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ABSTRACT 

Interphase phenomenon gains more and more interest throughout the research 

community. An interphase is formed between a filler particle and a polymeric matrix, and 

it may constitute almost the entire volume of a nanocomposite. If the interphase have 

favorable mechanical properties it will thus result in a nanocomposite with such properties. 

Therefore, understanding the principles of its formation and properties are crucial in order 

to design advanced nanocomposites. This thesis focuses on PDMS-carboxylic acid 

modified latex nanoparticles (PDMS-CML) surface composites investigated by means of 

Atomic Force Microscopy (AFM). A new sample preparation method was designed and 

utilized together with the Gel Trapping Technique (GTT). Quantitative Imaging Mode and 

Contact Mode were utilized in the AFM studies. Topography and nanomechanical 

properties were investigated and compared for pure PDMS and PDMS containing the 

nanoparticles. Further, Contact Mode was used to investigate nanoscale wear of the 

samples in order to elucidate the interactions strength between the nanoparticles and the 

matrix. 



 

SAMMANFATTNING 

Egenskaper hos interfaser är ett område som röner allt större intresse hos 

forskarna inom materialområdet.  En interfas bildas mellan en fillerpartikel och en 

polymermatris, och den kan utgöra den största volymen i en nanokomposit. Ifall interfasen 

har fördelaktiga mekaniska egenskaper så resulterar det alltså i att nanokompositen 

också får det. Det är därför viktigt att först principerna för hur interfasen bildas och får sina 

egenskaper om man vill framställa avancerade nanokompositer. I det här 

avhandlingsarbetet lades fokus på PDMS och karboxylsyrefunktionaliserade latex 

nanopartiklar som bildade en nanokomposit yta, vilken studerades med 

atomkraftsmikroskopi (AFM). En ny framställningsmetod togs fram och utnyttjades 

tillsammans med den så kallade ”Gel Trapping” tekniken (GTT). Quantitative Imaging och 

kontakt mode utnyttjades vid AFM studierna. Topografin och de nanomekaniska 

egenskaperna studerades för ren PDMS och PDMS blandat med nanopartiklarna. 

Nötning på nanometernivå studerades också, och dä med AFM i kontakt mode. 
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1 INTRODUCTION 

1.1 Interphase phenomenon 

Polymers constitute a relatively new and modern group of materials compared with 

e.g. wood or steel. Their discovery opened the door to many new fields of materials 

science, and applications of plastic materials are still increasing. Composites are an 

excellent example of a state-of-the-art class of products as they combine the best qualities 

of two different materials into one. Polymer composites are high-performance materials 

consisting of two different phases, where a polymer is used as matrix. Composites, if 

properly designed, can have excellent mechanical properties, e.g. improved strength or 

stiffness compared to the polymer matrix alone. The matrix is easily deformed, while the 

reinforcement (most often particles) plays the role of major load-bearing component. 

Therefore, the added particles need to be hold firmly by the matrix, i.e. they must be 

compatible with and have strong attractive interactions with the matrix [1]. 

A nanocomposite is defined as a composite consisting of nanosized reinforcement 

such as carbon nanotubes, graphene or silica nanoparticles. The area-to-volume ratio of 

the reinforcement in nanocomposites is much larger than that for regular composites, 

which leads to special, improved mechanical properties of nanocomposites [2]. The 

reason for the uniqueness of nanocomposites is the “interphase”. The interphase can be 

defined as the interfacial region between the filler and the matrix. It is a transitional volume 

that possesses physical and chemical properties different from both the matrix and the 

filler. The thickness of the interphase is quite small, typically a few nm to a few tens of nm. 

Nevertheless, it is crucial as it is responsible for transferring loads from the matrix to the 

reinforcement, similarly to in macro composites [3]. 

For a given volume fraction of filler particles, the interphase volume increases when 

the size of the particle decreases. This makes nanocomposites very different from regular 

composites. Fig. 1 presents how the volume percentage of interphase increases for 

decreasing particle radius assuming always 10% content of the filler. When the particle 

radius is 10 nm, the interphase volume constitutes 80% of the nanocomposite. The 

conclusion is that the properties of the interphase determine the properties of the whole 

nanocomposite when the particle radius is small enough.  
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Fig. 1 Influence of particle radius on the volume of interphase in the composite[4] 

Theoretical evaluation of mechanical properties of the interphase is not 

straightforward and even after many years of studies it is still a challenge. One solution is 

to apply advanced modelling techniques, another to use so-called semiempirical 

equations or to make an estimation by applying classical models used for macro 

composites [4]. A practical approach that relies on the measurement of the values of 

mechanical properties can be realized by Atomic Force Microscopy. So far it has been 

established that the mechanical properties of the interphase varies with distance from the 

particle, and it is quite usual to observe smooth variation of the properties – the nanofiller 

influences the surrounding matrix and immobilizes it by the action of intermolecular forces, 

thereby affecting the mechanical properties, e.g. Young’s Modulus [5]. Based on theory 

and experiment it can be concluded that both the shape and the chemical nature of the 

nanofiller have significant impact on the size and properties of the interphase. 

The following paragraphs will describe in more detail some investigations of 

mechanical properties of the interphase. Some problems are highlighted and a new 

research direction is pointed out. 
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1.2 PEMA-PiBMA nanocomposite with high concentration of hydrophobized silica 

nanoparticles[6] 

In this study, nanocomposite made of PEMA (poly(ethyl methacrylate)) and PiBMA 

(poly(isobutyl methacrylate)) with high concentration of silica nanoparticles was prepared 

and investigated using two different AFM force methods (QI and force mapping), as well 

as dynamical mechanical analysis (DMA). The aims of this research were to: 

• investigate the nanomechanical properties as well as the structure of the 

interphase area of the composite surface using AFM-based techniques; 

• evaluate the influence of temperature on the interphase properties; 

• investigate surface nanomechanical properties of the nanocomposite 

containing high concentration of nanoparticles (more than 10%) as opposed to 

most current studies that concerns only low filler concentration (less than 1%). 

It is important to note that in this study the term “surface interphase region” is 

defined as the region around the particle that has different nanomechanical properties 

than the particle and the matrix. Due to convolution between the tip and the sample, the 

interphase area was measured from the obtained topography image showing convoluted 

particle diameter. Thus, the study was focused on a nanocomposite surface in contact 

with air, and the interphase properties next to particles found at the nanocomposite 

surface. 

Force curves measured between the AFM tip and the nanocomposite surface show 

hysteresis with more repulsive forces observed on approach as compared to on retraction. 

The hysteresis was higher for the soft polymer matrix than for the center of the hard silica 

nanoparticle. With increased temperature, the hysteresis of the force curves measured on 

top of the particle increased as well. It is suggested by the authors that a thin polymer 

layer was present on top of the particle, which may influence the force curves.  

Force curves registered in interphase region showed features that were in between 

those measured for the matrix and the particle. It was also confirmed that temperature 

changes influenced the force curves as the polymer matrix became softer at higher 

temperatures. It was showed that stiffness of the interphase region has different properties 

from both the matrix and the particle, and the stiffness in the interphase region decreases 

smoothly as the distance from the particle is increased. This effect is a result of decreasing 
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confinement of the polymer molecules with increasing distance from the particle. The 

confinement occurs due to attractive forces that act between silica nanoparticles and the 

polymer matrix and the fact that the nanoparticle limits the mobility of the polymer chain 

(spatial hindrance). 

Some artifacts occurring during AFM measurements are inevitable due to tip-

sample convolution. This problem is particularly severe when the particle is smaller or of 

similar size as the tip. In the reported study the tip radius was around 15 nm, while the 

investigated particle diameter was 40 nm (including tip-particle convolution as the nominal 

size of the particles was 20-30 nm). The problem of tip-sample convolution is 

schematically shown in Fig. 2. The particle blocks the tip movement and prevents the end 

of the tip to detect the exact borders of the particle. As a result, the particle seems wider 

in the image than it is in reality. This makes it more difficult to accurately determine the 

thickness of the interphase.  

 

Fig. 2 Tip-sample convolution artifact 

To make an appropriate estimation of the interphase thickness, it was evaluated 

from a graph showing topography and stiffness profiles of the cross-sectional area that 

corresponds to the dashed line in the adhesion image, both presented in Fig. 3. Point A 

corresponds to the peak height of one of the particles. The distance between points A and 

B represents the sum of the particle and the tip radius, and point C on the slope profile 

corresponds to point B on the height profile. Thus at this point the interphase region starts. 

As was mentioned before, the surface interface region shows different nanomechanical 

properties than the particle and the matrix. The solid, black, horizontal line represents the 

mean stiffness value of the matrix surface. In the interphase region (from C to D) the 

stiffness is higher, and by definition the end of the interphase at point D occurs where the 
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stiffness profile merges with the mean value for the matrix. The above mentioned method 

suggests that the interphase region has a thickness of 30-35 nm at 23°C, increasing to 

55-70 nm at 56°C. 

