on the
AFM setup configuration. Main experimental factor that is able to signifi-
cantly increase or lower lateral resolution is the outermost curvature radius
of the cantilever tips. To significantly improve lateral resolution carbon
nanotubes were suggested as a cantilever tip instead of commonly used
silica nitride (Si3N4) or silicon (Si) [26] and could be purchased nowadays.
A typical AFM setup is presented in Fig.2.1.

Figure 2.1: A schematic illustration of an AFM setup

The main parts are cantilever, piezo-scanner, laser source and photode-
tector. In the AFM the sample under interest is scanned by a piezo scanner
and a tip mounted on the cantilever. In its turn, the cantilever plays a role
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as a spring and its deflection is monitored with the use of a photodetector.
The cantilever deflects due to interaction forces between the cantilever tip
and the sample surface atoms. The cantilever is brought into and out
of contact with the surface by an accurate extension of the piezoelectric
crystal located in the piezoscanner. This movement of the cantilever, or
the surface, is achieved by applying voltage to the piezoscanner. The
cantilever deflection during scanning is continuously measured by the de-
flection detection system. This detection system consists of a laser source
and a segmented photodetector. The incident laser beam is focused on the
cantilever upper side and reflected to the photodetector. The produced
photodetector signal is processed with AFM electronics and corresponding
computer software. The force between the tip and the sample is evaluated
from the monitored deflection of the cantilever, while the known scanner
extension is used as displacement. For example, the topographic image of
the surface is achieved by plotting the motion (voltage) of the piezo, or
measured piezo position with capacitive sensors, as function of the lateral
position. The cantilever deflection conversion into the force and scanner
displacement conversion into the separation distance will be explained in
more details in section 2.1.4.

As follows from Fig.2.1, an AFM setup consists of several main parts
which might significantly influence measurements. The consol, i.e. a can-
tilever with tip, is usually the key component of any AFM. The cantilever
mechanical properties, reflectivity and the tip shapes can strongly affect
the measurement performance [27]. Also, different investigations require
the use of cantilevers possessing various properties. The most commonly
used shape for cantilevers are ”V-shaped” and rectangular ”diving board”
and they are usually micro fabricated of silicon nitride (Si3N4) or silicon
(Si). Special coatings, for instance a diamond coating, could be deposited
on the probes to design their mechanical properties according to the cus-
tomer requirements. The sensing AFM tip is located at the very end of
the cantilever and is usually characterized by its outer tip-radius and as-
pect ratio. The typical tip shape is a square-based pyramid, tetrahedral
or a cylindrical cone. Also, the cantilevers can be modified for specific
application requirements such as cantilevers with functionalized tips, col-
loidal probes and plateau tips, etc. The commonly used cantilevers have
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a tip outer radius of about 5-50 nm, but could be improved to a few nm
using carbon nanotube as a tip [26]. A common issue is when the tip is
not sharp enough leading to surface-tip convolution, i.e. broadening of
the surface features from their real sizes. Also, when the sharpness of
the surface asperities is higher than the probe tip it results in imaging
the tip shape in distinction of surface features. Though it is a negative
effect, it could be used with a valuable benefit as it was shown by Neto
et.al. [28]. It was proposed to use this effect as an extension to AFM in a
reverse AFM imaging mode for non-destructive tip characterization. This
method was examined using TGT-01 grid (NT-MDT) and V-shaped Si3N4

cantilevers (NP-S, Digital Instruments/Bruker, Santa Barbara, CA) and
is shown here as an example. The pyramidal shape of a new cantilever tip
is shown in Fig.2.2a and a slightly damaged tip after scanning is shown in
Fig.2.2b.

(a) (b)

Figure 2.2: Three-dimensional height AFM images of NP-S probe tips acquired using reverse
AFM mode. (a) The image of a new NP-S probe tip. (b) The image of a damaged NP-S probe
tip.

It can be complicated to deal with the tip-surface convolution artefacts.
The experimental possibility to minimize convolution is to use probes of
higher aspect ration and smaller tip radius, such probes are, for example,
commercially available ”whisker” type probes with curvature radius of
10 nm or even smaller. Another solution is to carry out deconvolution
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procedures based on the known curvature radius of the used probe [29, 30].
One important cantilever property is its force constant. Cantilevers with
low spring constants, i.e. soft cantilevers, are gentler to the surface during
scanning which makes them to be less destructive to the surface and also
more sensitive. This kind of cantilevers should be used in measurements
on soft or easily destructive samples, for instance biological samples [31].
Cantilevers with high spring constants, i.e. stiff cantilevers, can reduce
the noise in force measurements and are used when high interaction forces
between the tip and surface are expected. In contrary to surface scanning
with AFM, measuring the acting forces can require both types of levers
with a high or low spring constant. The choice depends on the probe mass
and on the magnitude of interaction forces.

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 whereas the bottom face is often
uncoated. Despite a clear benefit of this top face coating it might intro-
duce undesirable surface stress and tiny bending of the cantilever due to
temperature variations. In fact, such coated cantilevers have even been
used as a super sensitive thermometer. The cantilevers with uncoated up-
per side are more stable to temperature drift but have less good reflective
properties and lower signal-to-noise ratio.

The accuracy in operation of the piezoelectric scanner is critical for
AFM metrology applications. The two most used types of piezoscan-
ners are based on a piezo tube or on the use of separate piezocrystals.
The piezoelectric material used for manufacturing piezoelectric scanners 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 partly be eliminated by correcting
the feedback loop signal. Moreover, cross-talk between the x, y and z piezo
axes may also lead to additional image distortions. The so called closed-
loop with position sensors is used to achieve a further correction for the
piezo non-linearity and hysteresis and can reduce the total-non-linearity
to about 1% [32]. However, the use of displacement sensors also induces
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additional noise and lowers the high-resolution imaging quality. The scan-
ners for high-resolution imaging are usually not designed as closed-loop
system to avoid induced undesirable noise. Hence, an alternative is to
use an equivalent closed-loop. In this setup an external large piezotube
with capacitive position sensors, used as a reference for the closed-loop,
is operated in parallel to the scanning piezo. The same corrections that
are needed on the external large piezotube are applied on the piezo tube.
The photodetector in most AFMs is a quadrant photodiode divided in four
parts which could be graphically labeled as A, B, C, D, as shown in Fig.2.1.
Designing and manufacturing photodetectors with similar sensitivity and
linearity of all four sectors is desired since the laser beam intensity is col-
lected for each section of the detector. The total acquired laser signal is the
signal sum, as A+B+C+D. The deflection signal (DFL) and lateral force
(LF) signal commonly acquired during AFM measurements and could be
expressed as a combination of the signals collected at A, B, C and D de-
tector sectors. The deflection signal is the deflection of the cantilever in Z
direction and is evaluated as the difference between the acquired signals
(A+B)-(C+D). The lateral force signal, representing torsional bending of
the lever, is determined as the difference (A+C)-(B+D). The LF signal
could be affected by a possible convolution of the vertical and horizontal
signals, known as the crosstalk effect, with the use of a quadrant photode-
tector. This effect is negative in measuring, for example, friction and it is
required to correct for this effect by applying correction procedures, such
as the one described in [33]. The AFM devices used in this research are
shown in Fig.2.3.
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Figure 2.3: Image of the NT-MDT NTEGRA atomic force microscope. In addition, to the left
on the table, is a Nanoscope II AFM (Digital Instruments) generally operated by a NT-MDT
controller. A few more AFMs has also been used in the research within this thesis.

2.1.2 Imaging modes and techniques

The main force regimes for the imaging operation of an atomic force micro-
scope are contact, intermitted contact and non-contact. AFM in contact
region operates in repulsive part of the force interaction when the can-
tilever tip is brought to the distance of less than 1 nm towards the sample
surface. The repulsion at such small separation distances occurs due to
electron cloud overlap at atomic distances. The non-contact region is when
the force interaction between the cantilever tip and the sample surface is
attractive during AFM operation. In the non-contact regime, the tip is
kept above the surface at distances of several nm and the interaction is
mainly from attractive van der Waals forces. The intermitted regime, as it
follows from the term, is when the AFM operates with interaction forces
in between the contact and non-contact regimes. An illustration of the
force regimes is shown in Fig.2.4. The AFM imaging modes are usually
the static mode or the dynamic mode [34]. The static mode is commonly
attributed to contact mode. In this mode, the change in the cantilever
deflection due to the tip-surface interaction is monitored and used in the
feedback loop. This mode is operated either in constant height mode or
constant force mode.
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Figure 2.4: The force regimes in which AFM is operated. The contact mode is in the repulsive
region of the interaction force. The non-contact mode is in attractive regime of the interaction
forces. The intermittent mode is in the attractive and repulsive force regime and is located
between the contact mode and non-contact mode regimes.

In constant height mode, the separation between the cantilever tip and
surface is kept constant during scanning. In constant force mode the
cantilever deflection is kept constant by the system feedback loop during
surface scan. The voltage applied to the piezo, or the z -position sensor
signal, is used as the height signal, i.e. to displace the topographic image.
In the static mode the very stiff cantilevers may cause surface deformation
when cantilever force constant exceeds the sample interatomic forces. The
usual interatomic forces in solids are in the range from 10 N/m to 100 N/m
and could be as low as 0.1 N/m for biological samples [34]. For this reason,
the commercially available contact mode probes have force constants in the
range of 0.01 N/m to 5 N/m. Operating AFM in contact mode induces
continuous lateral forces between the cantilever and the surface. This
lateral force may destroy soft samples and induce distortions in AFM
imaging. The main advantage of contact mode in AFM is that it provides
an ability to acquire high-resolution images and also with much higher
scanning speed, than in dynamic mode. One example of high-resolution
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contact mode imaging is shown in Fig. 2.5a.

(a) (b)

Figure 2.5: A mica surface imaged in high-resolution contact mode with an NTEGRA AFM is
shown to the left (a). The same height image of the mica surface is shown in a three-dimensional
view to the right (b). The unit cell of mica, i.e. hexagonal rings of diameters 5.2Å is clearly
visible.

In dynamic mode the cantilevers are often driven near its resonance
frequency during the scan. There are two major methods for operation of
AFM in dynamic mode, they are intermittent and non-contact depending
on the regime. The first method is amplitude-modulation (AM) and it was
first introduced back in 1987 by Martin et.al [35]. This method was meant
to be used as a true non-contact mode, operating only in the presence of
attractive forces. The AM mode was later shown to successfully operate
on closer separation distances where both attractive and repulsive forces
act, in the intermittent region [36]. In the AM method the cantilever is
vibrated at a fixed frequency in the intermittent region near its resonance
frequency with oscillation amplitude usually 20-200 nm [31]. The oscil-
lation amplitude and phase of the cantilever will change during the scan
when the tip approaches the surface due to elastic and inelastic interac-
tion. The amplitude signal is monitored and used in the feedback loop.
Operating the AFM in the AM mode strongly reduces the lateral force be-
tween the tip and sample surface in comparison to the static mode. This
is of high significance in surface studies of biological and soft samples. The
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AM method operating in intermittent region has different names depend-
ing on the AFM manufacturers, such as TappingModeTM or semicontact
mode. Recently, tapping mode was improved for gentler surface scan with
reduced imaging forces [37, 38]. This mode is called PeakForce tapping.
The cantilevers are oscillated with amplitude of 100-300 nm at low fre-
quencies of 0.25-2 kHz, collecting a force curve each time the tip taps the
surface. The control of tip-surface interaction provides much sensitive and
gentle surface imaging, which is of high significance for biological imaging.
An extension of this mode is its ability to collect force curves during each
tap to quantitatively determine nanomechanical sample properties [37].

A less routinely used non-destructive dynamic method is frequency-
modulation (FM) [39]. This method was developed due to limitations in
the AM method. The change in amplitude is not instantaneous and is
dependent on the Q factor (factor depending on the damping mechanism
present in the AFM probe). The AFM measurements in AM mode become
very slow in vacuum since the Q factor becomes high and, as a result,
the time to change amplitude is proportionally increased. In the FM
method the cantilever is vibrated at a small amplitude with a frequency
slightly above its resonance frequency, usually located 50-150Å above the
surface [31]. The net force between the tip and surface is attractive. The
change in frequency of the cantilever, relative to the driving frequency of
the cantilever, is used as feedback signal during surface scan. The exact
principle how the experimental parameters are handled during the FM
mode is described in [34]. The FM mode is the most preferred technique
for AFM measurements in vacuum. It was shown, that the resolution up
to the atomic level can be reached by operating AFM in the FM mode in
vacuum [40]. Unprecedented resolution operating the AFM in FM mode
was achieved by Giessibl et.al [41] using cantilevers with spring constant
of 1800 N/m and sub-nm oscillation amplitudes. The main drawback
of the FM method is the difficulty to acquire 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. The comparison
of limitations in resolution for both these techniques, AM-AFM and FM-
AFM, was performed by introducing the spatial horizon concept [42]. It
was shown that the detection of single atoms and atomic defects with both
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AM-AFM and FM-AFM are equivalent.

2.1.3 Calibration techniques

Prior to run the AFM measurements several AFM setup parts have to
be properly calibrated in order to achieve the best accuracy. These parts
are the AFM piezoscanner, photodetector and the cantilever normal and
torsion spring constants.

Piezoscanner calibration:

Piezoscanners are made of piezoelectric ceramic materials, usually lead
zirconium titanate (PZT) [43]. An applied voltage to a piezo crystal causes
mechanical strain of the crystal and as the result a crystal expansion or
compression. Each individual scanner requires its own calibration since
properties and dimensions of the used piezo are unique. The motion of
the scanner piezo in x-y-z directions is initiated by the applied electric
field across the piezo electrodes and has non-linear relationship. Hence, it
is necessary to calibrate the motion of piezo x-y-z directions as a function
of applied voltage to achieve high resolution [44]. The voltage applied to
the piezo also has to be compensated for scan size and scan rate. Also,
piezoscanners operated in open-loop could possess creep. This could be
compensated with the use of a filter, as suggested in [45]. The closed-loop
scanners are less affected by creep. The basic calibration in lateral XY or
vertical Z directions is performed by scanning reference grids with well-
defined feature sizes and with further adjustment of linear transformation
parameters to ultimately obtain a high-precision image [46]. The calibra-
tion has to be performed on the same feature dimensions as expected in
further measurements due to sensitivity of piezo z calibration, as a func-
tion of applied voltage, to the piezo crystal strain. Recently, several new
methods to calibrate piezoscanners were proposed, one of them is based
on the use of quartz tuning forks [47].

Detector calibration:

The difference in signals between the photodiodes is a measure of the
cantilever bending or torsion. Hence, the measured photodetector current
or voltage signal has to be converted into a deflection signal (DFL) in
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nanometers and subsequently into measured forces. One routinely used
method to obtain the position sensitive photodetector calibration in this
work is to measure the linear slope of a force curve acquired on a ”hard
surface” (see section 2.1.4 ).

Normal spring constant calibration:

The calibration is necessary when performing quantitative force mea-
surements between two interacting surfaces. The DFL signal is converted
into a force by approximating the cantilever as a spring following the
Hooke’s law see equation(2.1).

F = k · x (2.1)

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

The force is assumed to only depend on the cantilever deflection and the
cantilever normal spring constant. It underlines the importance of high
accuracy in determination of the normal spring constant for conversion of
recorded deflection to the force.

The nominal spring constant of cantilevers is often provided by the
manufacturer. The nominal spring constant value is only based on ge-
ometric considerations and has generally not been measured. Thus, the
spring constant value may differ from probe to probe due to slight varia-
tions in the probe material thickness and the possible presence of defects.
It has also been shown that the measured spring constant value may dif-
fer as much as 50% from the value provided by manufacturers [48]. High
accuracy force measurements require calibration of each individual probe
prior to measurements. There are several frequently used methods to per-
form the spring constant calibration:

The Cleveland added mass-method. [49]

This method is based on measuring the spring constant by adding a
known mass to the end of the cantilever [49]. The added mass is usu-
ally a spherical particle with size of a few micrometers. The resonance
frequency of the cantilever is measured first without the additional mass
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and then after the particle was attached to the cantilever. There are two
approaches to measure the resonance frequency usually applied. The first
is a low amplitude TappingMode frequency sweep. The second is based on
acquiring the power spectral density thermal oscillations of the cantilever.
The equation(2.2) used to calculate the spring constant value k as:

k =
(2π)2 ·M

1
f2
1
− 1

f2
0

(2.2)

where f0 is the resonance frequency of the cantilever without additional
mass. f1 is the resonance frequency of the cantilever with the additional
mass. M is the added mass.

This method has two main disadvantages. The position of the added
particle on the cantilever is crucial and it is challenging to achieve precise
particle positioning at the very end of the cantilever. Thus, placing of the
probe particle closer to the base of the cantilever leads to a smaller effect of
the additional mass on the resonance frequency than predicted. The sec-
ond disadvantage is that the calculated particle mass is assumed to be very
precise and the calculation is done using the assumption that the particle
is ideally spherical. However, the particles could not often be perfectly
spherical and the calculated mass value can deviate from the true particle
mass. One advantage of this method is that any special equipment is not
required but the particle attachment and detachment is time consuming.
Moreover, there is a risk of damaging the cantilever during the particle
attaching and detaching procedure. The uncertainty in spring constant
determination using this method was previously reported as 15% [48] and
was recently even further improved.
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The Sader method.

The Sader method is based on calculation of spring constant from de-
termined geometrical cantilever parameters [50, 51]. The spring constant
of a rectangular, ”diving board” type cantilever could be calculated using
this method as shown in the following equation(2.3):

k = 7.5246 · ρf · ω2 · L ·Q · f 2
0 · Γi (Re) (2.3)

where ρf is the density of the media (typically air), Q is the quality
factor, Γi(Re) is the imaginary component of the hydrodynamic function.
L is length of the cantilever and f0 is its resonance frequency.

The Sader method is comfortable to use for spring constant determi-
nation, since the resonance frequency and the quality factor can be easily
and reliably measured with the AFM software in most commercial devices.
The cantilever dimensions can be precisely determined with SEM or even
optical methods and the air density and viscosity could also be accurately
determined. The only limitation of this method is that it is aimed for rect-
angular cantilevers. It is more complicated to use the Sader method for
”V-shape” cantilevers. The uncertainty in spring constant determination
using this method was previously reported as 10% [48].

Calibration against a known standard.

This method is based on using a cantilever with an already accurately
determined spring constant. The calibration procedure is the next: a
force curve between the cantilever of interest and the reference cantilever is
measured at the end of a reference cantilever. Then, the acquired slope, i.e.
deflection sensitivity, on the force curve taken on the reference cantilever
is compared to the slope on a hard surface to evaluate the spring constant.
The calculation is performed using equation(2.4):

k = kref ·
(

Sref

Shard
− 1

)
(2.4)

where Sref and Shard are deflection sensitivities measured on the refer-
ence sample and the hard surface. Here, kref is the spring constant of the
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reference cantilever.

On one hand this method looks quite attractive to be used for spring
constant calibration due to its relative simplicity and non-destructive mea-
surement. For instance, this method is well suited to measure stiff can-
tilevers constants, such as the ones used in nanoindentation experiments [52].
However, the force curve should be collected as close as possible to the end
of the reference cantilever to minimize the stiffness effect of the reference
cantilever. It is known that the cantilever stiffness is gradually increasing
closer to its base. Thus, positioning of the cantilever tip on the refer-
ence cantilever becomes crucial and time consuming, and may lead to an
offset in determined spring constants. The correction to this offset was
suggested in 1995 by Sader J. [50]. Also, as it follows from the equation
(4), the calculation of the spring constant strongly depends on the pre-
determined spring constant of the reference cantilever. The uncertainty
in the determined spring constant of the reference cantilever introduces a
systematic error in the calibration. The uncertainty in spring constant de-
termination using this method was previously reported as 10% to 30% [48].

The thermal tune method.

This non-destructive procedure to determine spring constant of individ-
ual cantilevers was introduced by Hutter and Bechhoefer in 1993 [53]. The
calculation of thermal noise using the equipartition theorem, was further
extended for all possible vibration modes by Butt in 1995 [54]. The prin-
ciple is based on the assumption that the cantilever is a simple harmonic
oscillator. For instance, for a cantilever with spring constant of 0.05 N/m
the amplitude of thermal oscillations will be in the range of 0.3 nm [53].
The cantilever thermal oscillations are related to its thermal energy, using
the equipartition theorem, it is shown in equation(2.5):

k =
kB · T
〈z2c 〉

(2.5)

where kB is the Boltzmann constant, T is the temperature, and 〈z2c〉 is
the mean square displacement.
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In order to determine spring constant, it is first required to acquire the
power spectral density of the cantilever thermal oscillations. Then, the
resonance peak area has to be integrated to calculate the mean square
displacement. At least, two corrections are often taken into account. The
cantilevers do not exactly behave as ideal springs and their oscillatory
modes may vary from a simple oscillator. To account for this issue Butt
proposed to use beam theory and the bending modes of the cantilever to
derive equation(2.5) [54]. The correction for the fundamental mode will
modify the equation(2.5) and will yield to the equation(2.6):

k = δ · kB · T
〈z2c 〉

(2.6)

where δ is a correction constant.

The difference in the constant δ between rectangular and v-shaped can-
tilevers is relatively small and it was calculated to be 0.971 for rectangular
cantilevers and 0.965 for the V-shaped type [55]. It was also established
that the measured cantilever deflection may differ from the actual displace-
ment of the cantilever due to angular changes in the cantilever position.
This will further modify the equation(2.6) to the following equation(2.7):

k = 0.817 · kB · T
〈z∗2c 〉 (2.7)

where 〈z∗2c 〉 is the virtual cantilever displacement.

