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Abstract 

Tribology is the study of surfaces where two objects are sliding against another. Significant 

energy is lost due to friction between the sliding surfaces. Therefore, developing or designing 

surfaces to minimize friction is critical for the durability and reliability of the mechanical 

components. Several researchers have identified that surface texturing at the nanoscale 

(nanotexture) would reduce the friction between the contacting surfaces. The nanotextured 

surfaces have several applications in microelectromechanical systems and nanoelectromechanical 

systems. This dissertation employs molecular dynamics simulations to investigate the frictional 

and mechanical response of nanotextured aluminum (Al) and Al/amorphous silicon (a-Si) 

composite surfaces. 

This study determines the effective geometry (spherical or cylindrical) for texturing an Al 

surface that lowers the coefficient of friction of the nanotextured surface compared to a smooth 

surface. The results suggest that as the counter surface radius increases, the coefficient of friction 

decreases. For the lower counter surface radius, the coefficient of friction of the textured surface 

is higher than the smooth surface. But, after a specific increase in the radius of the counter surface, 

the coefficient of friction of the textured surface is lower than the smooth surface.  

The nanotextured surface consisting of Al has lower mechanical strength, which results in 

permanent failure even at low contact forces. Thus, a nanotextured hemispherical Al core surface 

is coated by an a-Si to protect the nanotextured surface from plastic deformation, and they are 

named as core-shell nanostructures (CSNs). The CSNs has previously shown remarkable 

deformation recovery to compression loading beyond the elastic limit. This study finds an 

optimum coating thickness that would protect the core from plastic deformation. i.e., the ratio of 

core radius to shell thickness should be between 0.5 and 2.0 to have deformation resistant CSNs. 



 

Additionally, this research investigates the core (single crystal and grain boundary) and 

substrate (crystalline and amorphous) material that affect the mechanical behavior of the CSNs 

subject to indentation. The results from this study conclude that CSNs with a single crystal core 

and crystalline substrate are more reliable for deformation-resistant behavior than those that 

contain grain boundary core and amorphous substrate.  

From our previous studies, it is clear that not all textured surfaces will have a lower 

coefficient of friction. The coefficient of friction also depends on the indenter or counter surface 

radius. Therefore, we investigate the relationship between surface texture (r, L) and counter surface 

(R) variables. The results from this study suggest that the counter surface radius should be greater 

than the difference between twice the pitch length and radius of the asperity (R > (2L -r)) in order 

to have lower COF for the textured surface compared to a smooth surface. The relationship found 

between the textured surface and indenter surface variables is also confirmed for CSNs. Further, 

the relationship established in this study is also verified using experiments. 

This work provides the groundwork in designing the textured surfaces as well as 

deformation-resistant core-shell nanostructures that has both lower COF and deformation-resistant 

behavior. Additionally, this research finds the mechanisms behind the deformation-resistant 

behavior of the CSNs. 
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Chapter 1 

1. Introduction 

1.1 Motivation 

Concepts of friction and wear have been researched for over five hundred years. Leonardo 

da Vinci was the first researcher to investigate friction1, followed by Guillaume Amontons2, 3.  The 

law of friction4 is usually identified with Guillaume Amontons, which states that friction force is 

proportional to the applied normal force. Amontons’ law explicitly depicts the non-adhesive 

contact behavior at macro and microscopic levels, and it is confirmed by various studies5, 6. 

However, Amontons’ law does not apply for the miniaturized micro, and nanoelectromechanical 

systems (MEMS/NEMS) as adhesion influence on friction cannot be neglected due to the large 

surface area to volume ratio7. Therefore, a fundamental understanding of friction at the nanoscale 

is of great significance for technological applications such as MEMS/NEMS.  

Over the past few decades, considerable progress has been made in understanding friction 

at the nanoscale due to the development of advanced technologies at the nanoscale. Besides 

experiments, atomistic simulations have also become a powerful tool to analyze friction due to an 

increase in computing power. At the nanoscale, nano indenters9, 10, and atomic force microscopes8, 

9 are used to calibrate friction. Further, the development of the miniaturized systems is possible by 

nanotexturing the surface. These nanotextures can be manufactured using several techniques such 

as lithography11, thermal evaporation11, 12, plasma-enhanced chemical vapor deposition12, 13. 

The nanotexture (asperity) geometry plays a significant role in tribological properties. 

Thus, extensive research is performed on various asperity shapes ranging from wedges14, 15, 

cylinders16, 17, pyramids18, spheres16, 17, 19, 20, and random uneven surfaces21, 22. Due to the complex 

tribological mechanisms of the textured surfaces, it is difficult to understand the relation between 
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the microstructure and tribological properties. For example, the tribological properties of the 

metallic asperity surfaces are determined by plastic deformation23. The evolution of plasticity is 

observed in several studies24, 25 and were characterized using high-resolution microscopes. Thus, 

to understand the tribological mechanisms at the nanoscale, single asperity friction and wear 

studies were performed by various researchers11, 26-28. This led to multi-asperity contact research 

for various materials in both experiments and computational modeling.  

Experiments11, 21, 29 performed on multi-asperity surfaces predicts that multi-asperity 

surfaces have a lower coefficient of friction compared to smooth surfaces due to the reduction in 

the contact area between the contacting surfaces. Multi-asperity surfaces also lack structural 

integrity, i.e., with an increase in the normal load, the deformation of the asperities increases, 

which would wear the asperities easily during friction tests11.  Therefore, to protect and increase 

the reliability of the asperity surfaces, researchers developed a deformation-resistant core-shell 

nanostructure12, 13, 19, by coating the surface with another material. These core-shell nanostructures 

can be operated at higher loads without sacrificing the frictional characteristics of the textured 

surfaces.  Moreover, these core-shell nanostructures have also significantly reduced the coefficient 

of friction compared to nanodot textured surfaces consisting of just the core. 

Further, several studies are performed using atomistic30-33 and multi-scale computational 

models34-36 to gain more insight into the tribological behavior of asperity surfaces. These 

simulation techniques have high spatial resolution compared to traditional methods. While 

researchers tested the tribological properties of the textured surfaces, their frictional behavior and 

deformational characteristics are still elusive at the nanoscale. i.e., do the multi-asperity surfaces 

will always have a lower coefficient of friction? even though the contacting surfaces fit in between 

the asperities. If not, what is the geometrical relation between asperity surface and counter surface 
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variables that will lower the coefficient of friction of the textured surface compared to a smooth 

surface? What geometry is best for designing the asperity surface? What is the optimal coating 

thickness needed on the material surface that would make the core-shell nanostructures 

deformation-resistant?  Should the material in core of the core-shell nanostructure be a single 

crystal or polycrystal that gives better deformation-resistant characteristic for the core-shell 

nanostructures? Exploring and addressing these questions will help us better understand the 

mechanical and tribological properties of the textured surfaces at the nanoscale. We perform 

molecular dynamics simulations on core-shell and multi-asperity surfaces to answer these 

questions.  

1.2 Objectives 

The objective of this research is to gain a fundamental understanding of the frictional 

behavior of textured surfaces at the nanoscale and the mechanical behavior of the deformation-

resistant core-shell nanostructures. The textured surface is made of aluminum (Al), and a core-

shell textured surface is made of Al (core) and amorphous silicon (a-Si, shell). The findings from 

this study will enable the selection and design of textured and core-shell textured surfaces that can 

be used in a variety of nanomechanical applications. The main objectives of this study are: 

1. Determine the frictional properties of multi-asperity spherical and cylindrical surfaces at 

the nanoscale. (Chapter 2) 

2. Determine the deformation mechanisms of the core-shell nanostructures. (Chapter 3, 4) 

3. Determine an optimal relation between the core radius and shell thickness of the core-shell 

nanostructures that would lead to a deformation-resistant behavior. (Chapter 3) 



 

4 
 

4. Determine the difference in deformation behavior of different core (single crystal and grain 

boundary core) and substrate materials (crystalline and amorphous) of core-shell 

nanostructures. (Chapter 4) 

5. Determine a relationship between spherical textured surface and indenter surface variables 

that would reduce the coefficient of friction of the textured surface relative to a smooth 

surface. (Chapter 5) 

6. Find the microscopic deformation mechanisms of the multi-asperity textured surfaces 

(Chapter 2 and 5) and core-shell nanostructures. (Chapters 3 and 4) 

1.3 Novelty of this research 

There are several new contributions from this research. First, we used molecular dynamics 

simulations to perform frictional studies on 3D multi-asperity surfaces (Chapter 2). Second, a 

force-based method is developed and used for nanoindentation studies as outlined in Chapters 3 

and 4. Third, we optimized the core radius and shell thickness of core-shell nanostructures to 

achieve deformation-resistant behavior (Chapter 3). Fourth, we investigated the effect of core and 

substrate materials on core-shell nanostructures and performed a detailed analysis of core-shell 

nanostructure deformation behavior (Chapter 4). Finally, we established a geometrical relation 

between dimensional parameters of multi-asperity and counter surfaces to reduce friction between 

multi-asperity surfaces (Chapter 5). 

1.4 Layout of dissertation 

The dissertation is divided into six chapters and one appendix. Chapter 2 is a journal paper 

investigating the frictional properties of a multi-asperity surface with spherical and cylindrical 

asperities, as mentioned in objective 1. This paper would help to pick the suitable surface 

consisting of either spherical or cylindrical textures. Chapter 3 is a journal paper that determines a 
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relationship between the core radius to shell thickness of the core-shell nanostructures that captures 

the deformation-resistant behavior of the core-shell nanostructures (objectives 2 and 3). Chapter 4 

is a journal paper that describes the role of single crystal and grain boundary core deformation 

mechanisms of core-shell nanostructures, as mentioned in objective 4. Chapter 5 describes a 

relation between textured surface and counter surface variables that would reduce the friction 

compared to a smooth surface (objective 5). Chapter 6 is an overall conclusion of the dissertation, 

where key results of the dissertation are summarized. Appendix A contains the microstructural 

evolution of the core-shell nanostructures during nanoindentation and corresponds to the results in 

Chapter 3. 
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Chapter 2 

2. Paper 1: Frictional properties of multi-asperity surfaces at the nanoscale 

Raghuram Reddy Santhapuram, Arun K Nair 

Abstract 

Asperities are considered as unevenness of surfaces, or surface roughness. Surfaces that 

are finely polished are still considered uneven at the nanoscale. This unevenness of surface reduces 

the actual contact area when two surfaces come into contact. Understanding surface asperities are 

very important because the friction and wear properties of two materials depend on the nanoscale 

contact between the material surfaces. Many experimental studies have concluded that surface 

texture can help improve contact characteristics and reduce the frictional forces between surfaces. 