 

Fig. 3 Topography, slope and adhesion images for PEMA-PiBMA-silica nanocomposite in 23°C 
and cross sectional values of topography and slope 

The result contrasts with theoretical predictions that suggest less thick interphases 

and a decrease in thickness with increasing temperature. A plausible reason for the large 

interphase region is preferential adsorption of the harder polymer component at the 

particle surface. The reason suggested by the authors for the increase in interphase 

thickness with increasing temperature was that the polymer became softer at higher 

temperature, whereby the stiffness contrast increased which made it easier to distinguish 

the interphase region from the matrix region.  

The stiffness of the polymer matrix in presence and absence of nanoparticles was 

compared as well. Unexpectedly, the polymer matrix without nanoparticles exhibits higher 

stiffness than the polymer matrix in presence of nanoparticles. The authors gave an 

explanation that this was due to interactions between PEMA-PiBMA-silica, where the 

polymers segregated next to the silica surface with PEMA being preferentially adsorbed. 
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This study revealed a variety of factors that may influence the interphase properties, and 

also pointed out some difficulties encountered when measuring nanomechanical 

properties with AFM. 

1.3 PDMS-silica nanocomposite[7] 

Local mechanical properties of a PDMS-silica nanoparticle composite were 

investigated in this study, using Tapping Mode and Intermodulation Mode. Pure PDMS 

and PDMS containing 20 wt% of hydrophobic silica nanoparticles were prepared and 

evaluated. In the evaluation of the results, no contact mechanics model was used. This 

approach has the advantage that it avoids errors that come from fitting inappropriate 

mathematical models to the data. On the other hand, the measured properties do not 

exactly correspond to well-established mechanical quantities, such as Young’s Modulus. 

The aim of this study was to investigate the influence of nanoparticles on the mechanical 

properties of the PDMS matrix and compare them with the results obtained for pure 

PDMS. 

Images obtained using Tapping Mode, for both pure PDMS and the PDMS-silica 

nanocomposite are shown in Fig. 4. 

 

Fig. 4 Tapping Mode images obtained for pure PDMS (left) and nanocomposite (right). Images 
show topography (a,c) and phase contrast (b,d) in different scales 

The surface of the pure PDMS coating is slightly heterogenous, demonstrating 

areas with higher stiffness. The images of the nanocomposite were significantly different 
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from those of pure PDMS. Nanoparticles as well as the interphase region are clearly 

visible as yellow areas in the images. The large contrast between nanoparticles and matrix 

seen in the images is due to the large difference in Young’s Modulus (1 MPa vs 70 GPa). 

The nanoparticles tend to aggregate, creating large aggregates with size up to about 100 

nm, while the primary particle diameter was around 16 nm. The interphase thickness was 

determined from stiffness and energy dissipation images, and the interphase thickness 

was found to be a few tens of nanometers. The analysis of images obtained from both 

Tapping Mode and Intermodulation Mode revealed that even though it seems that 

particles stick out from the surface, they are actually immersed in and thus covered by a 

thin layer of the polymer. This result was achieved by correction of the ImAFM image for 

the effects of the stiffness difference.  

1.4 New approach – aim of the thesis 

In the light of the results from the previous work, it is clear that a new approach for 

investigating interphase properties is wanted. In particular, it would be beneficial to have 

the nanoparticles located at the polymer surface with a well-defined immersion depth.  

Analysis of the problems led to the design of a new approach, which is based on 

the Gel Trapping Technique (GTT) [8], as schematically presented in Fig. 5. A 2 wt% 

solution of Gellan Gum was prepared and kept at 50°C until used. Nanoparticles were 

dispersed ultrasonically in the solvent and applied on the top of the Gellan Gum solution. 

The method allows to prepare samples from both air-water and oil-water interfaces, on 

which the nanoparticles are applied. The Gellan Gum with nanoparticles was cooled to 

room temperature where the solution solidifies by forming a gel. Next, the PDMS with 

curing agent was poured on top of the nanoparticles-Gellan Gum composite. After 48h, 

the cured PDMS was peeled away together with the nanoparticles, washed in EDTA 

solution, NaOH solutions and water, sequentially. The washing process assures that no 

residues of Gellan Gum are left on the sample surface. Such PDMS/latex samples were 

then investigated using AFM.  
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Fig. 5 Schematics of the Gel Trapping Technique[8] 

For this study, carboxylic modified latex (CML) [9] nanoparticles were chosen. The 

structure of the nanoparticle is shown in Fig. 6. These particles carry grafted carboxylic 

acid groups, which, together with the solution pH, control the surface charge density of 

the latex particles. The higher the density of carboxylic acid groups on the surface, the 

more hydrophilic is the nanoparticle and the more it will be immersed into the water phase. 

The size of the nanoparticles is around 100 nm. 

 

Fig. 6 Carboxylic modified latex (CML) nanoparticles 

This new approach eliminates some of the problems that appeared during previous 

studies. The grafted carboxylic acid groups hinders the nanoparticles from being 

completely immersed into the PDMS matrix. Moreover, it can be designed to which degree 
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the nanoparticles should be immersed by moderating the surface charge density of the 

latex particle. The larger size of the used nanoparticles (100 nm compared to 10 nm in 

some previous work) makes tip-sample convolution effects less important. 

The scope of this thesis was to: 

• Prepare samples according to the gel trapping technique; 

• Determine the thickness of the interphase; 

• Investigate nanomechanical properties of the matrix, nanoparticles at the 

matrix surface, and the interphase; 

• To compare properties of pure PDMS with the PDMS nanocomposite; 

• To evaluate the applicability of Quantitative Imaging Mode (described later) 

for investigation of the PDMS-CML nanocomposite; 

• To conduct and analyze nanoscale wear measurement of the 

nanocomposite surface; 

2 MATERIALS AND METHODS 

2.1 PDMS 

Polydimethylsiloxane (PDMS) is one of the most common and widely used 

polymer. It belongs to the family of organosilicon polymers, which are generally called 

silicones. The structure of the polymer is presented in Fig. 7. Compared with polyolefins, 

carbon atoms in the backbone of the PDMS polymer are replaced by silicon atoms, which 

in turn are connected by oxygen atoms. Two methyl groups are bounded to each silicon 

atom. The difference in electronegativity between carbon and silicon atoms as well as the 

free d orbitals of the silicon atom result in stronger bonding  of silicon atoms with 

heteroatoms in the polymer structure, i.e. oxygen, nitrogen, sulfur or phosphorous, than 

in case of carbon atoms. Special properties of polysiloxanes come from the flexibility of 

the chain – compared with polyolefins, every second atom in the structure of the polymer, 

oxygen, has no substituents. Thus, the activation energy of the rotation around that bond 

is practically zero. Macroscopic features due to the structure of PDMS are low Tg, ability 

to crystalize, temperature-dependent viscosity and high gas permeability. Methyl groups 

in the structure of PDMS are able to reach optimal orientation on the surface of the 
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polymer due to almost free rotation. Thus, the methyl groups in contact with environment 

of low energy, e.g. air, are densely packed and dominate on the surface of the polymer, 

which results in low surface energy and chemical neutrality [10]. 

Si
CH3

CH3

CH3

O

Si

CH3

CH3
O

Si

CH3

CH3

CH3
n  

Fig. 7 Chemical structure of PDMS 

There are many different ways of synthesis that lead to PDMS, including anionic 

polymerization, cationic polymerization or polycondensation, where the last one is the 

most widely used[10], [11]. The reaction of polycondensation is schematically represented 

in Fig. 8. Details that include the methods of obtaining the monomers are beyond the 

scope of this work and will not be provided here. Molecules of dichlorodimethylsilane 

undergo hydrolysis and give dimethylsilanediols, which are very unstable and undergo 

condensation initially forming oligomers, which in turn build polymeric molecules. Instead 

of chloride, any other halogen atom could replace it, which would result in different 

reaction kinetics. The kinetics is also influenced by the number and size of the side groups 

attached to the monomer molecule. The binding between the halogen atom and the silicon 

atom in these compounds is much weaker than Si – C bonds and thus breaks during the 

reaction. Average molecular weight of the polymer can be controlled by pH of the 

environment in which the reaction occurs. Rising the temperature aids all functional 

groups to react.[12] 
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Fig. 8 PDMS synthesis scheme on the way of polycondensation 

PDMS is mostly used after a cross-linking process. A cross-link is a bond that 

connects two polymer chains. This connection might be both covalent or ionic and the 

polymers that undergo such a modification can be either synthetic or natural. According 
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to IUPAC, the term “cross-link” is a region of the macromolecule from which at least four 

chains emanate and are formed on the way of reactions that involve groups or sites of 

another existing macromolecule [13]. Cross-linked PDMS shows a different set of 

properties – it is no longer a viscous liquid, but it has been turned into an elastic, 

hydrophobic solid, which can be processed in order to obtain distinct structures reaching 

nanoscale precision. The most widely used mechanism of cross-linking polysiloxanes is 

by radical attack on the pendant alkenyl groups that is initiated by heat or benzoyl 

peroxide. PDMS characteristics include non-toxicity, non-flammability, adhesion and 

optical transparency down to 230nm. It finds wide applications in medical devices due to 

biocompatibility, stability against heat and irradiation (sterilizable) as prosthesis, 

cosmetics and in tissue engineering. The cross-linking degree controls the elastic 

modulus of the material and extends the number of possible applications. For instance, 

PDMS is also used as water-repelling coatings, lubricants, dry adhesives, and in contact 

lenses. Recent research shows that its flexibility has enormous advantage over rigid, 

traditional materials such as glass or harder polymers in micro electro mechanical systems 

(MEMS) applications. Looking into the future, the stretchability (i.e. elongation at break) 

of the material constitutes a crucial mechanical property, which may be used in futuristic 

electronics.[11], [14], [15] 

Although the almost countless applications of PDMS, research is still in progress 

in order to improve the properties of PDMS by modifications, e.g. plasma treatment [16], 

lithography patterns[17] or mixing with fillers that leads to novel composite materials [18]. 