This method has showed high accuracy in spring constant determina-
tion and the uncertainty with this method was previously reported as
5% [56]. Moreover, this is a highly non-destructive method and the risk to
damage or destroy the cantilevers and their tips during calibration proce-
dures is low. However, this method is not reliable to be applied to calibrate
spring constants of ”stiff”, i.e. high spring constant, cantilevers. The rea-
son is minimal thermal oscillations of stiff probes and, as a result, the
evaluation of the virtual cantilever displacement based on acquiring the
power spectral density spectra becomes complicated. In overall, among all
discussed methods, the thermal tune method looks very attractive for the
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routine use for spring constant calibration due to its relative simplicity,
non-destructive procedure and ability to calibrate both rectangular and
V-shaped cantilevers. Also, this is probably the most suitable method to
calibrate cantilevers for force measurements, when very ”soft” and ”soft”
probes are used and the calibration procedure is highly required to be
non-destructive.

Calibration of torsional and lateral spring constant.

The lateral and torsion spring constant calibration is crucial for ac-
curate friction measurement. The calibration of lateral spring constant is
more complicated than the calibration of the normal spring constant, since
the lateral deflection sensitivity is more difficult to determine accurately.
Also, the lateral stiffness of the cantilevers is often much higher than the
normal stiffness. The lateral spring constant could be related to the tor-
sional spring constant as is shown in the following equation(2.8) [57]:

klat =
kφ
h2

(2.8)

where h is the torsional moment arm, or usually attributed to the height
of the probe and kφ is the torsional spring constant.

It is sometimes more preferable to determine the torsional spring con-
stant and use the value to calculate the lateral spring constant. The
torsional spring constant could be calibrated using various methods pre-
sented in literature. For instance a few of them are the methods introduced
by Liu, using an optical geometry approach [58] and Bogdanovich using
a method based on simultaneous measurements of both normal and lat-
eral deflections of the cantilever on a sharp surface feature by collecting
force curves [59]. As shown in [59], the torsional spring constant can be
calculated from the resulting torque using equation(2.9):

klat · φ = F · α (2.9)

where kφ is the torsional spring constant, φ is the bending angle, F is the
applied load and α is the length of the lever arm.
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Another method used to calibrate the lateral spring constant is based
on using a colloidal probe and measuring lateral sensitivity deflections, see
for instance [57]. An example of AFM lateral force imaging of a micro-
contact printed gold surface with hexadecanethiol is shown in Fig.2.6b.
In the LF image stripes of molecules on the surface are clearly observable
in Fig.2.6b, whereas the stripes are barely seen on the height image in
Fig.2.6a.

(a) (b)

Figure 2.6: 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.

2.1.4 Force spectroscopy and colloidal technique

The main aim of force spectroscopy is the direct study of the interaction
surface forces. The force interaction across a medium between two inter-
acting surfaces is of fundamental importance in colloidal, surface, biologi-
cal science, etc. The knowledge of the interaction forces between surfaces
measured with force spectroscopy may also significantly contribute to the
applied sciences. One of the main advantages of using AFM to measure the
interaction forces is that the measurements can be carried out in air, liq-
uids, gases and vacuum. This seriously broadens the applicability of force
spectroscopy with AFM in variety of applications. The knowledge ex-
tracted by analyzing the collected force curves provides information about
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nature of the interaction forces and about surface charges, adhesion, elas-
ticity [60], hardness and many other important surface properties. Inter-
estingly, the forces can be measured not only between solid-solid inter-
faces with AFM, but it was also reported between cantilever particle and
charged microbubbles in liquids [32] and between an oil droplet attached
to the cantilever and an oil droplet on the surface in liquids [61]. The anal-
ysis of the collected force curves often requires applying theoretical models
to fundamentally understand the surface-surface interaction. Commonly
used models to analyze the particle-particle interaction in liquid are DLVO
and DLVO-ex models and in air the frequently used models are Hertz,
DMT, JKR and Maugis [25]. However, the AFM is not the only tool to
measure surface forces. The alternatives are the specially designed surface
force apparatus (SFA), first invented by Israelachvili in 1978 [62] to mea-
sure surface forces and total internal reflection microscopy (TIRM) [63].
In case of SFA the forces are measured with high force resolution up to 10
nN between two molecularly smooth surfaces of mica. The separation in
SFA is measured using interferometry techniques. There are several main
differences between AFM and SFA. First of all, AFM provides much better
force resolution than SFA, but the shape of interacting surfaces could not
be accurately defined. The forces could be measured with AFM between
various materials of different sizes and shapes and using variety of colloidal
probes, while SFA is limited to transparent molecularly smooth samples,
which could be either mica sheets or thin absorbed layers of materials on
mica plates. Also, it is impossible to conducted hardness and elasticity
measurements using SFA. Though, the separation distances between inter-
acting surfaces are more precisely determined with SFA than with AFM.
In TERS measurements the measurements are conducted between a single
particle and a flat plate in an aqueous environment. The separation dis-
tance is determined by measuring the intensity of scattered light from the
spherical particle and then calculated with algorithms proposed in [63].
The potential energy profile is evaluated using the Boltzmann’s equation
as proposed in [63]. The main advantage of TIRM over AFM is that the
colloidal particle is not attached to the probe and the interaction between
the particle and surface is not affected by any other factors. However,
there is one serious limitation of TIRM. It is only applicable when repul-
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sive forces are the main interaction forces. In case of a strong attractive
forces, the colloidal particle will simply attach to the plate surface. Also,
TIRM can only be used in liquid environments.

The basic principle of the force spectroscopy with AFM is the follow-
ing: the cantilever deflection signal versus piezo height is recorded during
approach of the cantilever tip towards the surface and then retract from
the surface. A typical recorded interaction curve is shown in Fig.2.7a.

(a) (b)

Figure 2.7: A typical force curve showing the dependence of cantilever deflection (DFL) versus
z-piezo position is shown in (a). The approach and retract curves are shown. The same curve
converted into force versus separation distance is shown in (b). Zero force region means that
there is no interaction force between the cantilever tip and the surface and the tip is far from
the surface.

Two curves are generally collected, the first is called on approach, when
the cantilever is approaching the surface. A snap-in onto the surface occurs
due to van der Waals attraction at short separation distances. This curve
provides information about the interaction forces on approach (loading),
such as the nature of forces, interaction distances, and magnitude of the
force. The second, is the retract curve, when the cantilever is retracting
from the surface and then snap-out of the surface occurs due to extending
of the interaction forces, often mainly adhesion forces. This curve is com-
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monly used to extract information about adhesion and adhesion energy.
To obtain the force versus separation curve, as shown in Fig.2.7b, the can-
tilever deflection and piezo displacement have to be converted into force
and separation distance, respectively. This procedure is well described
in [27, 64]. The basic principle of the conversion procedure is the follow-
ing: (i) the photodetector sensitivity, i.e. the slope on the contact region,
see Fig.2.7a, is calculated; (ii) the deflection signal is converted to units of
distance by subtracting the zero deflection signal from the deflection and
then dividing by the photodetector sensitivity; (iii) the deflection signal
in nm is then converted to nN using the Hooke’s law and the determined
spring constant of the cantilever. The piezo displacement is converted into
separation distance by using the contact position. The determination of
exact contact position is crucial. A various approach to determine the
point of zero contact, i.e. contact position, may be required depending
on interacting surface properties. For instance, several common situations
which may occur such as the cantilever tip interaction with a hard surface
or a deformable surface, with or without the presence of surface forces,
were in details described by Buttet.al [27]. If the contact position is de-
termined accurately, then the conversion of the piezo displacement into
separation distance is conducted by subtraction of the contact position
from the piezo displacement and then subtraction of the cantilever deflec-
tion.
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Colloidal technique.
The colloidal technique is an extension of the classical AFM force mea-
surements using ordinary cantilevers with common cantilevers tips. The
particles, usually of well-defined geometry and chemical composition are
used as probe colloids and are attached to the end of tipless cantilevers.
A simple sketch of the colloidal probe technique is shown in Fig.2.8.

Figure 2.8: A simple sketch of the colloidal probe method. A large magnetite particle is used as a
colloidal probe and interacts with either a similar large particle or with a layer of nanoparticles
in liquid environment.

This technique was first introduced by Ducker in 1991, when a spher-
ical silica particle was glued to the cantilever and used as a probe in
the force measurements [1]. There are several ways to attach a colloidal
particle to the end of a cantilever. The most usual way is to use epoxy
glue or non-cross-linked polymers, melting at specific temperature, to at-
tach the particles. Also, an alternative attachment procedure was used
to attach borosilicate glass particles using glycerol for pre-attachment of
the particles and then heating up the cantilever to the softening point of
borosilicate to make it stick to the cantilever and evaporate glycerol [65].
The main advantage in using the colloidal technique is that the radius of
the spherical probe particles could be precisely determined and particle
surface roughness is usually very low. This allows better quantitatively
analysis of the measured forces. It is still not an obligatory requirement
to use only perfectly spherical particles as probes. Basically, any particle
of interest can be used as probe. However, the analysis of the measured
forces will be more qualitative than quantitative due to undefined probe
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geometry and the possibility of few-asperity surface contacts. Also, not
only microsize particle can be used as the colloidal probe. It has fre-
quently been reported about successful use of nanosize particles as probe
particles [66]. The colloidal probe technique was also proven to be very
useful in measuring adhesion forces. Such adhesion force measurements
using the colloidal probe technique were shown to significantly contribute
in several technical applications, such as flotation, surface coatings, drag
delivery and inhalation systems for drugs, paper making, printing, stain-
less steel producing and polishing, etc. [67, 68]. One important remark
on performing force measurement in liquid environment is a possible dis-
turbance of force measurements by the hydrodynamic drag forces on the
cantilever [69]. The hydrodynamic drag could be eliminated by decreasing
either the approaching or retracting speed in the experiment. Also, effects
from hydrodynamic drag can be corrected 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.2.9.

Figure 2.9: Force curves measured on a muscovite mica surface in solution before (dotted lines)
and after (solid lines) hydrodynamic drag correction.
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2.2 Theory of surface forces in aqueous medium

The force interactions between sample surfaces through a medium are
usually attributed as surface forces, whereas forces that are responsible to
hold samples in contact are usually attributed to the adhesive forces. The
fundamental knowledge of intermolecular interactions is essential for var-
ious areas of physics, chemistry and nanotechnology. The surface forces
could be characterized as short-range and long-range forces depending on
the separation distances when the forces start to act. The following forces
are usually occurring during surface-surface interactions:

The van der Waals forces.

The van der Waals force occurs between atoms and molecules and con-
sist of dipole-dipole, dipole-induced dipole and dispersion forces and is
proportional to 1/r 6, where r is the distance between the atoms. Van der
Waals forces are always present in surface-surface interactions. The three
contributions to the van der Waals force are:

- The forces occurring between two molecules with permanent dipoles
for polar molecules or charges for molecular ions. This dipole-dipole force
is referred to as the Keesom force. These forces are known to be dependent
on atom electronegativity [70].

- The forces occurring during interaction between induced dipole with
a permanent dipole of molecules. These forces, initiated by dipole-induced
dipole interaction, are usually attributed as Debye forces or the induction
forces.

Keesom and Debye force interactions exist only for polar molecules.

- The forces occurring due to interaction of fluctuating dipole and in-
duced dipole. Such interactions are attributed as London forces or dis-
persive forces. The dispersion force is the most important among other
contributions to the van der Waals force, since all materials are polarizable,
whereas Keesom and Debye forces require permanent dipoles.

The van der Waals force can be evaluated using the Hamaker ap-
proach [71]. However, the effect of retardation, i.e. when two atoms
interact on large distances and the dispersion energy decays faster than
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1/r6, is not taken into account in this approach. The sphere-plane interac-
tion can be calculated using the Hamaker approach and the equation(2.10)

FvdW =
A ·R
6 ·D2

(2.10)

where Ah is the Hamaker constant, R is the radius of the sphere and D
is the separation distance.

The constant Ah is fundamental in every type of interaction and pro-
vides information on the interaction strengths. Lifshitz suggested a few
improvements to the Hamaker approach in order to avoid the additivity
problem, i.e. when the van der Waals interaction between two molecules
is disturbed by the presence of a third molecule, and assuming the macro-
scopic bodies as a continuum media [72]. One important remark on the
van der Waals force is that the dispersion force, i.e. the London force,
in a medium can be attractive, vanished or be repulsive, whereas Keesom
and Debye forces are always attractive. Also, the van der Waals attractive
forces are the main forces responsible for the often occurring cantilever
jump-into-contact effect. The distance of the jump-into-contact can be
approximated with equation(2.11), which is based on the van der Waals
forces as it was presented in refs [73, 27]:

dsnap =
3

√
A ·R
3 · ks (2.11)

where ks is cantilever spring constant.

The double layer forces.
The ions present in solution and charged surfaces form so called double

layer. This effect was first described by Hemgoltz, as the ion attraction to
the surface and creation of an ion layer with an opposite charge sign. The
classical theory to explain the double layer is Gouy-Chapman-Stern theory.
The classic model suggests that ions first build a layer at the surface. This
ion layer can attract the remaining free ions of opposite charge signs in
the diffuse layer. Grahame improved the Stern theory and introduced the
commonly used description terms such as the inner Hemgoltz plane (IHP),
i.e. the first adsorbed ion layer, and outer Helmgoltz plane (OHP), i.e.
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the second ion layer interacting with the first [74]. A sketch explaining
the double layer is shown in Fig.2.10.

Figure 2.10: A sketch presenting the common double layer concept.The specifically adsorbed
ions to the surface form the so called inner Hemgoltz plane (IHP). The ions in the IHP attract
the counter-ions from the diffuse layer and form the outer Helmgoltz plane (OHP).The length
of the IHP and OHP is commonly attributed as the Stern layer.

In case when two surfaces approach each other in solution their dou-
ble layers will perturb and the occurred interaction force is attributed,
as the double layer force. These forces occur due to surface charging at
interfaces in liquids. The charging can appear because of dissociation of
surface groups and ion absorption from the solution. The double layer
forces are often clearly repulsive when two surfaces have the same surface
charge sign but may be attractive when the charge signs at surfaces are
different [25]. Also, the double layer force is dependent on the electrolyte
concentration. To analyze the double layer forces measured with AFM, an
approach suggested by Butt [75] based on the constant surface charge as-
sumption and using the Derjaguin approximation is often used. However,
it is often more convenient to analyze measured double layer forces us-
ing approximate expression derived for the case of constant potential [76].
The surface potentials can be measured using electrophores technique.
The approximate expression is shown in the following equation(2.12):
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FDL = 4 · π · ε · ε0 ·R ·Kd · ψ1·ψ2
· e−Kd·(d) (2.12)

where ε0 is the permittivity of free space, ε is the permittivity of the
medium, ψ1 and ψ2 are the surface potentials,K−1

d is the Debye length,
i.e. double layer thickness, R is the probe radius, and d is the separation
distance.

However, this formula(2.12) is only well applied when the surface po-
tentials are less than 30 mV.

The solvation and hydration forces.

The solvation forces occur on very small separation distances of a few
nanometers when the solution molecule layers are squeezed between two
surfaces [77]. The oscillatory interaction force, often attributed as the sol-
vation force, occurs due to density fluctuations and specific interactions.
Due to their oscillatory behavior the solvation forces are a combination
of interchanging repulsion and attraction. In case when two hydrated
surfaces, like in case of hydrophilic surfaces, are in contact the repulsive
forces in the range of 1-3 nm are often observed. This observed repulsion
is attributed as energy required to remove the water of hydration from
the surface due to H-bonding of liquid water molecules. Such short-range
repulsive force is attributed to the hydration force [78].

The hydrophobic forces.

The attractive interaction of two hydrophobic surfaces is often at-
tributed as the hydrophobic force [79]. The fundamental understanding
of these hydrophobic forces is still not completed. There are several hy-
potheses to explain the origin of the force. The most promising seems
to be the previously reported, where the attraction is explained by the
formation of gas nanobubble bridges on the surfaces [80, 81]. Also, the
hydrophobic interaction was proven to be stronger than attractive van der
Waals forces [82].
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The steric forces.

These forces usually appear when one surface is covered by thermally
mobile chains of molecules and interacts across a medium with another
surface. Such interaction will lead to overlapping of the molecular chains
and results in repulsive entropic forces. The repulsive forces observed when
the interacting surfaces have thermally mobile surface groups are usually
attributed as the steric forces [83] and are common in polymer sciences.
There is still no good comprehensive theory to describe the steric forces.

2.3 The DLVO model

The explanation of particle-particle interaction in liquid environment can
often be given in a quantitative way by the DLVO model, named after
Derjaguin, Landau, Verwey and Overbeek. This model was developed to
describe the forces between charged surfaces interacting in a liquid medium
in the 1940s [84, 85] and is often used [86]. The DLVO model combines
van der Waals attraction and the electrostatic double layer repulsion and
can be expressed via equation(2.13):

F = FvdW + FDL (2.13)

where F vdW and FDL are contributions to the net force from the van
der Waals attraction and the double layer repulsion.

This model was shown to adequately describe the measured particle-
particle interactions with AFM in a variety of investigations. The mea-
sured force curves on approach with AFM are often analyzed using the
DLVO model. This model is used to fit the experimental data or to con-
duct modelling of the interaction. One example of interaction simulation
between a sphere and flat surface conducted using the DLVO model is
shown in Fig.2.11.
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Figure 2.11: Simulated interaction curves using the DLVO model.The solid line corresponds to
the interaction simulated using the entire DLVO model, while dashed and dotted lines correspond
only to a repulsive or attractive DLVO term respectively.

The equation(2.10) is used to calculate the van der Waals component
of the net interaction force in case of a sphere-flat surface interaction.
The electrostatic contribution to the net force can be obtained by solving
the Poisson-Boltzmann equation for the potential distribution in the liq-
uid. The numerical solution of the non-linear Poisson-Boltzmann equation
for the case of sphere-flat surface was accomplished and reported in [87].
The linear approximation to calculate the contribution from the double
layer forces based on the constant potential assumption is shown in equa-
tion(2.12). The DLVO electrostatic contribution term is often used to fit
the repulsive part of the force curve on approach to extract information
about the exact Debye length, i.e. double layer thickness. This is possible
when both surface potentials are accurately determined and the spherical
probe radius is determined with high accuracy. The equation(2.14) is used
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to describe the DLVO interaction forces:

Fdlvo =
A ·R

6 · (d+ d0)
+ 4 · π · ε · ε0 ·R ·Kd · ψ1·ψ2

· e−Kd·(d+d0) (2.14)

where ε0 is the permittivity of free space, ε is the permittivity of
medium, ψ1 andψ2 are the surface potentials,K−1

d is the Debye length,
i.e. double layer thickness, R is the probe radius, d is the separation dis-
tance, d0 is the ”cut off” distance and A is the Hamaker constant.

The curve fitting of the DLVO model to the experimental data is often
performed to determine the Hamaker constant. This constant is not trivial
to accurately determine experimentally and is of fundamental importance
for particle-particle interaction across a liquid medium. An alternative
way to evaluate the Hamaker constant is by using the jump-into-contact
effect as proposed by Das S. [88]. The Hamaker constant is evaluated from
the cantilever deflection at the jump-to-contact using the cantilever spring
constant and determined the tip curvature radius. The Hamaker constant
can be calculated using the snap-in effect via the following equation(2.15):

A =
24 · ks · h3

j

27 ·R (2.15)

where h3
j is the distance at which the jump-into-contact occurs.

However, as it was discussed in section 2.2, the repulsive and attractive
forces may also arise from other interaction forces, such as solvation, hy-
dration and hydrophobic forces. These forces are not taken into account
in the classical DLVO model and are usually attributed as non-DLVO
forces [89]. In the presence of strong non-DLVO forces the classical DLVO
model cannot be used to reliably describe the particle-particle interac-
tion and to fit experimental data. On this ground the extension of the
DLVO model was proposed taking into account the contributions from
the non-DLVO forces [90]. This extended DLVO model was then rou-
tinely improved over many years and have shown good applicability to
describe the force interactions in the presence of non-DLVO forces [91].
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2.4 Models to calculate adhesion

The adhesion force is a quantitative measure of adhering tendency between
two surfaces caused by elastic deformation, surface roughness and interfa-
cial surface energy. The adhesion force represents a combination of several
forces involved in adhering process. These forces are usually suggested as
van der Waals, electrostatic, capillary and chemical bonding forces or acid-
base interactions. In aqueous solutions the main forces contributing to the
adhesion are electrostatic and van der Waals forces, whereas the capillary
force is almost neglected. The adhesion force or often called pull-off force
can be measured with AFM. This is done via evaluation of the collected
force curves on retract. Also, the work of adhesion can be extracted from
the force curve on retract. A typical retracting force curve and a schematic
explanation of a simple approach to evaluate the adhesion force and the
work of adhesion is shown in Fig.2.12.

Figure 2.12: A sketch of a typical force curve on retract with an illustration of the evaluation
of the adhesion force using the height of a force step (dH)and evaluation of work of adhesion
(W) corresponding to the dashed area on the plot.

The key point of this approach is to determine the height of a force
step from the force curve on retract dH and using the Hooke’s law, i.e.
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F=dH ·k to calculate the adhesion force. The shaded area on the force
curve is attributed to the work of adhesion (Wadh).

A usual approach to evaluate adhesion force from the pull-off force mea-
surements with AFM is based on using continuum contact mechanics mod-
els. The two most frequently used models to evaluate adhesion from the
AFM force measurements are JKR (Johnson, Kendall and Roberts) [92]
and DMT (Derjaquin, Muller, Toporov) [93]. In the DMT model, for the
interaction between an elastic sphere and a flat surface, the interaction is
due to the external applied load and the long-range forces acting between
two surfaces outside the contact region. The following analytical equa-
tion(2.16) is used to describe the dependence between adhesion force, i.e.
pull-off force, and work of adhesion, i.e. the required energy to separate
two surfaces:

FDMT = 2 · π ·R ·W12 (2.16)

where R is the probe radius and W12 is the work of adhesion.