We use molecular dynamics simulations to study the frictional and mechanical response of an 

aluminum surface with cylindrical and spherical asperities that resemble true surfaces. 

Nanoindentation and scratch tests are carried out using different indenter radii on spherical and 

cylindrical asperities, and the results are compared to surfaces without asperities. We observe that 

the coefficient of friction (COF) is lower for spherical asperity surfaces, if the indenter radius is 

less than or equal to 4 nm, and the COF is lower for cylindrical asperity surfaces, if the indenter 

radius is greater than or equal to 5 nm. Finally, the COF decreases with increasing indenter radius 

for the surface geometries studied here. The atomic mechanisms corresponding to the observed 

frictional response of the surfaces are explained by dislocation nucleation and propagation in the 

system. These studies could perhaps be used to guide experiments to design multi-asperity surfaces 

for tribological applications. 

Keywords: Multi-asperity surfaces, Coefficient of friction, Nanoindentation, Molecular 

Dynamics. 
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2.1 Introduction 

The mechanics behind surface deformations have been of interest for researchers over the 

past few decades. Surface properties such as adhesion, friction, and wear are all important aspects 

for understanding and addressing the surface behavior of materials. Multi-asperity surfaces have 

gained tremendous interest in engineering due to tribological properties associated with them. With 

the availability of nanolithography 1, development of surfaces with nanoscale asperities of different 

shapes, and size are possible for various engineering applications. For example, researchers have 

recently shown that multi-asperity surfaces have application in cancer research2, where they have 

shown that the malenoma cells migrate on a surface with cylindrical asperities based on the 

distance between asperities. Similarly, neuro cell3, 4 growth depends on the geometry (cylindrical 

or spherical shape) of the surface with which the cell come into contact. It should be noted that 

depending on the application, the asperity size varies from micro to nano meter length scales. The 

deformation of the asperities plays a critical role towards surface properties due to contact with 

either probes (such as AFM) or other surfaces. Hence, understanding the properties of surfaces 

with different asperities has interdisciplinary application. Many continuum-based models have 

been proposed to understand the phenomenon of contacts between two surfaces. Hertz (1882) 5 

describes the deformation of two elastic bodies; DMT theory 6 describes adhesive contact between 

spheres without elastic deformation. Unlike DMT theory, Johnson, Kendall et al. (1971) 7 (JKR) 

theory considers elastic deformation. Maugis (1992) 8 proposed a model which gives transition 

between DMT-JKR. All these continuum-based models have limitations when they are applied to 

micro or nano length scales 9.   

Recent advances in the development of micro and nanoelectromechanical systems 

(MEMS/NEMS) demand better understanding of the contact mechanics in micro and nanoscale 
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surfaces 10. Surface measuring technologies such as atomic force microscopy, frictional force 

microscopy (FFM) and lateral force microscopy (LFM) 11 are used to study the frictional and wear 

properties at the nanoscale. Developments in computational materials modeling have paved the 

path to use methods such as molecular dynamics (MD) which allow us to predict atomic level 

properties. This method has been widely used in exploring the surface properties of various 

materials 12-20. Moreover, the results obtained by MD can guide the experimental research by 

providing the details of asperity shape, asperity size, and distance between asperities for specific 

application20.  

Cheong and Zhang (2003) 21 were the first to study the effect of relative position and 

orientation of asperities on the nanoscale wear mechanisms of silicon (Si) surfaces using MD 

simulations. They found that forces experienced by the asperities are independent of their relative 

positions and that there were no dislocations when the indentation depth is small. Cha et al. (2004) 

22 investigated single asperity surface and its deformation when two surfaces come in contact. 

According to their study, JKR theory is not applicable to the loading condition of the asperity, but 

is applicable to unloading, and the deformation of the asperity is considered to be nearly elastic. 

Liu et al. (2009) 23 performed MD simulations to study contact between a rigid cylindrical probe 

and an elastic Cu substrate with and without adhesion by varying the radius, size, shape and 

number of asperities on the cylindrical probe. This study showed that the adhesive effect is stronger 

when surfaces have smaller and more numerous asperities in contact with the substrate. Similarly, 

Jacobs et al. (2013) 20 studied atomic scale roughness on adhesion between carbon based materials 

and nanoscale asperities of either diamond like carbon (DLC) or ultra-nanocrystalline diamond 

using MD and experiments; they found that adhesion decreased more than an order of magnitude 

as roughness increased. Si and Wang (2014) 18 conducted MD studies on surface roughness and 
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on adhesion between a spherical tip with single asperity and on smooth surfaces. The study was 

carried out by varying height, radii, and nanoindentation velocity, with both the spherical tips and 

surfaces made of Si. Their results led to the conclusion that the adhesion force decreases when the 

asperity size is at the nanoscale. However, the adhesion forces obtained are larger than the Rumpf 

24 and Rabinovich 25 models, which they explain is due to not considering the chemical bonds. 

Multiscale approaches have been performed by various researchers to address the 

nanoscale contact information using molecular dynamics and the finite element method 26-29.  

Using the multiscale approach Tong et al. (2011) 26 studied 2D nano scale sliding contact between 

a rigid cylindrical tip and an elastic copper substrate with a textured surface. In their research, the 

adhesive effects are considered using different asperity shapes, height, and spacing between 

asperities; this allowed them to find the optimal asperity height and spacing between asperities on 

the copper substrate; however, the effect of the indenter radius or dislocation mechanisms were 

not investigated. They concluded that with the proper asperity height and spacing, surface texture 

can reduce frictional forces effectively. Tong et al. (2012) 27 using multiscale approach, studied 

the contact between a rigid cylindrical tip and a smooth surface. They conclude that the 

compressive force of textured surfaces increases with either increasing asperity height, or 

decreasing the asperity distance. This indicates that an appropriate spacing between the asperities 

could help in getting the required contact force. Similarly, Zhu et al (2011)28 and Anciaux et al 

(2010)29 has performed multiscale simulations, where Zhu et al. (2011)28  revealed that indenter 

velocity and radius significantly affects the nanoindentation process; and Anciaux et al (2010)29 

implemented a bridging domain method coupled with FEM and MD which developed promising 

strategy for analysis of sliding contacts. 
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The current study focuses on multi-asperity surfaces of spherical or cylindrical shape which 

will reduce the surface friction and provide a better understanding of microscopic plastic 

deformation and its relationship to frictional properties. We perform nanoindentation and scratch 

tests on an aluminum (Al) surface with and without asperities using molecular dynamics 

simulations. We investigate how the coefficient of friction (COF) changes with the asperity 

geometry (sphere and cylinder), and the indenter radius. In this study, we propose model surfaces 

that can be used to identify the suitable asperity shape (cylinder or spherical asperities) that reduces 

the COF. This study also reveals microscopic deformation mechanisms, such as dislocation 

nucleation and propagation, for both spherical and cylindrical asperities during nanoindentation 

and scratch tests.  

2.2 Methodology 

We use molecular dynamics simulations to predict the COF on surfaces without asperities 

(Fig 1.a), as well as those with equally spaced spherical (Fig 1.b) and cylindrical asperities (Fig 

1.c). All samples used in this study are single crystal Al with dimensions of 40, 20 and 25 nm 

along x [1 1 2̅ ], y [1 1 1] and z [1  1̅ 0] directions respectively. The spherical and cylindrical multi-

asperities are created on top of the x-z plane, as shown in Fig. 1(b, c) where spacing between the 

asperities is 2 nm. The spherical asperity has a radius of 2 nm, and the cylindrical asperity has a 

radius and height of 2 nm and 4 nm respectively. An initial spacing of 2 nm between the asperities 

is chosen to avoid interaction between the asperities during nanoindentation and scratch process. 

For example, as observed by Tong et al (2011)26 the deformed neighboring asperities could come 

in contact to form another asperity of higher radius. We also study different asperity distances for 

both cylindrical and spherical cases. We use spherical indenters with radii of 3, 4, 5 and 6 nm for 

nanoindentation and scratch tests. The indenter radii are considered such that it is greater than the 
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asperity size, and the indenter is in contact with more than one asperity at a given time during 

nanoindentation. We chose a thickness of 20 nm for the substrate to avoid the boundary effects. 

We also study two more asperity spacing at 1 and 3 nm with the indenter of radius 6nm, to see the 

effect of COF on different spacing between the asperities. During the nanoindentation and scratch 

process, the bottom 8 atom layers are fixed, and all other atoms are mobile. The periodic boundary 

conditions are employed along x and z directions and shrink-wrapped boundary conditions are 

employed in the y direction. Atomic interactions between Al atoms are governed by the embedded 

atom method 30.  

The samples are first minimized and then equilibrated at 300 K by maintaining zero 

pressure along the x and z directions using NPT (isothermal and isobaric) ensemble for a duration 

of 350 ps. The indenter is lowered to the surface along the y direction and the samples are indented 

to a depth of 1.8 nm, and then scratched along the x direction over 10 nm. The velocity of the 

indenter is maintained at 5 m/s during nanoindentation and scratch tests. We use the LAMMPS 31 

software package to perform MD simulations. For all simulations, we use a hard-spherical indenter 

(with force constant, K=10 ev/𝐴°3) as implemented in LAMMPS [26]. The indenter implemented 

in LAMMPS describes the interaction between the indenter and surface atoms using a repulsive 

L-J potential. Common neighbor analysis and dislocation analysis (DXA) is performed using 

OVITO 32, which allow us to visualize defects, dislocations or stacking faults during the 

simulations. 

We start the indentation such that the indenter is in contact with at least two asperities, 

which reflect experimental conditions where two surfaces of different asperities are in contact with 

each other. For indenter radii of 3, 4, 5 and 6 nm the center of indenter is in between the two 

neighboring asperities. To study the effect of location of indenter on COF, we study an additional 
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case, where the center of indenter of 6 nm radius is in between four neighboring asperities (see 

section 3, Fig 3).  The location of the indenter center is specifically selected, because if the center 

of the indenter radius for 3, 4, and 5 nm is in between four neighboring asperities, the indenter will 

be in between the asperities instead of touching the top surface of the asperities, so the center for 

the indenter radius is selected in between two neighboring asperities. This is not the same case for 

the indenter with a radius of 6 nm, so the center for this indenter is chosen in two locations, one is 

in between two neighboring asperities and other is in between four neighboring asperities. 

