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ABSTRACT 

ADHESION AND WEAR OF NANOSCALE POLYMER CONTACTS 

Yijie Jiang 

Kevin T. Turner 

Atomic force microscopy (AFM) is a powerful tool for high resolution surface 

measurements, nanolithography, and tip-based nanomanufacturing. An understanding of 

the nanoscale tribological behavior of the tip-sample contact, including adhesion and wear, 

is critical in these applications. In this dissertation, the adhesion and wear of polymethyl 

methacrylate (PMMA) in contact with an ultrananocrystalline diamond (UNCD) AFM tip 

is investigated using a combination of AFM-based nanomechanics experiments and finite 

element analysis (FEA).  

A novel AFM-based method, which combines pull-off force measurements and 

characterization of the 3D geometry of AFM tip, was developed to quantify the properties 

of the adhesive traction-separation relationship of UNCD-PMMA contacts. Adhesion 

range and strength, as well as work of adhesion, of the contacts were determined. 

Characterizing and understanding nanoscale wear of polymers has proven difficult in the 

past due to experimental complications associated with debris produced in the tests and the 

failure of traditional empirical wear relations, such as Archard’s law. Here, nanoscale 

AFM-based line and raster wear experiments were performed on patterned PMMA 

structures, which had gaps that allow debris to be captured. Results from the line wear tests 
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indicate that the relationship between height loss rate and stress is well described by a 

transition state theory wear model. The wear parameters obtained from line wear tests were 

applied to predict the volume loss in raster wear tests. Despite the significant differences 

in the loading and sliding geometry between line and raster wear experiments, the raster 

wear behavior was accurately predicted from the parameters obtained from line wear tests. 

In addition, experiments at varying temperatures were performed to study the temperature 

dependence of polymer wear. The results suggest that transition state theory overestimates 

the effect of temperature on wear for PMMA. Modified models considering viscoelastic 

relaxation of PMMA and atom-by-atom attrition were applied to describe the measured 

wear behavior. Finally, an iterative FEA method was developed for simulations of wear. 

These simulations were used to examine the evolution of geometry and stress during the 

wear process as a function of contact conditions, such as friction and surface roughness. 
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CHAPTER 1: Introduction  

1.1 Introduction and motivation 

Tip-based nanomanufacturing (TBN) uses atomic force microscopy (AFM) probes 

for the direct production of nanostructures, for nanolithography to create masks on 

surfaces, and for patterning samples for specific applications. There are a wide range of 

TBN methods, such as thermal [1]–[3], electrical [4], [5], mechanical [6], [7], dip-pen 

nanolithography [8], [9] and nanomanipulation [10], [11].  

Thermal nanolithography, perhaps one of the most promising TBN methods, uses 

an AFM cantilever with an integrated resistive heater near the tip. To pattern a pixel, a 

short voltage pulse produces a current that heats the tip. The heat evaporates a small volume 

of material from the contacting surface. By controlling the voltage and time, 3D features 

have been patterned in polymer [1] and molecular glass surfaces [2] (Figure 1-1a-b). Wang 

et al. [12] introduced an AFM tip hammering nanolithography method and used it to 

emboss and imprint patterns (~20 nm line width and several nm in height) in polystyrene-

block-poly(ethylene/butylenes)-block-polystyrene (SEBS) copolymer thin films (Figure 

1-1c). The surface was comprised of well-ordered hexagonal PS spheres after being 

annealed in cyclohexane vapor for ~48h. The structures could be erased by annealing at  

70 oC for 5 min. Martín et al. [4] described a technique for producing nanoscale patterns 

on a thin PMMA layer on a Si wafer. The patterns were made by electrostatic modification 
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of PMMA and local oxidation of silicon. The lines obtained in a 25 nm thick PMMA layer 

at speed of 0.5 m/s and a voltage of 30V (tip positive) were drawn by a doped Si AFM 

tip.  

Compared to above methods, mechanical lithography, in which material is removed 

through pure mechanical means, has advantages, including the simplicity of the preparation 

of sample, and no special requirements for AFM tip and setup. Dynamic plowing [6], [13] 

or static patterning can be achieved by using tapping or contact mode AFM with 

programmed tip movements. Figure 1-1d shows an example of the University of 

Pennsylvania logo patterned in a PMMA thin film through mechanical removal of material 

by a Si AFM tip (radius ~10 nm). A vector image of the pattern was first prepared and then 

converted via Nanoman function on a Bruker Icon® AFM. The Si tip was slid along the 

programmed paths (smallest path separation is ~40 nm) under a contact load of 2.5 N.  

Polymers are widely used in microelectromechanical systems (MEMS), 

nanoelectromechanical systems (NEMS), and TBN applications [1], [2], [4], [12], [14], 

[15]. Polymers are used in TBN processes as a mask layer for lithography to generate holes, 

nanogrooves or patterns [4], [14], [16], as a sacrificial layer for lift-off to obtain 

nanoparticles or nanowires [15], [17], [18] or as a top layer for patterning and modification 

to form nanostructures [1], [12], [13], [19]–[22].  
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Figure 1-1. Thermal nanolithography results of (a) a 3D topographic map patterned into a 

polymer [1] and (b) a replica of the Matterhorn patterned in molecular glass sample [2], (c) 

pattern in a SEBS thin film made by AFM tip hammering nanolithography [12], and (d) a 

Penn logo in a PMMA thin film made by nanomechanical lithography. 

 

Polymethyl methacrylate (PMMA) is an amorphous thermoplastic with a number 

of desirable properties, including transparency, chemical resistance, moldability, low 

ultraviolet radiation sensitivity, high strength, and dimensional stability [23], [24]. PMMA 

has versatile applications, including nanocomposites [23], [25], medical applications, such 

as bone cement [26], [27], MEMS and NEMS structures [14] and as a resist in high 

resolution e-beam lithography [18], [20]. A variety of patterns have been made in PMMA 

using TBN techniques [4], [13], [17], [18], [20], as listed in Table 1-1. The tribological 

properties of PMMA, including the adhesion and wear, not only influence the optimization 
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of the selection of TBN parameters, but also strongly influence the quality of the generated 

nanostructures and can affect the resolution of the process [6], [14], [22], [28]–[30].  

Table 1-1. Summary of TBN techniques applied to PMMA.  

Ref. Method Patterns 

Martín et al. 

[4] 

Electrostatic 

modification 

Long lines of several hundred nm in width in 

25 nm thick film; 

Holes with varying size at varying voltages 

Cappella 

and Sturm 

[13] 

Mechanical lithography 

(dynamic plowing and 

nanoindentation) 

Dots with varying size and depth (10-100 

nm) under varying loads in nanoindentation; 

7×7 m2 squares with depth of 20 nm using 

dynamic plowing 

Chen, Hsu 

and Lin [17] 

Mechanical lithography 

(contact mode) 

50-70 nm wide lines in 50 nm thick film; 

Cutting of nanowires with ~40 nm gaps 

Sohn and 

Willett [18] 

Mechanical lithography 

(contact mode) 
15 m long and ~40 nm wide lines in 24 nm 

thick film 

Heyde et al. 

[20] 

Mechanical lithography 

(dynamic plowing) 

 ~40 nm wide lines of 2-6 nm depth 

depending on tapping amplitude setpoint 

 

While the nanoscale tribological properties are critical in TBN, there is a poor 

understanding of adhesion and wear of PMMA at the nanoscale. The adhesion between 

PMMA and common AFM tip materials, such as Si, Si3N4, ultrananocrystalline diamond 

(UNCD) and metal coated, has not been reported yet. More importantly, a method for 

characterization of strength and range of adhesion has not been developed when 

considering the 3D geometry details of the contact pair. In reality, the contact area between 

an AFM tip and sample are usually non-symmetric and rough [31]–[33]. The nanoscale 
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roughness has strong influence on the adhesion [32], [34]–[36]. Therefore, such 

characterization method is required for better understanding the adhesion during TBN 

processes. 

Studies on the wear of PMMA have been done of various scales from millimeter 

down to micro/nano scale, including the pin-on-disk methods [23], [25], nanoindentation 

and nanoscratch tests [26], [30], AFM-assisted tests [13], [14], [37] and many other 

experiments [27], [38], [39]. However, there are two key problems remains to be solved:  

a) In all previous studies, Archard’s wear law, which assumes wear volume is 

proportional to the normal external load and the sliding distance, is applied while 

the reported wear rates of PMMA vary in a wide range (~1×10-9 to 1×10-4 

mm3/N∙mm) due to the different polymer structures and experimental 

conditions, such as loading and sliding speed [14], [23], [25]. Recent nanoscale 

studies suggest an alternate wear model – transition state theory [28], [40]–[44]. 

The application of transition state theory to polymer nanoscale wear has not been 

investigated. 

b) The debris and material pile-up is produced by the contact and movement of 

AFM tip on the polymer surface. This contamination on the surface make it 

difficult to fabricate desired nanostructures, like grooves with high height-to-

width aspect ratios [18], and also cause difficulties in calculating the contact 

stress and measuring volume or height variation accurately [12]–[14], [45].  
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1.2 Objectives 

The overall objective of this dissertation is to characterize the adhesion and wear 

properties of PMMA surfaces at the nanoscale via AFM-based experiments. Finite element 

analysis is applied to validate the methods and analyze the stress and adhesion behavior. 

This work includes the following sub-objectives: 

a) Develop a novel approach for measuring the properties of the adhesion traction 

separation relationship of nanoscale contacts with AFM. 

b) Investigate the nanoscale wear behavior of PMMA by line and raster AFM 

scanning tests under controlled environment. 

c) Investigate the effect of temperature on wear mechanism through temperature 

controlled AFM experiments. 

d) Use the experimentally measured wear behavior in FEA-based wear simulations. 

1.3 Scope 

Understanding nanoscale adhesion and wear between an AFM tip and a polymer 

surface is crucial for advancing nanofabrication and nanolithography processes. 

Traditional adhesion and wear experiments are not suitable for measuring the behavior at 

nanoscale, for example, the difficulties in measuring the strength and range of adhesion 
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between the nanoscale interface, and the wide range of wear coefficients of PMMA 

obtained when using Archard’s law. In this work, I present a) a novel method for measuring 

the traction-separation relationship between an AFM tip and contacting surface, b) 

systematically controlled PMMA wear experiments and description of the data via 

modified transition state wear models, and c) development and application of numerical 

wear simulations. The scope of this dissertation is described below. 

First, a review of relevant literature on adhesion and wear mechanisms is presented 

in Chapter 2. Next, Chapter 3 presents a novel approach for measuring the traction-

separation adhesion relationships of nanoscale contacts at the UNCD-PMMA interface. 

The experimental methods, including the measurements of 3D tip geometry and AFM pull-

off force, are introduced first. Combining pull-off force measurements with high resolution 

3D geometry measurements of the AFM tips, we extracted the properties of the traction-

separation relationship, namely the work of adhesion, adhesive stress and adhesion range. 

Following the analyses, FEA is used to validate assumptions in the analysis. 

Chapter 4 investigates the wear behavior of PMMA at nanoscale at room 

temperature. Two types of nanoscale wear tests using AFM, line and raster scanning, are 

presented in this Chapter. Contact stresses are calculated by FEA by importing measured 

3D tip geometries into the models. In AFM line wear tests, the wear behavior is well 

described by a recently proposed wear mechanism, i.e. transition state theory. By using the 

parameters determined from line wear tests, the volume loss in raster wear tests can be 

accurately predicted. 



8 

 

The investigation of the temperature dependence of nanoscale polymer wear is 

described in Chapter 5. AFM-based raster wear tests are performed at varying 

temperatures. The experimental data indicates an increasing wear volume loss rate with 

increasing temperature. However, the transition state theory significantly overestimates the 

volume loss rate at elevated temperatures. Modified wear models, which include the effect 

of viscoelastic relaxation of PMMA, are developed based on a time-temperature 

superposition approach. The proposed models reasonably describe the wear behavior over 

the temperature range examined in the tests. 

Chapter 6 presents microscale wear tests done on a commercial nanoindenter. 

Repeated line wear tests were perform at a scale where load and contact area are two to 

three orders of magnitude higher than those in nanoscale tests. The wear tracks are 

characterized by AFM imaging and indicate that the transition state theory is applicable, 

even at a significantly larger scale compared with previous nanoscale tests, to quantify the 

wear volume loss.  

Finite element wear simulations are summarized in Chapter 7. An iterative 

algorithm is developed and applied in 2D and 3D wear simulations between a paraboloidal 

tip and samples, which is similar to the AFM tip-sample interaction. Details of the 

geometry change and evolution of stress distribution during the wear process, which are 

extremely difficult to be monitored during experiments, are obtained in the simulations. 

Wear simulations under systematically controlled contact conditions, such as friction and 
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interfacial roughness, are performed. The dependence of wear on contact stiffness and 

roughness are observed from numerical simulations. 
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CHAPTER 2: Literature review 

2.1 Adhesion mechanics 

2.1.1 Adhesion models without roughness 

Prior to reviewing the theories of adhesive contact, Hertzian contact theory [46] is 

introduced. Hertz was the first to analyze the deformation of two elastic paraboloids in 

frictionless, non-adhesive contact as they were pressed against each other (Figure 2-1).  

 
Figure 2-1. Schematic of contact between two paraboloids (image taken from [47]). 

 

The Hertz expressions for contact radius, a, and indentation depth, , as a function 

of applied load, F, geometry and material properties are: 
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where E* is the reduced elastic modulus,  
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and R is the effective radius, 
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 (2.3) 

where E1, E2, v1, v2, R1, and R2 are elastic moduli, Poisson’s ratios and radii of curvature of 

two paraboloids. 

Johnson, Kendall and Roberts [48] established an approach for modeling adhesive 

contact by minimization of the total energy as a function of the contact radius. This 

approach is now referred to as the JKR theory. The equilibrium condition is expressed as:  

 0TdU

da
  (2.4) 

where UT is the total energy and consists of the elastic strain energy, UE, mechanical energy 

done by external load, UM, and surface energy, US, i.e. T E M SU U U U   . The surface 

energy term is given as  

 2

s aU a W  (2.5) 

where Wa is the work of adhesion, which represents the energy per unit area to separate 

two perfectly flat surfaces from equilibrium contact to infinite separation. The work of 

adhesion is an important property of an interface that determines adhesion force and 
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influencing the contact stresses. From JKR theory, the adhesion force, aka “pull-off force”, 

can be derived as  

 3

2
adh aF W R . (2.6) 

Derjaguin, Muller and Toporov [49] proposed a different approach for modeling 

the adhesion of spheres in contact. Specifically, they suggested that the adhesive force acts 

only outside of the contact area. This approach is referred as the DMT theory and leads to 

an adhesion force of 

 2adh aF W R . (2.7) 

In DMT theory, the adhesion force contributes to the total normal force on the 

contact. The stress distribution within the contact area is described by Hertzian contact 

theory. Both JKR and DMT models show that the adhesion force depends on work of 

adhesion, but is independent of strength or range of adhesion in the ideal geometry, i.e. 

smooth sphere or paraboloid. 

While the JKR and DMT theories seemingly conflict with each other by giving 

different expressions for the adhesion force between two paraboloids, Tabor [50] and 

Maugis [51] showed that the DMT and JKR theories are compatible and apply in different 

regimes. Non-dimensional parameters, now known as the Tabor and Maugis parameters, 

can be used to describe the transition between the JKR and DMT regimes. In Maugis’ 

approach, a Dugdale traction-separation law [51], [52] is used to describe the adhesion. 
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The DMT-JKR transition is shown in Figure 2-2 by using Maugis-Dugdale theory. The 

Maugis parameter is defined as: 

  (2.8) 

where D is the strength of adhesion. As the Maugis parameter, Maugis , increases, the 

appropriate model for describing the contact transitions from DMT theory to JKR theory.  

All of the adhesive contact theories introduced above focus on the contact between 

paraboloids. An extended Maugis-Dugdale theory is proposed by Zheng and Yu [47] for 

the frictionless adhesive contact of arbitrary axisymmetric elastic objects. The analysis for 

adhesive contact between an nth order power-law shaped tip and a flat surface from [47] 

has been recently applied to AFM experimental data analysis recently [31]. Referred to as 

the M-D-n model, it can describe the transition between JKR-type and DMT-type behavior 

for power-law shaped contacts [47]. 

 
Figure 2-2. Dimensionless pull-off force as a function of Maugis parameter. 
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2.1.2 Effect of roughness on adhesion 

Fuller and Tabor conducted adhesion force measurements between rubber spheres 

with radii from 7.3 to 53 mm in contact with rough stiff Perspex surfaces [53]. The center 

line average roughness of the surface in the experiments varied from 0.12 to 1.4 m, and 

resulted in a 90% change in the adhesion force. They presented a theoretical analysis to 

describe their experimental observations. In their analysis, they examined the case of a 

smooth flat in contact with a (nominally flat) roughened surface based on the following 

assumptions: (a) surface roughness is made up of a series of asperities with a Gaussian 

height distribution, (b) the asperities can be described as spherical caps of the same radius 

and (c) JKR theory can be used to describe the adhesion of individual asperities. An 

adhesion parameter to describe the effect of roughness was obtained: 

 
* 3

A

E

W





  (2.9) 

where  is the radius of the asperities and   is the standard deviation of the Gaussian 

distribution of asperity heights.  