The DMT model is best suited to the cases when hard materials are
interacting having low surface energy and small curvature radius of the
sphere. In JKR model, for the interaction between an elastic sphere and
a flat surface, the interaction is due to the external applied load and the
short-range forces acting between two surfaces inside the contact region.
The following analytical equation is used to describe the correlation be-
tween adhesion force and work of adhesion(2.17):

FJKR =
3

2
· π ·R ·W12 (2.17)

where R is the probe radius and W12 is the work of adhesion.
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The JKR model is best suited to the cases when soft materials with
high surface energy and large spherical probes are used. The work of
adhesion can be calculated using determined Hamaker constants in the
measurements and with the following equation(2.18):

W12 =
A12

12 · π ·D02
(2.18)

where A12 is the Hamaker constant for a particle-surface interaction in
solution and D0 is the ”cut off” distance, i.e. interatomic spacing, dis-
tance [94].

However, if plastic or elasto-plastic deformation occurs, the DMT and
JKR models are not valid. In this case the most suited model is the
Maugis and Pollock (M-P) model used for full plasticity [95]. The DMT
and JKR models are the opposite limits of the complete contact behavior,
since DMT can accurately be applied for stiff materials, while JKR is only
accurately applied for soft materials. Accounting on these limitations,
Maugis proposed the most complete and accurate theory [96] that applies
to all materials. The various properties of the used materials are described
in this model by a dimensionless parameter λ. The early measurements
of adhesion between a sphere probe and flat surface interaction systems
revealed much lower adhesion values than could be expected from the eval-
uated adhesion using JKR and DMT models. This significant difference
between the measured and calculated adhesion forces was explained by
the surface roughness effect [27]. The first simple theoretical model taking
into account the nanoscale roughness was proposed by Rumpf [21]. The
Rumpf’s model is based on introducing a single hemispherical asperity
centered at the surface and using the analytical equation(2.19):

FRumph =
A

6 ·D2
0

⎡
⎢⎢⎢⎣
r ·R
r +R

+
R(

1 +
r

D0

)2

⎤
⎥⎥⎥⎦ (2.19)

where r is the radius of the asperity.
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However, the asperities on the surfaces could not be completely ade-
quately treated as hemispherical. Also, there is a clear difficulty to experi-
mentally measure the radius of such an asperity. Rabinovich et.al [22] has
proposed an improvement to the Rumpf’s model by taking into account
the measured surface roughness on short and long peak-to-peak distances.
The equation (2.20) was proposed to calculate the adhesion as:

FRabinovich =
A ·R
6 ·D2

0

⎡
⎢⎣ 1

1 + 58·R·rms2
λ2
2

+
1

1 + 58·R·rms1
λ2
1

(
1 + 1.82·rms2

D0

)2

⎤
⎥⎦ (2.20)

where rms2 is the roughness on the short peak-to peak distance λ2, and
rms1 is the roughness on the long peak-to peak distance λ1.

2.5 Sorption at solid-liquid interface

Sorption is a general way to describe various possible processes contribut-
ing to the attaching of substances or molecules at the solid-liquid interface.
The most common examples of sorption are adsorption and surface pre-
cipitation. Hydroxyl groups on minerals, for example, iron oxide, silicon
oxide and bentonite, are affected when immersed in water. The hydroxyl
groups on iron oxide and bentonite edges could be written as ≡Fe-OH and
≡Al-OH. These hydroxyl groups are responsible for reactions with chemi-
cal species in solution. The interaction between surface groups and ions or
molecules in solution may form stable molecular surface complexes. These
surface complexes could be bonded to the surfaces via chemisorption, i.e.
direct attachment to the surface groups and formation of covalent or ionic
bonds, and physisorption, i.e. attachment when weaker interaction forces
are involved, such as van der Waals force and hydrogen bonding. This
formation of surface complexes is strongly influenced by the solution pH,
ionic strength and temperature. The net charge can be adjusted by pro-
tonation and deprotonation by varying pH of the solution. The condition
when the net surface charge is zero is referred as the point of zero charge
(PZC). The PZC of magnetite is around pH 7 [3] and the PZC of silicon
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oxide is around pH 3 [97]. In the analysis of AFM measurements using, for
instance, the DLVO model it is convenient to measure the zeta-potential.
The adsorption or desorption of chemical species from the surface may
change the zeta-potential of the surface. The zeta-potential can be de-
termined using the electrophoresis technique. The potential is measured
at the shear plane. The condition when the zeta-potential is zero is the
isoelectric point (IEP).
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Chapter 3

Experimental part

3.1 Materials

Synthetic magnetite (Fe3O4) and natural magnetite.

The synthesis procedure based on co-precipitation of Fe(II) and Fe(III)
chlorides with ammonia solution was used to synthesize the magnetite
nanoparticles, as described in [98]. The surface properties and crystal
structure of synthesized magnetite were studied in [8, 16]. The average
size of the synthesized nanoparticles is around 10 nm according to a TEM
study [8] and AFM characterization [68]. The magnetite suspension was
stored in a refrigerator to minimize magnetite nanoparticle oxidization.
Natural magnetite particles were supplied from the pelletizing plant in
Malmberget (LKAB, Sweden) and their purity was about 97% [99]. The
crystal structure of the natural magnetite particles was confirmed with
XRD measurements prior to the AFM study. The obtained XRD spectrum
of natural magnetite particles is presented in Fig.3.1 and corresponds to
magnetite (Fe3O4).

45
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Figure 3.1: The XRD pattern of the natural magnetite particles used in the measurements.

Figure 3.2: The EDS spectrum of the sodium exchanged bentonite clay used in the measurements
as colloidal probe particles and for bentonite suspension preparation.
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Bentonite clay.

Sodium activated calcium bentonite (Milos, Greece) was supplied from
Minelco. The bentonite was additionally ion exchanged in a 0.6 M aqueous
solution of NaCl prior to use. The bentonite in the study was similar to
the used and characterized bentonite in [10, 100]. The chemical composi-
tion of bentonite probe particles was characterized with energy dispersive
spectroscopy (EDS). The EDS characterization of the bentonite prior to
AFM measurements is shown in Fig.3.2 and is similar to the chemical
composition of 52% SiO2, 16% Al2O3, 6% CaO, 4% MgO, 2.5% Na2O, 4%
Fe and 7% K2O bentonite clay as reported in [100].

Silicon oxide.

Spherical nonporous silica particles were already attached to the can-
tilevers and were supplied from sQube (Germany). The spherical silicon
dioxide particles with diameters of 4 μm, supplied from Sigma-Aldrich
(Switzerland) were used to measure zeta-potential.

The samples for AFM and VSI comparison.

Four commercially available AFM calibration grids TGG-1, TGZ-2,
TGZ-3 and a square grid (NT-MDT) were used in measurements to com-
pare AFM and vertical scanning interferometry (VSI) techniques to study
surface roughness. Also, a three stage plateau honed cast iron surface
was used as a ”real” surface. The TGG 1 grid consists of triangular steps
formed on a Si substrate with an edge angle of 70 ◦ and periods of 3 μm.
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 steel surface was indented with marks at four lo-
cations to make it possible to find and characterize the same surface area
with AFM and VSI.
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Spherical iron particles.

The spherical iron particles with diameters of 1.5-2 μm supplied from
Polysciences, Inc. are used in the magnetic force measurements.

Solution preparations.

A small amount of epoxy glue was used to attach magnetite and ben-
tonite particles to the end of AFM cantilevers. Deoxygenated Milli-Q wa-
ter with a resistivity of 18 MΩ was used for the solution preparation and
as reference liquid in force measurements. The water was degased using
the vacuum degasification method prior to the solution preparation and
the working solution was ultrasonicated prior to the AFM measurements.
Calcium chloride (CaCl2 ·2H2O, 95%, Riedel-de Haen) and NaCl salts
were used for aqueous 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 aque-
ous HNO3 acid for 1 hour and afterwards washed with acetone, methanol
and Milli-Q water before magnetite and bentonite particle deposition.

3.2 Methods

3.2.1 Surface morphology and topography characterization

The atomic force microscopy was used to characterize surface topography
of magnetite and bentonite films and natural magnetite particles. Also,
the height profile of the calibration grids and the cast iron surface were
measured with AFM and VSI. An NTEGRA AFM (NT-MDT) micro-
scope, using 100 μm sample scanner equipped with capacitive sensors and
14 μm equivalent closed-loop sample scanner and a Solver AFM (NT-
MDT) were used. The most used AFM probes were soft tapping mode
probes NSG-01 (NT-MDT) with a nominal spring constant of 5.1 N/m
and contact mode probes such as PNP-DB (Nanosensors) with nominal
spring constant of 0.48 N/m and CSC-21 (NT-MDT) with nominal spring
constant of 2 N/m. The VSI measurements were performed using A Wyko
NT 1100 vertical scanning interferometer equipped with a 50X objective
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lens and 1X field of view lens. The lateral resolution of the VSI equip-
ment is optically limited to 0.55 μm. The scanning electron microscope
Jeol (JSM-6460) and AFM using phase mode were used to characterize
sample morphology. The height profile images of the square calibration
grid acquired with AFM and VSI clearly show optical artefacts introduced
by VSI and are shown in Fig.3.3a and Fig.3.3b. The AFM and VSI height
images of a cast iron surface are shown in Fig.3.4a and Fig.3.4b.

(a) (b)

Figure 3.3: The images of the measured square grid with AFM (a) and VSI (b). The optical
artefacts causing serious errors in measurement of the surface roughness are clearly observed
in the VSI image (b), whereas the image acquired with AFM (a) is used as a good reference.

(a) (b)

Figure 3.4: Topography images of the ”real” surface measured with AFM (a) and VSI (b).
The effect of the possible optical artefacts introduced by VSI technique on the surface roughness
measurement is less significant but can still be observed in the VSI image(a).
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3.2.2 Preparation of the colloidal probes

The probes used in the investigation were of two types: custom prepared in
the lab and commercially available probes with attached colloidal particles.
The custom prepared probes were of natural magnetite and bentonite
particles glued onto the 200 μm long V-shaped Si3N4 cantilevers (NP-S,
Bruker, Santa Barbara, CA). Also, the spherical iron oxide particles of 1.5
μm diameters were glued onto NP-S cantilevers and used in the magnetic
force measurements. The procedure to attach the colloidal particles to the
cantilevers was as follows:

- The AFM cantilever mounted in a holder was turned so the cantilever
side with a tip was pointing up. It was monitored with a light microscope
equipped with a CCD camera.

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

- A tiny amount of glue was deposited to the end of the cantilever by
accurate movement and approach of the wire.

- The deposited glue on the cantilever was let to cure for around 5-10
minutes and was then mounted in the AFM cantilever holder and placed
in the AFM head.

- The NTEGRA AFM with a 100 μm probe scanner was used as a pre-
cise and automatic 3-D manipulator to attach particles to the cantilever.

- The cantilever with deposited glue was positioned exactly above the
particle of interest and approached to the particle using the AFM approach
mechanism. The process was monitored using the CCD camera. The
particle attachment to the cantilever was continuously monitored on the
AFM DFL signal.

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

This procedure was slightly improved for glue deposition on the tipless
cantilevers. The tipless cantilever was approached to the glass slide covered
by a very thin layer of the epoxy glue using the AFM approach mechanism.
Only, the bottom side of the cantilever was immersed in the glue layer and
the cantilever was immediately retracted from the substrate. This process
was monitored using a light microscope equipped with a CCD camera. It
is important that only the very end of the cantilever is immersed in the
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glue. Else the upper side of the cantilever could be contaminated with
glue which affects the cantilever spring constant. The prepared colloidal
probes were characterized with optical microscopy and SEM. The SEM
images of attached microsize magnetite and bentonite particles at the end
of the cantilevers are shown in Fig.3.5a and in Fig.3.5b.

(a) (b)

Figure 3.5: SEM image of a representative natural magnetite particle glued to the AFM can-
tilever and used as a colloidal probe (a) and SEM image of the bentonite particle attached to
the AFM cantilever and used as a colloidal probe(b.)

The image of a spherical iron oxide particle attached to the cantilever
is shown in Fig.3.6.

Figure 3.6: Image of a 1.5 μm iron particle glued to the end of a NP-S cantilever.
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The silicon oxide spherical particles were attached to the tipless can-
tilevers with spring constants of 0.08 N/m as supplied. These probes were
characterized with SEM in low vacuum. One SEM image is shown in
Fig.3.7

Figure 3.7: A SEM image of a silica probe particle glued to the tipless cantilever acquired at
low-vacuum.
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3.2.3 Preparation of the films

In the investigation ”An atomic force microscopy study of the interaction
between magnetite particles: The effect of Ca2+ ions and pH” (paper I) the
glass substrates were covered by synthetic nanoparticles of magnetite and
natural magnetite particles. The deposition of natural magnetite particles
was performed by spreading magnetite particles on a glass slide covered
with a thin epoxy glue layer. The glue layer on the glass surface was pre-
pared thin enough to prevent magnetite particles to be fully immersed.
Thus, the upper particle surface was free of glue. This was confirmed with
light microscopy and AFM imaging. The glue layer on the glass substrate
was let to cure for about 15-30 min prior to the particle deposition. The
substrates with deposited magnetite particles were let to cure for 24 hours
and stored in a desiccator cabinet. These substrates covered with mag-
netite particles were characterized with AFM. The height images acquired
using contact mode are shown in Fig.3.8a and in Fig.3.8b.

(a) (b)

Figure 3.8: Three-dimensional AFM height images of the natural magnetite particles glued to
the glass substrate. The shape of the magnetite probe particles could be approximated as either
pyramidal (a) or triangular (b).

The deposition of magnetite nanoparticles on glass slides was performed
by the dip-coating technique with a Nima DC-multi 8 dip-coater. The
dipping speed was 8 mm/min for immersing and raising the glass slides.
The waiting time at the bottom, i.e. when the slide was fully immersed
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in the dispersion, was 300 s for each cycle. The total amount of cycles
was 15 to prepare one covered substrate. The magnetite dispersion was
significantly diluted and ultrasonicated for around 2 min prior to the depo-
sition. The same procedure was used to prepare substrates with deposited
fine layer of nano-magnetite in the papers (V and VI). The coated glass
slides with nano-magnetite particles were characterized with AFM. The
corresponding AFM height images of nano-magnetite layers, obtained in
TappingMode using soft NSG-01 cantilevers, are shown in Fig.3.9a and
Fig.3.9b.

(a) (b)

Figure 3.9: Typical AFM height images of the nano-magnetite layer on the glass substrate (a,b).
The average surface roughness (Ra)of the deposited layers is about 10-15 nm.

The images show that the substrates were homogeneously covered with
nano-magnetite particles with an average roughness (Ra) of about 10 nm
measured on 1 μm2 areas. The roughness increased slightly for larger mea-
sured areas. Similar coatings with nano-magnetite particles were analyzed
with SEM in ref. [9]. The layers of nano-magnetite were also investigated
after force measurements in aqueous calcium solutions to confirm that the
layer did not get destroyed or disappear. This investigation has shown
that the nano-magnetite layers remained almost unchanged without any
noticeable changes in layer homogeneity.
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(a) (b)

Figure 3.10: Typical AFM height images of bentonite layers deposited on the glass substrate
(a,b). The average surface roughness (Ra)of the deposited layers is about 3-4 nm.

(a) (b)

Figure 3.11: A AFM height image of a bentonite particle deposited on the mica surface by the
droplet method showing not completed bentonite nanolayers on the top (a). The cross-section
of the particle height profile is shown in (b) and the bentonite layer on the top has thickness of
about 3.0 nanometers.

The deposition of bentonite flakes on glass slides was performed with
the dip-coating technique but using a modified deposition procedure (pa-
per V), compared to the nano-magnetite deposition. The dipping speed
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was 5 mm/min for immersing and raising the glass slides. The total num-
ber of cycles was 3 to prepare one substrate. The dwell time at the bottom
was 3h-2h-3h during the cycles. The concentration of bentonite suspension
used for dip-coating was 1 g/L. The deposited bentonite layer on the glass
substrate was characterized with AFM in TappingMode with use of the
NSG-01 probe. The Fig.3.10a and Fig.3.10b show the fine homogeneous
bentonite layers with an average roughness (Ra) of about 3 nm. In addi-
tion, the characterization of individual bentonite particles deposited by a
droplet method on a mica substrate was performed to briefly investigate
the growing process of bentonite layers, see Fig.3.11a. A corresponding
cross-section of a bentonite particle is shown in Fig.3.11b, with the grow-
ing bentonite layer of thickness approximately 3 nm on top of the large
particle. The thickness of a single bentonite platelet is usually reported to
be around 1 nm [101] and the stable bentonite platelet complexes usually
consist of 3-4 single layers [101]. Bentonite colloids have frequently been
characterized with AFM by other, for instance, by Plaschke et.al. [102] but
not with focus on the growing process. Also, similar bentonite layers im-
mersed in water was characterized using cryo-scanning electron microscopy
with a Magellan 400 XHR-SEM instrument, as shown in Fig.3.12 which
was provided by Bhuiyan I. and Mouzon J. [100] (paper III).

Figure 3.12: The cryo-SEM image of the bentonite clay immersed in distilled water. The raising
and separation of bentonite flakes is observed.
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3.2.4 Zeta-potential and pH measurements

The electrophoresis technique was used to measure the zeta-potential.
The electrophoretic mobility data of the particles were collected using a
Malvern Zetasizer (Nano series Nano-ZS) instrument and evaluated. The
zeta-potential was measured for nano-magnetite particle suspensions in
10 mM NaCl, 1 mM CaCl2 plus 7 mM NaCl and 3.3 mM CaCl2 aqueous
solutions. The zeta-potential of silicon dioxide particles was measured on
silica suspension containing particles of 4 μm sizes in the solutions. The
particle sizes were chosen to be as close as possible to the silica probe parti-
cle used in the force measurements, since the particle sizes can influence the
measured potential. The accurate determination of silica probe potential
was crucial in the analysis of force curves using the DLVO model. Also, to
represent experimental conditions the zeta-potential of silica particles was
measured in low 0.5 mg/L silica suspension and compared to the measure-
ments conducted in 50 mg/L suspension. The zeta-potential of bentonite
was measured in 10 mg/L suspension. The pH value of the solutions was
measured with a 744 Metrohm AG pH meter (Herisau, Switzerland).

3.2.5 Normal spring constant calibration

To carry out accurate force measurements the spring constant of can-
tilevers must be precisely determined. The provided nominal spring con-
stant value by the probe manufacturer may vary as much as 50%, as was
discussed in the section 2.1.3. Thus, the determination of the cantilever
spring constants was required for each probe prior to the force measure-
ments. The NT-MDT microscopes used in the lab are equipped with
built-in functionality for the spring constant calibration using the Sader
method. This method works well for the stiff diving board type cantilevers,
but it is less suitable for the soft V-shaped cantilevers used in the force
measurements herein. Therefore, it was required to develop a reliable non-
destructive in-house technique for spring constant calibration. This was
actualized using the thermal tune method, which 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
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processed by an in-house computer program written by the author in the
IGOR Pro 6.21 software (Wavemetrics, Lake Oswego, OR). The interface
of the program is shown in Fig.3.13.

Figure 3.13: The interface of the in-house program to determine cantilever spring constant.
The upper right frame shows the acquired cantilever deflection signal as function of time. This
curve is used to calculate the photodetector sensitivity. The bottom left image shows the collected
thermal noise spectrum 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.

The following equation(3.1) was used to calculate the spring constant:

ks =
0.8174 · T ·KB

d2 · E (3.1)

where T is the temperature, KB 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
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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.3.13. To calculate the energy
of cantilever thermal oscillations the cantilever thermal spectrum was ac-
quired with a sampling time of 2·10−7 sec. A typical thermal spectrum
is shown in the bottom left frame in Fig.3.13. The power spectral den-
sity transformation was calculated with the periodogram function using
equation(3.2):

fPeriodogram =
|abs (Fsignal)|2

N
(3.2)

where F signal is the Fourier transform of the signal and N is the nor-
malization factor.

The obtained resonance peak, shown in the bottom right frame of
Fig.3.13, was fitted by a standard Lorenzian peak to evaluate the area
of the resonance peak corresponding to the thermal energy. Gaussian fil-
tering could be applied in order to reduce noise, but it should be used
with care to avoid undesirable data losses. The estimated time to perform
the probe calibration, including placing the probe in AFM holder and all
additional preparation steps, is about 5 to 10 minutes.

The spring constant values of the cantilevers used in the force measure-
ments (papers I, IV and V) evaluated with this in-house technique imple-
mented in an NT-MDT NTEGRA AFM were usually around 0.12 N/m,
whereas a nominal spring constant of NP-S cantilevers is provided as 0.06
N/m. The confirmation of applicability of the developed in-house tech-
nique implemented in an NTEGRA AFM was pursued via a comparison
with a commercial build-in thermal tune noise calibration module in a
Multimode Nanoscope V AFM (Veeco, CA). The same NP-S probe was
used to determine its spring consent. The measured average spring con-
stant of the NP-S cantilever with the Multimode Nanoscope V was 0.11
N/m and the measured average spring constant with the developed in-
house technique was 0.118 N/m. This shows good agreement between
these two techniques and reliable applicability of the developed in-house
technique. Additionally, our technique was compared with a simplified
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method implemented directly in a commercial Nanoscope IV. The spring
constants of a few V-shaped cantilevers with nominal spring constant of
0.02 N/m were evaluated with both instruments. The comparison of the
determined spring constants using the thermal tune method implemented
in a Nanoscope IV and an NTEGRA AFM is shown in the Tab.3.1.

Cantilever Nanoscope IV NT-MDT
No N/m N/m
1 0.054 0.047
2 0.058 0.049
3 0.052 0.042

Table 3.1: Spring constant values evaluated using the thermal noise method implemented in a
Nanoscope IV and a NTEGRA NT-MDT.

The implemented technique is expected to be more accurate since the
cantilever thermal energy is evaluated only for the resonance frequency
peak neglecting all others contributions. The measurement in the Nanoscope
IV was from the standard sweep window from tapping mode and it is not
optimized to get accurate amplitudes. This additionally proved that the
developed in-house technique based on the thermal tune method and im-
plemented in an NTEGRA AFM can be used for reliable and accurate
evaluation of the cantilever spring constant.