Fig 1. Nanoindentation and scratch process for (a) surface without asperity. (b) surface with 

spherical asperity (radius 2nm). (c) surface with cylindrical asperity (radius 2nm, height 4nm), The 

green color atoms in the model represents bulk FCC atoms of Al and the light blue color atoms 

represents surface atoms. Each sample has dimensions of 40×20×25 nm in the x, y and z directions 

respectively. 
 

2.3 Results and discussion 

The process to find the coefficient of friction is divided in two stages: (i) nanoindentation 

of the substrate until the indenter has reached the desired depth into the substrate, and (ii) 

scratching the surface by moving the indenter on the surface. Nanoindentation is performed in this 

study using indenters of radii 3, 4, 5 and 6 nm, while maintaining an indenter velocity of 5m/s. 
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Based on previous studies 12, 19, 33 and computational cost associated with MD simulations, we 

chose 5m/s as the indenter velocity for nanoindentation and scratch. 

We indent the samples to a depth of 1.8 nm, to study the elastic and initial plastic 

deformation of the surfaces. Fig. 2 shows the nanoindentation force versus indentation depth for 

three samples and for four different indenter radii. The nanoindentation force is calculated as the 

total normal force on the indenter from the substrate atoms. Three regions are present in Fig. 2. In 

region 1 the indenter is above the substrate surface, which causes the forces to be zero. In region 

2 the indenter starts to touch the surface and is in the elastic regime. In the elastic region, the 

nanoindentation force increases linearly until the critical indentation depth is reached, at which 

point the samples are no longer elastically deformed. The force and indentation depth 

corresponding to the first dislocation nucleation is defined as the critical nanoindentation force and 

critical indentation depth respectively. The critical indentation depths and critical nanoindentation 

forces found in this study are listed in Table 1. Region 3 starts after the critical indentation depth 

is reached. Within region 3 the nanoindentation force drops, which indicates the beginning of 

plastic deformation accompanied by dislocation nucleation. This deformation behavior in region 

3 determines the work hardening stage of the material34. 
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Fig 2. Force vs indentation depth during nanoindentation process for (a) indenter with a radius of 

3 nm, (b) indenter with a radius of 4 nm, (c) indenter with a radius of 5 nm and (d) indenter with 

a radius of 6 nm. With the increase in the indenter radius the critical nanoindentation force 

increases for samples with and without asperity surfaces. The points i, (ii, iii) and (iv, v) from 

panel (d) refers to defect microstructures that are shown in more detail in Fig. 4. The dotted lines 

in the panel (d) corresponds to new indenter location on spherical and cylindrical asperities. 
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Table 1 Mechanical response of aluminum single crystal substrate with (spherical and cylindrical) 

and without asperity surface, during nanoindentation with different indenter radii. Critical 

nanoindentation force increases for with and without asperity surfaces with increase in indenter 

radius. For indenter radius, less than or equal to 4 nm, the spherical asperity has higher critical 

nanoindentation force compared to cylindrical asperity and it reverses for indenter radius greater 

than are equal to 5 nm. Critical nanoindentation force is measured in nN and critical indentation 

depth is measured in nm. 

 Indenter radius 3 nm 4 nm 5 nm 6 nm 

No-asperity Critical 

Nanoindentation 

force 

143.45 233.67 269.25 389.9 

Critical Indentation 

depth 

2.51 2.58 2.71 3.14 

Cylindrical 

asperity 

Critical 

Nanoindentation 

force 

23.87 35.97 42.44 71.7 

Critical Indentation 

depth 

2.00 2.01 1.93 2.61 

Spherical 

asperity 

Critical 

Nanoindentation 

force 

33.25 37.24 37.22 57.93 

Critical Indentation 

depth 

2.82 2.62 2.32 2.79 



 

19 
 

 

 

 

 

 

 

 

 

Fig 3. Schematic representation of initial interaction of indenter and the asperity. (a) for indenter 

of radius 3 nm, touching two spherical asperities, marked by red points 1 and 2. (b) indenter of 

radius 3 nm, touching two cylindrical asperities. (c) indenter of radius 6 nm, touching four 

spherical asperities. The gap between points 1 and 2 shows the reason that region 1 is present for 

greater indentation depth for the spherical asperity compared to cylindrical and no-asperity (shown 

in Fig. 2). This is because the initial contact point is not exactly at the top surface of spherical 

asperity. Detailed explanation is given in the results section. 

 

From Fig. 2 we can observe that, with the increase in the indenter radius, the critical 

nanoindentation force increases, which is consistent with previous studies 35. The critical 

nanoindentation force for the no-asperity case is greater than the spherical and cylindrical asperity 

cases. The critical nanoindentation force for the spherical asperity is greater than that of the 

cylindrical asperity for indenter radius less than or equal to 4 nm. This trend is reversed for an 

indenter radius greater than or equal to 5 nm (see Table 1). This is due to the lower the contact 

area between the indenter and the asperity that leads to higher contact pressure36. This also leads 

to increase in the critical nanoindentation force (see table 1). The spherical asperity has lower 
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contact area with the indenter compared to cylindrical asperity, when the indenter radius is less 

than or equal to 4 nm. Therefore, the critical indentation force is higher for the spherical asperity 

compared to the cylindrical asperity. This trend is reversed because contact area for cylindrical 

asperity with the indenter is lower than for the spherical asperity when the indenter radius greater 

than or equal to 5 nm. The increase in the contact area for the spherical asperity can be explained 

from Fig. 3. i.e., with the increase in indenter radius the gap region is reduced (see Fig.3) hence, 

contact area increases. 

All simulations in this study are displacement controlled. The indenter is displaced 3.2 nm 

during nanoindentation for all cases (see Fig. 2(a-d)). But we observe region 1 is larger for the 

spherical asperity compared to the cylindrical and the no-asperity cases. This is because; the initial 

contact point of indenter on spherical asperity is not exactly at the top of the asperity surface, which 

is indicated by the gap in Fig. 3 (a, c). The beginning of region 2 is similar for the no-asperity and 

cylindrical asperity cases, i.e., because the surfaces of the cylindrical asperity and no-asperity are 

both flat (see Fig. 3 (b)). The gap for the spherical asperity will reduce with the increase in the 

indenter radius, which implies that region 1 reduces for spherical asperity case as the contact area 

increases. The reduction in region 1 for the spherical asperity is shown in Fig. 2 (a-d), but in Fig. 

2 (d) we can observe that newly positioned 6 nm (indenter center is in between four neighboring 

asperities) indenter for the spherical and cylindrical asperity has region 1 larger compared to other 

position of the indenters Fig. 2 (a-d). This is because in Fig. 2 (a-d) when the indenter is touching 

only two asperities (see Fig. 3 (a, b)) but in Fig. 2 (d) the newly positioned indenter is touching 

four asperities (see Fig. 3 (c)). The initial gap is more when the indenter is touching four asperities, 

therefore region 1 is larger compared to other cases (see Fig. 3(c)), but for all cases the indentation 

depth is ~1.8 nm for both asperity and no asperity surfaces.  
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The defect microstructure of Al single crystal with and without asperities indented with a 

newly positioned 6 nm indenter radius is shown in Fig. 4. This microstructure corresponds to the 

end of the nanoindentation process and the beginning of the scratch process. Fig. 4 shows the 

evolution of dislocation loops and their Burgers vector which are analyzed using dislocation 

analysis. Fig. 4 (i), (ii,iii) and (iv,v) correspond to dislocation network for no-asperity, cylindrical 

asperity and spherical asperity cases respectively. The dislocation network with thin rods are 

shown in Fig. 4, in which green color rods corresponds to Shockley partial dislocation with 1/6 <1 

1 2> Burger vector, blue color rods corresponds to perfect dislocations with ½ < 1 1 0> Burger 

vector, yellow color corresponds to Hirth dislocation with 1/3< 0 0 1> Burger vector, pink color 

corresponds to stair-rod dislocation with 1/6 < 1 1 0> Burger vector. Generally, the stair rod 

dislocation is formed by the glide of dislocations on adjacent slip planes. Due to the dislocation-

dislocation interaction and cross slips, prismatic loops are formed during nanoindentation and 

move into the bulk material. The loops formed would stay in the bulk, because of the non-periodic 

boundary conditions employed along the y-direction. The prismatic loop contains an additional 

plane of atoms, which transport the material displaced by the indenter. The prismatic loops are 

only found in the no-asperity case. There are no prismatic loops visible in the cylindrical asperity 

and spherical asperity cases, the reason could be because of the smaller diameter of the asperities 

resisting the dislocation-dislocation reaction; or that the loops which are formed in the asperities 

are moving toward the surface leaving behind the steps on the surface. As shown in Fig. 4 the 

number of dislocations formed is less for cylindrical and spherical asperity surfaces compared to 

no-asperity surfaces. We observe similar results for other indenter radii such as 3, 4, and 5 nm. 

However, for the spherical asperity for indenter radii of 3 and 5 nm and cylindrical asperity with 

indenter radius of 4nm, we found no dislocation at the end of the nanoindentation process. This is 
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because the dislocations, which are nucleated as the critical indentation depth is reached, move 

toward the surface and are annihilated by forming the step on the surface. 

 Fig 4. The formation of defect microstructure for 6 nm indenter radius, at the end of 

nanoindentation (indentation depth is 1.8 nm) and the beginning of scratch process. (i) no asperity 

case. (ii, iii) cylindrical asperity. (iv, v) spherical asperity. Panels (i, iii, and v) show dislocation 

formation in aluminum for with and without asperity. The green color rods represent shockley 

partial dislocation, blue color rod represents perfect dislocation, yellow color represents Hirth 

dislocation, pink color rod represents stair rod dislocation. Atoms at perfect lattice locations are 

not shown for better visualization of defects.  

 
 

After completion of the nanoindentation process with an indentation depth of 1.8 nm, we 

perform the scratch test on all samples. The scratch tests are performed by moving the indenter 

along the positive x direction with a constant velocity of 5 m/s for about 10 nm. Fig. 5 shows the 

fluctuations in scratch force for different indenter radii and for surfaces with and without asperities.  

The scratch force here is the total lateral force exerted on the indenter from the substrate atoms. 