As shown in Figure 2-3, the experimental results (shown as rectangles) and the 

theory (shown as curves) indicate that the adhesion monotonically reduces with increasing 

roughness. The relative pull-off force is the ratio of the pull-off force between rubber and 

rough surface to that between same rubber and smooth surface.  
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The dimensionless parameter proposed by Fuller and Tabor has also been applied 

in a study of the effect of roughness on direct wafer bonding of silicon wafers with high 

modulus [54]. The study presents five direct bonding experiments on silicon wafers with 

different roughness with   varying from 0.1 to 16.8. The theoretical analyses have 

reasonable agreement with the experimental data and indicate a transition from bonding 

regime ( 1  ) to non-bonding regime ( 12  ).  

 
Figure 2-3. Experimental results and theoretical curves of relative pull-off force between 

smooth rubber spheres and rough Perspex surfaces [53]. 

 

In another work examining roughness [34], the interaction between a large blunt 

smooth particle and hemispherical asperities on a surface is studied. The large radius of the 

blunt particle makes these results applicable to flat-on-flat contacts. The Katainen model 

[34] assumes multiple contacts with asperities of same radius underneath a large smooth 

surface to obtain the adhesion force as 

 𝐹𝑎𝑑ℎ =
𝐴𝐻𝐴

6𝑧0
2 [𝜌𝑟 +

1

𝜋𝑧0(1 + 𝑦𝑚𝑎𝑥/𝑧0)3] (2.10) 
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where A is the nominal contact area, ymax is the maximum height of asperities,   is the 

density of the asperities (i.e., number of asperities per area), r is the radius of asperities, AH 

is the Hamaker constant and z0 is the distance of closest approach between surfaces. The 

first term represents the van der Waals interaction of Lennard-Jones potential between the 

blunt particle with the asperities and the second with the flat substrate. 

Pull-off force measurements between blunt silica AFM tips (varying size up to 

5×104 nm2) and ALD coated TiO2 thin films were performed [34] and compared to this 

model. The radius of curvature of asperities on the TiO2 films varied from ~10 to ~30 nm, 

the maximum height ymax from ~1.5 to ~26 nm and the density from 120 to 880 m-2. The 

Katainen model provided relatively good agreement with the experimental data when 

multiple contacts happened between the blunt tips and asperities. Ramakrishna et al. [55] 

subsequently adopted the Katainen model in analyzing data from contact experiments 

between polyethylene microspheres (diameter between 18 to 20 m) and silica 

nanoparticle roughened surfaces. The silica nanoparticles had a diameter ~12 nm and were 

distributed across the surface with various densities. The contact was treated as a flat on 

flat contact due to the large size of microsphere. Particle densities varied from 0 to   

416m-2 and the experimental results fit the Katainen model well. 

Miki and Spearing [35] argued that the standard deviation or the root mean square 

(rms) roughness did not provide sufficient information about the surface morphology when 

considering the adhesion of stiff semiconductor wafers. Bearing ratio, which describes the 
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area of surface lying above a given depth, was proposed as an alternate metric to describe 

the role of roughness on the effective bonding energy as well as adhesion force. In their 

study, silicon surfaces were roughened by using a buffered oxide etch solution (BOE) 

and/or a potassium hydroxide solution (KOH). The roughened wafers were direct bonded 

to a second silicon wafers and the resulting bonding energy was measured by using a 

displacement-loaded double cantilever beam geometry. A linear relationship between the 

normalized bonding energy and the bearing ratio of the surfaces measured by AFM, as 

depicted in Figure 2-4, indicates that the bearing ratio can be a good metric to describe the 

effect of roughness on adhesion.  

 
Figure 2-4. Normalized bonding energy as a function of bearing ratio for direct bonded 

silicon wafers [35]. 

 

Peressadko et al. [36] conducted pull-off force measurements between rubber and 

aluminum surfaces. Seven different surfaces with rms roughnesses from ~30 to ~ 200 nm 

were tested. No direct relation between the strength of the adhesion and the rms roughness 

was found. Alternatively, they used a model in which the surface roughness is described as 
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a self-affine fractal [56] to consider the roughness. Specifically, the surface roughness 

power spectra as shown in eq. (2.11) is used to describe the surface roughness, 

 
2

2

1
( ) ( ), (0)

(2 )

iq xC q h x h e d x


   (2.11) 

where C(q) is the surface roughness power spectra, h(x) is the height profile, and q is the 

magnitude of wave vector.     indicates the ensemble average. 

The approximated effective surface energy, which is directly related to adhesion 

force in a DMT or JKR contact, as: 
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where   is the surface energy obtained from the surface with lowest roughness, A/A0 is 

the increase of the surface area due to roughness, E and v are elastic modulus and Poisson’s 

ratio for the rubber. This equation is referred to as Persson’s model. 

It is important to note that in Persson’s model complete contact between two bodies 

is assumed [56]. This is applicable if at least one of the bodies is a soft material since elastic 

deformation can be large enough to fill the gaps between two roughened surfaces. In stiff 

material cases, e.g. the wafer bonding case of Miki and Spearing [35] discussed earlier, 

this power spectra model may not be valid. 

Rumpf [57] developed one of the most commonly used models of adhesion force 

in the nanoscale roughness regime. The Rumpf model is based on contact of a single 
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hemispherical asperity with a much larger spherical particle. The asperity is centered at the 

surface and interacts with the spherical particle along a line normal to the surface 

connecting their centers. The adhesion force is given by eq. (2.13). 

 𝐹𝑎𝑑ℎ =
𝐴𝐻

6𝑧0
2 [

𝑟𝑅

𝑟 + 𝑅
+

𝑅

(1 + 𝑟/𝑧0)2] (2.13) 

where r and R are the radii of the asperity and particle. The two parts of eq. (2.13) are Van 

der Waals forces representing that the particle interacts with the asperity and with the flat 

substrate, respectively. A primary limitation of this model is the strict requirement of the 

location of asperity. Several extensions of the Rumpf’s model have been developed, such 

as Katainen model [34], the modified Rumpf model, and Rabinovich’s model [58]. 

A root mean square (rms) value was introduced to describe the roughness of flat 

surfaces in the modified Rumpf model [58]. The rms roughness is more easily measured 

than the radius of the asperity. The relation between rms roughness and the asperity radius 

is developed based on the assumption of a hemispherical shaped asperity. The modified 

Rumpf model is [58]: 

 𝐹𝑎𝑑ℎ =
𝐴𝐻𝑅

6𝑧0
2 [

1

1 + 𝑅/(1.48𝑟𝑚𝑠)
+

1

(1 + 1.48𝑟𝑚𝑠/𝑧0)2] (2.14) 

where rms is the root mean square value of roughness on the flat surface. The factor 1.48 

is valid as long as it is assumed that the surface contains an equal number of asperities and 

pits [58].  

A more realistic model was proposed (referred to as Rabinovich’s model) in the 

same study [58]. A schematic illustration of the model geometry is shown in Figure 2-5. 
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The asperity is still modeled as a sphere, but the center of the asperity is not required to be 

positioned at the surface. Furthermore, not only is the height of the asperity used, but its 

breadth is also considered.  

 𝐹𝑎𝑑ℎ =
𝐴𝐻𝑅

6𝑧0
2 [

1

1 + (32𝑅𝑘1𝑟𝑚𝑠/𝜆2)
+

1

(1 + 𝑘1𝑟𝑚𝑠/𝑧0)2] (2.15) 

where k1 is a coefficient linking maximum height of the asperity and the rms roughness, 

and   is peak-to-peak distance. The value k1=1.817 is determined under the assumption 

that the asperity and pit have the same geometry and equal number.  

 
Figure 2-5. Schematic illustration of the geometric model in Rabinovich’s model [58]. 

 

In all the models above, the sphere is assumed to be smooth and the roughness is 

only measured and included on the nominal flat surface. Recently, however, the effect of 

roughness on paraboloidal shaped AFM tips has been considered [32]. Jacobs et al. [32] 

combined both molecular dynamics (MD) simulations and in-situ TEM-based 

nanoindentation experiments to study the effect of roughness of AFM tips. Adhesion of 

diamond-like carbon (DLC) and ultrananocrystalline diamond (UNCD) AFM tips in 
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contact with diamond surfaces were examined. The profiles of AFM tips were fit by 

paraboloids with radii varying from 22 to 116 nm and rms roughness values from 0.18 to 

1.58 nm were measured via TEM. Models with 2.3 to 2.7 nm radius and rms roughness 

0.03 to 0.12 nm were established in MD simulations. The adhesion force was measured in 

both numerical simulations and experiments. The relation between adhesion force and 

work of adhesion was established by DMT theory. Based on the modified Rumpf’s model 

[58], the effective work of adhesion was found to be Wa,eff: 

 𝑊𝑎,𝑒𝑓𝑓 =
𝐴𝐻

12𝜋𝑧0
2 [

1

1 + 𝑅𝑡𝑖𝑝/(1.48𝑟𝑚𝑠)
+

1

(1 + 1.48𝑟𝑚𝑠/𝑧0)2
] (2.16) 

where AH is the Hamaker constant. The fitted results AH=27×10-20 J and AH=55×10-20 J, for 

DLC on diamond and UNCD on diamond, respectively. These values compare favorably 

with the reported reference value for diamond surfaces in a vacuum. The normalized 

effective work of adhesion shows a significant drop with increasing rms roughness of tips 

(Figure 2-6). 
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Figure 2-6. The normalized work of adhesion decreases as rms roughness increases from 

the atomic corrugation to the nanometer scale [32]. 

 

2.2 Nanoscale wear 

Wear is a phenomenon of progressive loss of material due to relative motion 

between two contacting bodies. Wear is typically described empirically since the physical 

and chemical interactions at the interfaces are not fully understood at any scale [44]. In 

macroscale, the most broadly applicable wear model is Archard’s wear law [59], which is 

expressed as 

  (2.17) 

where V is the wear volume, kA is the Archard’s wear rate, F is the applied normal load 

and d is the total sliding distance. The wear rate is usually obtained through experimental 
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measurements and is affected by numerous sliding conditions, such as temperature, sliding 

speed, surface topography and lubricant conditions [60], [61]. 

At the nanoscale, molecular dynamics [62] simulations of spherical DLC tips 

sliding against a DLC surface under loads of 4-102 nN showed a linear relationship 

between volume loss, and normal load and sliding distance, which is consistent with 

Archard’s law. Several experimental investigations, however, suggest that Archard’s law 

fails at the nanoscale [14], [42], [44], [63], [64]. The results show that the amount of wear 

volume is not proportional to the applied load, or the wear rate does not remain constant 

over sliding distance under constant load.  

Yan et al. [14] carried out AFM wear tests on a PMMA surface with a Si tip. The 

sliding speed and the applied load were fixed at 80 m/s and 70 N. The Archard’s wear 

rate varied dramatically from 0.01×10-6 to 7.8×10-6 mm3/N mm, as shown in Figure 2-7. 

The wide range of wear rate measured under a constant load suggests that Archard’s law 

is not particularly useful at the nanoscale. 

Wear by an atom-by-atom attrition process has been demonstrated and a transition 

state theory has been proposed to model the nanoscale wear as a thermally activated bond 

formation and breaking process [40]. The rate of atom loss atom-loss (unit s-1) due to wear 

is expressed in an Arrhenius type equation: 

  (2.18) 
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where f0 is the attempt frequency of the atom, kB is Boltzmann’s constant and T is the 

absolute temperature. The activation energy Ea is the stress-free activation barrier,  is the 

stress component that lowers the activation barrier and Va is termed as activation volume. 

Usually, Va is used when shear stress is applied in the model [65]. If the normal contact 

stress is used in eq. (2.18), the effective activation volume Veff, rather than Va, is used [42], 

[43]. Similar to eq. (2.18), the experimental measured quantities, such as height loss rate, 

tip radius variation or volume loss rate, can be expressed as a function of stress using 

Arrhenius type equation.  

 
Figure 2-7. Archard’s wear rate of PMMA as a function of sliding distance under a constant 

70 N load. The inset is the PMMA topography and profile along a line after 450 mm 

sliding [14]. 

 

To validate this mechanism, nanoscale wear experiments are required. AFM has 

been commonly used as a sophisticated apparatus for investigating the tribological 

behaviors at the nanoscale. Sheehan [66] studied the wear of single crystal NaCl by line 

wear tests using a Si3N4 AFM probe under different relative humidity and temperatures. 
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The line wear tests were carried out by sliding the AFM tip repeatedly along a 300 nm path 

over two NaCl steps. The distance between the steps, i.e. the recession of steps due to wear, 

was measured at the same time (Figure 2-8(a)). The AFM tip end was assumed to be 

spherical and the average shear stress was estimated from a contact mechanical model. The 

exponential relationship between the wear rate and the shear stress was observed under 

different relative humidity and two different temperatures (Figure 2-8(b)). Both humidity 

and temperature had a significant influence on the measured wear rate. By applying 

transition state theory, Ea=0.34±0.17 eV and Va=86±6 Å3 was obtained for NaCl. However, 

the dependence of wear rate on temperature in transition state theory is not yet determined, 

because: (a) there were only two temperatures used and large uncertainty in fitted activation 

energy, and (b) relative humidity, which also influenced the NaCl wear strongly, changed 

at elevated temperatures but couldn’t be measured or controlled due to the configuration 

of the AFM used in this study. 
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Figure 2-8. (a) A schematic of AFM tip sliding back and forth along a 300 nm line over 

two NaCl steps and the experimental results of the recession of two steps as they are worn 

by the tip, and (b) the wear rate versus shear stress at two temperatures [66]. 

 

 
Figure 2-9. (a) SEM image of a DLC coated Si AFM tip after wear test and (b) the tip 

radius and pull-off force as a function of sliding distance during the wear test [42]. 

 

Bhaskaran et al. [42] applied transition state theory in an investigation of the wear 

of DLC coated Si AFM tip wear. In their experiments, the tips were slid against a SiO2 

surface under different loads (1.15-17.5 nN) for a total sliding distance up to 1 to 2 meters. 

SEM images of the tips were collected before and after the tests (Figure 2-9(a)). During 
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the wear tests, the pull-off forces were measured frequently through the experiments. The 

tip profile was assumed to be a truncated cone and the radius of the end was proportional 

to the pull-off force. In Figure 2-9(b), the experimental results and the fittings by Archard’s 

law and transition state theory (atom-by-atom wear model) are presented. Consistent with 

eq. (2.18), the tip radius variation is expressed as: 

  (2.19) 

where d is the sliding distance and h is the truncated height of the cone, v is the sliding 

speed and b is a characterized length, typically the length of Burgers vector 2.5-6 Å [40]. 

The fitting results indicate that the measured data are better described by transition state 

theory. 

In order to measure the tip profile during experiments more precisely, TEM has 

been used for high resolution tip profile measurements in ex-situ [28], [67] and in-situ 

experiments [44]. Jacobs and Carpick [44] carried out in-situ wear tests, where the Si AFM 

tips were brought into contact and slid against a diamond flat surface inside a TEM. High 

resolution TEM images of the tips were taken periodically during the experiments. The 

profile of the tips were traced and demonstrated a gradual tip profile evolution as shown in 

Figure 2-10(a). This in-situ method provided accurate and direct tip profile measurements. 

To quantify the volume removed, these 2D profiles were integrated to give 3D shapes by 

assuming axisymmetry of each differential slice. The contact radius was estimated by DMT 

contact mechanics model and thus the average contact stress was calculated. Figure 2-10(b) 
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indicates the reaction rate (i.e. atom loss rate) is fit well by an exponential relationship (eq. 

(2.18)) for all data collected from AFM tips with different profiles. The activation energy 

and volume were fitted as 0.91±0.06 eV and 6.7±0.3 Å3, respectively. 

  
Figure 2-10. (a) TEM image of Si AFM tip with four traces of tip profiles at 200 nm 

intervals of sliding distance, and (b) the reaction rate (atom loss rate) as a function of 

average contact normal stress [44]. 

 

As expected from transition state theory, the nanoscale wear experiments indicate 

an exponential relationship between wear quantities (such as volume loss, height loss or 

atom loss rate) and stress. One thing to be noted is that the average stress is used to describe 

the stress in eq. (2.18). However, eq. (2.18) is the atom loss rate within a unit of area in 

contact. The experimentally measured atom loss rate is fit to: 

 Γ𝑎𝑡𝑜𝑚−𝑙𝑜𝑠𝑠
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ =

1

𝑁
∑ Γ𝑎𝑡𝑜𝑚−𝑙𝑜𝑠𝑠−𝑖

𝑁

𝑖=1
=

1

𝑁
∑ 𝑓0𝑒𝑥𝑝 (

−𝐸𝑎 + 𝑉𝑎𝜎𝑖

𝑘𝐵𝑇
)

𝑁

𝑖=1
 (2.20) 

where N is the total number of area units in contact, the subscript i indicates different unit 

of contact area. When the stress at the interface is not uniform, eq. (2.20) does not 
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necessarily equal . To estimate the atom loss rate, the stress distribution 

rather than an averaged value may be more appropriate. The discussion on stress 

distribution and average stress will be detailed in Chapter 4. Moreover, the dependence of 

wear behavior on many experimental conditions, like temperature, relative humidity and 

sliding distance needs further investigation.  
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CHAPTER 3: Characterization of nanoscale adhesion 

3.1 Introduction 

Adhesion in nanoscale contacts is a ubiquitous and well-known phenomenon that 

is important in many applications, including microelectromechanical systems (MEMS), 

fibrillar adhesives, and AFM-based metrology and manufacturing processes. Adhesion at 

the nanoscale is often characterized through simple AFM-based pull-off force 

measurements in which an AFM tip (radius of 5 to 100 nm) is contacted to a surface and 

then subsequently retracted. The force is measured via the deflection of the compliant AFM 

cantilever and the pull-off force is defined as the peak attractive force during retraction of 

the tip from the surface. If the AFM tip is paraboloidal in shape, the work of adhesion is 

proportional to the pull-off force divided by the tip radius and can be calculated using one 

of the adhesion mechanics models, such as JKR [48], DMT [49], or Maugis-Dugdale [51], 

discussed in Chapter 2. The tip size as well as the elastic and adhesion properties of the 

contact determine which adhesion model is appropriate [68]. 