PDMS nanocomposites, especially, have gained more and more interest among 

researchers during the last years. This interest comes from the special properties obtained 

on the nanoscale that are different from macro- or even microscale using the same 

material as a filler. This work will investigate PDMS both with and without inserted 

nanoparticles with respect to nanoscale properties as evaluated by Atomic Force 

Microscopy (AFM). 

2.2 Gellan Gum 

Gellan Gum belongs to the family of polysaccharides – it is composed of a linear, 

anionic tetrasaccharide, shown in Fig. 9. 
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Fig. 9 The structure of Gellan Gum[19] 

It is widely used in the biomedical field as a derivative of collagen that in turn is 

abundant in mammalian tissue including cartilage, tendon, skin and bone, and also in food 

industry mostly due to its ability to create transparent gels, resistance to heat and acid 

stress. Gellan Gum exist in two forms – acetylated and deacetylated. The degree of 

acetylation decides its hardness – the more acetylated it is, the softer and more elastic is 

the material. Along with decreasing acetylation degree the material becomes more brittle 

and hard. Practically, on the commercial scale, only the deacylated form is available. 

However, both forms are able to form gels that are thermally reversible. The process of 

forming gel is temperature-dependent in the following manner: at high temperatures 

Gellan Gum molecules take a form of coils, but coils transform into double-helix form when 

the temperature decreases. Antiparallel double-helices undergo self-assembly and 

junction zones are formed. Regions of the polysaccharide that do not comprise junction 

zones are extended helical chains and play a role as connections between junction zones. 

These processes lead to generation of a three-dimensional network structure, known as 

a gel.[20], [21] 

In this work Gellan Gum was used as an aid to prepare the PDMS nanocomposite. 

In order to investigate the behavior of nanoparticles on the water surface, a proper 

reconstruction of the water-nanoparticle surface must be made. Two important properties 

of Gellan Gum decide why it was used in this work. First of all, the presence of Gellan 

Gum does not influence significantly on the behavior of the nanoparticles on the water 

surface, which will be important in this research [8]. The second property is 

thermoreversible behavior of Gellan Gum gel. 
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2.3 Atomic Force Microscopy (AFM) 

Interactions between surfaces of materials are crucial and must be properly 

considered when designing or building a multicomponent device. First attempts go back 

to ancient times, in which traction of two solid bodies was investigated by letting one slide 

on the other without application of high forces. This topic interested great minds, including 

Leonardo da Vinci or Amontons. Despite this, friction, lubrication and wear are an equally 

important research area today. Nowadays much focus is on gaining insight at the 

nanoscale, which has opened up new questions and possibilities in material science, 

many related to issues connected with surface interactions.[22] 

The hardness of a material is one of many important properties when designing 

new products, which informs about the material tribological performance. There is no 

universal equation describing the hardness as it depends on the method used to measure 

it [23].  This property is defined as the resistance that the material presents against the 

indenter pressed towards its surface. The indenter has a specified size and shape 

(sphere, pyramid, cube) and is made of standardized material, which nowadays is mostly 

diamond as that is the hardest material known. The response of the tested material 

depends also on the force that was used to press the indenter into the material, as well 

as the loading time. The hardness is determined by a measurement of an imprint that the 

indenter left or by the depth that the indenter penetration caused. There are several state-

of-the-art hardness tests, which allow investigations of different classes of materials. The 

most commonly used tests are Rockwell, Vickers, Knoop and Brinell hardness tests. 

These tests use micrometer sized indenters, which do not allow investigations of 

mechanical properties at the nanoscale [24] 

The need to develop nanoindentation methods arose from the problems with 

accurate evaluation of mechanical properties of some groups of materials and material 

forms, e.g. thin polymer layers that were destroyed by micro indenters.[22] Atomic Force 

Microscopy (AFM) was developed in 1986 by Binnig and co-workers and constituted an 

answer for increasing needs to understand surfaces and surface properties better. 

Suddenly the nanoscale world became open to explore for both soft and hard materials, 

synthetic or natural, tested in liquid or air. It was  even possible to specify the arrangement 

of atoms in a sample or a structure of a chemical compound. Moreover, the AFM-based 
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techniques allow investigations of conductive and non-conductive materials, which is an 

important advantage over electron microscopy. Researchers started to discover new 

applications of AFM, which firstly was invented as a tool to complement a normal 

microscope in the sense that it would provide a topographical image of the sample. 

Nowadays, there is a great interest to use AFM to investigate nanomechanical properties 

of surfaces. These reasons, among others, stand behind the commercial success of 

scanning probe methods.[25] 

AFM differs essentially from other types of microscopes. Compared with optical or 

electron microscopy, it does not focus electrons or light on the surface in order to create 

an image. Rather, the image arises due to interatomic forces between a surface and a 

sharp probe of the device. These interactions are “felt” by the device and transformed into 

a map, which is the image. Therefore, the basic difference lies in the fact that the 

microscope interacts with the sample and collect the data pixel by pixel. Moreover, as 

AFM measures the height of the sample surface, it allows creation of 3D images of the 

surface. Even though it seems to be a perfect measurement tool, it also has 

disadvantages.[26] In order to understand the results of measurements obtained by AFM, 

knowledge about both the theoretical and practical aspects of the instrument is required. 

The following paragraphs of this chapter will focus on how the AFM is built, explain how 

force vs. distance curves are used to extract mechanical properties of surface, important 

modes of AFM and nanomechanical properties that are the equivalent of mechanical 

properties in the “nanoworld”. 

2.3.1 Instrumentation of AFM 

The Atomic Force Microscope comprises 3 main parts. One needs to  understand 

how these parts work together in order to understand AFM and how to interpret the 

obtained results. The three parts are: piezoelectric transducer (also called piezoelectric 

scanner), force sensor and feedback control. The piezoelectric scanner is made of a 

material that converts mechanical deformation of the object into electrical potential (and 

vice versa). In other words, when a potential is applied across the material, the 

geometrical shape of the piezoelectric object changes. Piezoelectric features can be 

found in many different types and classes of materials, therefore they can be e.g. ceramic 
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or polymeric as well as crystalline or amorphous. Nevertheless, the ones that are most 

commonly used for AFM purposes are made of synthetic ceramics. The main role of the 

piezoelectric transducer is to provide proper control over the movement of the investigated 

surface. State-of-the-art piezoelectric systems allow to achieve motion of 1000 nm per 

volt [27]. This feature allows precise control of the movement of the surface at the 

nanoscale, and it is an inherent part of every AFM. 

 The force sensor measures forces between the investigated surface and the probe 

of the microscope. Force sensors are able to measure forces even as low as tens of 

piconewtons. In most cases, a cantilever with a tip and optical lever plays a role of force 

sensor, not always however. The common situation is that the probe is attached to a 

cantilever, which bends when the probe interacts with the surface. The bending of the 

cantilever, which is proportional to the force according to Hooke’s law, is registered as a 

voltage output. This voltage arises from a photodiode that reacts to the position of a laser 

beam that has been reflected from the backside of the cantilever. Thus, when the 

cantilever bends, the position of the laser beam is changed.  

The signal generated by the photodiode in turn goes to the feedback control 

system, which in contact mode keeps a constant force between the tip and the surface, 

i.e. constant cantilever bending, by adjusting the expansion of the piezoelectric material 

perpendicular to the surface by applying the appropriate potential. The described situation 

is presented in Fig. 10. (Note, that here the piezo is positioned at the cantilever rather 

than at the surface).  

The probe moves above or on the surface of the sample, while the force sensor 

measures the force between the tip and the surface. When the probe enters into a region 

that has lower height, the force sensor detects a decrease of the force and sends the 

signal to the feedback system. This, in turn, results in application of a higher voltage to 

the piezoelectric transducer and as a result the tip moves down, closer to the surface. As 

a result the tip – surface distance is kept constant throughout the whole measurement. 

The analogous situation occurs when the tip goes from a lower to higher region. This 

allows construction of a map of the surface topography, and the feedback system also 

protects the tip from breaking.[26] 
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Fig. 10 Correlation between piezoelectric transducer, force sensor and feedback control[26] 

 The cantilever is one of the most important and crucial parts of the AFM. The typical 

cantilever is made of silicon or silicon nitride and contains a micro-fabricated tip placed at 

one end of it. The tip and the cantilever can have different shapes depending on what type 

of sample is about to be investigated. During the scanning over a sample, the cantilever 

deflects and twists due to forces acting on it. There are several methods that allow 

measurements of the deflection of the cantilever, but the most widely used one is the 

optical lever technique presented in Fig. 11. 