Interestingly, that this implementation of the thermal tune method can
be partially applied to determine the normal spring constant of cantilevers
using the Cleveland added mass-method. This is possible if radius of the
colloidal probe particle used in force measurements can accurately be mea-
sured. The bentonite probe used in investigation presented in the paper
(V) was approximated as spherical and its radius was measured using
SEM. The resonance frequency of the cantilever was measured before and
after particle attachment and was feed into the equation to calculate the
spring constant. The determined normal spring constant of the cantilever
using these defined values was found to be 0.14 N/m, which is close to the
value of 0.12 N/m evaluated using the thermal tune method.

Important, the spring constant determination using the thermal tune
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method before the attachment of the colloidal probe, and then after the at-
tachment but using the Cleveland method can be used to identify possible
contamination of the cantilever sides by the epoxy glue. The spring con-
stant of cantilevers experiencing much glue on their upper or bottom sides
is usually high, like 1-2 N/m for the cantilevers with the spring constant
of 0.12 N/m.

3.2.6 Force measurements

Force measurements were performed with an NTEGRA AFM (NT-MDT).
Measurements were conducted in two configurations: using a 100 μm probe
scanner with full closed-loop (paper I and V) and using a 14 μm sample
scanner with equivalent closed-loop (paper V and VI). The measurements
were performed using two types of liquid cells. One type was used in the
measurements with the probe scanner and another type in measurements
with the sample scanners. The liquids were in-situ sealed in and out of the
cell using two connected tubes. The solutions with already adjusted pH
prior to the measurements were used. The measurements always started
with degased distilled water and then the liquid was replaced to the work-
ing solution starting at pH 4 and then replacing it with the same solution
of higher pH. At each change of pH, the interaction system was allowed
to equilibrate with the working solution for 10-15 min prior to collecting
force curves. The force measurements in new ion concentration, usually
with an increase of ion concentration, were conducted using the new probe
and new coated substrate to avoid effect of possible surface modification
occurring at lower ion concentration (papers V and VI). In paper (I) the
measurements were conducted at all ion concentrations using the same
probe-surface configuration and only the experiment repetition was made
using a new probe and covered substrate. The cantilever deflection sen-
sitivity was calibrated by acquiring several force curves on reference hard
glass surface. The z closed-loop was used to measure and control the
cantilever vertical position during measurements. A relative trigger limit
was used to minimize possible increase of an applied force between surface
and probe during the measurements. It was also necessary to keep the
same approaching speed while performing force measurements to reliably
compare the results from different experiments in each investigation. The
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approaching speed was around 70 nm/s in the study presented in papers
(I and V). The approaching speed was around 100 nm/s in the study pre-
sented in paper (VI). Also, the force curves were collected on the same
surface spot during each experiment to minimize the effects from complex
particle geometry and multiple surface contacts. This had the highest rel-
evance for the studies presented in papers (I and V). Each investigation
of the ion concentration and pH effect on the particle-particle interaction
and adhesion was repeated at least 3 times to statistically confirm the
observed interaction trends, i.e. qualitative changes in adhesion and in-
teraction forces. Also, between 300 (Paper V and VI) and 1000 (Paper
I and V) force curves were collected in each experiment to obtain good
statistical accuracy in the measured forces.

3.2.7 Evaluation of the force curves

The collected force curves were first converted into force versus separation
distance curves according to the procedure described in section 2.1.4 and
in [64]. The analysis of the force curves on approach was conducted via
fitting the DLVO model to the experimental data or just via comparison of
the measured force curves with the interaction modeling using the DLVO
model. Also, the comparison was frequently done between the measured
interaction in terms of repulsion and attraction and the predicted inter-
action based on the zeta-potential measurements. The adhesion force was
extracted from the force curves on retract. The simple procedure how to
calculate adhesion from a single force curve on retract was discussed in
section 2.4. However, there are hundreds of curves collected at the same
condition to evaluate adhesion. The evaluated adhesion force is thus an
average from numerous measurements. An in-house program was writ-
ten in the IGOR Pro 6.21 software (Wavemetrics, Lake Oswego, OR) to
automatically evaluate unlimited number of force curves in terms of the
maximum adhesion and all force steps on the curve. In this program
the deflection coefficient, i.e. photodetector sensitivity, is calibrated by
averaging the contact region slope of at least 25 curves collected on the
hard surface. This is used to convert the curves into force versus scanner
displacement curves. The zero-level, i.e. the part of the curve when the
interaction force is zero, is defined on the reference curves using two mark-
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ers. The peaks on the curves are found by using peak fitting algorithms
within IgorPro. The magnitude of the force steps on the curve are calcu-
lated either to the virtual level, which is the extrapolation of zero level,
or to the height of the next appearing peak on the curve. All evaluated
step heights are stored and presented as force histograms, one example is
shown in Fig.3.14a.

(a) (b)

Figure 3.14: A typical adhesion force histogram obtained by evaluating adhesion from an array
of retracting force curves(a). The corresponding mean adhesion force is evaluated by fitting
Gaussian peak to the histogram as is shown in (b).

The peak on the force histogram corresponds to the mean adhesion
force. The Gaussian peak should be fitted to the force histogram in order
to accurately and quantitatively calculate the corresponding adhesion, as
presented in Fig.3.14b. Also, this software can be used to evaluate the
work of adhesion.
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Chapter 4

Results and Discussion

4.1 Summary of Appended Papers

Paper I

Force measurements with AFM using natural microsize(m-s) magnetite
particle as the probe was conducted. The interaction forces were probed
between magnetite probe particle-natural magnetite particles glued onto
glass slides (named m-s/m-s) and magnetite probe particle-synthetic nano-
magnetite layer(n-s) on the glass substrate (system m-s/n-s) in aqueous
calcium solution. The effect of Ca2+ ion concentration and pH on the in-
teraction force was studied. The concentrations of the Ca2+ solutions were
1, 10 and 100 mM. The possibility to use synthetic magnetite as a substi-
tute for natural magnetite was additionally investigated. The changes in
interaction forces for m-s/n-s at approach were found to be in agreement
with the zeta-potential data. Thus, the repulsion was observed at 1 mM
Ca2+ ion concentration and pH 4 and 10, since surfaces of natural and syn-
thetic magnetite have the same charge sign, while attraction was observed
at pH 6. The surfaces of magnetite particles should be rendered almost
neutral at pH 6-7 according to the zeta-potential measurements, and the
interaction at such pH is expected to be attractive. The main focus of this
study was on measuring adhesion forces. An increased adhesion force in
m-s/m-s and m-s/n-s was observed with increasing Ca2+ concentration at
pH 4 and 6. However, these two interaction systems behave differently at

65
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pH 10 with respect to Ca2+ concentration increase. The observed differ-
ence in adhesion trends, i.e. qualitative changes in force with an increase
of ion concentration, at pH 10 between these two m-s/m-s and m-s/n-s
systems was attributed to possible surface modification. This chemical
modification of surfaces was possibly due to formation of surface struc-
tures such as calcium silicates and calcium carbonates. Also, the SEM-
EDS investigation of the natural magnetite probes used in measurements
and rinsed with water after measurements, showed presence of Na, Ca, Cl
and Si elements on the particle surface. It was attributed to the effect of
the process water and possible sorption of Ca, Cl and Na onto magnetite
surface from the working solution. Furthermore, the surface modification
effect was shown to be stronger for m-s magnetite particles. This was
achieved via comparison of the adhesion force in water before and after
the measurements. The adhesion force in water after measurements was
32% less than before measurements for m-s/m-s system. This difference
for m-s/n-s system was only 12.5%. In conclusion, this study showed that
the colloidal probe technique with AFM could be reliably applied to study
adhesion forces in these interaction systems.

Paper II

The influence of AFM and VSI techniques on accurate measuring of sur-
face roughness and calculation of tribological surface roughness parameters
was investigated. The difference in measured surface roughness parame-
ters, such as root mean square (Rq) and average roughness (Ra) using
these two techniques is often reported in the literature. This is usually
explained by the occurrence of optical artifacts introduced by VSI. The
main aim of this investigation was to study the influence of these two tech-
niques on evaluation of flow factors and contact stiffness using measured
(Rq) and (Ra) values and contact mechanics simulation. One goal of this
study was to separate the optical effects introduced by VSI by investigat-
ing surface roughness of standard calibration grids possessing periodical
sharp structures. Also, the influence of these artifacts on measuring rough-
ness parameters of the iron polished surfaces was investigated. The AFM
was used as the reference technique. The surface roughness of the samples
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was measured with AFM using a probe scanner and two probes, such as
PNP-DB and CSC-21. The two types of probes were used to ensure that
the surface roughness was accurately measured and to eliminate the probe
effect on the investigation. For instance, it was found that the PNP-DB
probe could not properly be used to measure roughness on a TGG-1 grid,
since it did not reach the bottom of the valleys between the plateau. The
observed optical effects were attributed to the known batwing effects and
phase shifts. The investigation revealed that the optical artifacts could
have a large influence on the measured roughness parameters on the cali-
bration grids, i.e. on periodical and sharp surface features. The difference
in the measured roughness parameters on such surfaces with AFM and
VSI can be as large as 135%. However, surfaces that do not possess sim-
ilar extremes as on calibration grids and are shallower could be studied
reliably with both techniques. The difference in the measured roughness
parameters on the iron surface was only 6.7%. This was shown to have
a straight forward effect on the calculation of flow factors and contact
stiffness using contact mechanics. The main relation of this article to the
thesis is the applicability of different techniques to measure the surface
profile and use the collected data to model interacting surfaces for further
quantitative analysis of interaction forces, such as adhesion force, based
on the used contact mechanics.

Paper III

In this article the microstructure of bentonite in dry and wet magnetite
pellets and bentonite in distilled water was studied using SEM imaging
techniques, cryogenic methods and AFM. The author contribution was the
part regarding AFM measurements. The surface of bentonite powder at
ambient condition was studied with AFM in phase and amplitude regimes
of tapping mode. It was suggested that AFM reverse phase imaging was
the most suitable way to study surface morphology of bentonite clay. The
edges of a few clay platelets and the presence of the nanoparticles in be-
tween smectite layers could be observable with AFM. The significance of
this article to the research conducted in the thesis was the cryo-study of
the bentonite clay in distillate water. This cryo-study revealed raised clay
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layers when the bentonite clay is immersed in water. This strengthens
the proposed explanations for observed tendencies in force interactions for
bentonite-silica and bentonite-magnetite interaction systems in aqueous
solutions and water (Paper V).

Paper IV

The blunted tip model, extended from Hertz model, was applied to eval-
uate distribution of Young’s modulus from AFM force volume mapping
data. The elasticity of the growth cone of living neuroblastoma Neuro-
2A cells subjected to external stimuli was probed using AFM and regular
blunted cantilever tips. The evaluation of the Young’s modulus was imple-
mented in a new way to automatically evaluate elasticity from entire force
volume maps. The cantilever spring constant and radius of curvature were
accurately determined to conduct evaluation of Young’s modulus from the
force curves. This article demonstrates an extension of the force measure-
ments with AFM to probe biological systems. The accurate evaluation of
the sample properties, elasticity, required to introduce and test blunted
pyramidal model. Implementation of the blunted tip model to evaluate
distribution of Young’s modulus from AFM force volume mapping data
was successful.

Paper V

In this paper four interaction systems were studied using AFM. The forces
were measured between natural magnetite probe and nano-magnetite, i.e.
synthetic magnetite, layer; bentonite probe and nano-magnetite layer; sil-
ica spherical probe and nano-magnetite layer; and finally between silica
spherical probe and bentonite layer. The working solution was 1 mM
CaCl2 and 7 mM NaCl. The main focus of this investigation was to probe
the effect of pH on the interaction forces and adhesion. The pH range
in this study was close to the pH used in pelletizing processes. The elec-
trophoresis technique was used to measure the zeta-potential of the silica,
bentonite and nano-magnetite in calcium solution of 1 mM CaCl2 and
7 mM NaCl concentration at various pH. The interaction trends, in terms
of the repulsion and attraction, on the measured force curves with pH 6 to
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pH 10 were analyzed by comparing the measured interaction to the inter-
action prediction based on the measured zeta-potentials. It was found that
the qualitative changes in the interaction forces for all studied systems were
in good agreement with the interaction prediction concluded from the mea-
sured zeta-potentials. This suggested that the van der Waals and double
layer forces were the main interaction forces for these interaction systems.
Furthermore, a long-range repulsive force, steric-like, was observed in the
spherical silica probe-bentonite layer interaction at pH 6. This force was
repeatably observed for both silica-bentonite and bentonite-magnetite in-
teractions in water and sometimes at pH 6 in calcium solutions of low ion
concentration. The appearance of this, steric-like, force was attributed to
the raising of the bentonite platelets due to clay swelling in the aqueous
medium. The disappearance of this long-range force with an increase of
pH was probably due to ion exchange process in the clay mineral and,
as the result of bentonite layer compression in the presence of Ca2+ ions.
The adhesion force decreased as the pH increased for magnetite-magnetite,
silica-bentonite and silica-magnetite interaction systems. The decrease in
adhesion force was pronounced in the silica-magnetite interaction which
well correlated with the zeta-potential measurements. Also, the adhesion
force measured for the silica-bentonite and bentonite-magnetite interac-
tions had some degree of uncertainty and as a result high error bars. This
was attributed to the clay swelling effect and possible platelets attach-
ment to the silica and magnetite surfaces. The interaction of magnetite
and bentonite with silica probes in 1 mM Ca2+ ion solution at alkaline pH
resulted in a reduced adhesion force. This could indicate that the presence
of silica particles could affect the particle agglomeration of magnetite and
bentonite in the pelletizing process. However, the influence on such a large
process is undefined.

Paper VI

The force measurements between a spherical SiO2 probe particle of 3.5
μm and a smooth layer of nano-magnetite, i.e. synthetic magnetite, in
aqueous solutions of calcium and sodium ions were conducted using the
AFM. The force measurements were conducted in 10 mM NaCl, 1 mM
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CaCl2+7 mM NaCl and 3.3 CaCl2 solutions of the same ionic strength
and in a pH range from 3.7 to 10. The aim of this study was twofold. The
first aim was to determine the nano-magnetite surface properties, mainly
charge, at various ion concentrations and pH and confirm the reported
results obtained using other techniques. The second aim was to study the
effect of Ca2+ ion concentration and pH on the force interactions between
silica and nano-magnetite. Also, an attempt to analyze such interaction
using theoretical models, such as the DLVO model and a few adhesion
models was pursued. The important interaction parameters such as the
Hamaker constant and adhesion were calculated using these theoretical
models. The zeta-potential of silica and nano-magnetite was measured
using the electrophoresis technique and was used to analyze the interac-
tion forces on approach. It was found that zeta-potential measured in
dispersion of 0.5 mg/L silica concentration was almost twice lower than
the one measured in a 50 mg/L silica suspension. This could indicate that
the zeta-potential of a single silica probe used in AFM measurements could
be even lower, which is of importance for applying the DLVO model. Also,
the effect of water degassing on measuring nano-magnetite zeta-potential
was studied. It was found that the zeta-potential of nano-magnetite in 1
mM degassed calcium solution was almost neutral or slightly positive at al-
kaline pH whereas the zeta-potential was clearly negative in non-degassed
aqueous solution. This effect could be explained due to the presence of
dissolved carbonate dioxide in non-degassed solution and was considered
in the measurements due to an open-type of the used liquid cell. The inter-
action trends, in terms of the repulsion and attraction, on the force curves
were in good agreement with the interaction prediction based on the mea-
sured zeta-potentials for all studied solutions. The increase of Ca2+ ion
concentration from 1 mM to 3.3 mM led to disappearing of repulsive forces
at alkaline pH and their replacement by attractive forces. This was clearly
observed on the measured force curves. The DLVO model was successfully
fitted to the repulsive force curves collected in silica and nano-magnetite
interaction in 1 mM Ca2+ and 10 mM NaCl solutions. This suggested that
the interaction was mainly governed by the van der Waals and the double
layer forces. However, it was not totally possible to extract the double
layer thickness from the fits due to an early occurred snap-in. This was
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also a reason to not apply the DLVO model to fit the force curves possess-
ing only attractive forces. This far-distance snap-in on the force curves
occurred due to use of a soft cantilever with 0.08 N/m spring constant. In
its turn it was necessary to use such soft probe to measure the low adhe-
sion forces between two repelling surfaces of magnetite and silica at these
experimental conditions. Also, the interaction force simulation, at similar
conditions as in measurements, was performed using the DLVO model.
The simulated interaction trends were in good agreement with the mea-
sured interaction trends. The Hamaker constant was evaluated using the
jump-into-contact method for around 10 curves at pH 5 and 6 and was av-
eraged. The evaluated value for the Hamaker constant of silica-magnetite
interaction in water was 5.1·10−21 J and was in agreement with the the-
oretically calculated value of 5.0·10−21 J. However, this should be further
confirmed in measurements with smoother nano-magnetite surfaces due
to scattering in the measured jump-into-contact distances. The measured
adhesion forces were also in agreement with what could be expected from
the measured zeta-potentials. The adhesion forces were decreasing with
an increase of pH in all 10 mM NaCl, 1 mM and 3.3 mM CaCl2 solutions.
However, the decrease of adhesion measured in 3.3 mM CaCl2 solution
was less pronounced as the measurements conducted in 1 mM CaCl2 and
10 mM NaCl solution. The measured adhesion forces were compared to
the calculated adhesion using JKR, Rumpf and Rabonovich models. The
adhesion calculated with the JKR model was expectably overestimated
which is attributed to the surface roughness effects. To account for the
surface roughness contribution to the adhesion the Rumpf and Rabinovich
models were used. The calculated adhesion values using these two models
were in better agreement with the measured adhesion, however some dis-
crepancy was still observed. This was attributed to the surface roughness
effect of the nano-magnetite layers used in the measurements. It is sug-
gested that the surface roughness of these coatings should be even further
minimized, if possible, in order to achieve a better agreement with the
calculations based on the theoretical models.
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4.2 Measurement and analysis of the magnetic force

between magnetite particles

Natural magnetite particles are known as ferrimagnetic [5] and their mag-
netic properties depend on the number of magnetic domains and their
orientation [103]. It is known that ferrimagnetic materials have magnetic
anisotropy and in the presence of an applied external magnetic field their
magnetic domains will align. This will induce a net magnetic moment. In
paper (I), it was reported about an appearance of a strong attractive force
at separation distances of several μm for the natural magnetite-magnetite
particle interaction when the sample scanner equipped with a weak mag-
net was used. This weak magnet was used in the scanner to position and
hold the samples and was close to the substrate covered by natural mag-
netite particles. The measured interaction between magnetite particles
was affected by an external magnetic field as is shown in Fig.4.1a.

(a) (b)

Figure 4.1: The measured approach force curve between a natural magnetite probe particle and
an ordinary steel surface reveals extremely long-range forces of several μm in the presence of
an external magnetic field (a). This long-range force, attributed to magnetic force, disappears
when the force curve is measured in the absence of external magnetic field (b).

The strong attraction force is clearly observed. This long-range mag-
netic force does not occur in the absence of an external magnetic field
as is shown in Fig.4.1b. The appearance of this attractive force required
to minimize the possible presence of external magnetic fields during the
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measurements when the natural magnetite particles were used (Paper I).
Also, it initiated an additional study of the nature of this magnetic force
between natural magnetite particles using AFM and a theoretical model.
The model to fit and simulate magnetic interaction between such irregular
ferrimagnetic particles was based on the pointlike magnetic dipole inter-
actions and was extended to account for particles of finite volume and
irregular geometry. The sketch representing the interaction system which
is analyzed with the model is shown in Fig.4.2.

Figure 4.2: A simple sketch of the magnetic interaction system used in the proposed model to
describe the magnetic force interaction between particles of arbitrary shapes.

The proposed analytical model for the magnetic interaction force is
based on the equation(4.1):

F = α · μ0 ·M 2 (A1 + A2) ·
(
lc
s

)4

+ c (4.1)

where α is an unknown constant determined by the interaction proper-
ties, μ0 is the permeability in vacuum, M is the magnetization, A1 and A2

are the particle areas, s is the distance between particle centers, l c is the

characteristic length given as
1

2
(l1 + l2) and c is an additional constant of
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a very small number.

The exact derivation of equation(4.1) and more explanations on the
model is given in the project thesis work carried out in our lab by M.
Fjellström and D. Hedman in [104]. This model was applied to fit the
measured magnetic interaction. The force measurements were conducted
with AFM between natural magnetite probe particle glued to the NP-
S cantilever and natural magnetite particles. The measurements were
conducted in distilled water to minimize capillary force contribution to
the net interaction force. The magnetite probe particle and magnetite
particles on the substrate were demagnetized to eliminate any existing
magnetic moment prior to the predefined particle magnetization.

Figure 4.3: A good fit of the proposed magnetic interaction model to the experimental AFM
data.

In the first experiment, the magnetite probe and magnetite particles on
the substrate were magnetized by applying a 0.25 T magnetic field for 20
sec in direction parallel to the surface. In the second experiment the mag-
netite probe and magnetite particles on the substrate were magnetized by
applying 0.5 T magnetic field for 20 sec in parallel to the axis of separation
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direction. The proposed interaction model was successfully fitted to the
measured magnetic interaction data and the characteristic lengths of the
interaction were evaluated. One example of curve fitting with the model
to the measured data is shown in Fig.4.3. However, the applicability of
this model should be further confirmed using well-defined probe geome-
try, as the one prepared and shown in Fig.3.6. The measurements using a
well-defined probe particle are on the way and will be combined with the
previous measurements on magnetite particles of irregular shapes. This
will be soon incorporated into a research article.
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Chapter 5

Conclusions and Future work

5.1 Conclusions

The colloidal probe technique using AFM can be reliably applied to study
the following interaction systems in aqueous solutions: natural m-s mag-
netite probe and natural m-s magnetite particle, natural m-s magnetite
probe and nano-magnetite layer, m-s bentonite probe and nano-magnetite
layer, spherical silica probe and nano-magnetite layer, and spherical silica
probe and nanolayer of bentonite flakes.