AFM pull-off force measurements are commonly used to characterize adhesion at 

the nanoscale because of their simplicity and the widespread availability of AFMs. 

However, the single value of work of adhesion that is obtained from pull-off measurements 

does not completely define the adhesion between two surfaces. Adhesion is more fully 

described by a traction-separation relation [33], [51], [52], [69], [70], such as a Lenard-

Jones potential [71], that defines the adhesive stress as function of separation distance 
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between the surfaces. While the work of adhesion is the integral of the traction-separation 

relation, the work of adhesion does not provide direct information on magnitude of 

adhesive stresses or the adhesion range, which are critical in the design and engineering of 

nanoscale contacts. For example, the adhesion range relative to the surface roughness 

magnitude is critical in determining whether or not two surfaces will adhere when brought 

into contact under light loads (e.g., the bonding of semiconductor wafers [72]). Surface 

force-mediated adhesion typically has a range on the order of nanometers and the adhesive 

stresses increase sharply over short distances near the surface, thus measurement of the 

traction-separation relationship is challenging. Traditional AFM-based pull off force 

measurements cannot be used to obtain information on the adhesion range as the compliant 

AFM cantilever snaps in and out of contact during approach and separation [73]. 

Specialized measurement systems, such as the interfacial force microscope [74], [75], have 

been developed to avoid the snap-in/out phenomena and measure the traction-separation 

relation, however, these systems are difficult to use and not widely available.  

While an AFM tip is often idealized as a smooth paraboloidal asperity, real AFM 

tips often have nanoscale roughness and complex 3D shapes due to manufacturing 

variations and changes in geometry that occur during fabrication [67]. Nanoscale surface 

roughness, can have a profound influence on adhesion [35], [55], [56], [58]. Jacobs et al. 

[32] combined molecular dynamics simulations and in-situ TEM adhesion experiments to 

investigate the effect of tip roughness on the adhesion of UNCD and DLC AFM tips to a 

diamond surface. Tip roughness, which was measured in 2D through high resolution TEM 
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imaging, was shown to have a significant impact on the work of adhesion determined from 

the pull-off force - the measured work of adhesion decreased by more than an order of 

magnitude as tip roughness increased from 0.03 nm to 0.5 nm. On a larger scale, Grierson 

et al. [31] investigated the effect of the overall geometry of AFM tip on adhesion and 

demonstrated that the tip evolves from a paraboloidal shape to a power law geometry with 

repeated sliding. The change in geometry, which was measured via TEM imaging, was 

exploited to extract information about the adhesion range of the AFM tip-sample contact 

[31]. A key limitation in both of these previous studies has been that the geometry of the 

tip was only characterized in 2D via TEM imaging. The lack of 3D geometry information 

limits the analysis that can be done to account for the effect of tip geometry when applying 

mechanics models to extract information about the adhesion of the contact. 

In this Chapter, I present a novel approach for measuring the properties of the 

traction-separation relationship of nanoscale contacts with AFM by combining pull-off 

force measurements with high-resolution measurements of the 3D geometry of the tip. 

Specifically, we show that the properties of the traction separation relationship, namely the 

work of adhesion, adhesion range, and peak adhesive stress, can be extracted from pull-off 

force measurements of multiple tips with known (i.e., measured) complex geometries. 

These measurements are accomplished in the presence of snap-in/out by exploiting the 

sensitivity of the pull-off force to the nanoscale geometry of the tip. 

The technique is demonstrated through adhesion measurements of UNCD tips in 

contact with PMMA surfaces. The UNCD-PMMA interface is technologically relevant as 
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UNCD AFM probes are used in tip-based nanometrology and nanomanufacturing 

processes and PMMA is a common polymer used in nanofabrication. UNCD is a 

polycrystalline diamond material made by chemical vapor deposition that has high 

hardness and wear resistance [28], [76]–[78]. Thin films of PMMA are used as resists in e-

beam lithography [18], [20] and tip-based nanolithography [1], [4], [12], [14], [15]. More 

generally, PMMA is an amorphous thermoplastic with good transparency, chemical 

resistance, and high dimensional stability [23], [24]. As such, PMMA has a range of 

applications outside of nanofabrication, including as a component in nanocomposites [23], 

[25], bone cements [26], [27], and MEMS and NEMS [13], [14], [17], [21]. 

 

3.2 Experimental methods 

The 3D geometry of each AFM tip used was measured via inverse imaging. The 

inverse images were collected by scanning the AFM tips over a structured silicon sample 

containing multiple high-aspect ratio spikes (TGT-01 from NT-MDT®). The scans were 

done under contact mode with a low load (~3-5 nN) and the image size varied from 

100x100 nm2 to 1x1 m2 in order to obtain the detailed features near the apex or the overall 

tip geometries. For each of the AFM tip used in this thesis, several images have been taken 

before and after the experiments over different spikes. The spikes are spaced ~2.2 m apart 

and have a sharp radius (<10 nm) at the end. If the radius of spike is much smaller than the 

radius of the AFM tip, scanning over a single spike results in an image of the 3D geometry 
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of the AFM tip [79]. The finite radius of the spikes prevents the inverse images from 

measuring atomic scale roughness, however many detailed short wavelengths features are 

obtained. Importantly, compared to scanning electron microscopy (SEM) or TEM which 

have been used in previous studies [31], [32], [77] for tip characterization, inverse imaging 

provides a measurement of the 3D geometry of the tip rather than a 2D profile view. 

Furthermore, this inverse imaging method is simpler and more convenient than TEM or 

SEM imaging. 

Pull-off forces between three different UNCD AFM tips (cantilever type: CTCT2, 

CTCT1 and SSCRL from Advanced Diamond Technologies Inc.) and a PMMA surface 

were obtained using a standard AFM (Bruker Dimension Icon®). The PMMA surface was 

fabricated by spin coating PMMA photoresist (PMMA-A4-495 from MicroChem®) at 

5000 rpm for 50 s on top of a silicon wafer and then was heated on a hotplate at 180 oC for 

10 min. The spring constants of the AFM cantilevers were determined via the thermal tune 

method [80]. Pull-off force measurements were performed by displacing the tip into contact 

with a PMMA sample until a specified maximum normal load was reached and then 

retracting the cantilever from the surface. The pull-off forces were recorded as the 

maximum adhesive force observed in the force-displacement curves during retraction. The 

approach and retraction speeds were fixed at 500 nm/s in all tests. The maximum applied 

loads were varied from ~3.5 nN to 100 nN for each tip. The tests at different loads were 

performed in an arbitrary order. A minimum of 20 measurements were taken at each load 

for each tip. Each measurement was done at a new location on the PMMA sample. 
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3.3 Experimental results 

3.3.1 Measurements of AFM tip 3D geometries 

An example 3D tip geometry measurement obtained using inverse imaging is 

shown in Figure 3-1a. By varying the scan size (lateral dimensions of the AFM image) and 

spatial resolution, the overall geometry of the tip (Figure 3-1(a)) as well as the features at 

the apex of the tip (Figure 3-1(b)) were obtained. High resolution TEM images of the end 

of this same tip were taken and the edge was traced, as shown in Figure 3-1(c), to extract 

the profile of the tip. In Figure 3-1(b) and (c), the same features at the apex of the tip are 

observed in both the TEM and the inverse AFM image, validating the inverse imaging 

approach. A projection of the inverse AFM image along the horizontal (fast scanning) 

direction is compared with the TEM profile in Figure 3-1(d). Considering the possibility 

of a slight difference in the observation angle in TEM and that the inverse image was 

projected to a specific plane, the profile data from both methods agree quite well with one 

another. 

Three UNCD tips with significantly different geometries at the tip apex were used 

in this study. The inverse images of each tip over a ~40x40 nm2 area are shown in Figure 

3-2 and show that the geometries at the apexes of these three tips are significantly different 

from one another. The non-axisymmetric geometries of the tips, notably, Figure 3-2(b), 
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illustrate the importance of using the 3D geometries in the analysis of pull-off forces rather 

than a simpler 2D profile. 

 
Figure 3-1. Characterization of geometry of AFM tip 2 showing (a) 3D view of inverse 

AFM image of tip, (b) 2D view of inverse image of tip, (c) TEM image of tip, and (d) the 

quantitative comparison of the tip profiles measured with TEM and AFM-based inverse 

imaging. 
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Figure 3-2. Height maps showing the 3D geometry of the apexes of the three UNCD AFM 

tips used in the current study: (a) tip A1, (b) tip A2 and (c) tip A3. 

 

3.3.2 Pull-off force measurements 

The measured pull-off forces for the three UNCD AFM tips are summarized in 

Figure 3-3. The maximum applied normal load, L, during contact was varied from ~3.5 nN 

to ~100 nN (compressive) for each of the tips. A sublinear trend of increasing pull-off force 

with increasing normal load was observed for each tip. The pull-off force data, Fp, data 

was fit using to an equation of the form: Fp(L)=F0+L1/3, as shown in Figure 3-3. The index 

of 1/3 was chosen as it resulted in robust fits over all of the data, however a dependence on 

the applied load to the 1/3 power was previously reported by Restagno et al. [81] for Pyrex 

to Pyrex adhesion measurements. The increase in pull-off force with normal load is likely 

due to plastic deformation that occurs during in the contact during the test [81]. The 

parameters F0 and  were determined for each tip from the fits shown in Figure 3-3. The 

pull-off force in the absence of plastic deformation is taken as F0, which is the pull-off 

force corresponding to L=0. Plastic deformation would complicate the subsequent adhesion 

analysis, thus F0 is used as the pull-off force in all adhesion calculations. The parameter , 
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with units of nN2/3, is related to the geometry and elastic properties of the contacting bodies 

[81], thus this quantity is expected to vary for the three different tips used here. For the 

three tips, the fitting parameters are F01=5.09 nN, F02=7.46 nN and F03=8.32 nN, and 

1=0.3 nN2/3, 2=0.27 nN2/3 and 3=2.71 nN2/3, where the subscripts denote the tip number.  

 
Figure 3-3. Measured pull-off force from a PMMA surface as a function of applied normal 

load for the three AFM tips. Each point represents the average of 20-25 measurements and 

the error bars represent the standard deviation. The solid lines are fits to the data; the form 

of the fit is Fp=F0+L1/3. 

 

3.4 Analysis and discussion 

3.4.1 Characterization of traction-separation laws 

In order to analyze the measurements, two commonly used traction-separation 

relations are considered. The Dugdale traction-separation law [51] assumes the adhesive 
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stress, D, acting on the surfaces is constant over a fixed separation range, had, and then 

abruptly drops to zero (Figure 3-4). The adhesive stress is related to the adhesion range by 

the work of adhesion, Wa, as 

 𝜎𝐷 =
𝑊𝑎

𝑎𝑑
 (3.1) 

This simple tractions separation relation has been widely applied in adhesion and 

fracture mechanics models. 

A second common traction-separation relation often used to describe surface-force 

mediated adhesion is the 3-9 Lennard-Jones traction-separation law (Figure 3-4). This 

traction-separation relation describes the adhesion as: 
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 (3.2) 

where LJ(s) is the stress as a function of separation, s, and 0z  is the equilibrium separation. 

This traction-separation law has also been frequently used in analysis of adhered contacts 

[69], [70]. The 3-9 Lennard-Jones relation is more realistic than Dugdale relation, since it 

is determined by integrating the common 6-12 particle-particle potential over two half 

spaces [82] and captures the features of finite repulsive compliance at small separation and 

continuously decreasing attraction for larger separation [83]. In this study, the zero 

separation (s=0) is set to satisfy equilibrium, i.e. LJ(0)=0. The stress is adhesive for 0<s<∞. 
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Figure 3-4. A schematic of Dugdale and 3-9 Lennard-Jones traction-separation laws. Both 

have the same work of adhesion. 

 

The measured pull-off forces are analyzed by considering the traction-separation 

law at the interface and the geometry of the tip. If the adhesive stress is small enough, the 

elastic deformation in the contact will be negligible and the tip and sample can be treated 

as rigid bodies. We treat the bodies as rigid in the analysis below and then validate this 

assumption via finite element (FE) analysis later in the paper. For a rigid tip and Dugdale 

traction-separation law, F0, the force at separation is calculated as:  

 𝐹0 = ∫ 𝜎𝐷𝑑𝐴𝑝
𝑑𝐴

= 𝜎𝐷𝐴𝑝(ℎ𝑎𝑑) (3.3) 

where Ap=Ap(h) is the bearing area of the tip at a height h. h is measured from the apex of 

the tip. For all three UNCD tips, an identical value of D is expected. Thus, the F0/Ap(had) 

should be constant across all three tips.  
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To analyze the data from the three tips, the adhesion range had was varied from     

0.1 nm to 4 nm with an increment of ~0.02 nm. The bearing area Api(had) was calculated 

based on the 3D AFM tip geometries for all three tips, with the subscript i=1, 2 or 3 

denoting the tip number. Finally, for the convenience of comparing the tips, the values of 

F0i/Api(had) are normalized by F01/Ap1(had) and plotted as a function of adhesion range. The 

three curves intersect at two values of had as seen in Figure 3-5. However, the steepness of 

the curves at short ranges reduces our confidence in the intersection point around        

had=0.5 nm. The second intersection point suggests that the adhesion range is between 2.46 

and 2.49 nm. The work of adhesion and adhesive stress corresponding to the second 

intersection is Wa=49.6±0.8 mJ/m2 and D=20.1±0.4 MPa.  

 
Figure 3-5. Normalized values of F0/Ap(h) as a function of adhesion range for all three tips. 

The dashed lines indicate the region over which the curves intersect: 2.46≤ had ≤ 2.49 nm. 
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Similarly, under the assumptions of negligible elastic deformation, F0 assuming a 

3-9 Lennard-Jones traction-separation relation is 

 𝐹0 = ∫ 𝜎𝐿𝐽𝑑𝐴𝑝 =
8𝑊𝑎

3𝑧0

∫ [(
𝑧0

ℎ + 𝑧0

)
3

− (
𝑧0

ℎ + 𝑧0

)
9

] 𝑑𝐴𝑝 =
𝑑𝐴𝑑𝐴

8𝑊𝑎

3𝑧0

𝐴𝐼 (3.4) 

where the integral 𝐴𝐼 = ∫ [(
𝑧0

ℎ+𝑧0
)

3

− (
𝑧0

ℎ+𝑧0
)

9

] 𝑑𝐴𝑝𝑑𝐴
, is obtained by integrating from h=0 

to a cut-off separation of h=5z0. The values of Wa and z0 should be identical for all three 

tips in this study. Thus, F0/AI is expected to be constant. Since the integral AI is a function 

of z0, F0/AI varies at different z0 values. In Figure 3-6, the F0i/AIi values, normalized by 

F01/AI1, as a function of z0 are shown. A z0 between 1.53 and 2.02 nm is suggested from the 

curves in Figure 3-6. The work of adhesion and maximum adhesive stress were solved 

using these z0 values and eq. (2) and (4): Wa=51.4±2.4 mJ/m2 and LJ-max =30.4±5.3 MPa.  

 
Figure 3-6. Normalized values of F0/AI as a function of z0. The dashed lines indicate the 

region over which the curves intersect: 1.53≤ z0 ≤ 2.02 nm. 
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Table 3-1. The measured adhesion properties between UNCD AFM tips and a PMMA 

surface extracted assuming two different traction-separation relations. 

Traction-separation law had , z0 (nm)  Wa (mJ/m2)  D , LJ-max (MPa)  

Dugdale  2.46 - 2.49  49.6 ± 0.8  20.1 ± 0.4  

3-9 Lennard-Jones  1.53 - 2.02  51.4 ± 2.4  30.4 ± 5.3  

As summarized in Table 3-1, the analyses from both the Dugdale and 3-9 Lennard-

Jones traction-separation laws yield similar values of work of adhesion for the UNCD-

PMMA interface. The maximum adhesive stress in the 3-9 Lennard-Jones traction-

separation law is about 1.5 times larger than the uniform stress in Dugdale interaction. 