In this method, the laser beam is pointed on the back face (face without a tip) of 

the cantilever covered by a thin metallic layer, usually gold. The layer provides good 

reflection of the laser beam, which is directed on a position sensitive sensor, in most cases 

a photodiode with four quadrants. The photodiode plays the role of a detector for the 

reflected laser beam. The reflected beam should initially be placed in the middle of the 

photodiode as showed in Fig. 11. The motion of the cantilever, both bending and twisting 

that are responsible for a deflection and a torsion, respectively, influences the position of 

the reflected laser beam [28]. The picture on the left top corner of Fig. 11 presents the 

approximate size of the cantilever (solid arrow) and the point where the laser beam reflects 

(dashed arrow) for better visualization. 
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Fig. 11 Schematic presentation of the optical cantilever technique[25] 

The heart of the microscope constitutes the AFM stage. An example of the stage 

is presented in Fig. 12 with the crucial components highlighted. 

 

Fig. 12 An example of the AFM stage[25] 

The stage comprises the Sample Holder, where the tested sample is placed, the 

X-Y Sample Stage that allows for accurate positioning of a mounted sample in directions 

parallel to the sample, Z Motors that enables the motion of the AFM scanner towards the 

sample, AFM Scanner that is responsible for moving the probe relative to the sample in 3 
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directions and the Video Microscope Lens, i.e. optical microscope that facilitates view of 

the sample and the probe that is useful when placing the sample in position and when 

calibrating the instrument.[26] 

2.3.2 Force curve and AFM modes 

As mentioned above, during AFM measurements the forces acting between the tip 

and the sample is recorded. This allows us to construct a topography image of the sample 

surface, which was the initial application of the AFM. Over a span of years, the AFM 

technique was developed to allow investigations of many more properties of a material 

than only topography. For instance, one can now record maps of e.g. Young’s Modulus, 

adhesion force between the tip and a sample or perform wear measurements at the 

nanoscale. This is possible due to analysis of force vs. distance curves collected at each 

image pixel during the AFM measurement. Such force curves are recorded both as the tip 

is approaching the sample and as it is retracting from it.  

Force curves are calculated from two signals that are collected directly: cantilever 

deflection and the displacement of the piezoelectric transducer. Hence, before proper 

conversion, the obtained data set should be called deflection-displacement curves. 

However, two simple equations allow us to transform deflection and displacement into 

force and distance, respectively.   

As the length of the cantilever (μm) is much longer than its deflection (nm), the 

force F can be calculated from Hooke’s law, under the accurate assumption that the 

cantilever is elastic and acts like an ideal spring. Therefore: 

𝐹 = −𝑘 ∗ 𝛿 

where k is the spring constant of the cantilever and δ is the cantilever deflection. 

When the cantilever bends away from the sample, deflection is considered as positive 

(repulsive forces) and negative (attractive forces) when it bends towards the sample. The 

spring constant of the cantilever can be determined during a calibration process [28].  

The tip-sample distance D is calculated from the following equation: 

𝐷 = 𝑍 − 𝛿 

Where Z is the distance between the sample and the cantilever at the starting 

position and δ is again the deflection. This formula is simplified as it also contains 
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piezoelectric component expansion, so Z is the tip-sample distance including all factors. 

If a value of D is negative, the tip is considered to indents the sample, hence the 

deformation of the surface is positive.[28]  

 An example of an ideal force curve is presented in Fig. 13.  

 

Fig. 13 An example of ideal force curve[22] 

The dashed line in Fig. 13 shows force while the tip is approaching to the sample 

surface, and solid line represents the retraction force curve. The hysteresis that appears 

between the approach and retract curves is characteristic for polymers and constitutes a 

reason why these two force curves are distinguished and different type of information can 

be obtained from them.  

Images A-E in Fig. 6 show the bending and deflection of the tip at different distance 

from the sample. At position A the tip is far enough away from the surface that no forces 

act on it. At position B, the tip starts to bend due to attractive forces, while at position C, 

the tip is close enough to the sample that repulsive forces play the major role. The tip is 

again strongly bent towards the sample at position D and at this point the highest adhesion 

force appears and eventually, the tip is again not influenced by any force as it is at position 

A. As shown in Fig. 13, different type of information and properties can be obtained from 
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particular parts of the curve. These features are called nanomechanical properties and 

can be compared with similar mechanical properties at larger length scales. Even though 

the nanomechanical properties may seem familiar, there are some differences between 

them and the ones measured at macroscale. Some of the properties also needs to be 

defined as they are not intuitive and obvious. The nanomechanical properties that are 

important for this work are: 

• Adhesion – in classical meaning it is defined as force, measured in Newtons, that 

is required in order to separate two dissimilar particles or surfaces from each other. 

The term cohesion is used when considering the attraction of two identical particles 

or surfaces. The adhesion is in most cases caused by short-range interactions such 

as van der Waals forces or hydrogen bonding. Adhesion is reduced by surface 

roughness and if new chemical bonds are formed adhesion will increase [29] In 

terms of nanomechanical properties, the adhesion is measured between the tip 

and the sample as the most attractive part of the retract force curve (position D in 

Fig. 13. In case of polymers the adhesion helps in the evaluation of the viscoelastic 

behavior of the sample [22]; 

• Energy dissipation – a property that is measured in Jules and corresponds to the 

area between the trace and retrace curves. It is affected by both viscoelastic 

properties [30] and adhesion forces. It can be seen as the difference in energy used 

to bring the tip and surface together and the energy released when separating 

them. This energy is dissipated as heat. The somewhat similar property work of 

adhesion is defined as the area between the line corresponding to zero force and 

the attractive part of the retrace curve. The work of adhesion is the total energy 

needed to separate the tip from the surface; 

• Deformation –  in engineering this property is described as a change in a shape 

of the tested object due to applied forces or due to change in temperature. 

Deformation of materials can be elastic or plastic depending on which region of the 

stress-strain curve of the material was achieved. Elastic deformations are 

reversibly – that is when the applied force is unloaded, the object comes back to 

its initial shape. On the other hand, plastic deformation causes permanent changes 

of the object even after the applied force is released. Polymers often show 



25 
 

viscoelastic behavior, which in case of deformation means that the change of shape 

due to the applied load is only partially reversible over the time scale of the 

measurement [31]. Deformation from the nanomechanical point of view can 

measured from either the trace force curve or the retrace force curve. For a 

perfectly elastic material the deformation values should be the same when 

evaluated from these two force curves. However, for polymer samples the 

hysteresis shown in Fig. 13, which is due to viscoelasticity, also means that the 

deformation calculated from the trace and retrace force curves are different. The 

deformation image presents the degree to which the surface was deformed during 

the applied force. In this work I primarily focused on deformation occurring during 

compression (approach curve) and analyzed 80-90% of the whole trace force 

curve; 

• Stiffness – the definition of stiffness in science in general is not fully normalized 

and still there can be found many different descriptions of this property, depending 

on the branch of science it concerns. The simplest definition of stiffness is that it is 

the force needed in order to obtain a certain deformation of an object or, taken from 

different point of view, it is the resistance of the object against forces causing 

deformation. Stiffness can be calculated as force applied on a body divided by the 

deformation it caused.[32] The nanomechanical stiffness is similarly taken as the 

slope of the trace (or retrace) curve at the region close to the maximum applied 

force and it is measured in N/m. Notice that this approach is very similar to the 

definition of Young’s Modulus. However, Young’s Modulus is an intensive property, 

which means that it is only dependent on the type of material. Stiffness on the other 

hand depends not only on a type of a material but also on its shape and boundary 

conditions [33]; 

• Young’s Modulus – it is also called elastic modulus and it defines the elasticity of 

a material. As mentioned above, Young’s Modulus is an intensive property and is 

a property of a material that does not depend on the size or shape of the object. 

The modulus of elasticity is defined as the ratio of stress to strain, which is constant 

within the elastic limits of a material, i.e. where Hooke’s law applies. A tensile test 

allows measurements of the Young’s Modulus by stretching a sample with 
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specified dimensions. The result of this test is a stress-strain curve. An example of 

such a curve is presented in Fig. 14. The elastic region is marked on the curve and 

lies between origin and point B. The slope of the graph in this region is the Young’s 

Modulus [34].  

 

Fig. 14 An example of a stress-strain curve obtained from tensile test[34] 

The Young’s Modulus in terms of nanomechanical properties differs in some 

aspects from that measured at macroscopic length scales. First, the calculation of 

the modulus from AFM measurements allows elucidation of heterogeneities at the 

surface since the value of the modulus is obtained for each pixel of the image, not 

for the whole tested sample. Moreover, Young’s Modulus is obtained from force-

distance curves, not from stress-strain curves as in the traditional way.  