From Fig. 5 a-d we observe that the scratch force is higher for surfaces without asperities than 

surfaces with asperities. The scratch force increases significantly with the increase in indenter 

radius for all the surfaces studied here (Fig. 5 a-d). After reaching the critical scratch length (length 
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at which dislocation nucleates during scratch), the scratch force starts to fluctuate. It is obvious 

from Fig. 5a-d that the scratch force for spherical and cylindrical asperity surface fluctuates; this 

is due to the gap that persists between the asperities at equal intervals.  However, with the increase 

in the indenter radius the fluctuations in scratch force decreases (see Fig. 5 a-d) and for the 6nm 

indenter radius the fluctuations start at the origin (see Fig. 5d). The corresponding normal force 

from the indenter during the scratch process is shown in Fig. 6, and it can be noticed that there is 

a reduction of normal force until the scratch length of the indenter reaches 2 nm; later the force 

fluctuates at a constant average force value.  For the no-asperity case, we also observe that with 

the increase in the indenter radius from 3 nm to 6 nm, the average constant normal force value 

increases from 70 nN to 200 nN. Similarly, for the spherical and cylindrical asperity cases the 

average constant normal force value increases from 20 nN to 70 nN for 3 to 6 nm change in radius. 

The fluctuations of normal force values for spherical and cylindrical asperity surface decreases as 

the indenter radius increases. This is because the indenter will encounter the asperity at lower 

displacements as shown in Fig. 7 (f). Hence, we can conclude that with the increase in the indenter 

radius or decrease in the distance between the asperities, the fluctuations of the scratch force reduce 

and have similar scratch force profile as surface without asperities. We also observe negligible 

difference in scratch force, normal force and COF for 6 nm indenter radius whose center is placed 

between two and four neighboring asperities respectively. 
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Fig 5. Scratch force vs displacement during the scratch process for indenter with a radius of (a) 3 

nm, (b) 4 nm, (c) 5 nm, and (d) 6 nm. The points (i), (ii), (iii) (iv) and (v) in (d) are shown in Fig. 

9 which are defect microstructure during the scratch process. With the increase in the indenter 

radius, average scratch force values increase for samples with and without asperities. 

 

 

 

 



 

25 
 

Fig 6. Normal force vs displacement during the scratch process for indenter with a radius of, (a) 3 

nm, (b) 4 nm, (c) 5 nm, and (d) 6 nm. With the increase in the indenter radius, average normal 

force values increase for all samples studied here. 

 

To understand how the COF value varies with the displacement of the indenter during the 

scratch process. We compute the COF values using the Amontons-Coulomb law under the high 

load approximation37 which is the ratio of scratch force to the normal force (see Fig. 7). We observe 

that the COF values decrease as the indenter radius increases. The average COF value for the no-

asperity case is calculated once the COF starts fluctuating around a constant value, seen in Fig. 7. 

For the spherical and cylindrical cases, the average COF value is calculated using the two highest 

peaks from Fig. 7. The average COF value decreases from 0.61 to 0.38, 1.71 to 0.41 and 1.16 to 

0.5 for no-asperity, cylindrical asperity and spherical asperity respectively, for indenter radius of 
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3 nm to 6 nm. Komanduri et al (2000) 38 has performed MD simulations of indentation and scratch 

on single crystal Al surface in various crystal orientations and directions, out of which they found 

COF for Al is 0.698 for (111) plane and [2̅ 1 1] direction (which is similar to the plane and direction 

we used in our calculations). However, their results prove COF value changes for different crystal 

orientations and directions.  The COF value of 0.61 reported in this paper, for no-asperity case for 

3 nm indenter radius is in agreement with Komanduri et al (2000) 38. We believe the difference is 

due to the sliding speed, indentation depth, indenter shape and size used by Komanduri et al (2000) 

38 are completely different from the current simulations. Similarly, Junge et al (2014)33 also 

performed MD simulations on  Al surfaces, but predicted the COF is two to three times higher 

than the current results for the same scratch speed. This could be because Junge et al (2014) has 

performed the calculations on polycrystalline Al at 0 K where indentation plane is (1̅ 1 0)  and  

scratch direction is [2̅ 1 1], whereas the current simulations are performed on single crystal Al at 

300K where indentation plane is (1 1 1) and scratch direction is [2̅ 1 1]. Furthermore, the depth at 

which indentation and scratch test performed are less than the indentation and scratch depth used 

in our calculations. This suggests that the COF depends on the temperature, indentation depth as 

well as the crystallographic plane and the direction of scratch38. Furthermore, experimental study 

conducted by Flom et al (2002) 39 on single crystal Al,  have indented Al crystal along the (1 1 1) 

plane and scratched in different directions. The [2 1 1] scratch direction resulted in a COF of 1.03, 

which is significantly higher compared than the value predicted in this study. Similarly, Lafaye et 

al (2006)40 have found the COF for Al to be approximately 0.6. However, the indenter speed is 

three order magnitude less than the indenter speed used in the current simulation, and the shape of 

the indenter is cube cone diamond indenter, whereas we use a spherical indenter. Furthermore, the 
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size of the sample and indenter used is at the millimeter 39/micro meter40 scale, where as our studies 

are at the nanometer scale.  

From Figs. 5 and 6 we observe that increase in normal force is higher than the scratch force 

as the indenter radius increases, therefore the COF values decreases with increasing indenter radius  

(Fig 7(a-d)). This reduction in COF values for asperity surfaces with the increase in indenter radius 

agrees with Zou et al (2005)41. However, Zou et al (2005)41, who used an amorphous silicon 

substrate, compared to the Al substrate in this study. COF for cylindrical asperity is 47% and 7% 

higher than spherical asperity for indenter radii 3 and 4 nm respectively; and this reverses for the 

indenter radii of 5 and 6 nm i.e., COF for spherical asperity is 18% and 22% higher than cylindrical 

asperity for 5 and 6 nm indenter radius respectively. The shift in COF values between spherical 

and cylindrical asperities are due to the shift in the contact area between indenter and asperities 

surfaces.  

The negative coefficient of friction for the spherical and cylindrical asperities shown in 

Fig. 7 is due to the indenter experiencing an opposing force during the start of the scratch process, 

and also when the indenter encounters a new asperity. Negative COFs have also been observed in 

experiments 42 as well as in MD simulations 43 and multiscale simulations 44.  Experiments by 

Ternes, Lutz et al (2008) 42 using AFM to scratch a copper surface with cobalt, did not mention 

the negative COF, but from their results for lateral and vertical forces, it can be concluded that 

they have also observed the negative COF, which is similar to conclusions in Mo et al. (2009) 43. 

Furthermore, multiscale simulations by Deng et al (2012) 44 have found negative COF at the 

nanoscale and is adhesion dependent.  

It should be noted that in the first three cases in Fig. 7 a-c, the indenter is in contact with 

two asperities and for the last case in Fig. 7 d, the indenter is in contact with four asperities. These 
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asperities are deformed initially during nanoindentation and when the scratch starts on the 

completely deformed asperities the scratch force decreases initially, and then increases when the 

indenter encounters the neighboring asperities. Therefore, with the increase in the indenter radius 

the scratch force increases because the contact area increases between the indenter and asperities. 

For the 6 nm indenter radius, the scratch force is positive for the cylindrical asperity and is a small 

and negative scratch force for the spherical asperity (see Fig. 5 d), this is because the spherical 

asperities are deformed more compared to cylindrical asperities. This results in a positive 

coefficient of friction for the cylindrical asperity, but has a smaller negative COF for the spherical 

asperity case, because the indenter needs to be displaced more for the spherical asperity compared 

to the cylindrical asperity to meet the neighboring asperities, see Fig 7 e and f.  

With these observations, we can estimate that with further increase in the indenter radius 

or reducing the gap between the asperities, we can overcome the negative COF. From the results, 

we see that (Fig 7(a-d)) the difference in COF for asperity and no-asperity cases is decreasing with 

the increase in the indenter radius. But for the 6 nm indenter radius, the COF for the cylindrical 

asperity case is almost equal to the no-asperity case. In order to test the trend in COF values with 

respect to the indenter radaii, we conduct a scratch test using 10 nm indenter radius. We find that 

the COF values for the asperity surfaces is slightely lower than the no-asperity case (see Fig 8). 

We believe that with further increase in the indenter radius the COF will further reduces compared 

to no-asperity case. Experimental studies also show that with the increase in roughness the COF 

41 will decrease. But this study shows that the nanoscale roughness has a limit, which means below 

certain nanoscale roughness the COF will increase compared to smooth surface. From the current 

studies, we conclude that if the asperity radius is 2 nm then the indenter size should be more than 

6 nm to lower the COF compared to the no-asperity case. Furthermore, we can conclude that for 
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the indenter with radius lower than 4 nm, we observe that the COF for the spherical asperity is 

lower than the cylindrical asperity. For indenter with radius greater than or equal to 5nm the 

cylindrical asperity has lower COF than the spherical asperity. We have also performed 

nanoindentation and scratch simulations for two additional asperity spacing (1 nm and 3 nm) with 

an indenter radius of 6 nm, keeping same indentation depth (1.8 nm) and doubled the scratch length 

(here, 20 nm). The results of this study show that with the increase in the distance between the 

asperities, the COF increases (see Fig 9), which is in agreement with the results obtained for the 

decrease in the indenter size. As the distance between the asperities increases for constant indenter 

radius (here, 6nm) the contact area between the indenter and the asperities decreases, which is 

comparable to the decrease in the indenter radius with constant asperity distance (here, 2 nm). 

Similar trend of the results were observed in Tong et al (2011)26 by changing the distance between 

the asperities for copper. From Fig 9 we see that the highest values of COF for respective scratch 

tests would not vary much and the difference is less than 5%. Similar trend is observed by Tong 

et al (2011)26, hence it is clear that the COF variation cycle is almost the same when the indenter 

encounters a new asperity, which leads to minimal difference in COF even if we run scratch test 

for shorter distance covering fewer asperities. Therefore, considering the computational time, we 

could use a scratch distance of 10 nm for all other samples. This study could perhaps be useful for 

designing surfaces with nanoscale multi-asperities that are interacting with each other. For 

example, a surface can be developed with a targeted COF value based on the asperity radius on 

each surface. 
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Fig 7. Variation of the coefficient of friction (COF) vs displacement during the scratch process for 

indenter with a radius of (a) 3 nm, (b) 4 nm, (c) 5 nm and (d) 6 nm. The coefficient of friction 

decreases with the increase in indenter radius. (e, f) Schematic representation of interaction 

between indenter (radius 4 nm) and the asperity during the scratch process for, (e) spherical 

asperity, (f) cylindrical asperity. This explains the reason for the fluctuations in COF values.  