Grierson et al. [31] discussed the effect of the form of the interaction on adhesion. The 

Dugdale and 3-9 Lennard-Jones traction-separation laws were considered as equivalent to 

each other when both had the same work of adhesion and the stress maxLJ D   . 

However, this study suggests that max 1.5LJ D    for equivalent Dugdale and 3-9 

Lennard-Jones traction-separation relations. Using eq. (2), the equilibrium separation of 3-

9 Lennard-Jones traction-separation law relates with the adhesion range of Dugdale 

traction-separation law as 

 𝑧0 =
16

9√3

𝑊𝑎

𝜎𝐿𝐽−𝑚𝑎𝑥
≈

16

9√3

𝑊𝑎

1.5𝜎𝐷
= 0.684ℎ𝑎𝑑 (3.5) 

The range of adhesion for the UNCD-PMMA system has not been reported 

previously. In other systems, interfacial force microscopy measurements indicate a range 

of adhesion 1.5-4.5 nm for (3-aminopropyl)triethoxysilane (-APS) on silicon [74]. In 
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silicon-diamond adhesion, the in-situ TEM experiments and analyses [33] resulted in 

adhesion range around 0.25 nm. In silicon-DLC and DLC-DLC, adhesion range of 4-5 nm 

was reported [31]. Regarding the differences in material and methods, we consider the 

extracted adhesion range (Table 3-1) in this work to be reasonable. 

 

3.4.2 Finite element validation 

The above analysis assumes that the elastic deformation in the tip and substrate at 

pull-off is small. In order to verify the validity of this assumption, finite element (FE) 

simulations, including the elasticity for both tip and sample, were performed. The 

geometries in the FE models were constructed from the inverse AFM images of the tips 

(Figure 3-1) by using a self-coded Matlab® script that generated an input file for Abaqus® 

with nodal positions defined from the inverse images. The elastic properties for UNCD are 

EUNCD=790 GPa, 0.06UNCD  [77] and for PMMA are EPMMA=3.3 GPa , 0.4PMMA   

[84]. The adhesive stresses were applied as surface tractions in the FE models by a user-

defined subroutine (Utracload). The magnitude of the stress was defined via a 3-9 Lennard-

Jones traction-separation law (eq. (3.2)) with the parameters in Table 3-1. The surface 

tractions were applied when the separation between a node on the tip and its counterpart 

on the other surface was within the cut-off separation h=5z0. The tip was displaced within 

a small range (-0.2 to 0.3 nm) vertically on top of the PMMA sample, from an initial 
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position in which the tip and sample were in contact at one point, and force on the tip was 

calculated.  

The force-displacement curves calculated using the FE model are shown in Figure 

3-7. The zero separation indicates the initial tip position in FE model. Positive displacement 

means that the tip is being pulled away from the surface. The pull-off forces are the peak 

values of three curves respectively. Elastic deformations occur in both tip and sample and 

thus result in a small displacement when reaching pull-off forces. The pull-off forces from 

experimental data are indicated by markers in Figure 3-7(a) for comparison. Although the 

FE predictions include elastic deformation, the experimentally measured pull-off forces are 

close to the FE predictions, indicating that the assumption of negligible elastic deformation 

in the adhesion analysis is reasonable. 

The FE-predicted distribution of normal stress on the PMMA surface at pull-off for 

the three tips is shown in Figure 3-7(b-d), respectively. Positive values are tensile stress 

resulting from adhesion. The stress distribution has strong correlation with the 3D tip 

geometries as shown in Figure 3-2. Although there is compressive stress observed near the 

tip apex, the compressive stress only acts on small area and results in very little influence 

on the pull-off force as discussed above. 
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Figure 3-7. (a) FE-predicted adhesive forces (lines) between UNCD tips and PMMA as a 

function of displacement compared to pull-off forces from experiment (markers). And FE 

predictions of the distribution of normal stress on the PMMA surface at pull-off of (b) tip 

A1, (c) tip A2 and (d) tip A3. 

 

3.5 Summary 

We have quantified the properties of the adhesive traction separation relation of 

nanoscale UNCD-PMMA contacts using a new method that combines AFM pull-off 

measurements and detailed characterization of the 3D geometry of the AFM tip. The 

measurements were performed using three AFM tips with different geometries and the 

measurements from all three tips were combined in the analysis to obtain the properties of 
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the traction-separation relationship. The method requires measurements from a minimum 

of two tips with different geometries; three tips were used here to illustrate the overall 

robustness of the technique. 

The measurement data was analyzed using two common traction-separation laws: 

the Dugdale relation and 3-9 Lennard-Jones relation. The Dugdale analysis resulted in 

had=2.46-2.49 nm and Wa=49.6±0.8 mJ/m2, while the 3-9 Lennard-Jones traction-

separation law resulted in z0=1.53-2.02 nm and Wa=51.4±2.4 mJ/m2. Nearly the same work 

of adhesion is obtained regardless of whether the Dugdale or 3-9 Lennard-Jones traction-

separation law is assumed. The peak stresses in the traction separation law differ by about 

50%, suggesting that it may be more appropriate to set max 1.5LJ D   instead of 

𝜎𝐿𝐽−𝑚𝑎𝑥 ≈ 𝜎𝐷 as is commonly done in analyses [31], [83] that define equivalent Dugdale 

and Lennard Jones potentials. 
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CHAPTER 4: Wear of PMMA at nanoscale at room temperature 

4.1 Introduction 

The tribological properties of PMMA are important in the selection of TBN 

parameters as well as the tribological performance of the AFM tips, which will influence 

the quality of the patterned nanostructures [14], [16], [28], [30]. Studies on the tribology 

of PMMA have been done at varying scales from millimeter down to micro/nano scale, 

including pin-on-disk tests [23], [25], nanoindentation and nanoscratch tests [30], AFM-

based tests [13], [14], [37] and many other experiments [27]. The reported wear rates of 

PMMA vary over a wide range (~10-9 mm3/N-mm to 10-4 mm3/N-mm) due to the different 

compositions of the polymer and experimental conditions [14], [23], [25]. Archards' wear 

law, which suggests wear volume is linearly proportional to load, is often used in these 

studies. However, as discussed in Chapter 2, many of the experimental nanoscale wear 

studies showed disagreement with Archards' law [42], [43], [64]. 

Another important issue in nanoscale wear experiments on polymers is the debris 

and material pile-up produced by the contact and movement of AFM tip on the polymer 

surface [12]–[14]. Yan et al. [14] studied the influence of debris distribution on the static 

plowing performance. The debris, together with the wear of tip, changed the contact stress 

between ~12 GPa to ~4 GPa in a line scratch test. In Cappella and Sturm’s study of dynamic 

plowing on PMMA [13], the debris produced by dynamic plowing had even larger volume 

than that of the patterned features. The fast oscillating tip broke the polymer chains during 
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dynamic plowing and resulted in the creation of the large undesirable border walls around 

the structures. An experiment design for reducing the influence of debris is necessary to 

fully understand nanoscale wear. 

In this Chapter, wear experiments were carried out on PMMA thin films that were 

patterned by e-beam lithography. Gaps were formed between long rectangular structures 

for debris storage and tip cleaning. Load-controlled AFM wear tests were done by six 

ultrananocrystalline diamond (UNCD) AFM probes in order to reduce the effect of tip 

wear. The height loss rate of PMMA patterns were measured in line wear experiments, and 

volume loss rate in raster wear experiments. The 3D geometries of the ends of AFM tips 

were imaged by scanning over a “spiky” reference structure. Stress distributions on PMMA 

surface were calculated by finite element analysis (FEA) using the measured 3D 

geometries of the tips. In line wear tests, transition state theory was applied to describe the 

relationship of height variations and contact stress. The activation energy and effective 

activation volume were obtained from line wear data. These wear parameters were then 

used in a model to successfully estimate the volume loss rate in the raster wear tests. 

 

4.2 Experimental Methods 

Samples were prepared as follows. The PMMA (495PMMA A4 resist from 

MicroChem©) was first spin coated at a speed of 5000 rpm for 50 seconds to form a thin 

film (~100 nm) on top of a silicon wafer. The sample was prebaked at 180 oC for 10 minute 
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before patterning with e-beam lithography. In the e-beam lithography process, the patterns 

were written with a 150×150 m2 field with 20000×20000 dots in total. The exposure dose 

was set to ~500 C/cm2. Several fields were exposed at different locations using the 

identical e-beam parameters. Then the sample was developed in solution of 1:3 methyl 

isobutyl ketone (MIBK): isopropyl alchohol (IPA) for 1 minute. 

The PMMA structures were characterized by AFM and SEM. The AFM images 

(Figure 4-1(a) and (b)) show long rectangular PMMA structures with width of ~200 nm. 

The gaps of uniform width of ~400 nm are formed between these structures. The silicon 

surfaces exposed in these gaps are flat and clean. The gaps allow debris to be captured 

during the wear tests and the exposed silicon surfaces can provide a reliable reference for 

accurate height measurements. In Figure 4-1(c), the SEM image shows repeated 

rectangular structures with uniform width. Therefore, we are able to carry out wear tests 

over the same structures at many different locations. Other patterns of ~500 nm wide long 

rectangles and 500×500 nm2 squares (Figure 4-1(d)) were also made. The ~200 nm 

rectangular ones are used for line wear tests and the other patterns are used in raster wear 

experiments. 
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Figure 4-1. E-beam patterned PMMA structure characterized by (a) AFM image and (b) 

its 3D view, and SEM images of (c) rectangular patterns and (d) square patterns. 

 

Six UNCD AFM tips from Advanced Diamond Technologies© were used in the 

wear experiments. In order to calculate the stress distribution at the tip-sample contact in 

the experiments, the tip geometry must be known. The 3D tip geometries were measured 

by using the inverse imaging of the AFM tips, which has been described in a previous 

chapter (Section 3.3.1). All 6 AFM tips in this study were imaged and found to have 

different 3D geometries, as shown in Figure 4-2. The AFM tips are denoted as L1, L2 and 

L3 for those used in line wear, and R1, R2 and R3 for raster wear experiments. 
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Figure 4-2. Height maps of 3D geometries of the apexes of UNCD AFM tips (a-c) L1-L3 

and (d-f) R1-R3. Inset in (a) is a 3D view of the 4-sided pyramidal geometry of the tip 

measured at a scanning size of 1×1 m2. The 3D geometries are obtained by inverse AFM 

imaging technique. The size of each color map is 50×50 nm2 and the height range is 10 nm. 

 

Line wear experiments were performed using a Bruker Icon® AFM in ambient 

environment (temperature ~25 oC and relative humidity RH ~30%). The sample with    

~200 nm wide rectangles was mounted such that the long rectangular structures were 

parallel to the long axis of the AFM cantilever. The AFM tip was then slid along a 1.5 m 

path under load control for 128 passes. Each pass included one trace and one retrace. The 

sliding direction was along the fast scanning direction, i.e. the direction perpendicular to 

its cantilever. The 1.5 m path was long enough to go over two PMMA lines as well as 
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some of the silicon reference plane. Three different normal loads were applied for three 

tips respectively.  

Raster wear experiments were done using an NT-MDT® AFM and under dry 

nitrogen environment (<4% RH) and temperature control (27 oC). Ten scans of 1.5×1.5 

m2 over ~500 nm wide rectangles or 1×1 m2 over 500×500 nm2 square patterns were 

done using different tips at one location. The pattern's volume was measured from AFM 

images after height calibration based on the exposed Si wafer. Volume loss was then 

calculated by the difference of volume in a certain AFM image to that of the first scan 

image.  

Both line and raster wear tests were performed under load control and repeated at 

several different locations. The sliding speed was kept as a constant of 3 m/s for all 

experiments.  

 

4.3 Experimental results 

In line wear tests, an AFM tip was repeatedly scanned over the same path in the 

fast scanning direction in each wear test. Thus, the AFM image recorded the patterns' 

height as a function of time (which is proportional to scan distance). In-situ observations 

of the change in the geometry of PMMA structures as a function of time under different 

loads are shown in Figure 4-3(a-c). The reference silicon plane allows the raw data to be 
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processed by leveling the reference plane and thus the measurements on such AFM images 

are easier and more accurate compared to imaging a recess in a surface. In Figure 4-3(a-c), 

we observe the structure becoming thinner and shorter with increasing scanning for all 

three loads using tip 1. The results of higher load, such as 200 nN in Figure 4-3(c), show 

that the structures were worn faster at higher loads compared to lower loads.  

Wear depths are measured from the change in height of the center of each PMMA 

pattern. In Figure 4-3(d), the wear depths for different normal loads are plotted as a function 

of scan loops. In each loop, the PMMA patterns experiences a sliding distance that is the 

width of the contact area, which will be determined from FE calculation in the following 

section. The solid lines are the wear depths averaged over 8-12 measurements at different 

locations and the dashed lines are standard deviations from averaged values for each loads 

respectively. Given the complicated contact conditions present during the wear tests, the 

data is quite stable and repeatable. There is a sub-linear dependence of wear depth on 

sliding distance in all three loads and the higher loads result in faster wear of the patterns. 

To understand this sub-linear behavior, consider the geometry of the contacting bodies. At 

the beginning of wear, the contact only happens at the end of tip and a plane PMMA 

surface. This asperity contact results in high contact stress. When the tip wears into the 

pattern, the contact area increases because of the 4-sided pyramidal geometry of the tip. 

Thus, the contact stress reduces, and leads to slower wear. Figure 4-4 shows a 2×2 m2 

AFM image taken after three wear tests. The three wear tracks are different due to different 
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loads, but all remain clean. The e-beam patterned gaps show their utility as debris 

distributes within the gaps. 

 
Figure 4-3. In-situ observations of geometry variations of PMMA structures as a function 

of time under load of (a) 50 nN, (b) 100 nN and (c) 200 nN, and (d) wear depth variations 

under different loads using UNCD tip L1. 

 

 
Figure 4-4. An AFM image after three line wear tests on PMMA sample. Debris are 

deposited on the silicon in the gaps. 

(a)

(b)

(c)

(d)
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In raster wear tests, tip R1-R3 were used. As shown in Table 4-1, the adhesion 

forces were measured and the applied loads were controlled during each experiment. Two 

different patterns were scanned. The AFM images were processed as described above so 

that the volume could be calculated based on the reference silicon plane. Volume loss rate 

is defined as volume loss per unit sliding distance on PMMA pattern. The volume losses 

as a function of sliding distance are shown in Figure 4-5. 

Table 4-1. Summary of raster wear tests. All raster wear were done in a dry nitrogen 

environment. 

Tip # 
Applied load 

(nN)  

Adhesion force 

(nN) 
Scanning pattern  

Volume loss rate 

(nm3/nm) 

R1  57.5 ± 5.7  27.9 ± 3.9  
1.5×1.5 m2 over 500 nm 

wide rectangular patterns 
7.7 ± 0.8 

R2 14.9 ± 1.6 8.6 ± 1.0 
1×1 m2 over 500×500 

nm2 square patterns 

2.1 ± 0.3 

R3  56.9 ± 8.3  25.0 ± 4.8 6.5 ± 0.4 

 
Figure 4-5. Volume loss as a function of sliding distance in raster wear tests. 
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4.4 Analysis and discussion 

4.4.1 Stress analysis by finite element method 

To understand the relationship between wear behavior and contact stress, FEA was 

used to calculate the stresses in the UNCD-PMMA contact. As mentioned in the previous 

chapter, we measured the 3D geometries of the UNCD tips using inverse AFM imaging. 

The 3D data was used to build the FE models of tips. The tips were ~100×100 nm2 and had 

a cutoff height of ~30 nm. Considering the size of contact areas, the models were large 

enough to eliminate the boundary effects. The PMMA was modeled as a volume of size 

~100×100×30 nm3. Adhesion between UNCD and PMMA was applied as a surface traction 

[85] which followed a 3-9 Lennard-Jones traction-separation law. The bottom boundary of 

PMMA was fixed and the tips were displaced from the top down into contact with PMMA 

until the total loads reached the same values used in experiments. The constitutive behavior 

of the polymer is complex and not fully known, thus we considered two cases of 

constitutive behavior: a) pure elastic case, which would result in an upper bound prediction 

of contact stress, and b) ideal elastic-perfectly plastic case, which would result in a lower 

bound prediction of contact stress. The elastic properties were set at EUNCD=790 GPa, 

UNCD=0.06 and EPMMA=3.3 GPa, PMMA=0.4 based on reported values [77], [84], [86]. To 

determine the yield stress, AFM indentation tests, where a high load (300 nN) was applied 

on AFM tip and the area of permanent indent after tip withdrew, were performed. The yield 

stress was then estimated as 1/3 of the ratio of load to indented area. 
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FEA prediction of normal contact stress at the contact of UNCD tip L1 on a pure 

elastic PMMA under 200 nN load is shown in Figure 4-6. Both side view and top view are 

shown in 50% transparency. As indicated in Figure 4-6(a), the PMMA deforms and the 

contact stress is localized at the end of the tip. Due to the asymmetric geometry and the 

roughness on tip surface, an asymmetric distribution of contact stress is shown clearly in 

Figure 4-6(b). In fact, by only knowing the 2D profile of a tip, one usually assumes an 

axisymmetric geometry (or sometimes even ignore the roughness) and results in quite 

different stress distribution than that using the real 3D geometry.  