The principle of Young’s Modulus measurements by means of AFM is based on 

the tip-surface interactions. When the tip meets the surface, it compresses and 

indents into it, which may be compared with compression of the sample at 

macroscale. When the tip retracts, attractive forces keep the material together with 

the tip as it extends extent, which might be compared with stretching of the material 

as taking place during the tensile test. As Young’s Modulus at the macroscale can 

be calculated both from compression and tension, the modulus at nanoscale can 

be obtained from both trace and retrace curves.  
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The Young’s Modulus obtained from AFM measurement cannot be, 

however, simply obtained as a slope of a curve in the elastic region. Instead one 

has to use contact mechanics models that considers attractive tip-surface 

interactions and surface deformation. They represent mathematical approaches 

that can be fitted to the experimental data, i.e. force curves. Three models are the 

most commonly used: the Hertz model, the Johnson, Kendall and Roberts (JKR) 

model, and the Derjaguin-Müller-Toporov (DMT) model. Hertz model was 

introduced already in 1882 and takes into consideration adhesion-free, elastic 

interactions between a spherical tip and the surface, which is a significant 

simplification. The JKR model, in turn, takes into account short-range attractive 

forces, while the DMT model takes into consideration adhesion and van der Waals 

forces, which act outside the contact area as opposed to short-range forces inside 

the contact area. The DMT model usually fits data obtained with small tip radius 

and for stiff materials, while the JKR model is more appropriate for large tip radius 

and soft materials.[22], [28], [30] Interactions between two bodies due to different 

models are presented on Fig. 15. 

 

Fig. 15 Schematic presentation of interactions between two bodies according to different contact 
mechanics models.[30] 

As can be seen, Hertz considers fully elastic contact, JKR – fully elastic 

contact with adhesion forces acting within contact area and DMT – fully elastic 

contact with van der Waals and adhesion forces acting outside the contact are. 

Obviously all these models are problematic to use for soft materials that display a 

viscoelastic response over the time scale of the measurement. This is often the 

case in AFM measurements, and thus any reported value of the Young’s modulus 

should be considered to be semi-quantitative rather than quantitative. 
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Knowledge of differences between mechanical and nanomechanical properties is 

crucial while using AFM and analysis of force curves. As can be seen, even though they 

seem similar and have the same origin, results from macroscopic and nanoscopic 

measurements provide different type of information. The next step required to understand 

AFM measurements and to optimally use its potential, one need to be familiar with some 

basic modes of AFM, and these are introduced in the next section. 

2.3.3 Basic modes of AFM 

Modes of AFM specify the conditions under which the tip moves during the 

measurement and explores the sample. Initially it was only the contact mode where the 

tip was in contact with the surface during the measurement. Throughout the years, 

researchers from all over the world invented a large number of different modes and each 

of them has its special application. An attempt to enumerate all SPM modes was made in 

1999 and it turned out that at that time there were at least 20 different AFM modes [35], 

and now there are many more. The modes are grouped into 3 main categories: Contact 

Modes, Intermittent Contact (also known as Tapping) Modes and Non-contact Modes. 

The differences between them is the regime of the force curve that the mode operates in, 

as shown schematically in Fig. 16 

 

Fig. 16 Force curve with marked force regimes under which each of the modes operates[36] 
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In Contact Mode, the tip is in constant contact with the surface and operates in the 

repulsive force regime, where it is pressed into the surface, which causes cantilever 

deflection. Non-contact Mode works in the regime where the cantilever detects long-range 

attractive forces prior to contact with the surface. In Tapping Mode, the probe oscillates in 

close proximity of the surface, and it contacts the surface repeatedly, therefore it works in 

both repulsive and attractive regimes [36]. 

In this work I used Contact Mode and Tapping Mode and these will be described in 

more details below. 

2.3.3.1 Contact Mode 

As mentioned above, in Contact Mode the tip is ceaselessly in contact with the 

surface. This mode is one of the most simple and most commonly used modes. Two 

variations are possible for this mode: constant or variable force. In constant force mode, 

the feedback component is switched on and keeps a constant cantilever deflection. When 

the cantilever deflection is changed while moving along the surface, the z-height (axis 

perpendicular to the surface) is constantly corrected by the feedback component, so that 

the bending comes back to the initial value or the so-called setpoint. Changes in the 

feedback signal are monitored and a topographical image is created based on them.  

In the second variation, variable force mode, the feedback system is turned off and 

the z-height (i.e. piezo position) is the same throughout the whole measurement. This 

mode is by some regarded as providing better resolution of the image, however it can be 

used only on relatively smooth surfaces [36]. 

Contact Mode is a good choice to investigate hard and tough samples as it can 

damaged softer ones. Even though its simplicity, it has some flaws. If the tip meets quite 

steep edges of the sample, lateral forces occur due to the movement of the tip and may 

cause damage to both the tip and the sample. This results in decreased resolution and 

underestimation of the height of a surface feature that has been damaged.  

One phenomenon worth mentioning here is the so-called “stick-slip”, which means 

that friction irregularities prevents a smooth motion of the tip along the surface. This can 

be problematic if the aim is to achieve a high resolution image, but it can also be used for 

studying friction at the nanoscale. It is more severe for polymer samples as they are 
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relatively soft materials. During the measurement materials may even accumulate in front 

of the tip, creating a “hill” and when it reaches a critical value, the tip slips over it and 

continue the motion [37]. This is in fact the basis for wear measurements at the nanoscale. 

In such measurements the lateral (frictional) force is measured under different loads to 

visualize stick-slip phenomena, and then the wear scar is characterized using a gentle 

AFM mode, e.g. Tapping Mode [38]. 

In contact mode no  force curves are generated, therefore it is only possible to 

investigate topography of the sample, without any further nanomechanical analysis.  

2.3.3.2  Tapping Mode 

Tapping Mode was invented as a response to a need to overcome limitations of 

Contact Mode. In this measurement, the tip oscillates close to the surface of the sample 

with a frequency close to its resonance frequency. The tip engages and disengages with 

the surface repeatedly, which influences the amplitude of the oscillation and causes a shift 

in the phase signal between drive (set) frequency and actual frequency. The changes are 

captured and transformed into topographical and phase images of the sample. The phase 

image is useful for providing qualitative data on material property differences, but 

quantitative information is hard to extract due to the many factors that influence the phase 

shift, e.g. scan speed, adhesion, topography, viscoelasticity, load, etc.  

In Tapping mode, the feedback system maintains constant oscillation amplitude. 

This approach significantly reduces lateral tip-sample forces compared to those present 

in Contact Mode, which decreases the probability of damaging the tip or the sample. In 

this mode, capillary forces caused by thin layers of adsorbed water as well as other kinds 

of adhesive forces must be overcome by the tip at every pixel of the measurement. If the 

restoring force coming from the deflection of the cantilever is not sufficient, the probe and 

the surface remain in constant contact as it does in Contact Mode. Therefore one often 

use stiffer springs in Tapping Mode than in Contact Mode[36], [39]. 

Quantitative Imaging is a variation of Tapping Mode, invented by JPK Instruments 

in order to reduce well known drawbacks occurring with sticky (bacteria or polymers), soft 

(hydrogels or biomolecules) or loosely attached (nanotubes or virus particles) materials. 

QI Mode eliminates working with any lateral forces, gives higher control over vertical 



31 
 

forces and allows capturing real and complete force curves at each pixel of the scanned 

surface area. It allows further analysis in terms of both topography and nanomechanical 

properties. The new algorithm makes the AFM easier to operate for untrained users and 

the mode does not require setpoint or gain adjustments. The software provide necessary 

tools to analyze force curves and extract from them the required data[40]. QI Mode is 

described here as it was the most commonly used AFM mode during the experimental 

part of this work. 
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3 EXPERIMENTAL PART 

3.1 Sample preparation 

The investigated samples were prepared according to the following procedure: 0.3 

g of Gellan Gum (PhytagelTM, Sigma-Aldrich) powder was dissolved in 50 ml of MilliQ 

water. During this process the solution was heated to around 70°C and continuously mixed 

until the Gellan Gum dissolved. The surface of the solution was aspirated three times at 

different temperatures during the heating process. The aspiration process, realized by a 

pump connected to a PVC pipette with a plastic tip, was utilized in order to remove surface 

active contaminants. When the Gellan Gum had dissolved completely the temperature of 

the solution was kept around 60°C – 70°C until the volume of the solution had decreased 

to 15 ml, which corresponds to 2wt % solution of Gellan Gum. The Gellan Gum solution 

was then poured into two Petri dishes, 3 ml in each dish, which was immediately followed 

by application of 20μl of 5wt % of previously sonicated (for 15 min) latex nanoparticles 

dispersed in methanol. The nanoparticle dispersion was gently applied on the surface of 

the liquid Gellan Gum solutions where it spread on its surface. The Petri dishes were then 

covered and left for around 1h.   

While the Gellan Gum was solidifying, the PDMS (Dow Corning Sylgard 184, 

Sigma-Aldrich) was mixed with the curing agent (Dow Corning Sylgard 184 Silicone 

Elastomer Curing Agent) in a PDMS:CA ratio of 10:1 for 15 min in a beaker using a glass 

stirring rod. PDMS with curing agent was then placed in a desiccator for 40-60 min under 

vacuum conditions in order to remove bubbles created during mixing. Next, the 

solidification of the Gellan Gum was checked by gently touching the edge of the sample 

with a spatula – the Gellan Gum seemed fully solidified. The PDMS mixed with CA was 

then gently poured on the top of the Gellan Gum containing surface bound latex 

nanoparticles, placed in a desiccator under low-pressure conditions for 40 min to remove 

bubbles created during the pouring process and left for the next 48 h, during which the 

curing process of PDMS occurred. After this time cured PDMS was peeled off from Gellan 

Gum using tweezers.  