It was shown that natural particles of magnetite could be used as the
colloidal probes for reliable AFM measurements despite their irregular
particle shapes and possible complex chemical composition at the surface.
However, to analyze the interaction forces and adhesion better statistical
data is required.

The obtained measurements results with natural particles should be
additionally verified using their synthetic substitute. In order to analyze
the experimental data using existing theoretical models, it is required to
use samples of well-defined geometry and minimized surface roughness.

The effect of Ca2+ ion concentration and pH on the particle-particle in-
teraction in the studied systems was examined using AFM. A good agree-
ment was found between the measured interaction trends, in other words
in the qualitative changes in the force, and the interaction prediction based
on the measured zeta-potentials.

The DLVO model fitting of experimental data and interaction simula-
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tion were conducted to analyze and identify the interaction forces in silica
probe and nano-magnetite layer interaction measurements in aqueous so-
lutions. A good agreement between theory and experiment was found and
this indicated that the interaction is governed by the van der Waals and
the double layer forces.

The measured adhesion forces for silica and nano-magnetite interaction
in calcium solution were compared to the adhesion forces calculated us-
ing JKR, Rumpf and Rabinovich models. The JKR model significantly
overestimated the adhesion force, while adhesion forces calculated using
Rumpf and Rabinovich models were in better agreement with the mea-
sured adhesion. The observed discrepancies between measured and calcu-
lated adhesion could be attributed to the surface roughness effect.

The increase of Ca2+ ion concentration led to more positively charged
magnetite and silica surfaces, and it had a significant effect on the interac-
tion forces and adhesion at alkaline pH. The adhesion force decrease is less
pronounced with increasing pH from 3.7 to 10 in calcium aqueous solution
of 3.3 mM concentration in comparison to the clear decrease in adhesion
with pH in 1 mM calcium solution.

It was found that interaction systems of natural-natural magnetite and
natural-synthetic magnetite behave similarly with an increase of Ca2+ ion
concentration at pH 4 and 6. However, these two systems behaved differ-
ently at pH 10 with respect to an increase of Ca2+ concentration.

The measured adhesion forces between the bentonite probe and the
nano-magnetite layer, and the spherical silica probe and nanolayer of ben-
tonite flakes had some degree of scattering. This was attributed to the
probable attachment of bentonite flakes to the magnetite and silica and to
the raising of bentonite flakes from the surface into the aqueous medium.
Also, the observed long-range, steric-like, force was attributed to the effect
of the raising of platelets due to clay swelling. The raising of bentonite
flakes was confirmed in cryo-SEM measurements.

In terms of the pelletizing process, the effect of Ca2+ ions, which are
the most abundant ions in the process, on the particle-particle interaction
of the main minerals used in the pelletizing was studied. This study
provides new contributions to the fundamental knowledge about dispersion
and aggregation properties of magnetite, bentonite and silica particles in
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aqueous solutions.

The first steps were performed towards characterization of rough sur-
faces using alternative techniques and using a contact mechanics approach
to simulate a few asperity surface contacts of interacting particles.

A first attempt to analyze the observed magnetic interaction forces
between natural magnetite particles using a theoretical model was also
performed.

5.2 Future work

An effort should be made towards synthetic nano-magnetite layer prepa-
rations of even further minimized surface roughness. Such fine layers have
to be used in measurements with well-defined spherical probes in order to
evaluate important interaction parameters such as the double layer thick-
ness, the Hamaker constant and exact surface charge using the DLVO
model. The AFM measurements using spherical colloidal particles cov-
ered by the nano-magnetite particles and bentonite platelets could be of
great potential to contribute to a fundamental knowledge about surface
properties and particle interaction.

The analysis of magnetic forces between natural magnetite particles us-
ing a theoretical model should be confirmed in measurements on spherical
particles. The measurements of magnetic forces and fitting of the model to
experimental data could also be used as an alternative way to determine
magnetic particle characteristic length. It looks promising to develop a
model based on the contact mechanics considerations and an exact deter-
mination of the contact geometry to simulate the natural particle-particle
interactions and to evaluate the exact inter-particle adhesion force. It
would first be required to obtain the particle height profile data using
alternative characterization techniques, since it is complicated and time
consuming to use AFM to image the attached particle to an AFM can-
tilever. Then, these two interacting particles will be reproduced using
corresponding computer software and the developed model will be used
to simulate their interaction and evaluate, for instance, adhesion force.
This would further contribute to the detailed knowledge about particle
aggregation properties.
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The most interesting continuation of this study would be to examine the
effect of other ions and additives used in the pelletizing process to create
a whole fundamental picture of the processes occurring during pelletizing.
The investigation could be extended to the possibility of using organic
binders as a proper substitute to bentonite, since colloidal probe technique
with AFM is very suitable method for such measurements. The study of
the effect of different additives on the particle-particle aggregation can be
completed by following preparation of pellets and probing their mechanical
properties using nanoindendation methods with AFM.
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Force interactions between a microsize (m-s) magnetite probe and thin layers of synthesized magnetite
particles as well as microsize (m-s) magnetite particles from magnetite concentrate were investigated
using atomic force microscopy (AFM). Of special interest was the influence of Ca2+ ions and pH on the inter-
action between the probe and the two different magnetite particle surfaces. The probe and the magnetite
surfaces were immersed in aqueous Ca2+ solutions (100, 10, and 1 mM) at various pH values (4, 6, and
10). The colloidal probe technique and a self-made computer program for automatic evaluation of adhesion
forces were used. The analysis revealed an increase in adhesion force with increased calcium concentration at
pH 6 for both the systems investigated. However, the adhesion behavior between the probe and the m-s and
n-s magnetite particle surfaces is different at pH 10. The possible appearance of calcium carbonate precipitat-
ed onto the magnetite surfaces as well as the possible influence of already adsorbed silicate on magnetite
particles from the concentrate is discussed. In addition to Ca, Cl and Na atoms, added to the working solu-
tions, and the Fe and O detected signals, the SEM-EDS analysis also detected Si atoms on the surface of the
m-s particles.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Magnetite particles are of great interest in many different applica-
tions, such as targeted drug delivery, as a contrast agent for magnetic
resonance imaging, in magnetoelectronic devices, and in steel pro-
duction where pellets from agglomerated magnetite concentrate are
used [1–4]. Their bulk and surface properties have therefore been
thoroughly investigated but not usually with a focus on aggregation
properties. The aggregation properties of magnetite particles are
important in the pelletizing of iron ore, where pellet strength is the
ultimate aim. The surface properties of magnetite particles are of
primary importance in particle–particle interactions and the interac-
tion is also strongly dependent on the particle size in addition to var-
ious surface modifications. Microsize (m-s) magnetite particles (sizes
of 10–30 μm) are ferrimagnetic [5] and their magnetic properties de-
pend on the number of magnetic domains and their orientation [6].
Magnetite particleswith sizes smaller than 50 nmare superparamagnetic
[7,8] and their averagemagnetization is zero in the absence of an applied
external field. Microsize magnetite particles are usually obtained from an
ore (natural particles), whereas magnetite particles of nanosize (n-s) are
usually synthesized. Accordingly, natural and synthesized particles are

produced in different ways, which expose their particle surfaces to quite
different aqueous solutions. The former are exposed to process water,
whilst the latter are producedusingMilli-Q or distilledwater. Natural par-
ticles usually contain mineral impurities such as apatite, calcite and sili-
cates, which contribute to the appearance of various ions in the process
water and on the particle surface. The process water contains various
ions including Ca2+, Cl−, Na+, K+, NO3−, Mg2+ [9]. The m-s magnetite
particles obtained from the LKAB concentrating plantwere first subjected
to the process water. Among these ions are Ca2+, which were shown to
improve the sorption of other species onto the surface of synthetic parti-
cles, species such as soluble silicate, carbonate, and organic collector
molecules [10,11]. Ca2+ ions are also expected to strongly affect the ag-
glomeration and chemical properties of magnetite particles [10–12].
Since the properties of the magnetite surfaces are important for the ag-
glomerationofmagnetite concentrate, itwasnecessary tomeasure the in-
teraction properties between natural particles and to compare these
interaction forces with those between synthetic particles and natural
particles.

The atomic force microscope (AFM), using the colloidal probe
technique [13], is a suitable tool for sensitive measurements of
particle–particle force interactions in-situ, under different conditions.
The colloidal probe AFM technique allows measurement of the interac-
tion forces between a particle attached to the AFM cantilever and the
surface of interest. This technique has frequently been usedwith probes
ofwell-defined geometry tomeasure andmodel forces between various
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surfaces [14–17]. However, it is less often used with particle probes of
more complex surface structure, as in the case of natural magnetite.

Toikka et al. used a spherical magnetite particle as a probe to mea-
sure the force between magnetite and silica surfaces in a dilute elec-
trolyte solution [18]. The adhesion energy was measured as a function
of ionic strength and pH. It was found that the adhesion force in the
pH range studied correlated with electrokinetic data and it was
suggested that an electrostatic mechanism was dominant. The mea-
sured adhesion forces were compared with theoretical values and
revealed significant differences. The differences were explained in
terms of the surface roughness which was not taken into account by
the model. The significant influence of surface roughness on the adhe-
sion force measurements has been well established by other authors
and new theoretical models for adhesion estimation have been pro-
posed [19]. Although the roughness of the surfaces in this study
may be even more complex than that encountered in the force mea-
surements between a spherical magnetite particle and a silicon
wafer [18], it was necessary and possible to investigate the direct
interaction of magnetite particles with each other under varying
conditions and non-spherical geometry. Since the geometry of the
colloidal particles and the roughness of the contacting area [17] are
important, the statistics and repeatability are the main parameters
in order to obtain reliable results in our measurements. Although
the surface structure is complex and measured values are very diffi-
cult to compare with values obtained by theoretical modeling, it
might be possible to trace relative differences in magnetite particle
force interaction and thus investigate the influence of pH and Ca2+

ions on the force between the particles.
Thus, the aim of the present work was to investigate force interac-

tions between microsize-microsize and microsize-nanosize magne-
tite particles in Ca2+ solution and to examine the effect of calcium
concentration and pH on their mutual interaction. Investigation of
adhesion force behavior under different experimental conditions
was one of the main goals, whichmay be relevant to magnetite aggre-
gation properties. To perform this study it was necessary to develop a
reliable experimental setup and automatic evaluation of the array of
force curves.

2. Materials and methods

2.1. Magnetite particles and reagents

Magnetite nanoparticles with an average diameter of 10 nm, were
synthesized using the precipitation technique described previously
[20,21]. Microsize magnetite particles were supplied from the LKAB,
Malmberget, Sweden with about 97% purity [21]. Calcium chloride
(CaCl2*2H2O, 95%, Riedel-de Haen) was used to prepare aqueous
Ca2+ solutions. Analytical grades of NaOH and HCl were used to
adjust pH. Degased Milli-Q water was used for solution preparation
and as a reference liquid for the force measurements. Water was
degased using the vacuum degasification method. To remove organic
impurities from the substrate surfaces, the glass slides were kept in
0.1 M aqueous HNO3 solution for 1 h and afterwards washed with
acetone, methanol and Milli-Q water before magnetite particle
deposition.

2.2. Particle deposition and preparation of probes

The dip-coating technique (using a Nima dip coater, Nima Tech-
nology Ltd.) was used for the deposition of n-s magnetite particles
on the glass slides. The deposition was performed as described in
reference [22]. The dipping speed was set to 8 mm/min for immers-
ing and raising of the glass substrate. The waiting time at the bottom
of each cycle was 300 s and the total number of cycles used to obtain
one coated substrate was 15. Samples with microsize magnetite
particles were prepared by spraying the particles onto a glass slide

covered by a thin layer of epoxy glue. They were then allowed to
cure for 24 h. Optical microscopy and AFM were used to image the
surface of microparticles on the glass substrates for the absence of
glue. AFM colloidal probes were prepared by gluing the microsize
magnetite particles to the end of 200 μm long V-shaped, contact-
mode Si3N4 cantilevers (NP-S, Digital Instruments/Bruker, Santa
Barbara, CA). The spring constant of the cantilevers was determined
using the thermal tune method [23], with a custom device setup
based on a PCI-6110 data acquisition board (National Instruments,
United States), and was close to 0.12 N/m for all cantilevers. Magne-
tite particles with diameters between 10 and 30 μm were glued
onto NP-S cantilevers using a small amount of epoxy glue. Particles
were manipulated with the AFM piezo-stage mechanism in order to
precisely place them at the end of the cantilever. This process was
controlled through the optical microscope and by monitoring the
deflection signal. The homogeneity and the surface roughness of the
magnetite nano-particle layer on the glass slide and the microsize
magnetite probe were characterized by AFM in TappingMode using
a standard NSG-01 probe (NT-MDT, Moscow) of tetrahedral total tip
shape with curvature radius less than 10 nm.

2.3. XRD and EDS measurements

Characterization of natural and synthesized magnetite particles
was performed using X-ray diffraction (D5000 X-ray diffractometer,
Siemens) confirming the magnetite crystallographic structure. After
each experiment the magnetite probe particles were dried and char-
acterized by SEM-EDS (energy dispersive spectroscopy) (Jeol, JSM-
6460LV) to detect sorbed species on the magnetite surface.

2.4. Force measurements and AFM data analysis

Force measurements were performed with an NTEGRA AFM
(NT-MDT). A liquid cell (MP6LCNTF), a scanning measuring head for
liquid operation (SFC100LNTF), a fully closed-loop AFM setup and
the 100 μm sample scanner (NT-MDT Z50251CLPI) equipped with
capacitive sensors were used. AFM force curves were acquired be-
tween the m-s magnetite probe and either the n-s magnetite layer
or m-s magnetite particles on a glass surface. The force measurements
between m-s magnetite particles required either the use of a non-
magnetic sample scanner or a head scanner (NT-MDT) to prevent
magnetization of the m-s particles on the substrate, because the
100 μm sample scanner is equipped with a weak magnet. It was
observed that the latter causes a significant magnetic interaction be-
tween m-s magnetite particles which had to be avoided. The aqueous
media were 1, 10 and 100 mM Ca2+ solutions at nominal pH 6, which
is close to magnetite PZC (point of zero charge) [21] and at nominal
pH 10 and 4. The ionic strength of the solutions was calculated to
be 0.003, 0.03 and 0.3 M. The time to reach the equilibrium state in
the liquid cell was 15 min for each change of concentration and pH
of the solution [11]. The pH value of the solution was measured with a
pH meter (744 pH Meter, Metrohm AG, Herisau, Switzerland). All pH
values are nominal and hereafter denoted pH 4, 6 and 10. Force curves
were collected at the same approaching speed (around 70 nm/s) and
the curve time for all measurements was 2 s. The deflection signals
were transformed into force values using the equation:

Fadhesion ¼ κ·Δdef lection;

where κ is the cantilever spring constant and Δdeflection is the cantilever
displacement on the force curve. The adhesion force was calculated as
the height displacement between the virtual level, which is the extrap-
olation of the lever zero force, and the minimum of the force step.

Because of the complex geometry of the microsize particles the
force curves were collected on the same surface spot to eliminate
effects from particle geometry imperfections. Also, it was important
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to statistically confirm the traced changes in force interactions at
different ionic strength and pH in aqueous calcium solutions. In
each experiment, a newly attached microsize magnetite particle and
freshly dip-coated substrates with n-s particles, and microsize parti-
cles sprayed onto the substrate were used.

An in-house code (programmed in IGOR Pro 6.21 (Wavemetrics,
Lake Oswego, OR)) was developed for automatic evaluation of the
adhesion forces on the retracting curves. This program not only calcu-
lates maximum adhesion, but also evaluates all small force steps from
retracting curves. The force steps are evaluated either from the virtual
level or from the height of the next appearing step on the curve. This
allows the investigation of additional force interactions introduced
by, for instance, ion concentration change or change of pH. In each
experiment the photodetector was calibrated by collecting 30–40

force curves between the m-s magnetite probe and a reference glass
surface in water. About 1000 force curves were collected in each
experiment to obtain good statistics and to minimize effects from
particle geometry and roughness imperfections.

3. Results and discussion

The surface of the magnetite particles was characterized by atomic
force microscopy in TappingMode. The images obtained on m-s
magnetite particles showed two possible types of outermost particle
shape. One was triangular (see Fig. 1a) and the other was pyramidal
(see Fig. 1b) corresponding to the SEM image of the attached magne-
tite probe (see Fig. 1c). Since the particle can be placed on the canti-
lever either on its edge or vertically from the bottom, the probe
contact will be either triangular or pyramidal. The characterization
of magnetite nanolayers revealed a uniform n-s particle distribution
on the glass surfaces before and after the experiment. The average
roughness (Ra) of the coated layer was about 10 nm for measured
areas of 1×1 μm and increased slightly for larger areas (see Fig. 2).
However, it should be emphasized that the roughness of the particles
from the magnetite concentrate is even larger and therefore mea-
sured adhesion forces must be regarded as relative values.

All retract curves were processed and the adhesion forces were
presented as an adhesion histogram for each particular set of data
(see Fig. 3a). The average adhesion force composed of van der
Waals attraction and electrostatic attraction or repulsion between
the probe and the magnetite layer on the glass slide was evaluated
from the histograms using standard peak fitting algorithms. In
Fig. 4, the adhesion force versus pH is shown for the interaction
between the probe particle and an n-s magnetite layer, both im-
mersed in aqueous Ca2+ solution. At all three pH values, viz. 4, 6,
and 10, the adhesion force increased with increasing Ca2+ concentra-
tion and most distinctly so at pH 10. It is clear from Fig. 4 that the
adhesion force is less sensitive to changes in calcium concentration
at pH values of 4 and 6. This is reasonable because at pH 4 the surface
is expected to be positively charged and pH 6 is close to the point of
zero charge of the synthesized particles. According to zeta potential
measurements [9,10] and data measured by Sun Z. et al. [21], the
surface of the synthetic magnetite particles has a zero net charge
around pH 6, while at pH 4 the surface was shown to be positively
charged. Accordingly, the hydrated Ca2+ ions are not expected to

Fig. 1. The two AFM images (1a, 1b) show that the shape of the magnetite probe
particles is either triangular or pyramidal. The Z-scale in these probe 3D images is
from 0 to 5 μm. The SEM image (1c) shows the shape of a probe magnetite particle.

Fig. 2. AFM height image of the dip-coated magnetite nanolayer. The average roughness
value, Ra, is 10 nm.
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adhere to such a surface to any considerable extent. Also, there
appears to be a tendency for slightly greater adhesion at pH 6 than
at pH 4 and 10 for the two lowest Ca2+ concentrations (1 mM and
10 mM). However, the situation is different for the microsize probe
particle. Microsize particles from the iron ore concentrate are
shown to be negatively charged through the entire pH range from 4
to 10 even if the medium is process water with a concentration of
Ca2+ up to 8.8 mM [9] and in addition with a Mg2+ concentration
of 1.6 mM. Below pH 4 and above pH 10, the zeta potential curve
tends to reach the point of zero charge [10]. Even synthesized magne-
tite particles were found to exhibit a similar electrokinetic behavior
with negative surface charge between pH 4 and pH 10, when exposed
to process water. The variation in adhesion force between pH 4 and
pH 10 at low calcium concentrations could be explained by changes
in the surface charge of the probe particle and the n-s layer with
pH. In this interplay between forces hydrogen bonding between OH
entities and negative surface charges are expected to be important.

At pH 10, however, synthetic magnetite particles have been
shown to exhibit a positively charged surface after immersion in a
3.3 mM aqueous Ca2+ solution [24]. Since the magnetite surface
was negatively charged at pH 10 before addition of Ca2+ ions, the
ions must have adhered to the≡Fe–O− sites and thereby changed
the charge at the shear plane outside the particle surface. The zeta
potential was positive from low to high pH and increased at high
pH although the concentration of aqueous Ca2+ was only 3.3 mM.
Accordingly, the synthesized magnetite particles, here constituting the
surface of the thin layer deposited onto the glass slide, were expected to
be positively charged especially with Ca2+ concentrations higher than
3 mM.

At the highest calcium concentration (100 mM, Fig. 4) and pH 10
the adhesion force was much larger than at pH 6 and also much larger
than at pH 10 with lower calcium concentrations (1 mM or 10 mM).
As mentioned above, the zeta potential of the natural magnetite
(probe particle) tends to reach zero at pH above 10 if the solution
medium is process water containing about 10 mM of divalent ions.
Simultaneously, the synthesized particles should be positively charged
under the same conditions. By assuming that the surface of the probe
particle is slightly negatively charged at pH 10 and 100 mM Ca2+, this
could explain the observed increase in adhesion force (Fig. 4). In this
context it should be remembered that the probe is natural magnetite
i.e. particles that have been exposed to process water that, in addition
to Ca2+ and various other ions, also contains soluble silicates added in
the flotation process as a dispersing agent. It is well known that silica
particles are negatively charged down to pH 2 and silicate adsorbed
onto magnetite concentrate should therefore be one reason for the
negative zeta potential of these particles even at low pH. At high pH
carbonate ionswhich also dissolved in theprocesswaterwould contrib-
ute to the negative zeta potential. The experimental findings at pH 10
and 100 mM aqueous Ca2+ solution (Fig. 4) therefore indicate that
the probe particle is still negatively charged despite the high Ca2+

concentration.
The information obtained from the retract curves (Fig. 4) was also

supported by the typical approaching curves (Fig. 5), where the probe
and the magnetite particles are shown to slightly attract each other at
pH 6 and short distances (D) between the probe and the particle layer
(0bDb2.5 nm), while repulsion was observed at pH 4 and pH 10 in
the same separation range. At pH 4 and 1 mM Ca2+, the repulsion
between the probe and the surface was already evident at a separa-
tion of 10 nm. This was probably a result of double layer interaction

Fig. 3. Histograms of the measured adhesion forces. In (3a) the diagram shows two
adhesion peaks when measurements are performed in water. The occurrence of an
extra adhesion peak (extra force step on the retract force curves) was only observed
at the highest (100 mM) Ca2+ concentration (3b). The histogram presented in (3b)
was acquired at pH 6. After replacing the aqueous solution by milli-Q water this
extra peak disappeared (3c).
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since the Debye length was calculated to be about 4.8 nm and twice
this distance is close to the point where the repulsion begins. Howev-
er, no attraction was observed at smaller inter-particle separation. An
increase in pH to 10 showed attraction between the synthetic magne-
tite layer and the probe particle from 10 nm to about 2.5 nm, but at
smaller distances the total force was repulsive. This is partly explained
by the fact that at this pH the charge of the synthetic particles is
expected to be positive whereas the probe particle is slightly negatively
charged [10].