We have also performed FEA for the case of ideal elastic-perfectly plastic PMMA. 

The results indicate larger contact areas and a more uniform stress distribution due to the 

plastic behavior. The distributions of normal stress and the contact areas for all 6 tips and 

different loadings are obtained from FEA. 

 
Figure 4-6. (a) Side view and (b) top view of FEA results of contact normal stress between 

UNCD tip L1 and PMMA under 200 nN load (shown in 50% transparency). 
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4.4.2 Application of transition state theory to line wear test data 

Transition state theory has been applied to nanoscale wear analyses in previous 

studies of several different systems [40], [43], [44], [66]. In this theory, the removal of 

material is viewed as the system moving from a local potential energy minimum to another 

by overcoming an activation energy barrier. To describe this mechanism, an Arrhenius type 

function can be derived from [43], [44]: 

 
𝜕ℎ

𝜕𝑠
=

𝑏𝑓0

𝑣
𝑒𝑥𝑝 (

−𝐸𝑎 + 𝑉𝑒𝑓𝑓𝜎̅

𝑘𝐵𝑇
) (4.1) 

where ∂h/∂s is the height loss, which is defined as height loss per unit sliding distance in 

this paper. The height loss rate is calculated as the initial slope of the curves in Figure 

4-3(d) divided by width of the contact area from FE. v is the constant sliding velocity, b 

the magnitude of Burgers vector, and f0 the attempt frequency. Ea is the activation energy 

barrier, Veff the effective activation volume, kB Boltzmann's constant, and T the absolute 

temperature.  

The stress acting on the system reduces the activation energy barrier and thus 

facilitates the wear of material. Average normal stress 𝜎 is used in eq. (4.1) in one analysis 

in this study, as has been done in previous studies [42]–[44], [77]. However, I also 

investigate a transition state theory model that uses stress distribution to describe this atom-

by-atom removal process.  

From FEA, the normal contact stress at each point on a PMMA surface can be 

calculated. Thus, rather than taking a single averaged stress value, the normal stress 
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distribution is applied into the Arrhenius type function and then averaged to get height loss 

rate. A stress distribution model is proposed here: 

 𝜕ℎ

𝜕𝑠
=

𝑏𝑓0

𝑣
𝑒𝑥𝑝 (

−𝐸𝑎

𝑘𝐵𝑇
)

∑ 𝑒𝑥𝑝 (
𝑉𝑒𝑓𝑓𝜎𝑖

𝑘𝐵𝑇
)𝑁

𝑖=1

𝑁
 

(4.2) 

where N is the total number of nodes in contact on PMMA surface. We define a function 

g(Veff, ) to simplify eq. (4.2): 

 
𝑔(𝑉𝑒𝑓𝑓, 𝜎) =

∑ 𝑒𝑥𝑝 (
𝑉𝑒𝑓𝑓𝜎𝑖

𝑘𝐵𝑇
)𝑁

𝑖=1

𝑁
 

(4.3) 

For raster wear, the relationship between volume loss rate and normal stress can be 

expressed as a function of the average stress in: 

 
𝜕𝑉

𝜕𝑠
=

𝐴𝑐𝑏𝑓0

𝑣
𝑒𝑥𝑝 (

−𝐸𝑎 + 𝑉𝑒𝑓𝑓𝜎̅

𝑘𝐵𝑇
) (4.4) 

and in terms of the stress distribution as: 

 
𝜕𝑉

𝜕𝑠
=

𝐴𝑐𝑏𝑓0

𝑣
𝑒𝑥𝑝 (

−𝐸𝑎

𝑘𝐵𝑇
) 𝑔(𝑉𝑒𝑓𝑓, 𝜎) (4.5) 

where Ac is the contact area. Both the average stress model and stress distribution model 

are used in the following analysis. 

As mentioned in the previous section, two different constitutive behaviors of 

PMMA are considered in FEA. The stresses calculated from pure elastic assumption are 

analyzed by transition state theory for line wear experimental data first. The fitting results 

of transition state theory of model using average stress and stress distribution are shown in 

Figure 4-7(a) and (b), respectively. The solid green lines are the best fit curves with 

parameter b=4×10-10 m, f0=1013 Hz and T=300 K. The activation energy Ea=0.67 eV and 
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effective activation volume Veff =16 Å3 are obtained from the average stress model, and 

Ea=0.67 eV and Veff =11.3 Å3 for the stress distribution model. In both cases, the transition 

state theory describes the wear behavior well. All data from three different tips fall into 

±3% range (dashed green lines) of the best fitted activation energy values. The ideal elastic-

perfectly plastic case is also analyzed using eq. (4.1) and eq. (4.2) and shown in Figure 

4-7(c) and (d). Both models fit the data well and the activation energy and effective 

activation volume are calculated. 

Since the upper and lower bounds of contact stress are given by assumptions of 

pure elastic and ideal elastic-perfectly plastic constitutive behavior of PMMA, the ranges 

of the activation energy and effective activation volume are determined. As shown in Table 

4-2, the average stress model, eq. (4.1), results in 0.67 eV≤ Ea≤ 0.73 eV and 16 Å3≤ Veff≤ 

51.8 Å3. While the stress distribution model, eq. (4.2), results in 0.67 eV≤ Ea≤ 0.69 eV and 

11.3 Å3≤ Veff≤ 24.8 Å3. Comparing these ranges, the model using contact stress distribution 

shows its advantages by giving narrower ranges for both activation energy and effective 

activation volume. Due to the exponential form of the Arrhenius type function, small 

variations in these parameters can cause large changes in height loss rate. The narrower 

range obtained from model using contact stress distribution suggests the results of this 

analysis is precise. 

 Comparing the activation energy of several materials, diamond-like diamond 

(DLC) ~1.0 eV [42], silicon ~0.98 eV [43], calcite ~0.8 eV [63], PMMA ~0.68 eV (my 
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result) and NaCl ~0.34 eV [66], shows an increasing of wear resistance with increasing 

activation energy. 

 

 

 
Figure 4-7. Results of fitting the transition state theory of model using (a) average stress 

and (b) stress distribution from FEA results of pure elastic PMMA assumption, and (c) 

average stress and (d) stress distribution from FEA results of ideal elastic-perfectly plastic 

assumption (dashed line: +/-3% of best fitted activation energy). 
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Table 4-2. Effective volume and activation energy fit from line wear tests data using 

average stress model and stress distribution model. Narrower ranges for both parameters 

result when using stress distribution model. 

 Average stress  Stress distribution 

Pure elastic Veff =16 Å3, Ea=0.67 eV Veff =11.3 Å3, Ea=0.67 eV 

Ideal elastic-perfectly 

plastic  
Veff =51.8 Å3, Ea=0.73 eV Veff =24.8 Å3, Ea=0.69 eV 

 

4.4.3 Volume loss prediction by transition state wear model 

Instead of fitting a new set of parameters for raster wear data, we use the Ea and Veff 

values, which are acquired from line wear tests, into transition state theory to predict the 

volume loss rate. Combined with corresponding FEA results of contact stress for these tips, 

the ranges of volume loss rate are estimated as shown in Figure 4-8. The red circles with 

error bar are the experimental data with standard deviation measured in raster wear 

experiments. The dashed box for each tip indicates the upper bound and lower bound of 

the volume loss rate prediction by average stress model (eq. (4.4)) and the deviation from 

the experimental data is 13%. Results from the stress distribution model (eq. (4.5)), which 

are shown by the solid boxes, shows a narrower range of volume loss rate and 7.8% 

deviation from the experimental data. Even though there are many differences in line wear 

and raster wear experiments, such as different AFM, tip geometries, experimental 
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environments and wear patterns, the application of transition state theory, with Ea and Veff 

obtained from line wear tests, nicely predicts the ranges of volume loss rate relative to the 

experimental data in raster wear tests.  

Although other mechanisms, such as chain removal or cluster detachment, are 

possible for polymer wear, the quality of line wear data fittings (Figure 4-7) and the 

agreement between experimental data and predictions of transition state theory in raster 

wear tests (Figure 4-8) suggest an atom-by-atom essence of wear process at nanoscale for 

PMMA thin films. By assuming the radius of an atom is 0.1 nm, an estimation indicates 

that there are 4.9 to 7.4 atoms removed from 1×1 nm2 area by 1 nm sliding. This also 

implies that an atom-by-atom process is likely to occur. 

 
Figure 4-8. Comparisons between volume loss rate measured in raster wear experimental 

tests (circles) and that predicted by average stress model (dashed box) and stress 

distribution model (solid box). 
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4.5 Summary 

Nanoscale wear tests were performed on e-beam patterned PMMA structures. 

Rectangular and square PMMA structures on a silicon wafer were fabricated. The gaps 

between PMMA structures allowed the wear debris to be captured during wear 

experiments. They also provided a flat and clean reference surface when measuring the 

height variations of patterns. 

Load controlled AFM line and raster wear tests were performed using six different 

UNCD tips. The 3D UNCD tip geometries were measured using an inverse AFM imaging 

technique. FEA was used to calculate the normal stress distributions and contact areas on 

PMMA surface. The simulations included all tips, different normal loads and examined 

two cases of constitutive behaviors for the PMMA. 

The line wear data was analyzed by transition state theory to extract activation 

energy and effective activation volume for PMMA using both average stresses and the 

contact stress distributions. The results indicated a good description of experimental data. 

The analyses using contact stress distributions resulted in narrower ranges of activation 

parameters, i.e. 0.67 eV≤ Ea≤ 0.69 eV and 11.3 Å3≤ Veff ≤ 24.8 Å3. By taking these 

parameters, both transition state theory models result in estimations of volume loss rate 

ranges close to the experimental data in raster wear. The stress distribution model 

demonstrates a more accurate estimation than that of average stress model.  
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CHAPTER 5: Nanoscale wear at varying temperatures 

5.1 Introduction 

Wear models based on transition state theory have been applied in nanoscale wear 

studies of many materials, including silicon- and carbon-based materials [42]–[44], [77], 

as well as polymers (Chapter 4). In this mechanism, atom-by-atom attrition based on a 

stress assisted thermal activation process is assumed [44]. As suggested by the form of the 

transition state theory (for example eq. (4.4)), the temperature should have significant 

effect on the wear rate.  

Sheehan [66] performed AFM wear experiments over NaCl steps in nitrogen 

environments at two different temperatures, 32 and 60 oC. With temperature variation, the 

data assesses changes in wear rate with temperature. The effect of temperature is consistent 

with the transition state theory, although there is a large error measured for activation 

energy Ea=0.34±0.17 eV for NaCl [66]. The uncertainty is mainly because of having only 

two temperatures over a limited range [40], [66]. However, all other studies, to my 

knowledge, that apply transition state theory to explain nanoscale wear behavior are 

performed at one fixed temperature. The effect of temperature on nanoscale wear has not 

been fully evaluated. 

Moreover, variation of temperature in a relative small range can result in significant 

changes in mechanical properties of a polymer. For example, the properties of PMMA, 

such as Young’s modulus and yield stress, can reduce by ~40% when temperature increases 
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from 30 oC to 70 oC [86], [87], and therefore results in different contact stress distributions. 

For tribological properties, friction for instance, the effect of temperature is also prominent 

due to the viscoelastic relaxations [88], [89] under or above glass transition temperature 

Tg. Hammerschmidt et al. [88] used temperature controlled friction force microscopy to 

characterize the friction between silicon AFM tips and polymer thin films. The results 

indicated a time-temperature equivalence on scan speed and temperature for friction 

measured on PMMA. The dependence of friction on temperature was attributed to the 

viscoelastic relaxations of polymers, namely the -relaxations that happens below Tg. The 

energy to hinder the rotation of side chain of PMMA was measured as ~12 kcal/mol and 

friction data measured from different temperature falls into one master curve at 60 oC. Such 

effects have not been studied for nanoscale wear for polymer materials. 

In this Chapter, AFM based wear tests on PMMA thin films are performed in a dry 

nitrogen environment at varying temperatures. The volume loss rate increases with 

increasing temperature. At elevated temperatures (~66 oC), the volume loss rate is twice as 

large as that at ~27 oC. The transition state theory models (eq. (4.4) and (4.5)) overestimate 

the volume loss rate at elevated temperatures and the overestimation can be as much as one 

order of magnitude higher. Modified transition state theory models are proposed by 

including a time-temperature superposition shift factor which is related to the viscoelastic 

relaxations of PMMA. The modified models result in much better matching to the 

experimental data. 
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5.2 Methods 

The experiments were performed in an NT-MDT® AFM system with a heating 

stage and a chamber installed for temperature and environmental control. Dry nitrogen was 

filled into the chamber and the relative humidity is controlled <4% RH. The PMMA sample 

(Tg ~106 oC, prepared and patterned as described in Chapter 4.2) was mounted on the 

heating stage and the set temperature of the heating stage was varied from 30 oC to 80 oC. 

When set temperature was changed, a waiting time of at least 10 min was used to allow the 

temperature to be stabilize through the sample. The temperatures at the top of the PMMA 

film were measured by a thermocouple at different locations, different stabilized times (10 

to 50 min) and different set temperatures. The set temperatures, Tset, and the PMMA surface 

temperatures, TPMMA, are listed in Table 5-1. Note that when a UNCD probe is brought into 

contact with PMMA sample, the temperature at the contact location is expected to be 

reduced as UNCD has high thermal conductivity. However, the exact temperature at the 

contact is extremely difficult to measure experimentally due to the nanoscale size of 

contact. 

Table 5-1. List of set temperatures of heating stage, measured temperatures on top of 

PMMA surface without an UNCD probe contacting sample, and FEA results of 

temperatures at the contact location of UNCD tip and PMMA surface. The values after ± 

are the standard deviation from multiple measurements at different locations and different 

stabilized time (10 to 50 min). 

Tset (
oC) 30 50 70 80 

TPMMA (oC) 

[no probe, measured] 
28.2±0.31 44.0±1.28 59.2±0.19 67.1±0.31 

TPMMA-UNCD (oC) 

[with probe, simulated] 
27.8 43.1 58.3 65.9 
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Thermal FEA simulations were performed in Abaqus® 6.9-EF. The model included 

two steps. In the first step, a model consisting of a piece of silicon wafer (600×600 m2 

and 525 m thick), a thin layer of PMMA (100 nm thick) and a layer of artificial thermal 

boundary of air was built (Figure 5-1(a)). The temperature at the bottom surface of silicon 

wafer was fixed as Tset and the artificial thermal layer was fixed at 21 oC. The thermal 

conductivities for materials were Si=1.3 W/(m∙K), PMMA=0.2 W/(m∙K), UNCD=                   

5 W/(m∙K) and sir=0.0278 W/(m∙K). In this step, the distance between the artificial air 

layer and the PMMA surface, dPMMA-Air, was varied and determined as 86.15 m by 

matching the PMMA surface temperature with the experimentally measured value. 

In second step, a UNCD probe was brought into contact with the PMMA surface. 

Thermal conduction was defined between the top surface of UNCD probe and artificial    

21 oC layer, and between lower surface of UNCD probe and PMMA surface. The results 

of temperature distribution at Tset=80 oC are shown in Figure 5-1(b). For convenience of 

observation, the artificial air layer is not displayed. Close observation of the temperature 

variation in UNCD probe and PMMA surface are shown in Figure 5-1(c) and (d). The 

temperature in UNCD probe decreases quickly from the tip to the base of cantilevers due 

to the high conductivity of UNCD. The temperature distribution in PMMA is also 

influenced by the UNCD probe, but the range of variation is small. At the contact location, 

the temperature is calculated and shown in Table 5-1. Slight reductions are observed for 

all temperatures used. These values of TPMMA-UNCD are used for further analysis in the 

following section. 
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Figure 5-1. FEA temperature distribution results of (a) a model without UNCD probe and 

the distance between artificial thermal layer and PMMA surface, dPMMA-Air, is determined 

by matching the surface temperature with experimentally measured values (step 1), (b) a 

model with UNCD probe in contact with PMMA surface (artificial thermal layer not 

display), and (c, d) close look at the temperature distribution in UNCD probe and PMMA 

surface in (b). 
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The methods for 3D characterizations of tip geometries and wear tests, described 

in Chapter 4, were used in the experiments here as well. Raster wear tests on PMMA 

structures were performed with temperature varying from 30, 50, 70 to 80 oC. At each 

temperature and each UNCD probe, the tests were repeated on three to six different 

patterns. The adhesion forces were measured and no significant difference was seen at 

different temperatures, as shown in Table 5-2. The PMMA pattern’s volume was measured 

from AFM images using the exposed silicon wafer surface as a reference plane. Volume 

loss was then calculated by the difference of volume in a certain AFM image to that of the 

first image.  

Table 5-2. List of adhesion forces between UNCD tips and PMMA surface measured at 

different set temperatures of heating stage. 