The PDMS samples with surface bound nanoparticles were then submerged in a 

20 mM solution of EDTA, 20 mM solution of NaOH and MilliQ water, sequentially, for 20 
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min each at the temperature in the range 55 - 60°C. This washing process will from now 

on be called “chemical treatment”. After these steps, the PDMS samples were dried using 

nitrogen gas and stored in Petri dishes until further use. Pure PDMS samples were 

prepared in the same manner, except that no nanoparticles were applied on the top of the 

warm Gellan Gum. 

Quantitative Imaging Mode was used to evaluate topography and nanomechanical 

properties of the samples, and Contact Mode was utilized to conduct wear measurements. 

All the collected data was processed using the JPK software, and graphs were prepared 

in Microsoft Excel. 

The following samples were prepared and examined: 

• PDMS with nanoparticles – prepared according to the procedure described above; 

• PDMS – no chemical treatment – pure PDMS sample prepared according to the 

procedure described above, except the application of the nanoparticles and 

washing step in EDTA, NaOH and MilliQ water; 

• PDMS – chemical treatment – pure PDMS sample prepared according to the 

procedure described above, except application of the nanoparticles. 

3.2 Pure PDMS 

3.2.1 PDMS – no chemical treatment 

PDMS – no chemical treatment was prepared in order to investigate the influence 

of the chemical treatment on the PDMS surface. The investigation was conducted using 

QI Mode and 2 nN setpoint over an area of around 1μm x 1μm. The topography of the 

sample surface is shown in Fig. 18. The height image shows a heterogenous surface, 

presenting a porous-like structure, where pores are marked as dark areas. 
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Fig. 18 Surface topography of PDMS – no chemical treatment. Red and green dots correspond to 
the points from which force curves were extracted. Topography profile was extracted from marked cross-

section. 

The arithmetic roughness (Ra) and the root mean square roughness (Rq) were 

found to be 28 nm and 33 nm, respectively. The mathematical formulas of Ra and Rq  are: 
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where yi is a vertical distance from the mean line for i-th data point [41]. 

 

One topography profile and a histogram over the probability of finding the different 

height values are presented in Fig. 17. Topography line profile data shows that the pore 

Fig. 17 Topography profile and histogram 
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is quite deep, around 100 nm and two different peaks can be distinguished in the 

histogram. The topography data allows to suggest that bright areas are residues of Gellan 

Gum that remained stuck to the PDMS. Force curves, extracted from the red and green 

points, marked in Fig. 18, are presented in Fig. 19. 

 

Fig. 19 Force curves extracted from the red and green points on the Fig. 18 

The trace curve is green and the retrace curve is red. Both graphs show hysteresis 

between trace and retrace curves due to the viscoelastic character of the materials. The 

hysteresis is bigger in the surface depression (the red dot data), which suggests that this 

region can be characterized as more viscoelastic than the hill area (green point). The 

hysteresis is connected to the energy dissipation of the whole trace-retrace cycle, which 

is higher in the surface depression (red point). Such differences allow us to conclude that 

two different materials are presented on the sample surface and since this sample did not 

undergo chemical treatment Gellan Gum residues are expected to be present. 

Adhesion force, energy dissipation, stiffness and deformation images obtained for 

this sample are presented in Fig. 20. White, solid lines show where data was extracted 

and analyzed to show line profiles of the different properties. The adhesion and energy 

dissipation values are higher for the depressions, where the latter value indicates their 

more viscoelastic character. The deformation image agrees with the stiffness image as 

the depressions display lower stiffness and higher deformation. The stiffness difference 
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between the material in the depressions and the material between them are of the order 

300 pN/nm while the deformation differences are of the order of 30 nm.   

 

Fig. 20 Adhesion force, energy dissipation, deformation and stiffness images of PDMS – no 
chemical treatment 

The line scan data together with histograms of the chosen properties are presented 

in the forms of graphs in Fig. 21. The difference between the two regions is clear and the 

depressions are easily distinguished. Properties within the depression differ and are not 

on the same level through the whole line scan distance. The deformation is presented in 

terms of height. In this case, when the sample is deformed by the tip, the height at the 

current pixel of the image is decreased. Therefore, the deformation is indicated as a 

negative height. Histograms display distribution of the values for each property. Two 

peaks can be differentiated for each property and these are assigned to the two different 

materials present on the sample surface, which is consistent with the hypothesis of Gellan 

Gum residues left on the surface.  

Table 1 presents Ra, Rq and average values for each image of PDMS – no chemical 

treatment.  
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Fig. 21 Cross-section and histogram data of adhesion, energy dissipation, stiffness and 
deformation for images in Fig. 20 
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Table 1 Ra,rms and average values for each property image of PDMS – no chemical treatment 

Property Ra RMS Average value Unit 

Stiffness 132 147 384 pN/nm 

Energy dissipation 7 8 8 10-17 J 

Adhesion 1475 1740 3271 pN 

Deformation 15 18 -33 nm 

Topography 28 33 0 nm 

An attempt to evaluate the Young’s Modulus was done. However, as mentioned in 

the Materials and Methods section, PDMS as well as Gellan Gum have viscoelastic 

properties. In the AFM software the Young’s Modulus is evaluated through contact 

mechanics models, which assumes an elastic material response, which is not correct for 

our sample as demonstrated by the hysteresis between force curves recorded on trace 

and retrace. During the data processing, the software quite often could not fit the model, 

neither Hertz nor DMT, to the obtained force curves. Therefore, the obtained images for 

Young’s Modulus quite often included pixels with no information, and in general these data 

are less reliable than data for the other properties measured. Examples of Young’s 

Modulus images for the samples are presented in Fig. 22. 

 

Fig. 22 Examples of obtained Young's Modulus images: PDMS – chemical treatment (left, trace 
curve), PDMS with nanoparticles (middle, retrace curve), PDMS – no treatment (right, trace curve) 

For the image to the left, around half of the pixels have no information as the 

software could not fit the contact mechanics model to the obtained curves. The image in 

the middle presents a nanocomposite and even though most of the image is visible, black 

pixels, where no fit was possible, are present throughout the image, even on the 

nanoparticles. The last image, on the right, presents Young’s Modulus values obtained for 
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PDMS – no chemical treatment. White spots are visible, which are misinterpretation by 

the software and the difference between depressions and the rest of the material is almost 

not visible. It is contradictory to the stiffness image, as increased stiffness k, according to 

Sneddon model, is correlated with a higher Young’s Modulus through the equation: 

𝑘 = 2√
𝐴

𝜋
∗ 𝐸 

Where A is the tip-sample contact area and E is reduced modulus obtained by 

combination of elastic moduli of a surface and the tip and corresponding Poisson 

numbers[38]. Therefore, Young’s Modulus images will be further not shown in this work. 

The next step embraces an investigation of a cross-section of PDMS – no chemical 

treatment. Small piece was cut out and the cross-sectional area was investigated by 

means of AFM. The goal of this investigation was to compare surface properties with bulk 

properties, and we note that no Gellan Gum can be present in bulk (and thus not seen in 

the cross-section images). The results are shown in Fig. 23. Clearly, the porous structure 

is not present in the cross-section, and the cross-section surface seems more 

homogenous than the top surface. On the right-top corner there is a structure that varies 

from the rest. It may have its origin from the fact that the sample was cut using a scalpel. 

This action may have caused structural changes in the PDMS material. The cut 

caused strain of the material and the phenomenon called “strain hardening” might have 

occurred. Due to the strain, the polymer chains align and orientate in the direction of the 

applied load, which actually increases the stiffness and strength of the polymer[42]. It 

matches the obtained data as stiffness of the inclusion is much higher than the rest of the 

material and the deformation is almost equal to zero. Another explanation could be the 

fact that the cut was made by hand, therefore it was not very precise. The visible inclusion 

might be a result of the cut in form of increased roughness of the surface, which is visible 

in  the topography image – it sticks out much more than the rest of the material. Table 2 

presents Ra, Rq and average values for each property for PDMS – no chemical treatment 

– cross-section. The data was extracted from the region that excludes the top-right corner 

inclusion. 
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Fig. 23 Topography and nanomechanical properties of PDMS – no chemical treatment cross-
section 

Table 2 Ra,rms and average values for each property of Sample 3CS 

Property Ra Rq Average value Unit 

Stiffness 12 16 137 pN/nm 

Energy dissipation 1 2 5 10-16 J 

Adhesion 750 1006 4550 pN 

Deformation 7 9 -87 nm 

Topography 10 12 0 nm 

3.2.2 PDMS – chemical treatment 

In this section we present data for PDMS that underwent chemical treatment to 

remove Gellan Gum. Topography together with a topography line profile and the height 

histogram are presented in Fig. 24. The cross-section profile is marked in the image as a 

white, solid line. The topography of the pure PDMS after chemical treatment shows 

significant differences in height, which is also seen on the line profile. The surface is rough 

and heterogenous. The histogram shows a roughly Gaussian distribution of height values 

centered around 0 nm. Here we note that the topography image is obtained under a given 

force, and since the surface deforms differently at different positions, where is a cross-talk 
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between deformation and height in the way that a stiffer region will appear to have a larger 

height. The solution to this problem might be to construct height images corrected by 

deformation data. This analysis will be perform later in this work for PDMS with 

nanoparticles. Adhesion, energy dissipation, deformation and stiffness images obtained 

for PDMS – chemical treatment are presented in Fig. 25 

 
The images show more homogeneous properties over the surface compared to the 

case when Gellan Gum was present on the surface (Fig. 25 and Fig. 20). The adhesion 

image presents regions with increased tip-sample attractive interaction. These regions 

also show large deformation as seen in the deformation image, where a stripe-like 

structure is visible. Since larger adhesion correlates with larger deformation, it is 

suggested that the larger adhesion originates from larger tip-sample contact area. It 

seems likely that the nanoscale variation in deformation is due to local differences in 

crosslinking density.  
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Fig. 24 Topography image, cross-section profile and histogram 
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Fig. 25 Adhesion, energy dissipation, deformation and stiffness images obtained for PDMS – 
chemical treatment 

The stiffness image is essentially the reverse of the deformation image, i.e. higher 

stiffness is expected on regions with lower deformation. This trend is also observed, but 

the contrast in the stiffness image is less than in the deformation image. 