 

Finally, we investigate the dislocation loops and surface pileup evolutions during the 

scratch process (see Fig. 10). We can observe that as the scratch process evolves, new dislocations 

(prismatic loops) are emitted in front of the indenter for no-asperity case (shown in Fig. 10 (b & 
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d)). These loops are propagating parallel to the indenter direction. The half loops with their screw 

segments gliding on the surface produce a surface step as shown in Fig. 10 (c). Similar to the 

nanoindentation process, the prismatic loops are not found in cylindrical and spherical asperity 

surfaces. The reason for this is that the asperity diameter is smaller which is resisting the formation 

of the loops. Even if the loops are formed, they move to the surface of the asperity forming the 

surface steps on the asperity surface as shown in Fig. 10 (k & s). From Fig 11 (a-d), we observe 

that the spherical and cylindrical asperity surfaces for different indenter radii, after certain scratch 

distance dislocation segments are not found, even though there were dislocation segments present 

before. This explains that the dislocations moved to the surface during the scratch process forming 

surface steps (seen in Fig 10 (g,k,o,s)). Similarly, we observe the surface step formation for no-

asperity surface with different radii (see Fig 11 (a-d), and Fig 10c). We also observe that there is 

increase in total number of dislocation segments compared to previous time step during scratch 

process, this is due to the formation of new dislocation segments during the scratch test. For the 

spherical (Fig 11 a,c) and cylindrical asperity (Fig 11 b,c) surfaces, we observe no dislocations 

before the the scratch process begins, this is due to the fact that the dislocations formed during the 

indentation process have moved toward the surface at the end of the indentation process. The 

microstructure of the first trough part of the fluctuation shown in Fig. 5d are represented in Fig. 

10(i-l & q-t) where the scratch force is minimum and the indenter is about to deform the next 

neighboring asperity. At this point as the scratch force goes to a minimum, the dislocation density 

decreases compared to the crest of the curve, which is the initiation of dislocation nucleation during 

the scratch process. This reduction in dislocations are found in both spherical and cylindrical 

asperity surfaces, which are shown in Fig. 11. It is expected that total number of dislocation 

segments should increase as the scratch process proceeds, but from Fig. 11, we observe the 
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dislocation segments evolution is random. This is because, some of the dislocation formed in the 

scratch process moves to the surface forming surface step, shown in Fig. 10 (c,g,k,o,s).   

 

 

 

 

 

Fig 8. Variation of the coefficient of friction (COF) vs displacement during the scratch process for 

10 nm indenter radius. 

 

 

 

 

 

 

Fig 9. Variation of the coefficient of friction (COF) vs displacement during the scratch process for 

an indenter of radius 6nm with different spacing between the asperities. The 1 nm, 2 nm and 3 nm 

represents the distance between the asperities for (a) Spherical asperities (b) Cylindrical asperities 

respectively. 
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Fig 10. The snapshot of defect microstructure taken using OVITO for 6 nm indenter radius, during 

the scratch process. (a – d) for no asperity case.  (e – l) cylindrical asperity case.  (m – t) spherical 

asperity case respectively. (a-d) corresponds to (i) in Fig. 5, (e-h) corresponds to (ii) in Fig. 5, (i-

l) corresponds to (iii) in Fig. 5, (m-p) corresponds to (iv) in Fig. 5, (q-t) corresponds to (v) in Fig. 

5. The color bar represents the atomic strain, where 0 correspond to no strain (blue) and 0.1 (red) 

correspond to the maximum strain, as shown in (c-d, g-h, k-l, o-p, s-t). Dislocations seen in (b, f, 

j, n) represents the no-asperity and asperity surfaces and are plastically deformed. No dislocation 

is observed in (r) even though the asperity is plastically deformed because the dislocations moved 

on to the surface. Atoms at perfect lattice locations are not shown for better visualization of defects. 
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Fig 11. Total number of dislocation segments evolved during scratch process for indenter radius 

of (a) 3nm. (b) 4nm, (c) 5nm, and (d) 6nm. Dislocation formation represents the plastic 

deformation, from the graph we can say that the surface with and without asperities have plastically 

deformed. 

 

2.4 Conclusions 

In this study, we perform molecular dynamics simulations to understand the variation of 

COF with different indenter radii, for single crystal aluminium with asperities (spherical and 

cylindrical) and without asperity surfaces. We also examine the evolution of microstructure during 

the nanoindentation and scratch process. Our results show that the nanoindentation force, scratch 

force and constant average normal force increases as the indenter radius increases, but the increase 

in scratch force is much lower compared to the normal force. This suggests that the COF decreases 



 

35 
 

with the increase in the indenter radius. We found that the COF is lower for spherical asperity 

surfaces, if the indenter radius is less than or equal to 4 nm; and COF is lower for cylindrical 

asperity surfaces, if the indenter radius is greater than or equal to 5 nm. This is because for indenter 

radius less than or equal to 4 nm the spherical asperity has lower contact area between the indenter 

and the asperities compared to cylindrical asperities; this trend reverses when the indenter radius 

is greater than or equal to 5 nm. Moreover, our results show that a smooth surface has higher 

frictional force and lower COF for indenter radius less than 6 nm, when we compare with asperity 

surfaces (frictional force is lower). The average COF for the asperity surfaces are approximately 

equal or lower than the smooth surface, if the indenter radius is greater than 6 nm. This leads to 

the conclusion that with an appropriate indenter and asperity sizes (or two interacting surfaces), 

we can make surfaces with lower COF compared to smooth surfaces. Higher frictional force on 

smooth surface could lead to surface fracture 26. Therefore, surface texture (asperities) would help 

in reducing the frictional force at the nanoscale.  The prismatic loops are observed in no-asperity 

case but not in cylindrical and spherical asperity surface cases. Surfaces with and without asperities 

are found with the formation of surface steps because the dislocation loops move toward the 

surface during the scratch process. The computational models developed in this study and the 

results from this study could guide the experiments in designing surfaces at the nanoscale. For 

example, to design two interacting surfaces with a targeted COF value, the nanoscale asperity size 

and shape can be preselected. This is especially useful for bio-inspired surfaces that have multiple 

applications. Future work include studying different asperity and indenter radii to find the general 

trend between asperity size and indenter size to reduce frictional properties. Furthermore future 

studies also include asperities with core-shell structures and how the thickness of core and shell 

affect the frictional properties.  
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Chapter 3 

3. Paper 2: Mechanical behavior of core-shell nanostructures 

Raghuram Reddy Santhapuram, Douglas E. Spearot, Arun K Nair 

Abstract  

Nanotexturing reduces the effective contact between surfaces in relative motion, which can 

result in a lower coefficient of friction. However, nanotextured surfaces lack structural integrity, 

resulting in permanent deformation even at moderate contact forces. Therefore, core-shell 

nanostructures (CSNs) have been developed to protect the structural integrity of nanotextured 

surfaces. These CSNs can withstand higher contact forces, might include some plastic deformation 

(dislocations), but during unloading there is no evidence of residual plastic deformation. Therefore, 

the CSN is deformation resistant. In the current study, molecular dynamics simulations are used 

to study the effect of core (aluminum) radius, shell (amorphous-silicon) thickness, and the random 

atomic distribution in the amorphous shell, on mechanical properties of core-shell nanostructures. 

The results suggest that core radius does not have a significant influence on the initial plastic 

deformation of the CSN. The shell thickness should be chosen so that the core to shell ratio is less 

than two to have deformation resistant CSNs. Further we observe that with an increase in core 

radii or shell thickness, the ability of a CSN to fully recover decreases. These results will help in 

the design of deformation resistant surfaces for MEMS/NEMS applications. 

Keywords: Core shell nanostructures, Dislocation starvation, Strain hardening 
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3.1 Introduction 

Due to their large surface to volume ratios, micro-electro-mechanical systems (MEMS) 

and nano-electro-mechanical systems (NEMS) devices experience high capillary forces, 

electrostatic forces and van der Waals forces. Therefore, MEMS/NEMS are vulnerable to failure 

mechanisms such as friction, stiction, adhesion and wear 1-5. To combat these failure mechanisms, 

volume confined materials such as nanoparticles, nanopillars, composite nanoparticles and core-shell 

nanoparticles have been incorporated into the design of MEMS/NEMS. For example, recent study 3 

has shown that nanotextured surfaces with core-shell nanostructures significantly enhanced the 

fatigue resistance of the nanostructure without any evidence of plastic deformation. However, the 

dependency between core radius and shell thickness was not explored, i.e., what would be the 

optimal shell thickness for a given core radius that would evidently protect the core-shell 

nanostructure from plastic deformation? Therefore, our objective is to understand the effect of the 

ratio of the core radii to shell thickness undergoing plastic deformation. 

Several studies based on experiments 6, analytical and numerical simulations 7, 8 have been 

performed to understand the physical mechanisms associated with plasticity in nanoscale domains, 

which is necessary to understand the deformation of core-shell nanostructures (CSN). Dislocation 

starvation is prominent among several other mechanisms. This concept is used to describe strengthening 

of a nanosized crystal that contains fewer dislocations compared to the bulk material. Plasticity at the 

nanoscale could be delayed until a few dislocations get nucleated. The initial starvation is more 

significant as the crystal size reduces.  

Another important perspective related to nanoscale plasticity is the evidence of reverse 

plasticity. Reverse plasticity is a nanoscale phenomenon in which dislocations migrate to a surface or 

an interface and are removed during unloading. This phenomenon is observed in nanoparticles during 
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a micro compression test 9. During the compression test of nanoparticles, inelastic deformation requires 

higher stresses whereas recovery (reverse plasticity) is observed at lower loads. This is observed in both 

single phase nanoparticles and composite nanoparticles 10, 11. 

The current study focuses on the deformation of core-shell nanostructures and provides a 

dislocation-based understanding of the effect of core radius to shell thickness ratio under plastic 

deformation. Specifically, we use molecular dynamics (MD) method to predict the mechanical 

properties of an Al core coated with amorphous Si shell under nanoindentation. Further, in this 

study, we explore and quantify microscopic deformation mechanisms such as dislocation 

nucleation, propagation, and recovery along with stress distribution in the core and shell of the 

core-shell nanostructures. Dislocation evolution in CSNs help us to understand the structure 

property relations at the nanoscale. This is analogous to dislocation starvation state and hence the 

high strength of CSNs. The novelty of this research is to predict the presence of dislocation 

starvation mechanism present in CSNs, and the optimization of core radius to shell thickness of 

the CSNs that would most effectively behave as deformation resistant. 