Tset (
oC) 30 50 70 80 

Tip R1 29.5±3.7 28.7±3.3 27.1±3.9 25.3±3.2 

Tip R2 8.4±1.0 8.4±1.1 8.7±0.7 8.9±1.1 

Tip R3 25.2±5.9 26.9±2.6 24.1±4.1 23.7±5.5 

 

5.3 Experimental results 

The PMMA volume loss as a function of sliding distance at four different 

temperatures is shown in Figure 5-2(a-c) for UNCD tip R1-R3. The error bars represent 

the standard deviation from multiple measurements. The data is reasonably well fit by a 

straight line and the slopes of these lines are the volume loss rates. The volume loss rates 
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increase with increasing temperature. This tendency is qualitatively consistent with the 

transition state theory. A significant change in volume loss rate is observed with varying 

temperature. At Tset=80 oC (65.9 oC at contact location), the volume loss rate is 76-87% 

larger than that at Tset=30 oC (27.8 oC at contact location) for all three tips.  

 

 
Figure 5-2. Volume loss as a function of sliding distance at varying set temperatures for 

(a) tip R1, (b) tip R2 and (c) tip R3. 
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The stress analysis was done by FEA as described in Chapter 4. In the FEA, the 

Young’s modulus and yield stress used for PMMA are listed in Table 5-3. Previously 

measured wear parameters, Ea and Veff, are listed in Table 4-2. Based on the stress 

distribution calculated at the interface, the transition state theory estimates the volume loss 

rate close to that from experimental measurements at ~300 K. At higher temperatures, 

however, both the average stress model (eq. (4.4)) and the stress distribution model (eq. 

(4.5)) overestimate the volume loss rate. In Figure 5-3, there are significant discrepancies 

between experimental measured volume loss rate by tip R1 and the ranges estimated by 

transition state theory. At ~340 K, transition state theory overestimates the volume loss 

rate by almost an order of magnitude. For tip R2 and R3, transition state theory models 

result in 5 to 10 times larger volume loss rate compared with experimental data as well. 

These results suggest that the temperature dependence in the transition state theory model 

presented in Chapter 4 does not describe the wear of PMMA at varying temperatures.  

 

Table 5-3. Young’s modulus, Poisson’s ratio and yield stress used in FEA for PMMA at 

different temperatures [86], [87]. 

T (K) E (GPa)  Yield stress (MPa) 

300.8 3.04 0.4 184.4 

316.1 2.53 0.4 144.6 

331.3 2.09 0.4 113.9 

338.9 1.94 0.4 102.8 
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Figure 5-3. Experimental results of volume loss rate for tip R1 compared with transition 

state theory average stress model (eq. (4.4)) and stress distribution model (eq. (4.5)). 

 

5.4 Analysis and discussion 

5.4.1 Temperature dependent tribological properties 

In transition state theory, the wear process is represented as a thermally activated 

process with the system transferring from a local potential energy minimum to another 

when an atom is worn [40], [44], [77]. Eq. (4.4) and (4.5) indicate a temperature 

dependence of the bonding and debonding process of an atom. Unlike many other solids, 

such as ionic bonded NaCl and covalent bonded C- or Si-based materials, temperature 

effects the properties of polymers through multiple mechanisms, including chain mobility 

[90], [91] and viscoelastic relaxations [88], [89]. These properties can have significant 
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effect on polymers’ tribological behaviors. For example, Barry et al. [91] used molecular 

dynamics to simulate the sliding and wear between two polytetrafluoroethylene (PTFE) 

slabs. Chain scission and carbon atoms separated from backbones, which indicated 

covalent bond breaking and supported atom-by-atom attrition, as well as chain segments 

bowing, entanglement and reorientation, which depended on polymer’s mobility, were 

observed at the interface. This indicated a wear process that combined both atom-by-atom 

attrition and polymer chain movements. Hammerschmidt et al. [88] used friction force 

microscopy and measured varying friction behavior of PMMA at varying temperature 

below Tg. By applying time-temperature superposition, the friction data collapsed into a 

master curve at reference temperature 60 oC. The dependence of friction on temperature 

was attributed to hindered rotation of ester group in PMMA (-relaxations) that occurs 

under Tg. However, temperature dependent properties such as these are not considered in 

the original transition state theory models for wear of polymers. 

 

5.4.2 Modified transition state theory models 

In polymer physics, the time-temperature superposition principle [88], [92]–[94] is 

widely used to determine temperature-dependent mechanical properties from known 

properties at a reference temperature. Here, modified transition state theory wear models 

are proposed based on application of this principle. A schematic is illustrated in Figure 5-4. 

Volume loss rates at different temperatures are shown as separate segments in left panel. 
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A shift factor T=T(T) is used to shift four segments into one master curve at reference 

temperature. The form of shift factor [88], [93] is defined as: 

 ln 𝛼𝑇 =
𝐸𝑟

𝑅
𝑒𝑥𝑝 (

1

𝑇
−

1

𝑇0
) (5.1) 

where R=8.314 JK-1mol-1 is the universal gas constant, T0 is the reference temperature, Er 

is an activation energy related to viscoelastic relaxations of PMMA. Since the temperatures 

in AFM wear experiments are below Tg, -relaxation and the energy Er close to the energy 

hindered rotation of the side chains (-COOCH3) in PMMA [88] are expected. 

 
Figure 5-4. A schematic of applying time-temperature superposition on PMMA nanoscale 

wear mechanism. dV/ds is the volume loss rate, v is the sliding speed, and T=T(T) is the 

shift factor as a function of temperature. 

 

Combining the shift factor and transition state theory models, I propose the 

modified average stress model to describe wear: 

 
𝜕𝑉

𝜕𝑠
= 𝛼𝑇

𝐴𝑐𝑏𝑓0

𝑣
𝑒𝑥𝑝 (

−𝐸𝑎 + 𝑉𝑒𝑓𝑓𝜎̅

𝑘𝐵𝑇0
) (5.2) 

and the modified stress distribution model: 
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𝜕𝑉

𝜕𝑠
= 𝛼𝑇

𝐴𝑐𝑏𝑓0

𝑣
𝑒𝑥𝑝 (

−𝐸𝑎

𝑘𝐵𝑇0
) 𝑔(𝑉𝑒𝑓𝑓, 𝜎) (5.3) 

where T0 is selected as 300 K. All parameters, except T, in both models remain as the 

same as those in previous chapter. When T=T0, T(T0)=1 and eq. (5.2) and (5.3) reduce to 

eq. (4.4) and (4.5), respectively, and both models provide good estimates of PMMA wear 

as shown in Chapter 4.4.  

By using experimentally measured volume loss rate and FEA calculated stress and 

contact area for all three tips used in experiments, the shift factor as a function of 

temperature is shown in Figure 5-5. The fits by eq. (5.1) for average stress model and stress 

distribution model are plotted as well. 

The fittings result in Er=9.59 kcal/mol for modified average stress model (eq. (5.2)) 

and Er=11.74 kcal/mol for modified stress distribution model (eq. (5.3)). These values are 

close to the value ~12 kcal/mol, which is measured for the activation energy for hindered 

rotation of the –COOCH3, i.e. -relaxation, in PMMA [88]. This implies that the shift 

factor introduced into the original transition state theory models considers the temperature 

dependence of viscoelastic relaxation of PMMA. 
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Figure 5-5. Shift factor as a function of temperature for average stress model and stress 

distribution model. 

 

The ranges of volume loss rate estimated by modified transition state wear models 

at varying temperatures, together with experimental data, are shown in Figure 5-6. 

Compared with original transition state models (Figure 5-2(d)), the modified models match 

the experimental data much better. For modified average stress model, the estimated ranges 

(light blue regions in Figure 5-6) becomes larger with increasing temperature. The average 

deviation of the estimated range to experimental data increases from 18.6% (300.8 K) to 

37.5% (338.9 K). The modified stress distribution model has generally stable volume loss 

rate ranges (light black regions in Figure 5-6) at different temperature and the estimations 

are much precise than that of modified average stress model. The deviation of estimation 

is only 13.1% to 19.4% compared with experimental data. The deviation may be caused by 
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several possible factors, including different mechanical properties of PMMA near free 

surface [95] and dependence of Er on stress [89]. Further detailed studies need to be done 

in the future to fully validate this model. 

 
Figure 5-6. The experimentally measured volume loss rate of nanoscale PMMA wear at 

varying temperatures by AFM tip (a) R1, (b) R2, and (c) R3, compared with the ranges of 

volume loss rate estimated by modified average stress model (eq. (5.2)) and modified stress 

distribution model (eq. (5.3)). 
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5.5 Summary 

AFM-based nanoscale wear tests between UNCD tips and PMMA thin films were 

performed at varying temperatures in a dry nitrogen environment. The samples were 

patterned by e-beam lithography and heated during testing. The temperature at the contact 

location was simulated by FEA to account for the thermal conductivity of the AFM probe. 

The experiments were done at temperatures between 300.8 K and 338.9 K, which 

were lower than Tg of PMMA 380 K. The volume loss rate increased with increasing 

temperature. The transition state theory model presented in Chapter 4 overestimates the 

volume loss rate by more than a factor of 10 at elevated temperatures. 

Modified transition state theory wear models that include thermally activated atom-

by-atom attrition process, as well as temperature dependent viscoelastic relaxation of 

PMMA, are proposed. A shift factor was applied in the proposed models and an activation 

energy of ester group rotation Er=9.59 kcal/mol and 11.74 kcal/mol in average stress and 

stress distribution model, respectively. The modified models (eq. (5.2) and (5.3)) 

reasonably described the experimental data for all temperatures. The modified stress 

distribution model resulted in more accurate estimates with deviations of 13.1% to 19.4% 

from experimental data at different temperatures. 

  



81 

 

CHAPTER 6: Microscale wear tests by nanoindenter 

6.1 Introduction 

At the macroscale, wear is typically described empirically since there are 

complicated interactions between multiple asperities at large length scales and wear usually 

involves fracture and plastic deformation [44]. In nanoscale wear experiments, the contact 

situation is simplified and a more rigorous analysis can be done. The nanoscale wear 

experiments have led to atomic attrition model of wear [42], [44], [61], [66], [77], which 

describe atom removal using a stress-assisted transition state theory. In the previous 

chapters, the AFM-based wear experiments on PMMA samples demonstrate that this wear 

mechanism can be applied to polymers at the nanoscale. To broaden the understanding and 

evaluate the application of the transition state theory at larger scales, wear experiments at 

larger scales are necessary. In this chapter, I present wear experiments in which the contact 

size is 100 to 4000 times larger than AFM-based experiments in previous chapters. 

Nanoindentation has been widely used for mechanical characterization at the small 

scales, such as indentation for hardness and elastic modulus [96], scratch tests for adhesion 

[97], friction [98], [99], fracture toughness [100] and scratch resistance [30], [101], [102] 

measurements. During a scratch test, an indenter scratches on top of a sample in one single 

pass and leaves a permanent track. A high load is usually applied in a scratch test and the 

process, especially when a sharp indenter (such as Berkovich tip) is used, involves a large 

amount of plastic deformation, complicated stress fields, and sometimes fracture and crack 
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propagation [30], [101]. The complex mechanical situation and large deformation in a 

typical scratch test makes it poorly suited for studying wear phenomenon, which is a 

gradual and repeated process. However, to scan a blunt indenter, for example a spherical 

end indenter rather than Berkovich indenter, repeatedly over the same pass using moderate 

load can be used for wear studies without inducing complicated stress fields and damage. 

In this chapter, nanoindenter based line wear tests on PMMA with micrometer sized 

contact (radius 0.16 to 0.3 m) were performed. Wear tracks were generated by repeated 

scratching a diamond tip over the sample. An indenter with spherical end (radius ~1 m) 

was used and the loads were systematically varied. The profiles of the wear tracks were 

measured by high resolution AFM imaging. Volume loss was found to increase sublinearly 

with sliding distance under constant loads. The loads and contact areas were more than two 

orders of magnitude larger than that in previous AFM based nanoscale wear tests. The wear 

volume increased exponentially with normal contact stress and the relationship was 

described by transition state theory model, even though the scale is considerably larger 

than the AFM-based tests. 

 

6.2 Experimental methods 

The microscale wear tests were performed by a spherical diamond indenter (radius 

~1 m as shown in Figure 6-1) in a Hysitron TI-950® triboindenter at room temperature. 

The indenter was first scanned along a straight line (-8 to +8 m of a selected location) 
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under load control of a low load (<2 N) in order to measure the tilt of the sample and 

original profile before wear. Then the indenter was moved to location of +6 m and the 

load was ramped to a higher value (20 to 200 N) in 5 s. The indenter was slid from             

+6 m back to -6 m under this high constant load. Then the indenter was unloaded back 

to the low load and moved to -8 m. The low load sliding between +6 and +8 m, and -6 

and -8 m measured the non-worn surface height. These steps were repeated five times 

with constant sliding speed of 3 m/s. The loads varied from 20 to 200 N with a uniform 

increment of 20 N. For each load, the tests were repeated at 10 different locations. To 

exclude the influence of possible asymmetry of indenter, the indenter was unmounted, 

rotated a random angle and mounted back again to the transducer manually. Then, some 

tests of ten times wear with high load scanning were performed under load of 160, 180 and 

200 N. The loads applied in these microscale tests were as 100 to 4000 times as larger 

than those applied in nanoscale line wear tests in Chapter 4. 



84 

 

 
Figure 6-1. SEM image of the spherical end of the conical diamond indenter. 

 

During the tests, the normal load Fz was controlled and the lateral force Fx, the on-

load depth and depth after elastic recovery were measured. As indicated in Figure 6-2, the 

recovered depth is d(0) and on-load depth is ds(0). Considering that the diamond has much 

higher stiffness than that of PMMA, the deformation of the indenter is much smaller than 

that of PMMA. Thus, the on-load wear track profile (the green dashed line) can be 

determined from the indenter’s geometry and ds(0). However, the wear track after elastic 

recovery (solid line) cannot be determined from a single value of d(0). In order to calculate 

the volume variation, the profile of the cross section needs to be determined. 
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Figure 6-2. A schematic of the cross section of a wear track on load (dashed line) and the 

wear tack after elastic recovery (solid line). Depth is d(0) and on-load depth is ds(0). 

 

High resolution AFM images of the wear tracks after final scans were taken using 

a sharp silicon AFM tip (NanoSensorsTM PPP-NCH AFM probe) in Bruker Icon® AFM. 

Tapping mode AFM images of 20×20 m2 with 512×512 resolution were acquired over 

wear tracks. The cross sections of the wear tracks were measured from AFM images. 

 

6.3 Experimental results 

6.3.1 Nanoindenter wear results 

The depth and on-load depth of the wear tracks were leveled based on the measured 

original sample profile before wear tests. As shown in Figure 6-3(a), the depth of the wear 

track increased strongly for first wear, then kept increasing gradually. The depth and on-

load depth were calculated using the data within lateral displacement between -4.5 and 

+4.5 m (two red lines in Figure 6-3(a)). Under different loads, the depth and on-load depth 

of 5 wear scans are shown in Figure 6-3(b) and (c). At 20 N, the on-load depth remained 

around 11 nm for all 5 scans and no observable depth after elastic recovery. For other loads, 



86 

 

higher loads resulted in larger on-load depth and it increased sublinearly with scan 

numbers. After elastic recovery, non-zero depth was measured and a similar sublinear trend 

was observed for all loads (40 to 200 N). In Figure 6-3(d), the depth showed a linear 

dependence on the on-load depth. The relationship was well described by a linear 

relationship: d=0.81ds-11.74 nm, for all data except those at 20 N, where no wear was 

observed.  

 
Figure 6-3. (a) Height variation along the wear track (after elastic recovery) of repeated 

scans under normal load of 100 N, (b) depth and (c) on-load depth as a function of scans 

and under different loads, and (d) the relationship between depth and on-load depth. 
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6.3.2 Wear tracks characterized by AFM 

High resolution AFM images of the wear tracks after wear tests were taken. An 

example of wear track after sliding under a load of 120 N wear is shown in Figure 6-4(a). 

The cross section along the tracks were consistent as indicated by 10 randomly selected 

paths in Figure 6-4(b) and showed small variations along the wear tracks. However, the 

wear track cross section profiles couldn’t be measured in this way for other scans (except 

the last scan). In order to determine the cross section profile of the wear track after elastic 

recovery for all scans, an assumption that the elastic recovery mainly happened in the 

vertical direction was used. With this assumption, the cross section profile can be estimated 

from the on-load wear track profile and the on-load depth, i.e.  

 𝑑(𝑟) = 0.81 (𝑑𝑠(0) − 𝑅𝑖𝑛𝑑 + √𝑅𝑖𝑛𝑑
2 − 𝑟2) − 11.74 𝑛𝑚 (6.1) 

where Rind is the radius of the indenter. Therefore, the profile of the cross section of wear 

track after elastic recovery can be estimated by knowing the on-load depth of this scan. 

This assumption was validated by fitting all AFM measured wear track profiles for 

every loads with corresponding on-load depth and eq. (6.1). The fitting results had very 

small average rms error (~1 nm) for all loads. Thus, the cross section profile and the volume 

of the wear tracks were determined by integrating the area of cross section along the wear 

track. The volume of the wear tracks were shown in Figure 6-5 for loads of 40 to 200 N. 

As the volumes were calculated based on a 9 m wear track (from -4.5 m to 4.5 m as 
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indicated in Figure 6-3(a)), each scan corresponds to a sliding distance of 9 m. For the ten 

scan experiments, the method of nanoindenter-based wear tests, AFM characterization of 

wear tracks, and the data process were performed in the same way. 