However, with separations b2.5 nm the interaction became repul-
sive. The reason for this is unclear. It can be speculated that hydrated
Ca2+ ions associated with the n-s particles and the probe particle may
be the reason why repulsive Coulomb forces surmount the van der
Waals attraction at this small separation between the particles.

The dependence of the evaluated adhesion force versus pH for m-s
probe and m-s particle interaction is shown in Fig. 6. This is the sys-
tem with greatest relevance for the agglomeration of magnetite
particles from the iron ore concentrate. In general, the adhesion
forces measured from retracting curves are considerably larger for
this system compared with the system in which the thin layer
comprised synthetic n-s particles. According to Fig. 6, the adhesion

force increased with pH except for the highest Ca2+ concentration
used, for which the adhesion force decreased at pH 10. It should
also be noted that the m-s particles constituting the magnetite layer
on the glass slide are much larger than the corresponding n-s parti-
cles. The diameter of the n-s particles was about 10 nm, whilst the
diameter of the m-s particles was more than 1000 times larger. The
difference in size has relevance for the van der Waals attraction
between the particles. The van der Waals interaction energy between
two spherical particles of radius R at distance D from each other may
be written [25,26],

WA ¼ − A⋅R
12⋅D ;

where A is the Hamaker constant of the spheres in the solution, R is
the radius, and D is the interparticle separation, which is assumed
to be much shorter than the radius of the particles. Accordingly, the
size of the m-s particles on the substrate and the size of the probe
particle were expected to have a larger influence on the measured
adhesion forces shown in Fig. 6 than the corresponding forces
shown in Fig. 4.

The surface of m-s particles on the substrate and the m-s particle
on the tip of the cantilever should be negatively charged in the pH
interval studied. At both pH 4 and pH 6, the adhesion force increased
with calcium concentration, which is the same tendency as observed
for the n-s/m-s system (Fig. 4). However, at pH 10 the two systems
behave differently. It was found that the adhesion force at pH 10
and 100 mM Ca2+ in the solution medium was lower than at pH 4
and pH 6. The reason why this repulsive component is much larger
in a 100 mM aqueous Ca2+ solution than at lower calcium concentra-
tions (1 mM and 10 mM) is still unclear and should be the subject of
further investigations. The m-s particles already exposed to process
water may be in a better position to form other chemical surface
structures such as calcium carbonate and calcium silicate, especially
with high calcium concentrations. An indication of such a scenario is
shown in Fig. 3, where the change of the interaction character at pH
10 and at the highest Ca2+ concentration in comparison with lower
concentrations is shown in force histograms. Only two adhesion
forces, 0.51 and 1.1 nN, were observed when two microsize magne-
tite particles interact in water (Fig. 3a). When the Ca2+ concentration
was increased to 100 mM at pH 6, the adhesion force increased and
an additional peak appeared (Fig. 3b). This additional peak disappeared
after replacing the solution with fresh milli-Q water (Fig. 3c). High

Fig. 6. 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 figure
shows that the adhesion force increases with pH except at the highest Ca2+ concentra-
tion (100 mM). The solid lines are to clarify the trend in the data.

Fig. 5. 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.

Fig. 4. 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 figure
demonstrates that the adhesion force decreases at pH 4 and 10 with Ca2+ concentra-
tions of 1 and 10 mM relative to the adhesion force measured at pH 6. However this
trend is not valid for 100 mM Ca2+. The solid lines are to clarify the trend in the data.
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calcium concentration and the possible presence of CO2 can imply pre-
cipitated calcium carbonate on the magnetite surface. Although the
liquids were degassed in our experiments, the liquid cell used was of
an open type, which should result in dissolved CO2 in the solution. In
addition, it should be remembered that the m-s particles had already
been exposed to processwater at about pH9. Regardless of the chemical
structure formed, a water soluble entity appeared to affect the adhesion
force shown in the histogram, as the additional peak disappeared after
the cell was flushed with milli-Q water (Fig. 3c).

The influence of aqueous Ca2+ solutions on magnetite particle
interaction was also compared with the interaction in milli-Q water.
The adhesion force decreased in 1 mM Ca2+ solution relative to the
adhesion in water for both types of interacting system. The adhesion
force between n-s and m-s magnetite particles in water after the sys-
tem had been exposed to the Ca2+ solution and then exposed to
milli-Q water was approximately constant. The difference in force
was 0.01 nN, which corresponds to a relative difference of 12.5%,
whereas the adhesion force between m-s particles decreased after
this procedure by 32%.

The surface of the magnetite probe particle was examined by
SEM-EDS after being washed with milli-Q water and allowed to dry
for 24 h. Analysis revealed the presence of Na, Cl, Ca, and Si atoms
on the magnetite surface (as shown in Fig. 7). Na, Ca, Cl and Si
atoms appear because the particles from the magnetite concentrate
had already been exposed to process water, as mentioned above,
and in addition the pH of the calcium chloride solutions was adjusted
using NaOH and HCl.

4. Conclusions

The colloidal probe technique was applied to the measurement of
force interactions between magnetite particles. Interaction between
n-s and m-s magnetite particles in aqueous Ca2+ solution at pH 4, 6,
and 10 was examined. The statistical treatment of data from retracting
experiments used in this work showed the applicability of the AFM
technique for studying adhesion forces with high sensitivity despite
predicted difficulties arising from the roughness of the particles.
Accordingly, all measured adhesion forces must be regarded as semi-
quantitative since the inter-particle distances reported do not reflect
the true adhesion force that would have resulted from the interaction

between two smooth spheres at the samedistance. Interaction between
particles from the magnetite concentrate (m-s), as well as the interac-
tion between synthesized magnetite particles (n-s) and particles from
the concentrate showed an increased adhesion force between the parti-
cles with increasing Ca2+ concentration at pH 4 and pH 6. However,
these two systems (m-s/m-s and n-s/m-s) behave differently at pH 10
with respect to the concentration of Ca2+ ions. This difference in the in-
teraction behavior of the two systems is assumed to be caused by chem-
ical modification of the magnetite surface by Ca2+ ions and pH and a
possible formation of surface structures such as calcium silicate and cal-
cium carbonate. Further investigation of this interaction system using a
controlled probe geometry and significantly reduced contact roughness
is being carried out.
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a b s t r a c t

Vertical Scanning Interferometry (VSI) may induce optical artefacts in surface topography measure-

ments. The influence of these optical artefacts on the calculation of Rk surface roughness parameters,

contact stiffness and flow factors were studied. Two surface measurement techniques were used:

Atomic Force Microscopy (AFM) and VSI. Calibration grids were used to make it easier to isolate the

causes of these artefacts, while a real engineering surface was used to compare these two techniques in

an industrially applied case. It was found that the optical artefacts have a large influence on all the

roughness parameters, contact stiffness and flow factors calculated on the calibration grids. However,

for the engineering surface the differences between AFM and VSI measurements were much smaller.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

It is necessary to characterise engineering surface topography
to ensure that any component leaving a manufacturing process
will function to the required performance level in the tribological
contact that it is subjected to. To achieve this, the surface must be
accurately characterised and the appropriate surface parameters
calculated and compared with a pre-specified tolerance. Tradi-
tionally in engineering situations a stylus profilometer has been
used to measure a line profile on the surface [1,2] and the average
roughness amplitude (Ra), or some stratified surface parameters
(Rk/Rpk/Rvk), calculated.

Nowadays however, with the advent of new, more advanced
measuring equipment 3D surface measurement techniques are
more frequently being used. These techniques are often based on
optical rather than contact methods and bring great benefits if
used correctly. On the one hand they capture more data from the
surface, however often these techniques bring about or may cause
some optical artefacts and errors which influence the surface data
captured. Little is understood about the new artefacts or errors
that these techniques bring to the surface measurements. It has
already been indicated in literature that the surface measure-
ments performed with 3D surface measurement techniques may
differ from the ones performed by Atomic Force Microscopy
(AFM) [3,4]. The latter technique is often used as a reference

technique to compare with. This research will focus on comparing
the AFM and Vertical Scanning Interferometry (VSI) techniques.

The investigation of the differences between AFM and VSI in
such surface characterisation, often focusing on standard surface
roughness parameters, is a well researched area. It has previously
been established that roughness parameters, such as root mean
square roughness, Rq, and average roughness, Ra, reveal a differ-
ence depending on whether the surface has been measured with
AFM or VSI [3–6]. The differences in measured roughness para-
meters were explained by the occurrence of optical effects,
introduced by the VSI technique, such as multiple light scattering,
crater effects, a response to different light angles, sensitivity to
vibrations, surface reflectivity [6] and diffraction effects at sharp
edges [3]. It was also found that sub-micron details can be
smoothed due to optical system or detector limitations [4].
Objective lenses with magnification of 40� or lower were found
to be unsuitable for accurate roughness measurements [4,5].

These observed optical artefacts have been studied and
described in more detail in [7–9]. The occurring phase jumps
and the ‘batwing’ effect were explained in terms of the inter-
ference between wave reflections incident on the top and bottom
levels of a surface asperity. The 2 p error in phase was attributed
to dispersion caused by chromatic aberration. It was established
that multiple scattering usually leads to overestimation of the
surface roughness by VSI. Rhee et al. [7] suggested a diffraction
model which partially explains the observed spikes occurring
near edges and valleys on the surface asperities.

AFM measurements ought to be performed with care as well.
A too high applied force by a tip may lead to scratching of the
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surface and excessive wear of the tip while scanning the surface.
Wear of the tip will cause a decrease in resolution. The tip shape
and tip radius define the accuracy and resolution ability of the
AFM in surface characterisation. In the case when the angle of
imaged asperities is close to the tip angle or the asperity is even
sharper than the tip, a convolution, or dilation, will take place and
the imaged features will possess the same slopes as the tip angle
[10]. To improve the obtained image and acquire real surface
feature dimensions it is necessary to perform a deconvolution, or
erosion, operation [11–13]. Also, scanner drift must be taken into
account, especially in the case of measurements on relatively
large areas and with the long acquisition time typical for an AFM
measurement. Piezo non-linearity and hysteresis may distort the
measurements too. This can be compensated for by the use of a
closed-loop scanner. The latter may reduce the total non-linearity
of the system to about 1% [14]. Another process which may lead
to image distortion is cross-talk between the x, y and z axes. This
can be reduced by either the use of close-loop scanners or
separated orthogonal scanners [14]. When all these issues are
taken into account the AFM technique is a very accurate tool for
performing surface characterisation and the obtained surface
parameters can be used as a reference.

Although there are several investigations previously under-
taken to compare these two techniques, several experimental
aspects are still unclear. Thus, AFM is a precise tool to accurately
characterise the surface roughness but it is relatively slow in
comparison to an optical technique. On the other hand the VSI
technique is much faster but as reported can produce a poorer
quality surface measurement in several specific cases. It is
necessary to separate and investigate all observed effects leading
or causing to differences in the roughness parameters between
these two techniques and clearly answer in which case AFM and
VSI should be used in measurements.

Also, 3D surface measurements are increasingly being used not
only to calculate roughness parameters, but also as an input of
surface topography into tribological simulations. Often contact
mechanics simulations utilise these 3D surface measurements,
and flow factors, such as those described by Patir and Cheng
[15,16] and Sahlin et al. [17,18] are calculated from a 3D surface
measurement too.

2. Surfaces under investigation

Five different surfaces were used in this study, four commer-
cially available ‘calibration grids’ and one ‘engineering surface’
from a tribological contact.

The calibration grids used in this investigation were: a TGG
1 grid (NT-MDT) consisting of triangular steps with an edge angle
of 701 and 3 mm period formed on an Si substrate. Two grids, TGZ
2 and TGZ 3 (NT-MDT) have rectangular steps formed on a layer
of SiO2 and step heights of 112 nm71.5 nm and 545 nm72 nm,
respectively. The fourth grid has square holes formed on an Si
wafer with a period of 10 mm. The engineering surface was taken
from a combustion engine cylinder liner. The material is grey cast
iron and is plateaux honed to give a cross-hatch like surface finish.
In this study an area of the smoother plateaux was investigated, as
illustrated in Fig. 1.

When measuring the engineering surface it was obviously desir-
able to measure in the same location with both the VSI and AFM
measurement techniques. Therefore a systemwas devised in order to
try and achieve this. The surface was indented in four locations with
the desired measurement area at the centre of these four points.
When the sample was placed in the VSI or AFM it could be moved in
the x and y directions and aligned with the four indents on the
sample so that the measurement took place in the centre of them.
The scratches were made sufficiently far away from the desired
measurement region so as not to damage the measured area. Due to
the small area being measured, approximately 100� 100 mm, it was
not possible to measure exactly the same area with both the VSI and
AFM; however, themeasurements are from an approximately similar
region. It is estimated that the centre point for each measurement is
7100 mm from the specified location.

3. Measurement techniques

The five surfaces were investigated using two different mea-
surement techniques, Vertical Scanning Interferometry (VSI) and
Atomic Force Microscopy (AFM).

3.1. VSI measurements

A Wyko NT 1100 Vertical Scanning Interferometer was used to
measure each of the five samples. A 50X objective lense and
1X Field of View lense were used to give a measurement area of

Table 1
Nomenclature.

Symbol Parameter

A0 Pressure induced flow factor matrix

B0 Shear induced flow factor matrix

l 6mU
U Entraining speed (m/s)

m Fluid viscosity ðPa sÞ
p0 Homogenised pressure (Pa)

h Surface separation (m)

c1 Local scale variable

c2 Local scale variable

w0 Local scale variable

x (x1 ,x2) Global coordinates (m)

y (y1 ,y2) Local coordinates (m)

l1,2 Local scale length (m)

e1 ð1;0ÞT
Y Local domain

a Pressure induced flow factor

b Shear induced flow factor
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Fig. 1. Topography of the engineering surface measured with VSI and AFM techniques.
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124� 94 mm with 736�480 data points. The lateral resolution of
the equipment is limited optically to 0:55 mm.

The tilt was removed by fitting and then subtracting a first
order polynomial. One issue worth remembering is that care
should always be taken when removing tilt from the measure-
ment as it can alter the surface profile. Chiffre et al. [19]
demonstrate the effect of removing the slope of a first order
polynomial fitted to a sinusoidal profile. The slope removal causes
an asymmetry in the sinusoidal wave, which in turn alters the
values of the roughness parameters. To restore any missing data
points from the optical measurements the Delaunay triangulation
method is employed in combination with linear interpolation
[20].

3.2. AFM measurements

The engineering surface was characterised by an Ntegra Prima
AFM (NT-MDT) in contact mode with the probe scanner. The
probe scanner was used due to the relatively large and heavy
reference surface for the AFM sample scanner. The scanner
calibration was performed on the same TGZ 2 and TGZ 3 grids.
The calibration grids were imaged in contact mode with the
100 mm sample scanner (NT-MDT Z50251CLPI). The measured
areas were about 100� 100 mm with 1024�1024 data points for
both the grids and the engineering surface. The close-loop option
for the scanners was used to reduce the total non-linearity and
cross-talk effect. A Silicon Nitride cantilever of type PNP-DB
(NanosensorsTM) was used with a length of 100 mm, tip height
of 3:5 mm, force constant of 0.48 N/m and a tip radius of less than
10 nm. A silicon probe CSC-21 (NT-MDT) was used with a tip
height of 7 mm, tip radius of less than 20 nm and force constant of
2 N/m. The scan velocity for the square grid was 87 mm=s. The
TGG 1, TGZ 2 and TGZ 3 grids were imaged at a scan velocity of
50 mm/s. The engineering surface was imaged with a scan velocity
of 82 mm=s for the PNP-DB probe and 78 mm=s for the CSC-21
probe. Two types of probes were used to compare the obtained
roughness parameters and to ensure that the PNP-DB probe is
fully suitable for this type of measurement. It was found that the
obtained roughness parameters for the engineering surface with
the use of both probes were the same. Since two types of the
scanners were used in this study it was necessary to check that
the scanners possess the same resolution and provide the same
results. The TGZ 3 grid was imaged with the use of both the
sample and probe scanners. The obtained profiles were very
similar and varied slightly by 72 nm. The PNP-DB probe was
used in almost all measurements in this study. However, this
probe was not completely suitable for measurement of TGG 1. It
was found that the probe could not reach the bottom of the
valleys between the plateaux. Because the probe and surface have
similar pitch and size scale, the side of the probe likely contacted
the surface before the tip reached the valley bottom. The plateau
to valley height obtained with the use of the PNP-DB probe was
about 1:43 mm while the ‘real’ height achieved with the CSC-21
probe was 1:65 mm. The probe quality was checked after each
measurement on the engineering surface to verify that the probe
was not worn significantly or damaged and still provided the
correct surface profile. The check was performed on the TGZ
3 grid. The measured heights and profiles were exactly the same
as before measurements on the engineering surface.

4. Tribological surface parameters

In order to investigate the surface measurements two types
of tribological surface parameters will be calculated, Rk height
averaged roughness parameters and flow factors, calculated by

the homogenisation method as outlined by Sahlin et al. [17,18]. Rk
surface roughness parameters are widely used to characterise
tribological surfaces. Flow factors, although not widely used to
characterise surfaces, can be seen as surface roughness para-
meters. They may be more effective than Rk parameters when it
comes to the characterisation of lubricated surfaces. The effect of
measurement technique on both of these types of parameter will
be investigated.

4.1. Rk parameters

The Rk parameters, based on the Abbott curve (Fig. 2), attempt
to individually define the peaks, valleys and plateaux of a surface
with different numerical parameters.

To obtain the Abbott curve for a 2D profile or a 3D surface the
height range is first divided into ‘bins’ and the percentage of
material falling into each of these bins is plotted against the bin
height. This yields the height distribution of the surface. The
Abbott curve is related to the cumulative distribution of surface
heights and hence can be obtained from the height distribution.
To calculate the numerical parameters, a straight line must be
plotted through the shallowest 40% of the curve. Rk is defined as
the change in height of this line across the width of the graph,
between 0% and 100% asperity height distribution. Rpk is the
difference between the highest point on the surface minus the
height of the straight line at 0% asperity height distribution.
Similarly, Rvk is the difference between the height of the straight
line at 100% asperity height distribution minus the height of the
lowest point on the surface.

For a cylinder liner surface, like the engineering surface used in
this study, Rk can be used to describe the roughness height after
the running in process and Rvk the oil accumulation in the honing
grooves. The Rk parameters have been calculated for both mea-
suring techniques for all the surfaces under investigation.

4.2. Flow factors and contact stiffness

For the surface measurements of the five samples, so-called
‘flow factors’ have also been calculated using the homogenisation
method incorporating contact mechanics for the mixed lubrica-
tion regime. Flow factors are functions of separation between a
measured surface and a theoretical smooth opposing surface.
They can be thought of as correction factors, which are used to
modify the Reynolds equation to incorporate the averaged effect
of surface roughness. Traditionally, when solving the Reynolds
equation a very fine mesh would be required to resolve surface
roughness. By implementing flow factors, the problem can be
considered smooth with the effects of roughness incorporated
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Fig. 2. Illustration of an Abbott curve with Rk parameter definitions.
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within the flow factors in the homogenised Reynolds equation.
This allows a much coarser mesh to be used and therefore far less
expensive computations. Because of this flow factors could
potentially be thought of as a way of describing the effect that
the surface roughness has in a tribological problem.

As the separation between the measured surface and the
smooth opposing surface is reduced, at some point the two will
come into contact. At this point a Boussinesq-type elasto-plastic
contact mechanics model [17,18] is used to calculate the average
contact pressure between the asperities of the measured surface
and the opposing smooth surface. This data can be plotted as a
stiffness curve and is also calculated and investigated here.

A brief outline of the equations involved will be given below,
but for a full derivation Almqvist et al. [21] should be referred to.
For this analysis the time dependent term in the Reynolds equa-
tion will be neglected. Full nomenclature is provided in (Table 1).

The homogenised steady state Reynolds equation can be
written as

r � ðA0ðx1,x2Þrp0ðx1,x2ÞÞ ¼ lr � B0ðx1,x2Þ, ð1Þ
where p0 is the homogenised film pressure, l¼ 6mU and A0 and B0
are flow factors:

A0 ¼
a11 a12

a21 a22

 !
and B0 ¼

b1

b2

 !
: ð2Þ

To calculate the individual flow factors, three partial differential
equations with periodic boundary conditions must be solved
over the measurement domain, i.e., the cell of periodicity,
Y ¼ ð0,l1Þ � ð0,l2Þ:
ry � ðh3ryc1Þ ¼ 0 in Y , ð3aÞ

c1ðx,0,y2Þþ1¼c1ðx,l1,y2Þ,

c1ðx,y1,0Þ ¼c1ðx,y1,l2Þ,

ry � ðh3ryc2Þ ¼ 0 in Y , ð3bÞ

c2ðx,0,y2Þ ¼c2ðx,l1,y2Þ,

c2ðx,y1,0Þþ1¼c2ðx,y1,l2Þ,

ry � ðh3ryw0Þ ¼ry � ðhe1Þ in Y , ð3cÞ

w0ðx,0,y2Þ ¼ w0ðx,l1,y2Þ,

w0ðx,y1,0Þ ¼ w0ðx,y1,l2Þ,
where h describes the clearance between the rough surfaces and
c1, c2 and w0 are local scale variables. Once c1, c2 and w0 have
been calculated they can be integrated over to give the flow
factors in Eq. (2) needed to solve the homogenised Reynolds
equation:

a11ðxÞ ¼
1

l2

Z
Y
h3

@c1

@y1
dy, ð4aÞ

a12ðxÞ ¼
1

l1

Z
Y
h3

@c2

@y1
dy, ð4bÞ

a21ðxÞ ¼
1

l2

Z
Y
h3

@c1

@y2
dy, ð4cÞ

a22ðxÞ ¼
1

l1

Z
Y
h3

@c2

@y2
dy, ð4dÞ

B0 ¼
b1ðxÞ
b2ðxÞ

 !
¼ 1

l1l2

Z
Y
he1�h3ryw0 dy: ð4eÞ

Three of the calibration grids do not vary in the y1-direction. In
addition, the entraining direction in the Reynolds equation is
aligned with the x1-direction and the analysis can be reduced by
one dimension. In this case, Eq. (1) can be written as

@

@x1
a11ðx1,x2Þ

@p0
@x

� �
¼ lb1ðx1,x2Þ, ð5Þ

where a11 is the modification of the pressure induced flow due to
surface roughness and b1 is the modification of the shear induced
flow due to the surface roughness.