The white lines present where the line profile data has been extracted, and these 

line scans are shown in Fig. 26 together with the property histograms. The histograms 

show only one peak, and this peak represents a distorted Gaussian distributions of values, 

as opposed to the histogram for PDMS – no chemical treatment shown in Fig. 21. The 

line profiles show that surface nanomechanical properties differ locally on the sample. In 

the light of the images, histograms and cross-section profiles of the nanomechanical 

properties it can be concluded that chemical treatment indeed cleans the surface from 

Gellan Gum residues. Table 3 shows Ra, Rq and average values for the different properties 

of PDMS – chemical treatment. The PDMS sample which has undergone chemical 

treatment to remove Gellan Gum have more homogeneous nanomechanical properties 

than the sample with Gellan Gum residues, and the properties are in fact similar to those 

found for the cross-section of the PDMS sample without any chemical treatment (compare 
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Figures 22 and 24). This also allow us to conclude that the bulk and surface properties of 

PDMS are similar. 

 

Table 3 Ra, Rq and average values for each property image of PDMS – chemical treatment 

 
Property Ra RMS Average value Unit 

Stiffness 15 21 135 pN/nm 

Energy dissipation 7 9 34 10-17 J 

Adhesion 538 772 4086 pN 

Deformation 10 13 -83 nm 

Topography 10 13 0 nm 
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The next step is the investigation of PDMS-CML nanocomposite, which is 

presented in the next section. 
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3.3 PDMS-CML nanocomposite – PDMS with nanoparticles  

3.3.1 Overview of the sample 

The following section will present nanomechanical properties of the PDMS-CML 

surface nanocomposite sample, as well as nanoscale wear measurements. First, a 5μm 

x 5μm image was taken in order to have an overview of the sample, and to find a location 

containing nanoparticles for further investigation. The topography image is presented in 

Fig. 27. The nanoparticles are seen as white spheres, easily distinguished from the 

polymer matrix. The nanoparticles can be found both as isolated, single ones as well as 

in clusters. Adhesion, energy dissipation, deformation and stiffness images are shown in 

Fig. 28, and the effects of the nanoparticles are shown in all images.  This is a result of 

the materials nature – PDMS is a viscoelastic polymer and the nanoparticles are made of 

polystyrene latex that is a stiffer material. We also not that in regions where several 

nanoparticles are close together, the properties of the matrix surrounding the particles 

appears to be different compared to that of the matrix further away from the particle. This 

is suggested to be an effect of the interphase. 

Clearly, the nanoparticles display lower values in adhesion and energy dissipation 

than the matrix. Bright regions that are visible in the topography image have little or no 

reflection in adhesion and energy dissipation images. Nevertheless, 3 different regions 

might be differentiated in the deformation and stiffness images: the nanoparticles with low 

deformation and high stiffness, the matrix with high deformation and low stiffness and the 

region with intermediate properties, which are however more similar to the nanoparticle 

properties. The boundaries between particular nanoparticles are quite often blurred and 

hard to distinguish. The regions with properties different than the matrix and the 

nanoparticles is, as mentioned above, suggested to be the interphase. The interphase is 

often distinguished by higher stiffness than the matrix, and thus less deformation. The 

next sections will take a closer look into selected single particles, followed by wear 

measurements. 
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Fig. 27 Topography image of PDMS with nanoparticles – overview 

 

Fig. 28 Adhesion, energy dissipation, deformation and stiffness images of PDMS with 
nanoparticles – overview 
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3.3.2 One nanoparticle 

One latex nanoparticle was selected for further investigation in order to have a 

better look into the properties of the nanocomposite in close proximity to the particle. The 

investigation was conducted using different setpoints, i.e. forces that the tip exerts on the 

surface. The following setpoints were used: 3nN, 5nN, 10nN, 15nN and 3 nN again to 

explore reversibility issues.  Topography images obtained for one nanoparticle with the 

image size 500nm x 500nm are shown in Fig. 29. The images show a heterogeneous 

surface structure of the matrix. The nanoparticle extends from the surface, but as the 

compressive force increases it progressively sinks into the matrix. The matrix structure 

looks similar to that in Fig. 24. 

 

Fig. 29 Topography images of PDMS with nanoparticles - one particle 

The adhesion and energy dissipation images obtained using different applied 

forces are presented in Fig. 30. Similarly to the previous results, the nanoparticle displays 

different nanomechanical properties compared to the surrounding matrix for low setpoints. 

However, the higher the setpoint value, the more similar do the properties of the 

nanoparticle and the matrix look like. I offer the following explanation: At high forces the 

nanoparticle is pushed into the matrix and the property measured is that of the matrix 
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yielding to the harder nanoparticle. In 

fact, this is similar to the matrix 

yielding to accommodate the 

penetrating tip. Thus, the only 

essential difference is that the tip has 

a smaller radius than the nanoparticle, 

and this difference becomes smaller 

at higher forces where the area 

affected by the indenting tip is larger. 

The images recorded for 

setpoints of 15nN and 20nN display a 

very suppressed nanoparticle with 

white areas next to it, both for 

adhesion and energy dissipation. This 

means that the presence of the 

nanoparticle influences the nearby 

matrix. In the images obtained for 

10nN, a brighter area around the 

particle is visible that shows different 

properties than the nanoparticle and 

the matrix. This might be an effect of 

the interphase, but  adhesion or 

energy dissipation are not the best 

properties to use when distinguishing 

the interphase from the matrix. The 

image taken after that with an applied 

load of 20nN, labeled “3nN after”, is 

similar to that originally obtained at 

3nN, showing that no significant 

change has occurred during the 

experiment. 
Fig. 30 Adhesion and energy dissipation 

images of one particle from PDMS with nanoparticles  
under different setpoints 
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The deformation and 

stiffness images are presented in 

Fig. 31. As can be seen, the 

nanoparticles are stiffer and less 

deformable than the matrix. 

Stiffness images obtained for 

setpoints 10nN, 15nN and 20nN 

display a ring around the 

nanoparticle, with a diameter that 

increases with increasing load. A 

similar feature is also observed in 

the deformation images. The ring 

area is stiffer than the matrix 

outside the ring, but less stiff than 

the nanoparticle. The 

deformation values are also in 

between the ones obtained for 

the matrix and the nanoparticle.  

This behavior fits the 

definition of the interphase and 

might help in evaluation of the 

interphase thickness. The 

increasing radius of the ring might 

be caused by the gradient of the 

interphase stiffness, which 

usually decreases away from the 

nanoparticle towards the matrix. 

The probing of the 

interphase and the source of the 

stiffness decrease is 

schematically shown in Fig. 32. Altogether with the interphase radius, the thickness in the 

Fig. 31 Deformation and stiffness images of one particle from 
PDMS with nanoparticles  under different setpoints 
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direction perpendicular to the surface decreases resulting in a stiffness gradient. Finally, 

we also note that at higher forces a rim of low stiffness is observed at the edge of the 

particle (as defined at low applied forces). This is interpreted as being due to a rocking 

motion of the particle induced when the tip touches the particle edge with a high force. 

 

Fig. 32 Interphase volume and examination of its properties via AFM methods[43]  

The next section presents results obtained for an area with two nanoparticles. 

3.3.3 Two nanoparticles 

 Topography images and nanomechanical properties together with line profiles and 

histograms from areas showing two selected nanoparticles separated from each will be 

shown next. The same area was also used in nanowear measurements. The AFM 

measurements were taken with 2nN, 5nN, 10nN and 15nN setpoints.. 