 
Figure 6-4. (a) AFM image of wear tracks after 5 scans under 120 N load and (b) the cross 

section profiles of 10 paths randomly distributed along the length. 
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Figure 6-5. The volume of the wear tracks at different loads as a function of scan numbers. 

Each scan is corresponding to a sliding distance of 9 m. 

6.4 Analysis and discussion 

6.4.1 Stress analysis 

To analyze if the volume loss is described by transition state theory, the stress at 

contact interface is needed. The average contact stress was estimated by a contact 

mechanics model developed for spherical tip scratch tests [103]. In this model, contact is 

assumed to occur between the front half of the indenter and the substrate. The normal stress 

and shear stress at the interface are related to the forces in vertical and lateral direction via 

a geometric analysis. The model is formulated as [103]: 

𝐹𝑥 = 𝑝𝑚𝑅𝑖𝑛𝑑
2 (𝛼 − sin 𝛼 cos 𝛼) + 2𝑠𝑅𝑖𝑛𝑑

2 [∫ ∫ sin 𝜁 √𝑠𝑖𝑛2𝜉 + 𝑐𝑜𝑠2𝜉𝑐𝑜𝑠2𝜁𝑑𝜁𝑑𝜉
𝛼

0

𝜋/2

0

] (6.2) 
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𝐹𝑧 = 𝜋/2𝑝𝑚𝑅𝑖𝑛𝑑
2 𝑠𝑖𝑛2𝛼 − 𝑠𝑅𝑖𝑛𝑑

2 [sin 𝛼 − 𝑐𝑜𝑠2𝛼 𝑙𝑛(sec 𝛼 + tan 𝛼)] (6.3) 

where Fx is the lateral force and Fz is the normal load,  is the contact angle and is 

determined by indenter’s geometry and contact depth: 

𝛼 = arcsin (
√2𝑅𝑖𝑛𝑑𝑑𝑐 − 𝑑𝑐

2

𝑅𝑖𝑛𝑑
) (6.4) 

where dc is the contact depth and calculated as dc=(1-/2)ds+d/2 and =0.75 for spherical 

indenter [96]. The average normal stress pm and the average shear stress s are to be solved 

from eq. (6.2) to eq. (6.4). The contact area in the tests ranges from 4×104 nm2 to        

1.5×105 nm2, which is 2 to 3 orders of magnitude larger than that in AFM based wear 

experiments reported in previous chapters. 

 

6.4.2 Transition state theory on microscale wear 

The volume loss due to wear were calculated based on the volume of wear track as 

shown in Figure 6-5. The first scan resulted in much larger volume change compared with 

following scans. This first scan included both plastic deformation and material removal 

due to wear. In the following scans, as the high load applied was the same as that in first 

scan, much less plastic deformation was induced in these scans. Thus, to analyze the 

volume loss due to wear, the first scan data was excluded. For each individual load, a 

sublinear relationship between wear volume and sliding distance was observed Figure 6-5, 
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which suggests that Archard’s wear law (eq. (2.17)) cannot be used to describe the 

experimental measurements. 

The transition state theory model (eq. (4.4)) was applied to the experimental data 

from the 5 scans tests (load 40-200 N) and 10 scans tests (load 160-200 N). The results 

from both 5 and 10 scan tests are similar as shown in Figure 6-6. If each data set is fit 

separately, no significant difference is observed. A fitting to all data results in Ea=0.81 eV 

and Veff=14.4 Å3.  

Despite the fact that the contact conditions in microscale wear tests, including load 

and contact area, are significantly larger than those in AFM based nanoscale tests, the 

transition state theory describes the wear properties PMMA as a function of normal contact 

stress. The effective activation volume is comparable with that measured in nanoscale line 

wear tests. The activation energy, however, is larger than that measured in nanoscale tests 

(Ea=0.67-0.73 eV). The larger Ea in microscale experiments indicates that the PMMA has 

a higher apparent wear resistance in the microscale tests than the nanoscale tests. Two 

possible reasons for this result: a) plastic deformation and strain hardening in PMMA 

during the first cycle of microscale wear tests and b) the different surface chemical reaction 

of diamond indenter, which is single crystal, compared to the UNCD AFM tip, which has 

different orientation grains and grain boundaries, in contact with PMMA. As the atom-by-

atom attrition process involves bonding and debonding of atoms at interface [40], [44], the 

chemical properties at surface can contribute in wear resistance. Further investigation on 

these hypotheses will be done in the future. 
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Figure 6-6. The application of transition state theory to microscale wear experimental data. 

The green and blue lines are fits to 5 scans and 10 scans experiments separately, and the 

red line is the fit to all data points. 

 

6.5 Summary 

Microscale line wear experiments were performed in a nanoindentation system with 

a 1 m spherical diamond indenter under load control (20-200 N). The wear tracks were 

characterized by high resolution AFM imaging. Unlike Archard’s wear law, which is 

frequently used at macroscale, the microscale wear results show a sublinear relationship 

between wear volume and sliding distance at each constant load. Despite significant 

differences between the nanoindenter-based microscale tests and AFM based nanoscale 

tests, i.e. both load and contact area are 2 to 3 orders of magnitude larger in microscale 
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tests, the dependence of wear volume on normal contact stress is appropriately described 

by transition state theory model (eq. (4.4)). This is the first application of transition state 

theory at a larger scale and the results imply that the nature of atom-by-atom attrition 

process occurs over the range of nanoscale to microscale wear tests. 
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CHAPTER 7: Finite element simulations of wear 

7.1 Introduction 

During the sliding of an AFM tip against a flat surface, the geometry of tip and the 

topography of the substrate evolve, and the adhesion force as well as the contact stress 

distribution at the interface change. The evolution of mechanical interactions coupled with 

geometries make it difficult to understand the relationship between applied loads, stress 

and wear measurements in experiments. FEA simulations allow the stress distributions to 

be calculated and, at the same time, predict how the geometries of contacting bodies evolve. 

Specifically, simulations can be used in an iterative fashion to predict the evolution due to 

wear between various components. The motivation of the work in this chapter is to 

establish an FE wear model to study the contact details during wear and investigate the 

wear behavior under various situations.  

FEA has been used in simulating macroscopic wear and to predict the life-span of 

mechanical components in applications such as dry sliding wear [104], fretting [105]–

[107], and fatigue of solid lubricant [108]. FEA simulations of wear processes usually 

require several steps: (1) experimentally measure the wear behavior of the sample and 

determine wear parameters in wear laws that describe material removal [108], [109], (2) 

construct FE models matching the pre-wear geometries of contacting components and 

boundary conditions matching the contact and sliding conditions in experiments, (3) apply 

a wear law to calculate volume and height variations based on FEA force and stress results 
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for an increment of sliding distance and update components’ geometries, (4) iteratively 

repeat the previous step until the sliding distance reaches the desired value. The quantities, 

such as volume loss and height loss due to wear, can be predicted as a function of sliding 

distance and applied load using these simulations.  

The evolution of components’ geometries and application of wear criteria is usually 

simulated in FE in one of two ways: a) use of an adaptive mesh or user defined subroutine 

for mesh modification during contact simulation [105], [106], [110], and b) use of iterative 

post-FE processing to calculate volume/height loss according to wear mechanism, adjust 

the mesh for a new model geometry and then run contact simulation again [104], [107], 

[108]. The post-FE processing is less time consuming in general [104]. The iteration 

algorithm, remeshing scheme and contacting conditions are of critical importance to the 

computational stability, efficiency and accuracy. 

In this Chapter, an iterative FE-based wear simulation algorithm is established and 

used to examine nanoscale wear of PMMA and DLC. A transition state theory stress 

distribution model is applied as the criteria in the wear simulations. Case studies, including 

effect of contacting pairs with different modulus, friction and roughness, are performed, 

followed by a 3D simulation of line wear test on PMMA surface. Comparable wear 

behaviors are seen in numerical simulation and previous experimental results. The results 

from numerical simulations indicate correlations between averages contact stress and 

volume loss rate if there’s no roughness at interface and show a strong dependence of wear 

volume on surface roughness. 
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7.2 Simulation method 

Wear simulations between an AFM tip and a sample are performed using an 

iterative FEA simulation process implemented in Matlab®-Abaqus®. A transition state 

theory stress distribution wear model (eq. (4.2)) is used. A flow chart that summarizes this 

iterative process is shown in Figure 7-1. 

To construct the initial geometries of the AFM tip and the sample, an Abaqus 

contact model between two rectangular cubes with the mesh, contact constraints and 

boundary conditions fully defined is firstly written into an Abaqus input file. Then, a 

Matlab program is used to read and modify the nodal coordinates to generate the initial tip 

and sample geometries for corresponding parts. The loading conditions or boundary 

conditions can be revised if necessary in this step. After modification, a new Abaqus input 

file is written. The stress distribution is then calculated by running this modified input file. 

Unless specified otherwise, the lateral dimension of the model is 150 nm and the vertical 

dimension is 75 nm for both tip and substrate. The load is applied on the base of tip and 

then the substrate is slid forward and backward repeatedly along a 50 nm track. 

The height loss rate for each contacting node is estimated by transition state theory: 

 (
𝜕ℎ

𝜕𝑠
)

𝑘
=

𝑏𝑓0

𝑣
𝑒𝑥𝑝 (

−𝐸𝑎 + 𝑉𝑒𝑓𝑓 𝑘

𝑘𝐵𝑇
) (7.1) 
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where k=1,2,3…N, with N being the total number of nodes in contact. To determine the 

height loss, the sliding distance, si, for this step is needed. The determination of sliding 

distance is crucial. If the sliding distance is too long, the local high stress will result in an 

unrealistic deep valley or roughness at interface and thus causes extremely high stress or 

divergence, which leads to failure of whole program, for next step. If the sliding distance 

is too short, the program will take an unnecessarily long time to finish. 

 

Figure 7-1. Flow chart of FE simulation process with application of transition state wear 

model to describe local material removal. 

 

As indicated at the center box of Figure 7-1, there are four criteria for determining 

sliding distance. The sliding distance is determined as the minimum of (a) the height loss 

at the node with the largest contact stress is less than a preset hmax, (b) the average height 

loss of the nodes in contact is less than a preset have, (c) the height loss differences of the 
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lowest node relative to other nodes is less than the original differences of vertical 

coordinates, and (d) less than a preset smax. The constraint values for the 3D models are 

selected as hmax=0.5 nm, have=0.2 nm, and smax=3 nm. These were determined by trial 

and error of simulations. Since 2D simulation can run much faster in a single step compared 

to 3D, smaller constraints hmax=0.1 nm, have=0.05 nm, and smax=0.5 nm are used in order 

to have smaller sliding distance in each step and capture more details during the total wear 

simulation. 

Once the sliding distance is determined, the height variation for each node in 

contact and volume loss of both tip and sample can be calculated and output. If the total 

sliding distance hasn’t reached the desired value, new tip and sample geometries are 

modified accordingly and the model is run again. A Matlab program is coded to build a 

new FEA model with these updated geometries by reading and revising coordinates in the 

Abaqus input file. The modified model goes back to the loop for stress and height loss 

calculation. If the total sliding distance reaches the value that is specified for the simulation, 

the program stops. 

 

7.3 2D wear simulations and case studies 

In the 2D wear simulations, plane strain is assumed. The basic model assumes 

frictionless contact model between a paraboloidal tip and a flat smooth substrate. The cases 

studied in this section include: (1) different materials in contact, three tip-substrate pairs 

DLC-PMMA, DLC-UNCD and DLC-DLC are studied, (2) different friction coefficients, 
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and (3) effect of surface roughness with different spatial distributions and amplitudes (rms 

roughness 0.1 to 0.62 nm).  

 

7.3.1 Contacting pairs 

The tip has a paraboloidal profile with radius of 20 nm and the applied load is 30 

nN/nm. The material properties and wear parameters are listed in Table 7-1. In DLC tip on 

PMMA sample and DLC tip on UNCD sample cases, the sliding distance is 100 nm (1 

cycle of 50 nm sliding forward and backward), and in DLC tip on DLC sample case, a total 

sliding distance is 300 nm.  

Table 7-1. The mechanical properties and wear parameters [77], [87] used in FE wear 

simulations. 

Material E (GPa)  Ea (eV) Veff (Å
3) 

PMMA 3.04 0.4 0.67 11.3 

DLC 150 0.3 0.8 5.5 

UNCD 790 0.057 Assume no wear 

 

Contact stress distributions were calculated as the tip geometry changes during 

sliding. As shown in Figure 7-2(a-c), the normal stress distributions in DLC-DLC contact 

varied at different sliding distances. At 0 nm, the tip was a smooth paraboloid and substrate 

was a flat surface and this results in a symmetric stress distribution. The substrate was 

displaced to the left and this resulted in asymmetric wear of tip. Geometries of tip (Figure 



100 

 

7-2(d)) and substrate changed due to the wear. Large volume loss initially occurs on the 

front side of the tip. This is because the wear happens in both tip and substrate and caused 

an asymmetric and rough contact interface, for example, the tip profile after 10 nm sliding 

distance (Figure 7-2(d)). The stress distribution changed corresponding to the geometries. 

Locally high stresses happened at the rough interface and caused faster wear rate at these 

locations. Thus, the geometry, as that after 100 nm sliding in Figure 7-2(d), became 

relatively symmetric and smooth again. These process repeated over the course of the full 

sliding experiment and gradually removed the material. The tip geometry was generally a 

flat end with curved edges, rather than a tip truncated by a plane, after the initial stage of 

rapid change in geometry. 
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Figure 7-2. Stress distribution in DLC tip and DLC substrate at sliding distance of (a) 0 nm, 

(b) 100 nm and (c) 200 nm. The substrate is moving to left at these moments. (d) The 

evolution of DLC tip geometries during sliding.  

 

The volume loss and average stress as a function of sliding distance for three pairs 

of materials are shown in Figure 7-3. The DLC-DLC case showed a rapid volume loss at 

the initial stage and then the volume loss became more gradual (Figure 7-3(a)). The average 

stress within the first 25 nm fluctuated significantly and resulted in an increased volume 

loss. In the DLC-PMMA contact, the DLC tip had a much smaller volume loss compared 

with that of PMMA over the 100 nm sliding. The PMMA substrate had >500× as larger 

volume loss than the DLC and the volume loss of PMMA increased linearly with sliding 
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distance and the average stress remained almost constant (Figure 7-3(b)). The DLC tip 

volume loss when slid against UNCD had a smooth sublinear relationship with sliding 

distance, as shown in Figure 7-3(c). The rate of volume loss decreases with the decreasing 

stress. Note that the FEA simulations used the stress distribution wear model (eq. (7.1)), 

however, the volume loss and average stress also appeared to correlate well.  

 
Figure 7-3. Volume loss and average stress as a function of sliding distance during FEA 

wear simulations of (a) DLC wear (tip and substrate have identical values) in DLC-DLC, 

(b) PMMA substrate wear in DLC-PMMA contact, and (c) DLC tip wear in DLC-UNCD 

contact. 
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7.3.2 Effect of friction 

Frictionless contact models, such as Hertz model and DMT model, are often used 

to analyze stress in nanoscale asperity contacts and wear studies [44], [77]. However, 

friction can affect the contact stress distribution at the interface [111]. The effect of friction 

in application of nanoscale wear models has not been studied yet. Here, four cases of DLC 

tip on DLC substrate wear, with different friction coefficients, i.e. =0, 0.3, 0.5 and 0.8, 

were simulated. The applied normal load was 10 nN/nm and the sliding distance was 50 

nm. In addition to the boundary conditions specified previously, a lateral force, which had 

a magnitude equal to the product of the friction coefficient and normal load, was applied 

at the bottom boundary of substrate from right to left. 

The normal stress and shear stress distributions for frictionless (=0) and a 

frictional case (=0.8) are shown in Figure 7-4. The stress distributions were calculated at 

sliding distance of 0 nm, where no wear had happened and both the geometries of tip and 

substrate were symmetric. Thus, the stress distributions are symmetric (Figure 7-4(a) and 

(b)). In the case of =0.8, the distribution of normal stress became asymmetric and the peak 

stress shifted to the front of sliding (Figure 7-4(c)). A larger shear stress was observed at 

the interface (Figure 7-4(d)).  
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Figure 7-4. Normal stress and shear stress distribution for DLC-DLC contact with friction 

coefficient (a, b) =0 and (c, d) =0.8, respectively. The sliding distance is 0 nm and the 

substrate starts moving to the left.  

 

The normal and shear contact stress at the interface are plotted in Figure 7-5 for all 

four  values examined. In the normal stress results, the distribution shifts slightly to the 

right when friction is applied. While the magnitude of the normal stress had no significant 

increment from =0 to =0.8 (Figure 7-5(a)). Only minimal shear stress was seen when 

=0 and the shear stress increased significantly with friction coefficient. The peak shear 

stress increased from 1.12 GPa (=0.3) to 2.77 GPa (=0.8) as shown in Figure 7-5(b). 
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Figure 7-5. FEA results of (a) normal stress and (b) shear stress at the interface of DLC tip 

and DLC substrate with different friction coefficients. 