3.2 Materials and method 

 We perform nanoindentation and retraction tests using the Large Scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS) 12 to understand how the core radius to shell thickness 

ratio affects the plasticity within core-shell nanostructures (Fig.1). We study samples with a core 

radius of R = 10 or 30 nm, where for each core radius, the shell thickness variation is t = 5, 10 or 

20 nm. The core consists of aluminum (Al), where the crystal structure is oriented along the x 

[112̅], y [111] and z [11̅0] directions, respectively, and the shell consists of amorphous silicon (a-

Si). An amorphous silicon layer is generated by randomly and uniformly distributing silicon atoms 

in the defined shell region 13, and then energy minimization is performed using the conjugate 
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gradient method so that Si atoms can find local minimum energy positions. The number of Si 

atoms that are randomly distributed is calculated from the total number of crystalline Si that would 

fit in the given region. We use a rigid spherical indenter of 100 nm radius composed of Al atoms. 

The indenter is displaced using a force-based method to perform the nanoindentation and retraction 

process. A 10 nN (negative) force is added to the indenter every 500 ps, which displaces the 

indenter and deforms the core-shell nanostructure. Similarly, during retraction of the indenter, we 

add a 10 nN (positive) force every 500 ps. The MD simulations are performed at a temperature of 

300 K and employ a modified embedded atom method (MEAM) interatomic potential 14. This 

potential 14 shows excellent agreement of generalized stacking fault energy curves for Al and Si 

when compared with ab initio calculations. MEAM parameters for the element pair were 

formulated using a reference NaCl structure to generate stable binary compounds and are validated 

with ab initio calculations and experiments. Further, this potential has been used for calculating 

mechanical properties of core-shell nanostructures (deformation resistance) for binary compounds 

15, 16, hybrid welded joints 17, and metastable phases during age hardening of tertiary compounds 

18, 19. 

 

 

 

 

 

Fig 1. (a) Core-shell nanostructure with rigid Al indenter (b) Cross-sectional view of the core-shell 

nanostructure. Red, green and blue color atoms represent Al substrate, Al core, and a-Si shell 

respectively. The yellow color atoms represent a rigid indenter. Different core radius (R) and shell 

thickness (t) used in this study varies as R= 10 and 30 nm, and t= 5, 10, 20 nm. 
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Periodic boundary conditions are implemented along the x, z directions and a nonperiodic 

boundary condition is employed along the y direction. Several atomic planes (red color atoms) are 

held fixed at the bottom of the samples, as shown in Fig. 1. All samples are subjected to energy 

minimization using the conjugate gradient method. Following this, samples are equilibrated at 300 

K using the isothermal and isobaric ensemble (NPT) for 300 ps while maintaining zero pressure 

along periodic directions. OVITO 20 is used to perform common neighbor analysis and dislocation 

analysis (DXA), which helps to visualize defects including dislocations, stacking faults and the 

distribution of stress in the core and shell generated during nanoindentation. The stresses in the 

samples are calculated using virial stress, as defined by Thompson et al. 21. 

3.3 Results and discussion 

Force based nanoindentation tests are performed on six CSN samples that consist of two 

different core radii and three different shell thicknesses. For the 10 nm core radius, we use three 

different seed parameters for the random atom distribution in the shell and find that the simulation 

method demonstrates good reproducibility under nanoindentation, with less than 5% difference in 

the force versus displacement behavior, indentation depth at first dislocation and stress at first 

dislocation for respective shell thickness of core-shell nanostructures. The force-displacement plot 

for the 10 nm core and 5 nm shell thickness is shown in Fig. 2(a). It is divided into three regions: 

a linear elastic response (region 1), plastic response with low hardening rate (region 2) and plastic 

response with high hardening rate (region 3). As indicated, region 2 is where the plastic deformation 

response of the CSN initiates. Points 1, 2 and 3 indicate the dislocation nucleation point and propagation 

into the core, respectively. The corresponding displacement magnitude and dislocation analysis images 

are also shown in Fig. 2(a). The core-shell interface clearly serves as the source for dislocation 

nucleation. 
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Further, points 4 and 5 in region 3 correspond to high hardening rate and this can be clearly seen 

in DXA images of the corresponding points with an increase in the number of dislocation segments in 

the core of the CSN. Note, the drop in the force in region 1 (see Fig. 2(a)) is due to the accumulation of 

back-stress in CSN. The increase in back-stress in the CSN forced the indenter to bounce back (unload) 

during force controlled nanoindentation. Similar behavior is observed in other samples as well (see Fig. 

2(b)). However, this behavior is not observed as the nanoindentation depth increases because the load 

applied to the indenter is more than the back-stress developed within the CSN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. (a) Force versus indenter displacement (ID) for indentation on a CSN with core radius 10 

nm and shell thickness 5 nm. Points 1-5 in the plot are marked to show the corresponding 

deformation of the core-shell model. The increase in the force after dislocation nucleation is due 

to strain hardening. (b) Force versus indenter displacement for indentation on a CSN with core 

radius 10 nm and shell thickness of 5, 10, and 20 nm. 
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The force-displacement plots for a CSN with 10 nm core radius and shell thickness of 5,10, 

and 20 nm are shown in Fig. 2(b). We observe no difference in the elastic stiffness for the CSN 

with varying shell thickness, but we observe a rightward shift in the regions 1,2, and 3. The shift 

occurs because with increasing shell thickness in the CSN, we need to indent to greater depths to 

nucleate dislocations. From the displacement magnitude images shown in Fig. 2, we observe that 

the shell deforms initially as it first encounters the indenter, and then later core deformation is 

observed. Therefore, with the increase in the shell thickness, we need to deform the shell more to 

generate enough stresses within the core to nucleate dislocations. We observe similar force-

displacement behavior for R=30 nm core. 

The stress corresponding to first dislocation nucleation event in the core is recorded for 

both core and shell separately (see Fig. 3) for all six samples. From Fig. 3(a) we observe that with 

an increase in the shell thickness, the stress associated with dislocation nucleation in the core 

decreases. A more significant decrease in stress in the core is observed in the smaller core radius 

(10 nm) compared to the larger core radius (30 nm). Similar observations were found by Fleming 

et al. 15. For the higher core radius (R=30 nm) CSN, as the shell thickness increases, the stress in 

the shell increases coressponding to stress needed to nucleate first dislocation in the core. This is 

also observed in core-shell nanorods 16 composed of Al and a-Si. For the CSN samples with 10 

nm core radii, there is no trend observed in stress in the shell corresponding to dislocation 

nucleation in the core. That is, stress in shell increased for t=10 nm compared to t=5 nm, and then 

decreased for t=20 nm compared to t=10 nm (see Fig. 3(a)). When stress in the shell corresponding 

to dislocation nucleation is represented by the ratio of core radius to shell thickness (see Fig. 3 (b)) 

we see that an increase in the core/shell ratio increases stress in the shell at the point of dislocation 

nucleation in the core and stablizes. Except one data point, R=10 nm and t=20 nm CSN, the 
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opposite trend is observed in the core for all other samples, i.e., as the core/shell ratio increases 

the stress in the core initially decreases and later stabilizes. This implies that larger core radii do 

not influence the initial plastic deformation of the CSN. Similar comparative results are observed 

experimentally by Fleming et al. 15, although experimental 15 core radii are an order of magnitude 

larger than the samples considered here, the R/t ratios in experiments range between 0.3-3. From 

Fig. 3(a and b) we can conclude that shell thickness should be chosen so that the ratio of the core 

radius to shell thickness should be greater than 0.5 and less than 2 (0.5 < R/t < 2) in order to have 

a strong CSN. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3. (a) Stress at the point of dislocation nucleation in the core and shell for different core-shell 

nanostructure models (C represents core radius; S represents Shell thickness). (b) Stress at the 

point of dislocation nucleation versus ratio of core radius (R) to shell thickness (t). (c) Cross 

sectional view of CSN showing the dislocation nucleation event. Point defects present at the 

interface of core and shell is also displayed. (d) Dislocation density evolution during the 

indentation process for CSN (R=10, t=10 nm). 
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To understand the deformation behavior of CSNs, we analyze different dislocation 

nucleation sources in the core. The point defects are substitutional atoms and point vacancies are 

formed by diffusion between the crystalline core and amorphous shell. We observe that the first 

dislocation nucleation event in the core for the CSN occurs at or near point defects present at the 

crystalline-amorphous interface (see Fig. 3(c)). However, all such events at the interface do not 

lead to dislocation propagation. A few dislocations move back to the interface (see Fig. 3(d), insert, 

less than 0.28 ns). Other dislocations, after the dislocation nucleation event, propagate into the 

crystal and absorb into the interface before further increase in dislocation content (see Fig. 3(d) 

after 0.29 ns and supplementary section S3). This phenomenon is called dislocation starvation, 

which was also observed in several other studies 9, 15, 22, 23. The driving force to escape the 

dislocation to the free surface is the image force from the surface, which increases with decreasing 

sample size 24. After the initial dislocation nucleation, further deformation of the CSN leads to an 

increase in dislocation density. A decrease in core size also increases the critical stress needed for 

dislocation multiplication. Dislocations escape from the crystal before multiplying or interacting 

with each other dislocations resulting in dislocation starved state which further require a very high 

stress to nucleate new dislocations (see Fig. 3(d)). Therefore, smaller crystals are stronger than 

larger crystals and much stronger than bulk materials. 

Fig 4 shows the force-displacement relation during retraction. Specifically, the black curve 

corresponds to the indentation process, while the other colored curves correspond to the same 

relation while unloading or retracting the indenter at different nanoindentation depths. We observe 

that as the depth of the retraction increases, the adhesion force between indenter and the CSN also 

increases. This is because more atoms in the indenter are in contact with the CSN with increasing 

indentation depth.  
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Fig 4. Force versus indenter displacement of CSN (R=10 nm and t=5 nm) during indentation and 

retraction processes.  

 

To study the plastically deformed microstructures of CSNs, we use DXA in OVITO (see 

Fig. 5). The dislocations are represented by thin lines. The lines with green color correspond to 

Shockley partial with 1/6 <112> Burgers vector, blue color characterize the perfect dislocation 

with Burgers vector ½ <110>, yellow color represents Hirth dislocation with 1/3< 001> Burgers 

vector, and pink color represents stair-rod dislocation with 1/6 <110> Burgers vector. We do 

observe shear loops (in the core of CSN) that are formed during the deformation of the CSN (see 

supplementary section, S1 (a)). Further, upon indenting the CSN some of the dislocations move to 

the interface of CSN. 