When the surfaces come into contact a Boussinesq-type FFT
accelerated contact mechanics approach is utilised to calculate the
deformation of the surfaces, as explained by Almqvist et al. [22]. In
this analysis, for each of the surfaces flow factors, a11 and b1, were
calculated for 50 different separations, 30 when the surfaces were
not in contact (the hydrodynamic lubrication regime) and 20 in
contact (mixed lubrication). The contact mechanics model was
used to calculate the deformed surface profile and then flow factors
calculated for the mechanically deformed, mixed lubrication,
surfaces. In order to perform the contact mechanics simulations,
material properties are required. For the calibration grids, the
material was silicon, with an elastic modulus of 185 GPa and
Poisson’s ratio of 0.26. For the engineering surface, the material
was grey cast iron with an elastic modulus of 92 GPa and Poisson’s
ratio of 0.24.

5. Results and discussion

It has been discussed in the introduction that optical artefacts
may occur while measuring surfaces with the VSI technique. An
attempt has been made to separate and investigate any artefacts
by performing characterisation of well defined surface profiles.
The measurements done on the stepped grids with heights of
112 nm and 545 nm using AFM showed good agreement with the
specification given by the manufacturer of the surface. It was
expected that the VSI measurements on the 112 nm grid would
give an overestimated step height value and it can be easily seen
in Fig. 3 that the height profile is much bigger than in the AFM
measurement. Also, the step profile with VSI exhibits more of a
sinusoidal shape. The VSI profile looks quite smooth and this may
have been caused by optical and detector limitations. The
narrower top and bottom shape of the steps is probably caused
by an overlapped ‘batwing’ effect on the edges as the result of the
multiple interference following diffraction from the sharp edge.
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Fig. 3. Cross-section of 112 nm grid measured with AFM and VSI techniques,

VSI measurement shows increased height with sinusoidal-like profile.
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It was unexpected that the measured height of the steps by VSI
was much less in comparison to the AFM measurement for the
case of the 545 nm stripe grid, Fig. 4. A narrower top shape of the
steps in the VSI measurement is observed as in case of 112 nm
stepped grid. It appears that it is induced for similar reasons as
described above for the 112 nm grid. There are clear spikes
(or kinks) in the valleys of the steps. It is assumed that they
might be caused by multiple scattering and the interference
between reflected waves. The kink at the bottom looks similar
to the left upper edge of a previous step. It is possible that
accurate height determination by VSI is affected by a resolution
limit somewhat. Since the period of the plateaux is only 1:5 mm,
the optical artefacts that occur due to interference might overlap
leading to a sinusoidal profile.

The grid with a periodic square pattern was investigated next,
the square holes have a depth of approximately 100 nm and a
period of 10 mm in both the y1 and y2 directions, a cross-section is
illustrated in Fig. 5. This grid is very similar to the one investi-
gated by Gao et al. [9]. The obtained grid profile is analogous to
that observed in [9] also. The observed spikes at the edges and
valleys are due to the batwing effect. Clearly, the top and bottom
of the holes are overestimated by VSI. To continue the investigation further the triangular grid was

imaged by both techniques, shown in Fig. 6. The VSI technique
exhibited a good ability to measure such features. The step height
was a little bigger with the VSI measurement than the AFM
measurement and this is due to the expected batwing errors on
the sharp peaks. The kinks at the bottom of the valleys look very
similar to the top of the previous steps. However, they are not
completely symmetrical and are possibly due to multiple reflec-
tions from the side walls.

It is believed that because of the resolution limitation over-
lapping of the batwing effects occur, especially in the case of
1:5 mm separation between neighbouring edges of the calibration
grids of Figs. 3 and 4. The overlapping did not happen only in case
of 10 mm period and only on the bottom part where the flat area
has a length of 6 mm. This overlapping might be the reason why
112 and 545 nm stepped grid profiles look very similar.

The observed feature, the kinks, might be explained by multi-
ple scattering from the side walls or as a result of interference
phenomena.

5.1. Rk parameters

The roughness parameters calculated from the AFM and VSI
surface measurements are given in Table 2.

In general the VSI technique overestimated the value for
average surface roughness, Sa. This is true for the 112 nm, square
and triangular grids and the engineering surface. However, in the
case of the 545 nm grid the VSI measurement gave a much
smaller Sa parameter than the AFM measurement. It is quite clear
from Fig. 4 that the average surface roughness would be lower
due to inaccuracies in the measurement. VSI significantly over-
estimates the Sa parameter for the square grid with a value 135%
greater than from the AFM measurement. This is caused by the
batwing effect as discussed previously. The same is true of the
112 nm height grid with a value 41.5% greater than from the AFM
measurement, which is caused by overlapping batwing effects at
the edges. In the case of the triangular grid VSI works more
effectively than with the other grids and just overestimates the
Sa value by 19.8%. Although the difference between VSI and AFM
in measuring Sa parameters for the calibration grids is significant,
for the engineering surface (Fig. 1) VSI exhibited fewer optical
artefacts than for the calibration grids, the difference only being
6.7%.

Comparing the Sk stratified surface parameters, other differences
become apparent between the AFM and VSI measurements. The
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Fig. 4. Cross-section of 545 nm grid measured with AFM and VSI techniques, VSI
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The height overestimation and batwings are clearly seen in the VSI measurement.
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core roughness, Sk, is overestimated with the VSI technique for the
112 nm, 545 nm and square grids, but the values are approximately
the same for the triangular grid and engineering surface.

The VSI technique always overestimates the Spk peak rough-
ness; however, there is one exception, the 112 nm striped grid.
The AFM measured value of Spk is significantly greater than the
VSI value, 99.9 nm in comparison with 11.1 nm. This is due to an
overestimation of the Spk value by the AFM technique. The Spk
value, as discussed previously, is a measure of the peak height, the
distance between the highest peak and the upper level of the core
roughness zone. On the AFM image there were a handful of
spikes, caused by dust or some other contamination. Although
they occupy an insignificant amount of the measurement area
and have very little affect on the calculation of other roughness
parameters, contact stiffness or flow factors, they have a huge
affect on the calculated Spk parameter. This shows that the Spk
parameter is highly sensitive to small errors in the measurement
and must be used with care.

Finally, examining the Svk parameter, there are two major
differences between the VSI and AFM measurements. For the
545 nm grid, the AFM value is huge compared to the VSI value,
514 nm compared to 24.5 nm for the VSI grid. This is because for
the AFM measurement, the core region is considered to be the top
plateau surface, with the 545 nm deep grooves the valleys that
Svk is calculated over, hence a value of 514 nm, which is approxi-
mately the stripe depth. This is the correct value for the para-
meters for this surface. However, with the VSI grid, the profile is
more sinusoidal due to the previously discussed measurement
errors. Therefore, the core region sits at a lower level, giving the
surface both peaks and valleys, and a lower Svk is calculated. The
second difference with Svk parameters comes with the square
grid, where this time the VSI measurement gives a much higher
value. This is more simply explained by the batwings occurring at
the bottom of the valleys and causing a greater depth than is
there in reality, shown in Fig. 5.

5.2. Flow factors and contact stiffness

The flow factors presented here are plotted against mean
separation, a, which is defined in Fig. 7.

The pressure induced flow factor, a11, is cube rooted when
plotted on the graphs to make it comparable in magnitude to the
shear induced flow factor, b1, to allow them to be plotted on the
same axis. One issue when evaluating the data is how to define
the surface separation. In these plots a is the separation from the
flat counter surface to the mean plane through the measured
surface. However, due to the optical artefacts, the mean plane on
the undeformed VSI and AFM surfaces will be in different
locations. It is assumed that under very high loads and deforma-
tions the separation is comparable, therefore the VSI separation is
corrected so that at the highest load the deformation is the same
as with the AFM surface. This makes the difference in separation
easier to evaluate from the figure as the surfaces are unloaded.

The effect of optical artefacts from the VSI technique on flow
factor and contact stiffness surface parameters is first evaluated
for the square grid, as illustrated in Fig. 8.

Fig. 9 shows the contact stiffness, mean contact pressure
plotted against separation, for the square grid. It is observed that
the VSI surface comes into contact with the flat counter surface
first and there is a more gradual increase in pressure indicated by
a shallower gradient.

The difference in contact stiffness can be explained by the
optical artefacts present in the VSI measurement. The artefacts
representing batwing like artificial peaks lead to the surface
coming into contact with the flat plane sooner and provide a less
stiff initial contact, whereas with the AFM measurement the two
surfaces come into contact later but with a much higher initial
stiffness. This is shown by a higher gradient of the AFM stiffness
curve where contact first occurs.

The a11 flow factor, as defined in Eq. (4a), is used to modify the
pressure induced flow in the Reynolds equation due to the effect
of surface topography. If the flow is restricted in the x-direction,
then the flow factor will be of a lower value. The b1 flow factor, as
defined in Eq. (4e), is used to modify the shear induced flow due
to the effect of surface topography. Fig. 10 shows the pressure and
shear flow factors for the square grid.

For larger separations the flow factors calculated for the VSI
surface are of a lower value, meaning that the flow is more
restricted, this is due to the batwing effect creating additional
peaks rather than a smooth plateau surface. As the surfaces come
closer together, the flow is gradually restricted for the VSI surface.
The AFM surface, however, reaches a point where there is sharp
change in gradient and the flow factor has almost zero gradient

Table 2
Rk parameters calculate for surfaces.

Surface 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 11.1 105.0 148.0

545 nm 232.0 89.1 53.5 103.0 17.2 169.0 514.0 24.5

Square 39.0 91.6 10.9 64.3 45.1 220.0 101.0 521.0

Triangular 450.0 539.0 723.0 667.0 1002.0 1407.0 43.2 74.3

Eng. Surf. 135.0 144.0 342.0 394.0 492.0 804.0 744.0 852.0

Hydrodynamic Lubrication

α

Mixed Lubrication-Surfaces in Contact

α

Surfaces
Mean plane of undeformed rough surface
Undeformed rough surface

Fig. 7. Definition of mean separation, a, for both hydrodynamic and mixed lubrica-

tion scenarios.
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afterwards. This occurs when the flat counter surface comes into
contact with the flat plateaux of the square grid AFM measure-
ment, the same point at which there is a sharp increase in
asperity contact pressure, Fig. 9. It can be concluded from these
results that at large and small separations the VSI and AFM
techniques produce similar results, however, between the two,
in the mixed lubrication regime around where contact occurs
between the surfaces, the behaviour is different. The transition is
much smoother with the VSI measured surface, due to the batwing

optical artefacts; however, this is not true for the AFM measure-
ment which has a much sharper transition and is more represen-
tative of what the surface really looks and in theory behaves like.

The stiffness curves for the triangular grid, Fig. 11, are very
similar. The only difference is that the stiffness under low load is
less for the VSI measured surface, as illustrated by a shallower
gradient of the stiffness curve. This is caused by the steeper peaks
of the VSI being less stiff than the broader peaks of the AFM
measurement.

The difference in flow factors is more pronounced for the
triangular grid, Fig. 12, than was seen with the square grid,
Fig. 10. The flow factors for the VSI measured surface are much
lower, indicating a reduction in flow, in comparison to the AFM
measured surface. This can be explained because the peaks are
much steeper on the VSI measured surface, and there is no way to
flow around them as they completely cross the width of the
surface. This is unlike the batwings seen on the square grid VSI
measurement, which do not create a complete barrier to flow in
the y1 direction.

Comparing the stiffness curves for the engineering surface,
Fig. 13, the VSI measurement shows the same trend as has been
previously illustrated by the square grid stiffness curve, Fig. 9.
Although it is not as clearly observed with this measurement of
an engineering surface, this can most likely be explained as being
caused by the same phenomenon as on the square grid that
optical artefacts on the surface cause sharper peaks that create a
less stiff surface when low loads are applied.

Examining the flow factors for the engineering surface, Fig. 14,
there is little difference between the flow factors calculated with
the VSI and AFM measurement techniques, they are almost
identical. This is very encouraging, as for this particular surface
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it shows that the flow factor parameters can be considered
reasonably independent of the measurement technique.

6. Conclusion

In this research the optical artefacts introduced by the VSI
measurement technique have been investigated for a range of
calibration grids and a real engineering surface. The AFM mea-
surement technique was used as a reference to compare the
measurements too.

Several optical artefacts, including batwing effects and phase
shifts, were observed on several of the surfaces. The calibration
grids made it easier to isolate the causes and effects of these
artefacts, which was more difficult with a real engineering
surface.

The effect of these artefacts on the calculation of both Rk
surface roughness parameters, contact stiffness and flow factors
calculated through the homogenisation process was investigated.
It was found that the optical artefacts could have a large influence
on all of the roughness parameters, especially on the striped and
square calibration grids, where the artefacts dominated the
underlying surface features on the VSI measurement. An analysis
of the contact stiffness showed that when the surfaces come into
contact under low loads the increase in contact stiffness is more
gradual with the VSI measurements due to the optical artefacts
creating artificial peaks. For the flow factors there was little
difference between the measurement techniques for the engineer-
ing surface, however for the calibration grids the extra peaks caused
by the artefacts caused an additional constriction for the flow across
the surface, leading to a lower value of calculated flow factor.

These preliminary data suggest that it may be acceptable to
use the VSI measurement technique for certain engineering
surfaces for the calculation of roughness parameters, contact
stiffness and flow factors. This is largely due to real engineering
surfaces having shallower gradients than the extremes found on
the calibration grids. However, care must be taken with surface
measurements with a small, well defined surface features, such as
that which might be produced by laser etching on an engineering
surface. With these measurements the VSI technique is prone to
overestimate roughness parameters and flow factors, and a lower
contact stiffness at the moment of contact. However, the exact
effects depend on the wavelength and depth of the features on
the surface and must be investigated carefully for each case.
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Abstract: Sodium-activated calcium bentonite is used as a binder in iron ore pellets and is known to increase
strength of both wet and dry iron ore green pellets. In this article, the microstructure of bentonite in magnetite
pellets is revealed for the first time using scanning electron microscopy. The microstructure of bentonite in wet
and dry iron ore pellets, as well as in distilled water, was imaged by various imaging techniques ~e.g., imaging at
low voltage with monochromatic and decelerated beam or low loss backscattered electrons! and cryogenic
methods ~i.e., high pressure freezing and plunge freezing in liquid ethane!. In wet iron ore green pellets, clay
tactoids ~stacks of parallel primary clay platelets! were very well dispersed and formed a voluminous network
occupying the space available between mineral particles. When the pellet was dried, bentonite was drawn to the
contact points between the particles and formed solid bridges, which impart strength to the solid compact.

Key words: microstructure, high pressure freezing, plunge freezing, freeze fracture, cryo-SEM, bentonite,
magnetite, iron ore, green pellets

INTRODUCTION

Bentonite is an impure mineral containing mostly montmo-
rillonite, a clay of the smectite family. Because of its versatile
properties, bentonite is used in many industrial applica-
tions, e.g., in drilling muds, as a foundry bond clay, and as a
sealant in irrigation ditches and radioactive waste reposito-
ries ~Murray, 1991; Pusch & Yong, 2005!. In the iron ore
industry, it is utilized as a binder to produce iron ore pellets,
since it improves ballability ~Qiu et al., 2004! and the
strength of as-prepared wet green pellets ~Forsmo et al.,
2006! and of dried pellets ~Volzone & Cavalieri, 1996!.
However, there is no reliable microstructural data in the
literature that explains the role of bentonite in iron ore
pellets and similar materials.

Montmorillonite consists of platelets made of an octa-
hedral alumina sheet sandwiched in between two tetra-
hedral silica sheets. Because of isomorphous substitutions,
the platelets carry a net negative charge, which causes the
platelets to separate to different extents when hydrated,
depending on the counter ions present ~Luckham & Rossi,
1999!. Sodium-activated bentonite such as that investigated
in the present work swells to several times its original
volume when immersed in water ~Norrish, 1954!. Numer-
ous studies have tried to relate the special properties of
smectite clays to the arrangement of the platelets and many
structures were proposed over the past century ~Terzaghi,
1925; Goldschmidt, 1926; Freundlich, 1928; Broughton &
Squires, 1936; Hauser & Reed, 1937; Goodeve, 1939; Hof-
mann & Hausdorf, 1945; Lambe, 1953; Van Olphen, 1956,
1964; M’Ewen & Pratt, 1957; Rosenqvist, 1959; Weiss, 1962;

Norrish & Rausell-Colom, 1963; Callaghan & Ottewill, 1974;
Rand et al., 1980; Keren et al., 1988; Lagaly & Ziesmer, 2003;
Morris & Zbik, 2009!. Yet, reliable observations of benton-
ite, smectite, or montmorillonite microstructures are scarce
and most reported cryogenic scanning electron microscopy
~SEM! works must be viewed with scepticism because of the
doubtful freezing procedures that were utilized.

In order to achieve vitrification of wet samples, i.e. to
avoid formation of ice crystals in the samples, which would
lead to the formation of artifacts in the samples, effective
freezing rates in the range of about 103–105 K/s are required
~Moor, 1971!. The vast majority of the cryo-SEM studies on
bentonite and related compounds used plunge freezing at
ambient pressure of samples larger than 100 mm in liquid
cryogens such as chlorofluorocarbons ~Tessier & Pedro,
1982; Tessier et al., 1992! or propane ~Mpofu et al., 2004;
McFarlane et al., 2006; Zbik et al., 2008, Morris & Zbik,
2009!. However, freezing of water without crystallization is
difficult to achieve by plunge freezing of hydrated samples
having a thickness larger than 10–20 mm, depending on
water concentration, chemical composition, and other fac-
tors ~Steinbrecht & Zierold, 1987!. In the case of smectite
clays, Chenu and Tessier ~1995! demonstrated that plunge
freezing in liquid nitrogen and chlorofluorocarbons undoubt-
edly altered the microstructure of moderately concentrated
suspensions of Na-smectite as compared with results ob-
tained by small angle X-ray scattering of wet samples.
Plunge freezing in liquid nitrogen was also shown to be
detrimental in highly concentrated suspensions of benton-
ite by Holzer et al. ~2010! in comparison to high pressure
freezing ~HPF!. Indeed, HPF is the only technique that
enables adequate freezing or even vitrification of samples
with thicknesses below 200 mm ~Hohenberg et al., 1994;
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Studer et al., 1995! although up to 600 mm is also claimed
for biological samples ~Moor, 1987; Galway et al., 1995!.
Application of high pressure ~2,100 bar! during the freezing
process can preserve the native hydrated physiological state
of biological specimens without visible ice crystal formation
~Studer et al., 1989!.

The microstructure of bentonite in aqueous suspension
has already been reported as a dispersed structure of clay
platelets as revealed by HPF and cryo-SEM ~Holzer et al.,
2010!. However, the microstructure of bentonite in wet iron
ore pellets might differ from that observed in a pure aque-
ous suspension of bentonite because of the mechanical
action during balling and the use of processing water. In
addition, machining green iron ore pellets to dimensions
applicable for HPF ~,500 mm! is difficult and may change
its native hydrated state. Therefore, HPF cannot realistically
be applied to green iron ore pellets. Nevertheless, plunge
freezing pellets in a satisfactory cryogen such as liquid
ethane might result in cooling rates sufficient to vitrify
water close to the outer surface of the sample. This can be
ascertained by comparing the resulting microstructure with
that obtained in high pressure frozen model systems.

In the making of iron ore pellets, the green pellets are
dried before oxidation and sintering. Drying causes a remark-
able increase of strength in iron ore pellets in the presence
of bentonite ~Forsmo et al., 2006!. According to Kawatra
and Ripke ~2002!, bentonite disperses into individual plate-
lets and coats the surfaces of the magnetite particles like a
gel. However, direct observation of this type of microstruc-
ture has never been reported despite several attempts ~Ka-
watra & Ripke, 2001, 2002!. As a matter of fact, bentonite
was found to be difficult to resolve among magnetite parti-
cles by electron microscopy. These difficulties are a result of
the low bentonite content ~;0.5 wt%! and the fineness of
the bentonite platelets ~a few nanometers in thickness!,
which are nearly invisible at high accelerating voltage with
the signal from the magnetite particles being transmitted
through the clay platelets. Therefore, special contrast and
high resolution imaging techniques are required in order to
identify and clearly image dried bentonite in iron ore pel-
lets. Another difficulty associated with imaging magnetite
ore by SEM is that it is magnetic and therefore final lenses
using magnetic field for immersion can be ruled out in
order to achieve high resolution, since loose magnetic parti-
cles can be attracted by such lenses.