 

The wear simulations using the wear criteria eq. (7.1) were performed for a sliding 

distance of 50 nm. With different friction coefficients, the normal stress results didn’t vary 

significantly as shown in Figure 7-6. For =0-0.8, all four cases had similar changes in 

both average normal stress and volume loss during the wear process. The average normal 

stress fluctuated and generally decreased as the geometries of tip and substrate changed 

during sliding as discussed in previous section. The differences in normal stress only results 

in minimal differences in volume loss (Figure 7-6(b)) for different friction coefficients. 

These simulation results indicate that it is a reasonable assumption to use frictionless 

mechanical models for stress analysis of experimental data [44], [77]. 
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Figure 7-6. (a) Average normal stress and (b) volume loss as a function of sliding distance 

calculated from FEA simulations with different friction coefficients. 

 

7.3.3 Effect of surface roughness 

To study the effect of surface roughness on wear, FEA simulations of a paraboloidal 

DLC tip (R=20 nm) against several different rough substrates, as well as a flat smooth 

substrate, were carried out. The load was 10 nN/nm in all cases and the sliding include a 

forward (substrate moving from right to left) 50 nm and a backward 50 nm. Three cases of 

random roughness were generated by superposing five sine functions with randomly 

selected amplitudes, wave lengths and phases. Three random roughness distributions were 

used: 

𝑟1 = 3𝑠𝑖𝑛(𝑥/7.577𝜋 + 0.8147) + 2.5𝑠𝑖𝑛(𝑥/1.712𝜋 + 0.0975) + 2𝑠𝑖𝑛(𝑥/3.922𝜋
+ 0.1576) + 1.5𝑠𝑖𝑛(𝑥/6.555𝜋 + 0.1419) + 𝑠𝑖𝑛(𝑥/7.431𝜋 + 0.6557) 

(7.2) 

𝑟2 = 2.5𝑠𝑖𝑛(𝑥/8.229𝜋 + 0.3309) + 2.5𝑠𝑖𝑛(𝑥/1.942𝜋 + 0.9544) + 2𝑠𝑖𝑛(𝑥/6.985𝜋
+ 0.4076) + 1.5𝑠𝑖𝑛(𝑥/5.709𝜋 + 0.82) + 𝑠𝑖𝑛(𝑥/7.959𝜋 + 0.7184) 

(7.3) 
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𝑟3 = 3𝑠𝑖𝑛(𝑥/8.147𝜋 + 0.157) + 2.5𝑠𝑖𝑛(𝑥/19.06𝜋 + 0.9875) + 2𝑠𝑖𝑛(𝑥/1.27𝜋
+ 0.5469) + 1.5𝑠𝑖𝑛(𝑥/0.9134𝜋 + 0.2785) + 𝑠𝑖𝑛(𝑥/6.324𝜋 + 0.0975) 

(7.4) 

To control the rms roughness of random roughness, different prefactors were used 

to multiply to r1, r2 and r3, respectively. The geometries of the roughness and asperities 

distributions are shown in Figure 7-7. In FEA simulations, each random roughness had 3 

different prefactors multiplied, i.e. 3 different rms roughness, but the identical distributions 

of peaks and valleys.  

 
Figure 7-7. The random roughness cases used in FEA simulations. The rms roughness of 

each case is controlled by changing the amplitude of the whole roughness functions (eq. 

(7.2)-(7.4) ). 

 

In Figure 7-8(a), the volume loss as a function of sliding distance are shown for 

cases with different roughness distribution and different rms roughness, as well as for a 

smooth flat substrate case. The different colors and markers indicated the cases of random 

roughness used and the values in the right column indicated the rms roughness for each 
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case. The volume loss increased sublinearly with sliding distance for all cases. Generally, 

with higher rms roughness, higher volume loss was seen. For the cases with roughness, 

clear changes of slopes were observed before and after 50 nm, where the sliding direction 

changed from forward to backward. When sliding backward, substrate was worn and the 

peaks in roughness were expected to be less sharp due to the forward sliding and resulted 

in less volume loss. As also seen in the average stress distribution (Figure 7-8(b)), strong 

fluctuations in stress were observed before 50 nm and then less fluctuation is seen in 50-

100 nm of sliding. The results from the flat case show that the stress gradually reduces 

during sliding, which is consistent with results in previous section. Unlike the smooth-

smooth wear simulations in previous section, there is not a clear correlation between 

average normal stress and volume loss behavior for the cases with the roughness. 

 
Figure 7-8. (a) Volume loss and (b) average normal stress as a function of sliding distance. 

The DLC substrate is sliding forward (right to left) for sliding distance from 0 to 50 nm 

and sliding backward (left to right) from 50 to 100 nm. The numbers listed at the right of 

the curves in (a) indicate the rms roughness in unit of nm. Rms= 0.41, 0.31 and 0.2 nm for 

the cases shown in (b).  
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As the rms roughness was calculated for the unworn roughness, the volume loss of 

the first 50 nm sliding was used to quantify the effect of roughness on wear. The volume 

loss and the corresponding rms roughness were plotted in Figure 7-9. An increasing volume 

loss with increasing rms roughness was observed. The simulated results for all random 

roughness cases and a flat smooth substrate case were fit to a linear line as shown in Figure 

7-9  

 𝑉𝑙𝑜𝑠𝑠 = 10.1𝑟𝑚𝑠 + 0.565 (7.5) 

The fit had R2=0.95. Considering the complicated nature of roughness and the 

complex geometry evolution that occurs during wear, the dependence of simulated volume 

loss on roughness shows a promising start for further detailed simulations and experimental 

works of the effect of roughness on nanoscale wear. 

 
Figure 7-9. The volume loss after 50 nm sliding on substrates with different rms roughness.  
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7.4 3D simulation of PMMA line wear 

3D simulations of a DLC tip on PMMA sample were performed to mimic the line 

wear experiments reported in Chapter 4. The DLC tip had a paraboloidal geometry and the 

radius was 10 nm. The load was kept as constant 56 nN and the simulations included 

forward and backward sliding of 10 nm for a total sliding distance of 32 nm. 

The tip-sample contact and sliding resulted in a wear track in the PMMA surface. 

The evolution of wear track is shown in Figure 7-10(a). The DLC tip was located at the 

center of the sample and the sample was sliding in the direction indicated in the figure. The 

DLC tip was not shown for the convenience of observation. The geometry of DLC tip had 

minimal changes due to the input wear parameters in Table 7-1. The zz stress distributions 

changed as the wear track formed. The stress distributions at the cross section at the plane 

along wear direction were shown in Figure 7-10(b). The magnitude of the stress decreases 

as the sliding distance increased and the wear track becomes deeper. A symmetric stress 

distribution was seen at a sliding distance of 0 nm. After the wear simulation began, higher 

stress was observed at the sliding front (against the sliding direction of substrate). This was 

consistent with what was observed in previous 2D simulations. 



111 

 

 
Figure 7-10. (a) Wear track formation on PMMA sample during sliding and (b) variations 

of normal stress distribution observed at the cross section along the center of wear track 

during wear simulations. 
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To compare with line wear experimental results, the incremental height loss of 

PMMA, i.e. the depth variation of the wear track, was plotted in Figure 7-11 as a function 

of tip sliding distance. A linear fit for the initial part of the data (0 to 6 nm) indicated that 

the height loss from 3D FEA simulations increased sublinearly with sliding distance. 

Although it is difficult to do quantitative comparison to the experiments due to the different 

tip geometry and short sliding distance simulated, the simulated results are qualitatively 

consistent with the experimental wear behavior in AFM line wear tests.  

 

 
Figure 7-11. Cumulative height loss of PMMA calculated from FEA simulations. A linear 

fit to the first 6 nm data indicates a sublinear trend of increasing height loss. 

 

7.5 Summary 

An FEA wear simulation algorithm using a custom Matlab-Abaqus iterative 

program was developed and used in this chapter. A transition state theory stress distribution 



113 

 

model is applied as the local wear criteria in the simulations. 2D and 3D simulations are 

performed for case studies. In all simulations, the simultaneous evolution of the geometry 

and stress are predicted. 

In the 2D simulations, different contacting materials pairs with different stiffness 

and different friction coefficients and smooth tip-sample interfaces were examined. The 

height/volume variations, though calculated by stress distribution model, have correlation 

to the average normal stress. Once the roughness is added on the interfacial geometries, 

significant wear behaviors are presented. The volume loss increases sublinearly with 

sliding distance, while average stress fluctuates and has no correlation to the volume loss 

anymore. The volume loss after the first cycle of wear over the initial substrate geometry 

shows a linear dependence of rms roughness. The 3D DLC tip on PMMA substrate 

simulations show a sublinear height loss as a function of sliding distance, which is 

consistent with the observation in AFM based line wear experiments. 

The developed numerical program provides a way to monitor the details of the 

stress variation and geometry evolution during wear and can be used as a tool for 

understanding nanoscale wear. 
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CHAPTER 8: Conclusions and contributions 

8.1 Conclusions 

Atomic force microscopy (AFM) is a powerful and ubiquitous tool for measuring 

and manipulating matter at the nanoscale, such as nanometrology, nanolithography and tip-

based nanomanufacturing. In many of these nanoscale techniques, the hard AFM tip 

interacts with a polymer as a substrate materials. For example, high resolution 2D patterns 

and 3D structures are often fabricated in thin polymer layers [1], [2], [4], [12], [14], [15]. 

An understanding of the nanoscale adhesion and wear behavior of the tip-sample contact 

is important in the design of tip-based nanomanufacturing processes to produce structures 

in the polymer layers as well as avoiding damage of polymer layers in nanometrology 

applications. 

In the work on nanoscale adhesion in this dissertation, a new approach that 

combines AFM pull-off measurements and detailed characterization of the 3D geometry 

of the AFM tip was developed to characterize the adhesive traction-separation relation of 

nanoscale contacts. The properties of the adhesive traction-separation relation between 

UNCD AFM tips and PMMA thin films were quantified with this method. The method 

requires measurements from a minimum of two tips with different geometries; three tips 

were used in this work to illustrate the overall robustness of this approach. The 

measurement data was analyzed using two common traction-separation laws: the Dugdale 

relation and 3-9 Lennard-Jones potential. The Dugdale analysis resulted in adhesion range 
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had=2.46-2.49 nm and work of adhesion Wa=49.6±0.8 mJ/m2, while the 3-9 Lennard-Jones 

traction-separation law resulted in z0=1.53-2.02 nm and Wa=51.4±2.4 mJ/m2. Similar work 

of adhesion was obtained regardless of whether the Dugdale or 3-9 Lennard-Jones traction-

separation law was applied in analysis. The peak adhesive stresses in the traction separation 

law differed by about 50%, suggesting that it might be more appropriate to set 𝜎𝐿𝐽−𝑚𝑎𝑥 ≈

1.5𝜎𝐷 instead of 𝜎𝐿𝐽−𝑚𝑎𝑥 ≈ 𝜎𝐷 as is sometimes assumed in analyses that define equivalent 

Dugdale and Lennard-Jones potentials. 

The wear of PMMA at nanoscale was investigated by AFM-based wear 

experiments and finite element-based mechanics analysis. Load controlled experiments 

were performed on e-beam patterned PMMA structures. Rectangular and square PMMA 

structures with sizes of several hundred of nanometers were fabricated on a silicon wafer. 

The exposed silicon surface in the gaps between the PMMA structures provided a flat 

reference surfaces for measuring the height of the patterns over the course of the wear test. 

The gaps between PMMA structures also allowed the wear debris to be captured. For each 

UNCD AFM tip used in wear tests, the 3D tip geometries were measured using an inverse 

AFM imaging technique. The measured geometries were then used in FEA calculations to 

determine the stress distribution and contact area at tip-sample interface. The simulations, 

which were performed for all tips, examined the effect of two cases of constitutive 

behaviors for the PMMA. The overall experimental design, tip characterization, and FEA 

was used in PMMA wear experiments at room and elevated temperature. 
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At room temperature, load controlled AFM-based line and raster wear tests were 

performed using three different UNCD tips. The line wear data was analyzed using 

transition state theory and the activation energy and effective activation volume for PMMA 

were extracted using two different implementations of the wear model: average stress 

model and stress distribution model. Fitting of the models to the experimental data 

indicates that the transition state models describe the experimental data well. This suggests 

an atom-by-atom attrition mechanism for the nanoscale polymer wear. The analyses that 

use contact stress distribution results in a narrower range of activation parameters, i.e.    

0.67 eV≤ Ea≤ 0.69 eV and 11.3 Å3≤ Veff ≤ 24.8 Å3 from stress distribution model, and      

0.67 eV≤ Ea≤ 0.73 eV and 16 Å3≤ Veff ≤ 51.8 Å3 from average stress model. Using these 

parameters and transition state theory models, the predictions of volume loss rates in raster 

wear tests done with tips with different geometries were performed. The predicted volume 

loss rates were quite close to those measured from raster wear experiments. For the stress 

distribution model, which demonstrates a more accurate prediction, there was a 7.8% 

difference between the predictions and experimental results. 

AFM-based raster wear tests of PMMA were then performed at varying 

temperatures between 300.8 K and 338.9 K, in order to study the temperature dependence 

of wear mechanism. In these experiments, PMMA samples were mounted on a heating 

stage in a dry nitrogen environment. The surface temperature before contacting a UNCD 

tip was measured by a thermocouple and the temperature at the tip-sample contact was 

estimated by FEA to consider the thermal conductivity of the AFM probe. The measured 
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volume loss rate almost doubled with increasing temperature. However, the transition state 

theory parameters obtained from the room temperature data significantly overestimates the 

increase in wear rate with temperature. The transition state theory models overestimate the 

volume loss rate by more than one order of magnitude at the higher temperatures. A 

modified transition state theory wear model, which combines temperature-dependent 

viscoelastic relaxation of PMMA as well as thermally activated atom-by-atom attrition, is 

developed to describe the wear data at multiple temperatures. By applying time-

temperature superposition, a shift factor is determined and it is believed to be related to the 

activation energy of ester group rotation in PMMA. The modified models describe the 

experimental data over the range of temperatures characterized. The modified stress 

distribution model results in the best estimation of wear across the temperature range with 

differences ranging from 13.1% to 19.4% at different temperatures. 

In addition to the nanoscale wear experiments, microscale experiments were 

performed to evaluate the applicability of transition state theory in larger scale. Microscale 

line wear experiments were performed in a nanoindentation system with a 1 m spherical 

diamond indenter under load control (20-200 N). The wear tracks were characterized by 

high resolution AFM measurements. The results in the microscale tests did not follow 

Archard’s law, but rather exhibited a sublinear relationship between wear volume and 

sliding distance at a fixed load. Despite the fact that both load and contact area were 2 to 3 

orders of magnitude larger in microscale tests than those in nanoscale tests, the relationship 
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between wear volume and normal contact stress was appropriately described by a transition 

state theory model.  

Finally, studies on stress and geometry evolution during sliding due to wear was 

investigated using a new iterative FEA program that was implemented in Matlab and 

Abaqus. A transition state theory stress distribution model was applied as the local wear 

criteria in the simulations. In all 2D and 3D simulations that were performed, the evolution 

of the geometry and stress distributions due to wear were observed. In the 2D cases, 

simulations with different contacting materials pairs with different stiffness, wear 

properties and different friction coefficients were performed. The volume loss, although 

calculated by stress distribution model, show correlation to the average normal stress. 

Simulations that incorporate roughness showed a significant effect of roughness on wear 

behaviors and overall wear rate. Surface roughness with different rms values were added 

on substrate and result in strong fluctuations in average normal stress. In the presence of 

roughness, a correlation between volume loss and average stress is no longer observed. The 

results also indicate a positive correlation between volume loss and rms roughness. 3D 

wear simulations of DLC tip on PMMA substrate were performed to facilitate comparison 

between the experiments and simulations. The 3D simulations show a sublinear 

relationship between height loss and sliding distance, which is consistent with experimental 

behavior.  
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8.2 Contributions 

This dissertation has made multiple contributions in characterization and 

understanding of the nanoscale adhesion and wear of PMMA surfaces. The key 

contributions are: 

 Development of a novel approach for the measurement of range and strength of 

adhesion, as well as work of adhesion, between UNCD-PMMA interfaces. This 

approach combines AFM pull-off force measurements and characterization of 3D 

nanoscale geometries of AFM tips. This approach can be extended to other pairs of 

materials contacting at nanoscale as long as the materials are stiff enough to have 

minimal deformation under adhesion. 

 A novel experimental design of using nanopatterned structures and AFM-based wear 

experiments. The design uses gaps between structures to capture debris due to wear 

and minimize its influence on the wear process and measurements. The data collected 

from simple line wear experiments on PMMA could be described by transition state 

theory wear models. Using the extracted wear parameters, the prediction of volume 

loss rates in nanoscale raster wear experiments was shown.  

 Investigation of the effect of temperature on polymer nanoscale wear and the 

development of a modified transition state theory wear model. The studies illustrate the 

importance of temperature on nanoscale wear of polymers. The modified models can 
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describe the experimental data and imply a polymer wear process that combines 

viscoelastic relaxation and atom-by-atom attrition at nanoscale.  

 Development and use of an iterative FEA wear simulation method. This numerical 

technique can be used for detailed study of the simultaneous evolution in stress and 

geometry in wear process, as well as systematically studying cases with different 

contact conditions. It can also be used as a complementary tool for helping further 

experimental research of nanoscale wear. 
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