Dislocation nucleation and propagation in the core for all the CSNs are recorded throughout 

the nanoindentation and retraction process. We observe that CSNs deform twice compared to a 

flat surface with same amorphous and metallic thickness to observe stable dislocations that would 

propagate into the core (see supplementary section, S2). This is because CSNs exhibit a dislocation 

starvation mechanism (see Fig. 3(d) and supplement section, S2 and S3) whereas the flat surface 

sample does not exhibit a dislocation starvation mechanism (see the continuous increase in 
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dislocation density for the flat model in supplement, S2(d)). The dislocation density (DD) for all 

CSNs are calculated approximately 10% after the nanoindentation depth associated with the first 

dislocation nucleation event, as shown in Fig. 5(a). We see that with an increase in the shell 

thickness, the dislocation density in the core decreases (see Fig. 5(a)). This decrease in DD is 

significant in a 10 nm core radius compared to 30 nm core radius. This is because samples with 

smaller core radii experience larger back stress in the core during nanoindentation. Similar results 

are observed by Fleming et al. 13, 15.  

We record the dislocation density for all retraction processes, as shown in Fig. 5(b). The 

recovery of DD is calculated based on indentation depth. An indentation depth (ID) that is more 

than the shell thickness does not indicate that shell has completely deformed because the core also 

experiences deformation with nanoindentation. The ID values (cyan bar plot) in Fig. 5(b) 

correspond to 100% recovery of the dislocation content in CSNs. This is observed for samples 

with core radii of R=10 nm and 30 nm. For the CSNs that are deformed more than the 

corresponding ID values (Fig. 5b, cyan bar plots), we do not observe 100% recovery (orange bar 

plot). The percentage recovery can be varied based on how much farther we indent the CSNs 

beyond the corresponding ID values (cyan bar plots). Therefore, we chose random points from 

force-displacement plots that are beyond the 100% recovery point for retraction studies and 

measured the average recovery percentages of the CSNs (see orange bar plot in Fig 5(b)). Several 

other authors have also observed a 100% recovery of the plastic deformation 3, 13, 16, 25, 26. Since the 

substrate is fixed for CSNs, we observe that substrate effect is predominant for 10 nm core radius 

compared to 30 nm core radius samples. We also notice that the cores of the CSN have retained 

its size and shape after the retraction of the indenter. Further analysis of CSNs (see Fig. 5(b)) 

suggests that CSNs does not undergo plastic deformation if the ID is less than or equal to the shell 
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thickness except for R=10 nm and t = 20 nm CSN. This indicates that for CSN, R=10 nm and t = 

20 nm sample the dislocation nucleation stress has reached earlier compared to other samples. The 

optimal shell thickness for a given core radius that would protect the core-shell structures from 

plastic deformation (0.5 < R/t  < 2, see Fig. 4 (b)) reported in this study matches the ratio (R/t ) 

studied by Fleming et al. 15. The un-recovered dislocations present in the core after retraction are 

mostly sessile dislocations, which are formed by dislocation interactions from different planes. 

The sessile dislocations are immobile, and they are difficult to eliminate without changes in the 

stress state within the CSN. Further analysis suggests that, larger the core radius (here, R=30 nm, 

see Fig. 5 (b)) it is less likely to have 100% recovery of dislocations at the end of the retraction 

process.    

 

 

 

 

 

 

Fig 5. (a) Dislocation density in core-shell samples at a depth that is approximately 10% more than 

the first dislocation nucleation depth. (b) The percentage recovery of the dislocations during the 

retraction process for different core-shell samples. All values related to ID, R and t are in nm. 

 

3.4 Conclusions 

In this study, we investigate the mechanical response and changes in dislocation density 

during nanoindentation and retraction on CSNs by performing large scale molecular dynamics 

simulations. We observe no difference in stiffness for the CSN with varying shell thickness, but 

we observe a shift of regions 1, 2 and 3 towards larger intentation depths, associated with different 
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regions of plastic deformation. We also show that nanoindentation performed in CSNs involves 

concepts of dislocation nucleation and dislocation starvation. Larger core radii do not have a 

significant influence on the initial plastic deformation of the CSN. The shell thickness should be 

chosen so that the ratio of core radius to shell thickness is less than two in order to have deformation 

resistant CSN. Further, we observe that with increases in core radius or shell thickness, the CSN’s 

ability to recover 100% of plastic deformation decreases. Our results provide valuable information 

about the optimal core radius to shell thickness ratio as well as the recovery of CSN that will help 

researchers fabricate CSNs for NEMS and MEMS applications. 
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Chapter 4 

4. Role of grain boundaries in plastic deformation of core-shell nanostructures  

Raghuram Reddy Santhapuram, Douglas E. Spearot, Arun K Nair 

Abstract 

The mechanical properties of metallic systems at the nanoscale can be modified by varying 

their structure and composition. One example of a deformation-resistant structure is a core-shell 

nanostructure (CSN). In the present work, we use molecular dynamics simulations to perform 

nanoindentation and retractions to understand plastic deformation of core-shell nanostructures. 

The core consists of aluminum (Al), the shell is amorphous-silicon (a-Si), and the substrate is 

either crystalline Al or a-Si. The unique aspect of this work is that we study the deformation 

behavior of CSNs that contain symmetric and asymmetric grain boundaries in the core with two 

different orientations; comparisons are made to deformation in a CSN with a single crystal core. 

Nanoindentation on CSNs with 5 nm and 10 nm core radius shows that the elastic stiffness with 

and without a grain boundary are similar when the substrate material is the same. 5 nm core radius 

CSNs with a-Si and Al-substrates and an asymmetric tilt grain boundary in the core show 100% 

recovery from dislocation plasticity, but damage within the core leads to reduction of  ~50% of the 

atoms that no longer being identified as FCC crystal structure, which makes these CSNs non-

deformation resistant. CSNs with Al substrate (5 nm and 10 nm core radius) obtained 100% 

recovery from plasticity and retained its crystal structure after unloading when the core is single 

crystal or contains a symmetric tilt grain boundary. Moreover, a single crystal core can withstand 

nanoindentation to 100% of the shell thickness whereas, a symmetric tilt grain boundary core can 

only withstand nanoindentation about 80% of the shell thickness and still have 100% recovery 

from plasticity. Therefore, CSNs with single crystal core are more reliable for deformation-

resistant behavior than those that contain grain boundaries. 
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4.1 Introduction 

The development of material architecture through nanoengineering is a renovative 

approach to manipulate the defect landscape of metallic systems to improve their mechanical 

properties 1, 2. Nanotexturing is one of the novel materials architectures that has been used to 

improve surface properties. These nanotextures can be produced using different approaches such 

as plasma-enhanced chemical vapor deposition, thermal evaporation, and lithography 3-5. Each of 

these methods has its own advantages and disadvantages and are best suited for specific 

applications.   

Nanotextured surfaces have shown improved tribological properties at the micro- and 

nanoscale in polymers 6, 7, metals 8, 9, and other materials 10, 11. These nanotextured surfaces have 

potential applications in electronics 12-14, magnetic storage 15, micro-electromechanical systems 3, 

16, and nano-electromechanical systems 3. Unfortunately, nanotextured surfaces lack structural 

integrity when subjected to loading, resulting in permanent deformation of the texture, which leads 

to device reliability issue. Researchers have identified core-shell nanostructures as a potential 

solution to this issue. The core-shell nanostructures are deformation-resistant to compression 

loading and have been identified in several different core and shell materials 4, 17, 18. Further, these 

nanostructures have shown enhanced fracture resistance 1, fatigue resistance 5, and can also have 

complete shape restoration after the load is removed. 

The mechanical properties of materials are associated closely with internal structural 

defects. Among those defects, dislocations are the primary carriers of plastic deformation in 

metallic materials. During indentation, dislocations nucleate from the core-shell interface and 
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escape to the opposite side of the core, because of the small core volume, before they have the 

opportunity to multiply and interact. This leads to a dislocation starvation state 2, 18, 19. Therefore, 

the plasticity of the core-shell nanostructure is accommodated by the nucleation and motion of 

new dislocations rather than by motion and interaction of existing dislocations, as in the case for 

bulk crystals 2, 19. The nucleation of new dislocations requires higher stress; hence it is referred to 

as dislocation starvation hardening. Furthermore, core-shell nanostructures exhibit reverse 

plasticity because of the back stress generated in the core 18. This causes dislocations that are within 

the core when the load is removed to retrace their paths or annihilate during unloading. The 

phenomenon of dislocation starvation and reverse plasticity in CSNs makes them deformation 

resistant. Researchers have performed studies on core-shell nanostructures for different geometries 

17, sizes 4, and to study the effect of core radius and shell thickness 19. Nevertheless, the size-

dependent response of single crystal and polycrystalline cores and the effect of different substrates 

are currently unknown.  

Therefore, in this work, we study differences in the deformation behavior of single crystal 

and polycrystalline cores in core-shell nanostructures. We also study the effect of substrate 

material on the deformation behavior of core-shell nanostructures. The core material is aluminum 

(Al), the shell is amorphous silicon (a-Si), and the substrate is either Al or a-Si. We use molecular 

dynamics simulations to predict the mechanical properties of CSNs under nanoindentation and 

retraction. Additionally, we explore and quantify dislocation nucleation, propagation, and recovery 

of the core-shell nanostructures.  
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4.2 Methods  

4.2.1 Core-shell model description  

Schematics of the core-shell nanostructures are shown in Figs. 1 (a, b). The core consists 

of Al (see Figs. 1 (c, d, e, f, g)), the shell is a-Si, and the substrate is made of either Al or a-Si (see 

Figs. 1(a, b)). The lattice of the crystalline Al core and substrate are oriented along x [1 0 0], y [0 

1 0], and z [0 0 1] directions, respectively. We use a 100 nm radius rigid spherical indenter 

composed of Al atoms. Core-shell models are generated using the Large Scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS) 20 except the core with a grain boundary. The core with 

the grain boundary is modeled using Atomsk 21 and later stitched with shell and substrate materials 

using LAMMPS 20.  

Table 1: Types of core and substrate used in core-shell models. Two different types of cores are 

used in this study: grain boundary and single crystal (SC). The grain boundary core is further 

categorized into two types: symmetric tilt grain boundary (STGB) and asymmetric tilt grain 

boundary (ATGB). R is the core radius, and t is shell thickness. 