In the present study, we reveal for the first time the
microstructure of bentonite in wet and dry iron ore pellets
by advanced sample preparation and imaging techniques.
First, the microstructure of bentonite in green iron ore
pellets frozen by plunge freezing in liquid ethane is investi-
gated and compared with that of a high pressure frozen
bentonite suspension and an iron ore–bentonite slurry, all
with comparable bentonite to water ratio. The microstruc-
ture of bentonite in the aqueous suspension is imaged at
very low voltage using a monochromatic and decelerated
electron beam in combination with an immersion magnetic
field to achieve maximum resolution. The resulting images

serve as a reference for comparison with the micrographs
obtained with an electrostatic immersion lens on the mag-
netic samples to ease interpretation. Second, low loss back-
scattered electron imaging at low voltage is used to identify
bentonite in dry iron ore pellets and in the next step
secondary electron ~SE! imaging is used to gain topograph-
ical information.

MATERIALS AND METHODS

Materials
The magnetite concentrate ~collected from LKABs concen-
trating plants, in Malmberget, Sweden! had a particle size of
68% less than 45 mm and the mean particle size measured
by laser diffraction was 30 mm. The chemical composition
of the concentrate was 71% Fe, 0.6% SiO2, and 0.018% P.
The specific surface area of the iron ore concentrate deter-
mined from nitrogen adsorption data using the Brunauer–
Emmett–Teller ~BET! method ~ASAP2010, Micromeritics!
was 0.43 m2/g. Sodium-activated calcium bentonite clay
~Milos, Greece! with a particle fineness of 94% less than
75 mm was used as a binder. The Enslin swelling value of
bentonite was measured to be 580% ~after 2 h!. The BET
surface area of the bentonite particles was 40 m2/g. The
bentonite was dried overnight at 1058C and stored in a
desiccator before balling. The chemical composition of ben-
tonite was of 52% SiO2, 16% Al2O3, 6% CaO, 4% MgO,
2.5% Na2O, 4% Fe, and 0.7% K2O.

Preparation of Iron Ore Green Pellets
Iron ore green pellets were produced by micro-balling as
described earlier ~Forsmo, 2007! and a brief description is
presented here. First, pellet feed was prepared by mixing
7 kg moist-magnetite concentrate with 0.5% bentonite by
weight of concentrate in a laboratory mixer and moisture
content was adjusted to 8.2% using tap water. It is notewor-
thy that;50% of the final moisture was because of process-
ing water in the concentrate. Second, micro-balling was
performed in a rotating drum using a seeding approach.
Seeds of 3.5–5 mm in diameter were produced by scattering
the pellet feed in small amounts on the rotating drum and
spraying water to initiate growth. Then some of these seeds
were returned to the drum to grow green pellets by scatter-
ing fresh feed and spraying water whenever needed. The
final moisture content was 8.23 wt% and wet green pellets
with a size between 10 and 12.5 mm were selected by
screening. For future characterization by SEM, some of the
resulting pellets were immediately placed in an air-tight
flask containing a sponge impregnated with a saturated KCl
solution in order to preserve the hydration state. The other
pellets were dried at 1058C for 24 h for characterization of
the dry pellets.

Preparation of the Bentonite Suspension and
Iron Ore–Bentonite Slurry
As pieces of iron ore pellets cannot be accommodated in the
limited space of sample carriers for HPF, two model systems
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were prepared: a bentonite suspension and an iron ore–
bentonite slurry. The bentonite to water ratio in the iron ore
green pellets was about 5% ~wt/wt!. Therefore, suspensions
with this bentonite content were prepared by dispersing
bentonite in distilled water by ball milling to achieve suit-
able dispersion. Milling was carried out using ZrO2 balls for
24 h in a plastic container rotating at about 300 rpm. Then
the suspension was shaken for 6 h in a shaker after remov-
ing the balls. Magnetite particles with a size ,36 mm were
selected by dry screening in order for the slurry to accom-
modate the limited space available in the dedicated HPF
sample carriers. This slurry was formed by thoroughly
mixing 74 wt% ~36 vol%! magnetite particles with the
bentonite suspension. This concentration was selected since
the viscosity was still sufficiently low to allow the slurry to
flow through the ultrafine tip of a micropipette and to fill
the sample carriers for HPF. It corresponds approximately
to half the content of magnetite particles in typical iron ore
green pellets ~67–69 vol% according to Forsmo et al., 2006!.

High Pressure Freezing
For HPF, the bentonite suspension or the iron ore–bentonite
slurry was pipetted into the cylindrical 100 mm cavity of a
3 mm aluminum specimen carrier type A and sandwiched
with a flat aluminum specimen carrier type B. Alternatively,
samples were sandwiched between two 3 mm aluminum
specimen carriers type A with the 100 mm cavities facing
each other ~total cavity 200 mm, Leica Microsystems, Vi-
enna, Austria!. In the next step, HPF was performed using
either a HPM 100 ~Leica Microsystems! or a HPM 010
~ABRA Fluid AG, Widnau, Switzerland! apparatus. The high
pressure frozen samples were kept in liquid nitrogen before
observation by cryo-SEM. The flat aluminum specimen
carrier was removed from the sandwich in liquid nitrogen
and the sample was fractured with a knife. The A type
specimen carrier sandwiches were fractured in the freeze-
fracturing module of a MED020 machine ~Leica Microsys-
tems!. Fractured samples were transferred to the different
cryo-SEMs using a vacuum cryo-transfer shuttle ~VCT 100;
Leica Microsystems!.

Plunge Freezing and Freeze Fracturing
A 3 mm thick slice was cut from the middle of a wet iron
ore green pellet using a scalpel. The sample was immedi-
ately plunged into liquid ethane in a liquid nitrogen cooled
Dewar. It is worth mentioning that liquid ethane is the most
efficient cryogen because of the high cooling rate and of the
large difference between boiling ~184 K! and melting points
~90 K! ~Ryan et al., 1990!. Dry butane gas was blown contin-
uously to protect the liquid ethane surface in the Dewar
from atmospheric contamination. After freezing in liquid
ethane, the sample was fractured in liquid nitrogen in the
Leica EM VCT100 loading box using a knife and a hammer.
The knife was cooled in liquid nitrogen before fracturing.
The sample was mounted onto the specimen holder and the
fracture surface was shielded by a precooled cover made of a
folded copper foil to avoid contamination during transfer to

the Leica EM SCD500 instrument, in which the foil was
removed by rotating the sample. Finally, the sample was
loaded into the cryo-SEM chamber using the shuttle.

Sample Preparation of the As-Received Bentonite
and Dry Iron Ore Pellet
As-received bentonite powder was deposited on a carbon
adhesive disk on the top of a 12.5 mm aluminum pin stub
for SEM imaging. Loose particles were removed by blowing
with a stream of argon gas. The same preparation procedure
was used to prepare samples for atomic force microscopy
~AFM! investigation. A carbon adhesive disk with deposited
bentonite powder was placed on a silica substrate to per-
form scanning. To study the distribution of bentonite in
dried iron ore pellets by SEM, fragments of such samples
were glued with silver paint on a 12.5 mm aluminum pin
stub.

SEM and AFM Imaging
A Magellan 400 XHR-SEM ~FEI Company, Eindhoven, the
Netherlands! equipped with an Elstar electron column was
used for imaging of the nonmagnetic samples at high reso-
lution. In this instrument, high resolution imaging by the
through-the-lens detector is partly achieved by the applica-
tion of a strong immersion magnetic field onto the sample
to reduce focal length and thus chromatic aberration ~Young
et al., 2008!. In addition, the column is provided with a
monochromator-like device, which reduces the energy spread
of the electrons emitted by the Schottky source to ,0.2 eV
~Henstra et al., 2009!. In addition to the magnetic immer-
sion field and monochromatic beam, deceleration was used
to reduce the landing energy of the electrons onto the
samples by applying a bias voltage to the sample holder.
The resulting cathode lens further reduces the aberration of
the electron column, which is proportional to the accelerat-
ing voltage-landing energy ratio ~Müllerová & Frank, 1993!.

The as-received bentonite sample was imaged at 250 eV
landing energy using a stage bias of 2,750 V and a probe
current of 13 pA. The quality of the images was compared
with what could be obtained with a state-of-the-art AFM.
The bentonite sample was scanned with an NTEGRA AFM
~NT-MDT! using a 10 mm sample scanner ~SC210NTF,
NT-MDT! with equivalent close-loop. The surface imaging
was performed in tapping mode with the use of a NSG-01
probe ~NT-MDT, Moscow! of tetrahedral total tip shape
with curvature radius,10 nm and nominal spring constant
of 5.1 N/m. The scan velocity was usually in the range of
4–5 mm/s.

The high pressure frozen bentonite suspension was
observed in another Magellan 400 instrument equipped
with a Leica cryo-stage. Observation of the freshly frac-
tured surface was carried out at �1308C. This temperature
was found to be the best compromise to prevent ice
recrystallization and deposition of contamination. The three-
dimensional structure of bentonite was gradually revealed
by alternating short temperature cycles down to �1108C to
cause sublimation of water and back to �1308C for imag-
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ing. This sample was typically imaged at 500 eV landing
energy using a stage bias of 2,500 V and a probe current of
1.6 pA.

Because of the strong magnetic field used for immer-
sion, the Elstar column is not particularly suited for the
observation of magnetic samples, which might be attracted
by the column. Hence, observation of the magnetic samples
was conducted in instruments equipped with a Gemini
column, which utilizes an electrostatic lens for immersion
~Frosien et al., 1989; Jaksch & Martin, 1995!.

Cryo-SEM investigation of the high pressure frozen
iron ore–bentonite slurry and plunge frozen green iron ore
pellet was performed on a 1540XB CrossBeam cryo-SEM
~Zeiss, Oberkochen, Germany!, which was equipped with a
Leica cryo-stage. Another sample of the high pressure fro-
zen bentonite suspension was also investigated for compar-
ison with what was obtained with a monochromatic and
decelerated beam to ease interpretation of the images. In all
cases, a small amount of ice was sublimed carefully by
raising the stage temperature to �1108C. Imaging was car-
ried out at 3 kV and with a current limiting aperture of
20 mm.

The fracture surface of dry iron ore green pellets was
observed using an enhanced GEMINI II column on a

Merlin SEM ~Zeiss, Oberkochen, Germany!. This sample
was first imaged at 1.50 kV with the energy selective
backscatter detector ~an annular in-lens detector!, and the
negatively biased filtering grid at 1.45 kV to gain composi-
tional contrast ~Steigerwald, 2004!. The regions appearing
with distinct gray levels were analyzed by energy dispersive
spectroscopy ~EDS! at 3 kV and 1 nA with an X-Max
50 mm2 X-ray detector ~Oxford Instruments, Abingdon,
UK! to distinguish and localize silicates. Subsequently, im-
ages with high resolution topographical contrast were re-
corded with the annular in-lens SE detector to resolve the
microstructure of bentonite.

All SEM imaging in this work was performed without
any conductive coating of the samples.

RESULTS AND DISCUSSION

Microstructure of As-Received Bentonite
Bentonite was received as a powder consisting of aggregated
particles. Figure 1a shows a low magnification micrograph
of such aggregates that consist mainly of stacks of aggre-
gated flakes. Such flakes can be distinguished at high magni-
fication in Figure 1b. These flakes are composed of tactoids
or quasi-crystals ~stacks of parallel primary platelets! as

Figure 1. Microstructure of as-received dry bentonite powder: ~a! scanning electron microscopy ~SEM! image at low
magnification, ~b! SEM image at high magnification, and ~c! atomic force microscopy inverse phase image at identical
magnification as in ~b!. Arrows indicate smectite clay platelets.
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suggested by the weak patterns distinguished on the “smooth”
surfaces of the aggregates. This level of resolution was made
possible by the immersion field and the monochromator,
which greatly reduces chromatic aberration at low accelerat-
ing voltages ~,5 kV! ~Michael et al., 2009!, but also by the
low landing energy ~250 eV!, which limits penetration of
the beam through the samples and maximized topographi-
cal contrast of the surface ~Michael, 2010!.

In addition to smectite clay, aggregates of rounded nano-
particles ~,100 nm! can be observed in Figure 1b. These
were found to be calcium-rich by EDS and are most proba-
bly precipitated calcium carbonate, which was formed dur-
ing the activation of the calcium bentonite with soda ~sodium
carbonate! ~Guyonnet et al., 2005!. These nanoparticles were
present everywhere in the sample, mostly intercalated be-
tween flakes as revealed at high voltage ~�1 kV!.

AFM was also used to image the surface of the as-
received bentonite. Figure 1c shows an AFM inverse phase
image under ambient condition at identical magnification
as in Figure 1b. It was found that phase imaging was the
most suitable way to characterize the surface of the smectite
clay rather than height and amplitude ~error signal! imag-
ing. As indicated by the arrows, the edges of a few clay plate-
lets can be distinguished in Figure 1c as well as the presence
of the nanoparticles in between smectite layers. Comparison

of Figures 1b and 1c underlines the unprecedented SEM
resolution observed in this work on such samples.

Bentonite Suspension in Water
Figures 2a–2c show how the microstructure of bentonite
dispersed in water by ball milling was progressively revealed
during sublimation of ice from a high pressure frozen and
fractured suspension. By comparing these micrographs with
those of the as-received dry bentonite ~Figs. 1a, 1b!, it is
clear that the aggregated smectite flakes were exfoliated into
tactoids, which were well dispersed in water. In the frac-
tured surface in Figure 2a, only little sublimation of ice has
occurred and it is possible to appreciate the real thickness of
the tactoids as the surface sectioned by the propagating
crack is still fully embedded in ice. After a small amount of
ice has been sublimed as in Figure 2b, this type of detail is
less obvious unless the tactoids are perfectly parallel to the
direction of observation. However, the exact number of
platelets involved in each tactoid cannot be resolved by
cryo-SEM. However, it has been recently shown to be close
to unity for sodium exchanged montmorillonite by cryo-
genic transmission electron microscopy ~Segad et al., 2012!.
Except in a few aggregates, the tactoids appear well dis-
persed in water and the regions of direct contact seem to be
limited to a minimum. The space available for free water in

Figure 2. Cryo-scanning electron microscopy ~SEM! images of high pressure frozen and freeze-fractured bentonite
suspension in distilled water @5% ~wt/wt!# . Magellan 400 XHR cryo-SEM images with progressive sublimation reveals
bentonite flakes ~light gray! in the ice matrix ~dark gray!: ~a! 3 keV landing energy, ~b, c! 500 eV landing energy, and
~d! same as ~c! but imaged with a 1540XB CrossBeam cryo-SEM at 3 kV for comparison.
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between tactoids is rarely larger than 500 nm in width. After
additional sublimation of ice, the tactoids appear to form a
voluminous network as shown in Figure 2c. How continu-
ous this potential network is and how far it extends is uncer-
tain, but this suspension showed no sign of sedimentation
apart from the meniscus after standing several months in a
vial. The microstructure of the bentonite suspension after
sublimation imaged using an accelerating voltage of 3 kV
and an electrostatic immersion lens is shown in Figure 2d.
This image should be compared with Figure 2c. The deeper
penetration of the beam at 3 kV also provides information
from layers located behind the first tactoids. The large faces
of the tactoids cannot really be resolved and instead the
densest regions encountered by the incident electron beam
give rise to more signal and appear brighter. It corresponds
to regions where the tactoids are approximately oriented
parallel to the beam. Nonetheless, the true microstructure of
dispersed bentonite can be recognized from the micrograph
shown in Figure 2d after comparison with Figure 2c.

Comparison Between High Pressure Frozen
Iron Ore–Bentonite Slurry and Plunge Frozen
Iron Ore Pellet
A similar microstructure was found for bentonite in the
high pressure frozen iron ore–bentonite slurry, as shown in
Figure 3a, close to a large magnetite particle corresponding
to the bright region on the left-hand side of the image. As
expected, the microstructure of well-dispersed smectite tac-

toids extends throughout the slurry and fills the gaps be-
tween the iron ore particles. However, two regions with
distinctively different smectite microstructures could be dis-
tinguished in the ethane plunge frozen section of the iron
pellet in regions ~1! and ~2! indicated in Figure 3b.

In region ~1!, close to the outer surface of the sample
~Fig. 3c!, the microstructure of well-dispersed smectite tac-
toids was again observed. As a matter of fact, there are no
clay-free spaces larger than 500 nm, which are typical of
clay microstructures affected by slow freezing and ice crys-
tallization ~Vali & Bachmann, 1988!. Thus no signs of
artifacts can be observed in the microstructure in Figure 3c,
close to the outer surface of the specimen, even though the
latter had dimensions in the mm range and was frozen by
plunge freezing at ambient pressure.

However, a much coarser honeycomb-like microstruc-
ture comprised of thicker tactoids was observed in region
~2!, as shown in Figure 3d. This coarse honeycomb-like
microstructure is most likely an artifact because of the
insufficient cooling rate reached in the interior of the sam-
ple extending beyond about 100 mm from the outer surface
of the sample to the center of the sample. Crystallization
probably led to segregation of the initially well-dispersed
tactoids, which became stacked at the grain boundaries of
the ice crystals, resulting in a coarse honeycomb-like struc-
ture, as indicated by the arrows in Figure 3d. This type of
rearrangement is now utilized for preparation of ceramic
green-bodies with columnar structures in a process denoted

Figure 3. a: Cryo-scanning electron microscopy ~SEM! image of the high pressure frozen and freeze-fractured iron
ore–bentonite slurry, ~b! schematic drawing illustrating the location of regions ~1! and ~2! with different microstructural
properties after plunge freezing a section of iron ore green pellet in liquid ethane, ~c! cryo-SEM image of the pellet in
region ~1! ~the arrows indicate possible face-to-face association of smectite tactoids!, and ~d! cryo-SEM image of the
pellet in region ~2! ~the arrows indicate the probable segregation of initially dispersed tactoids by ice crystallization and
growth because of insufficient cooling rate in this region!. All images were recorded on a 1540XB CrossBeam cryo-SEM
at 3 kV.
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as freeze-casting ~Deville, 2008!. It is noteworthy that such
coarse honeycomb-like microstructures for clays has been
reported in numerous previous works on clays and soils.
Yet, this coarse microstructure was probably an artifact
because of an insufficient cooling rate of the sample.

The level of resolution achieved by cryo-SEM in this
study does not allow determination of whether or not the
use of tap and processing water influenced the thickness of
the tactoids, as expected with the introduction of polyvalent
ions at higher ionic strength ~Vali & Bachmann, 1988; Gu &
Doner, 1993!. In fact, this must be considered since face-to-
face association of tactoids can be distinguished as indicated
by arrows in Figure 3c.

Dry Iron Ore Green Pellets
In order to identify bentonite in the dry iron ore pellets,
scanning electron micrographs were recorded at a landing
energy 1.50 keV using backscattered electrons with an en-

ergy in the range of 1.45–1.50 keV. These low-loss backscat-
tered electrons are useful in distinguishing between regions
of different composition in inorganic ~Gault et al., 2010! as
well as organic materials ~Kim & Jaksch, 2009!. Two clearly
different gray levels were obtained under these conditions,
as shown in Figure 4a. EDS analysis of the area shown in
Figure 4b confirmed that the bright gray phase corre-
sponded to magnetite ~Fe-rich, Fig. 4c!, while the dark gray
phase could be attributed to a thin layer of aluminosilicates
~Si, Al, and Mg-rich, Figs. 4d–4f!. These results illustrate the
potential of using low-loss backscattered electrons to detect
the thin smectite tactoids. Figure 5a shows a region with
several magnetite grains imaged using low-loss backscat-
tered electrons. Dark gray regions comprised of bentonite
could be identified between the brighter magnetite parti-
cles, as indicated by the white arrows. Subsequent imaging
using the in-lens secondary electron detector shows that the
bentonite between the magnetite grains has a flake-like
morphology, most probably inherited from the dispersed
clay tactoids ~Fig. 5b!. Therefore, it can be concluded that

Figure 4. a: Low-loss backscattered electron image of iron ore
green pellet fracture surface revealing magnetite ~white gray! and
aluminosilicates ~dark gray!. b: High magnification image of ~a! and
~c–f! compositional maps of ~b! for Fe, Si, Al, and Mg, respec-
tively. ~a! and ~b! were recorded with the energy selective backscat-
ter detector of a Merlin scanning electron microscope at a landing
voltage of 1.50 kV and with the negatively biased filtering grid at
1.45 kV.

Figure 5. Scanning electron microscopy ~SEM! images of dry iron
ore pellet fracture surface: ~a! low-loss backscattered electron
compositional images revealing bentonite as dark gray phase indi-
cated by arrows, and ~b! secondary electron topographical image
showing bentonite flakes forming bridges between magnetite par-
ticles. ~a! was recorded with the energy selective backscatter detec-
tor of a Merlin SEM at a landing voltage of 1.50 kV and with the
negatively biased filtering grid at 1.45 kV. ~b! was recorded at
1.50 kV with the in-lens secondary detector.
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bentonite accumulates at the contact points between iron
ore particles during drying, forming solid bridges, and
improving the cohesiveness between iron ore grains in the
pellet. Figure 6 shows such a bridge at higher magnification.

The darker nuances of gray observed at the surface of
magnetite particles in Figure 5a and the aluminosilicate
layer identified in Figures 4a and 4b suggests that very finely
divided aluminosilicates are formed by mechano-chemical
action during processing of iron ore pellets.

CONCLUSIONS

The microstructure of bentonite in iron ore green pellets
was studied using SEM and a combination of advanced
imaging techniques. As-received bentonite was imaged at
very high resolution and was found to consist of aggregated
smectite flakes and calcium carbonate nanoparticles. The
impact of plunge freezing on the microstructure of benton-
ite in wet iron ore green pellets was investigated and com-
pared with that obtained by HPF. The true microstructure
of bentonite was preserved close to the outer surface of the
section of the iron ore pellet prepared by plunge freezing. In
this region, clay tactoids were very well dispersed and ap-
peared to form a voluminous network occupying the space
between mineral particles. When the pellet was dried, ben-
tonite was drawn to the surface of the iron ore grains and to
the contact points between the iron ore particles forming
solid bridges, which eventually impart strength to the solid
compact.
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