The topography images, both in 2D and 3D are shown  in Fig. 33. The effect of 

increasing load is similar to that  described in the previous section. The 3D images show 

that with the higher setpoint values the apparent nanoparticles height increases. This is 

due to that the matrix is more deformable than the nanoparticles. A higher load (setpoint) 

deforms the matrix more than the nanoparticles, which results in increasing height 

differences. Dashed, black lines mark where the line profiles were extracted, and these 

are presented in Fig. 33 
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Fig. 33 Topography images in 2D and 3D for PDMS with nanoparticles - two particles 
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Just as before the matrix seems porous. By adding the absolute value of the 

deformation to the topography one can construct a topography image under zero applied 

load. This matrix addition was done in the software Julia for the case where the initial 

height and deformation images were recorded at a load of 2nN. The results of this 

mathematical operation are presented in Fig. 34. The original height image is shown here 

for comparison. The zero load image confirms that the surface of the nanocomposite is 

smoother than it looks in the original image. Thus, many of the depressions observed in 

the original image are a result of local variations in deformation, caused by e.g. differences 

in cross-linking densities or small air filled voids with in the matrix in the surface region 

(but not always extending to the surface proper). It is also observed that the nanoparticles 

stick out from the surface also in the zero load image, suggesting that no thin polymer 

layer covers the particle as  happened in a previous experimental work[7].  

 

Fig. 34 Height and height corrected for deformation for PDMS with nanoparticles - two particles 

Fig. 35 presents adhesion and energy dissipation images. The properties of the 

nanoparticles and the matrix do not differ from that described in the previous section. Line 

profiles data was extracted along the dashed white, dashed lines in the images, see Fig. 

36. The nanoparticles display lower adhesion to the tip, higher stiffness and deform less 

compared with the matrix. Similar results were obtained on several other areas of the 

sample. This allows me to conclude that the properties of the materials as well as the 

interactions that occurred between the nanoparticles and the matrix are repeatable 
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throughout the entire 

sample. Line profiles of 

nanomechanical 

properties are shown in 

Fig. 37. The adhesion 

profiles show small 

differences between the 

matrix and the 

nanoparticle for 

setpoints up to 10nN. 

However, a more 

significant difference is 

visible for the setpoint 

15nN, where the tip-

matrix adhesion 

increases significantly 

around the nanoparticle, 

which is visible in the 

adhesion image as white 

areas. The adhesion 

decreases in the 

direction from the 

nanoparticle towards the 

matrix. Similar behavior 

can be observed in the 

energy dissipation 

images, which is 

expected as these two 

properties are partly 

correlated with each 

other. The topography 

Fig. 35 Adhesion and dissipation energy images for PDMS with 
nanoparticles  - two nanoparticles 
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profiles show that the 

apparent height of the 

nanoparticle increases with 

increasing load, as also 

shown in the 3D 

topography images of Fig. 

33, and explained in 

relation to Fig. 33. Since it 

requires much higher 

forces to suppress the 

nanoparticle to the same 

degree as the polymer 

matrix it appears that the 

nanoparticle gained height. 

An interesting behavior is 

observed in the stiffness 

profile for 15nN load, where 

a significant lowering of the 

stiffness is observed next to 

the nanoparticle. In fact, a 

closer inspection of Fig. 36 

show that the stiffness 

decrease is observed than 

the tip interacts with the 

edge of the particle (as can 

be seen by comparing the 

width of the particle at low 

loads with the position of 

the stiffness minimum). 

Thus, the reason is that the tip causes a rocking motion of the particle, as discussed 

before. 

Fig. 36 Deformation and stiffness images for PDMS with 
nanoparticles  - two nanoparticles 
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3.4 Wear measurements 

This section presents results from wear measurements conducted on the 

nanocomposite sample. Wear was induced by using the tip and AFM Contact Mode with 

different setpoints: 2nN, 5nN, 10nN, 20nN, 50nN and 150nN. The wear was conducted 

over an area of around 900nm x 900nm until one nanoparticle was removed from the 

nanocomposite surface. After each wear measurement, the surface was investigated 
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using QI Mode with a setpoint of 3nN. The goal of this measurement was to investigate 

how wear was initiated and how strongly the nanoparticles were attached to  the matrix. 

The topography data obtained during the wear is presented in Fig. 38 as images and line 

profiles along the white, dashed lines. 

After the wear started, the tip sinks into the nanocomposite surface, deforming it. 

The stress caused by the tip results in a formation of a material hill in front of the tip. While 

the material is accumulating, it becomes more difficult to keep the deformation process 

that result in increased lateral force. After a critical value of lateral force is reached, the tip 

starts to climb up from the trench as it requires less energy. After the lateral force reaches 

Fig. 38 Topography of PDMS with nanoparticles  during the wear and profiles of marked cross-
sections 
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maximum value, the tip slips from 

the hill. The stress caused on the 

sample is then releasing. It can be 

seen in profile graphs in Fig. 38 as 

hills and trenches on the curve 

Interestingly, the tip in 

Contact Mode does not sense the 

nanoparticles as they are not 

visible in the images in Fig. 37. 

This suggests that the matrix 

deforms under the combined 

action of load and shear to the 

degree that the nanoparticles 

cannot be detected. 

The topography of the sample 

after each wear step is presented 

in Fig. 39. It can be seen that the 

structure of the matrix is damaged 

and topographical ripples were 

created due to applied normal and 

shear forces, and now the 

nanoparticles are easily observed 

again. A huge depth can be seen 

in the last image, which is the scar  

is partially destroyed, more free 

polymer chains appeared on the 

surface and these can interact 

with the tip. The worn area has 

more viscoelastic character than 

the crosslinked matrix as seen in 

the energy dissipation images. 

Fig. 39 Topography images of PDMS with nanoparticles  
after each wear step in 2D and 3D 
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While there are 

significant differences in the 

matrix after each wear 

measurement, the 

nanoparticles seem 

unchanged. This reflects their 

predominant elastic character 

– even though they may be 

deformed during the wear, 

afterwards they come back to 

their initial shape. The wear 

measurements do not 

influence their 

nanomechanical properties as 

well. 

The obtained stiffness 

and deformation images are 

consistent with the above 

mentioned results. The 

deformation and stiffness 

images show that the 

nanoparticles kept their 

shape, dimension and 

stiffness, i.e. the wear 

measurement did not affect 

them permanently. The matrix, 

on the other hand, display 

larger deformation and smaller 

stiffness in the worn area.  

One of the 

nanoparticles was ripped out Fig. 40 Adhesion and energy dissipation images 
obtained after each wear step of PDMS with nanoparticles  
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during the wear measurement 

with a load of 150nN. The 

experiment was repeated 3 times 

at different areas of the 

nanocomposite sample where 

two separated nanoparticles were 

found. The same setpoints were 

applied in the same order and 

each investigation gave the same 

results. Based on this relatively 

small number of measurements, 

statistically, 50% of the 

nanoparticles were removed 

during the 150nN wear scan. 
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Fig. 41 Deformation and stiffness images obtained 
after each wear step of PDMS with nanoparticles  



60 
 

4 SUMMARY 

Interphases and their properties, as well as local property variations on 

nanocomposite surfaces, constitute a relatively unexplored field of science, and these 

topics are gaining more and more interest throughout the surface and material science 

community. The interphase is crucial in recognition of nanocomposites mechanical 

properties, as it may constitute most of the nanocomposite volume. In this thesis work I 

investigated a PDMS-CML nanocomposite using Atomic Force Microscopy. 

During the sample preparation it is important to apply chemical treatment in order 

to remove residues of Gellan Gum from the PDMS surface, as these residues changes 

the surface properties significantly. It turned out that used chemical treatment was 

effective and sufficient.  

The nanoparticles are not distributed evenly throughout the sample surface and 

one can find both single nanoparticles and aggregates. It was shown that the topography 

images obtained at a given applied load suggests a porous surface structure. However, 

by considering differences in surface deformation allows construction of a topography 

image under zero applied load. This image displays a significantly smoother surface, 

suggesting that local differences in cross-linking density rather than actual pores are 

responsible for the large number of depressions observed in images obtained under a 

typical normal load.  It is therefore important to consider possible artifacts when using data 

from AFM.  

The samples were investigated using different setpoints, i.e. different normal loads. 

It revealed, as expected, that the PDMS matrix deformed more than the nanoparticles. 

Moreover, suppressed nanoparticles visible in the images with high setpoint, come back 

to their original shape when imaged by a lower load. Here we discussed how the tip 

pushes the particle into the matrix and how a tip that hits the particle at the edge with a 

high force results in a rocking motion of the particle.  

The nanomechanical data of the nanocomposite revealed that the PDMS matrix 

has a more viscoelastic character than the latex nanoparticles. The new approach of 

sample preparation was successful as the nanoparticles were trapped at the surface and 

we could not find any evidence for a thin polymer layer on the particle surface, which are 

advantages compared to previous experimental work [6], [7].  
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Wear measurements show that the nanoparticles remains on the surface until a 

load of 150nN is combined with shear forces. At this point about 50% of the nanoparticle 

are removed from the surface. Moreover, the results are repeatable as they were 

conducted 3 times at 3 different regions with similar nanoparticles configuration. The 

presence of nanoparticles as well as wear influence the nanomechanical properties of the 

PDMS matrix. However, evaluation of the interphase is not simple and obvious in this 

system. What we can say is that the thickness of the interphase must be relatively small, 

below about 20 nm, since an interphase of this or larger thickness with distinctly different 

properties compared to the matrix would have been easily detected.  

For future work on PDMS-CML nanocomposites I recommend further elaboration 

of the preparation method with the goal of achieving a more even distribution of the 

nanoparticles over the surface. It would also be worthwhile to consider alternative ways 

to evaluate the interphase thickness. 
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