Table 1 lists details of the core-shell models studied in this research. We consider two types 

of grain boundaries in this study: a symmetric tilt grain boundary (STGB, see Figs. 1(c, d)), and 

an asymmetric tilt grain boundary (ATGB, see Figs. 1(e, f)). The STGB has a misorientation angle 

𝜃 = 26.6o about the [0 1 0] tilt axis. Whereas the ATGB has a random misorientation angle chosen 

by Atomsk 21 about the [0 1 0] tilt axis. The random misorientation angle of the ATGB later 

calculated is 𝜃 = 45.3o, which is expected to represent a high angle grain boundary. Specifically, 

the grain on the right in Fig. 1(e) is rotated by 𝜃 = 30.8o about [0 1 0] while the grain on the left in 
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Fig. 1(e) is rotated in the opposite direction by 𝜃 = 14.5o about [0 1 0] tilt axis. The core with a 

grain boundary has two different alignments: one where the grain boundary is aligned parallel to 

the [0 1 0] axis, and the other where the grain boundary is inclined 38° to [0 1 0] axis. The volume 

of the two grains is the same when the grain boundary alignment is parallel to [0 1 0] axis, but the 

volume of the two grains is not the same when the grain boundary is inclined, i.e., one grain 

occupies about 35 – 40% of the core volume and the rest is occupied by other grain. The core 

radius to shell thickness ratio is chosen from the optimal range described in Santhapuram et al. 19. 

After creating the core-shell models, Al atoms are deleted at the grain boundary (in the core) and 

at the core-substrate interface when the distance between atoms is less than 2 Å to avoid non-

physical high energy configurations. Similarly, interface atoms between the Al core and a-Si 

shell/substrate are deleted when the separation distance is less than 2.57 Å 22. The a-Si shell is 

generated by randomly distributing Si atoms in the shell and substrate regions, similar to the 

procedure described in Santhapuram et al. 19. 
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Fig 1. A cross-sectional view of the core-shell nanostructure, where the core is made of Al, the 

shell is made of a-Si, and the substrate is either made of (a) Al or (b) a-Si. Two different types of 

cores are used in the core-shell nanostructure (c-f) core with the grain boundary, and (g) core with 

a single crystal. Additionally, two different types of grain boundaries are used in this study (c, d) 

symmetric tilt grain boundary (STGB), and (e, f) asymmetric tilt grain boundary (ATGB). Further, 

two different grain boundary alignments are used (c, e) parallel to [0 1 0] axis and (d, f) inclined 

to [0 1 0] axis.  
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4.2.2 Simulation specifics 

 

The MD simulations are performed using the Large-Scale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS) 20. We use a modified embedded atom method (MEAM) potential 

23 to define the interactions between Al-Al, Si-Si, and Al-Si atoms.  Periodic boundary conditions 

are imposed along the x and z-directions, and a non-periodic boundary condition is used along the 

y-direction. The core-shell nanostructures are relaxed using energy minimization with a conjugate 

gradient method followed by temperature and pressure equilibration for 300 ps using equations of 

motion for the isothermal-isobaric ensemble (NPT). The temperature is maintained at 300 K while 

enforcing zero pressure in the periodic directions. Several atomic layers (1 nm thickness) of the 

substrate are fixed during simulations, as shown with the pink color atoms in Figs. 1 (a, b). The 

simulations consist of two steps. First, we indent the CSNs, and second the indenter is retracted. 

During indentation, the indenter is applied 10 nN (negative) force for every 0.5 ps, which displaces 

indenter atoms and deforms the core-shell nanostructure. This method is called the force-based 

method 19. Once the required indentation depth is reached, the indenter is retracted by adding 10 

nN positive force every 0.5 ps. Throughout the indentation and retraction process, the position of 

the indenter and the force experienced by the indenter is recorded. We use OVITO 24 to visualize 

and track dislocation emission, propagation, and annihilation in the core-shell models through the 

entire simulation. 

4.3 Results and discussion 

4.3.1 Nanoindentation and retraction response of the core-shell nanostructures 

Fig. 2 displays force-indentation curves for the CSNs with 5 nm core radius, 5 nm shell 

thickness, and 5 nm substrate thickness.  Figs. 2 (a, b) correspond to core-shell nanostructures with 

Al substrate and a-Si substrate, respectively. The drop in the force around 3.7 nm to 5 nm is due 
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to buildup in back-stress in the core during indentation, this is observed for all models. Similar 

observations are noted in simulations 19 and experiments 4. Force- indentation curve (see Fig. 2(a)) 

shows a linear elastic region (< 4 nm indentation depth), a plastic region with a low hardening rate 

(4-6 nm indentation depth), and a plastic region with high hardening rate (> 6 nm indentation 

depth). This is consistent with our previous simulations on CSNs 19.  

The different types of cores used in CSNs provide no significant difference in force-

displacement behavior (see Figs. 2 (a, b)) when the substrate material is the same. This indicates 

that the inclusion of a single grain boundary in the core has no significant impact on 

nanoindentation behavior of the CSNs that have similar substrate material. Similarly, the stiffness 

(slope of force-indenter displacement plot) is the same for CSNs with Al and a-Si substrate in the 

linear elastic region (see Figs. 2(c, d)).  However, the force-displacement curves deviate from each 

other during plastic hardening when the substrate materials are different (see Figs. 2 (c, d)). The 

average hardening rate of CSNs with a-Si substrate is higher than CSNs with Al-substrate over the 

plastic region. The increase in stiffness in the plastic region is because dislocations are confined 

in the core (higher dislocation-dislocation interactions) of CSNs with a-Si substrate, whereas for 

CSNs with Al substrate, dislocations can propagate out of the core into the substrate (lower 

dislocation-dislocation interaction). In addition to stiffness difference, the drop in the force appears 

slightly later for the a-Si substrate than the Al substrate for all the CSNs. This is because of free 

volume that is present in a random distribution of a-Si atoms in the substrate (see Fig 2 (e, f), the 

shell, indenter atoms are removed, and the substrate is sliced to 1 nm for clear visibility of voids). 

The Al atoms in the core are forced into the substrate free volume during initial deformation, which 

causes the delay in force drop in the CSN with a-Si substrate (see Fig 2(f)). 
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Fig 2. Force versus indenter displacement in CSNs with (a) Al substrate, (b) a-Si substrate.  (c, d) 

Force versus indenter displacement comparison for CSNs with symmetric tilt grain boundary for 

Al and a-Si substrate, (c) grain boundary parallel to [0 1 0] axis, (d) grain boundary inclined to [0 

1 0] axis. (e, f) CSN with shell and indenter atoms removed, and the substrate is sliced to 1 nm 

thick for clear visibility of voids. (e) Front view of the CSN, (f) Bottom view of the CSN. 

 

The force-displacement behavior during retraction of the nano indenter from the CSN with 

a STGB and Al substrate is shown in Fig. 3. The black curve represents the force-displacement 

behavior of the CSN during the indentation phase, whereas other colors represent the force 



 

66 
 

behavior during the retraction phase at different indentation depths. The retraction points were 

specifically chosen when plastic deformation (dislocations) is observed in the CSN.  

 

 

 

 

 

 

 

 

 

Fig 3. Force vs indenter displacement (ID) behavior of CSN’s (R = t = h= 5 nm) during 

nanoindentation and retraction processes. 

 

4.3.2 Shape recovery of the CSNs 

Table 2: Shape recovery of CSN’s where core is made of single crystal for both Al and a-Si 

substrates. 

 

The radius of the core is measured before nanoindentation and after the retraction for all 

models. Results of CSNs with a single crystal core of 5 nm radius for both Al and a-Si substrates 

are shown in Table 2, but all models show a similar trend. We measure that the core of the CSNs 

with Al substrate has recovered its shape for all the retraction points chosen, even for those whose 

indentation depth is greater than the shell thickness (for example, see Fig. 3 retraction points 4 and 

5). However, when an a-Si substrate is used, the core of the CSNs does not recover its shape, and 
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the recovery percentage generally decreases with an increase in the indentation depth. Therefore, 

from these observations, CSNs with Al substrate can be used for reindentation, whereas CSNs 

with a-Si substrate cannot be used for reindentation. 

4.3.3 Dislocation dynamics during nanoindentation and retraction of CSNs 

We use OVTIO 24 to visualize plasticity in the Al core and substrate using the dislocation 

extraction algorithm (DXA). The initial equilibrated CSN with a grain boundary has dislocations 

in the grain boundary region due to lattice mismatch (see initial points in Fig. 4(a) and insert). 

Further, we use the volume of the crystalline regions (Al) to calculate dislocation density, because 

dislocations are defects that are exclusively present in the crystalline material, but not in 

amorphous materials. For CSNs with Al substrate, core and unfixed substrate volumes are 

combined to calculate dislocation density. For CSNs with a-Si substrate, just core volume is used 

to calculate dislocation density. Several dislocation types are identified by DXA during 

deformation, such as Shockley partials, Hirth, perfect, stair-rod, and other dislocations. Dislocation 

activity, nucleation, and propagation are recorded during nanoindentation for all CSNs with a 5 

nm core radius and are shown in Figs. 4 (a, b). 

We analyze the dislocation nucleation sources in the core. For CSNs with single crystal 

core (Al), the source for dislocations is the interface between the crystalline core and amorphous 

shell. This is similar to our previous study on CSNs 19. For CSN with a grain boundary within the 

core, the source is identified as either the grain boundary in the core or at the core-shell and core-

substrate interfaces. However, not all the dislocation events recorded lead to propagation. A few 

dislocations are forced back to the interface or the grain boundary, and some are absorbed on the 

other side of the interface or at the grain boundary. This elimination of dislocations during the 

deformation process is known as a dislocation starved state. To completely nucleate a new 
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dislocation, a higher force is required. This phenomenon is known as dislocation starvation 

hardening and is observed in both experiments 18, 25 and simulations 19, 26. However, we do not find 

much difference in the dislocation density for CSNs with an Al substrate with and without grain 

boundaries (see Fig. 4(a)). Fig 4(b) shows the dislocation density in CSNs with an a-Si substrate, 

where the core is made of single crystal or has a grain boundary. The dislocations are confined 

within the core as the shell and substrate have an amorphous structure, and hence the dislocation 

density is also lower for CSN with a-Si substrate compared to CSN with Al-substrate (see Fig. 4 

(a, b)). The single crystal core has no dislocations at the beginning of the nanoindentation, but 

dislocations are observed at an indentation depth of 4.2 nm (see Fig. 4 (b)). Later there is a 

fluctuation of dislocation density due to dislocation starvation. For the grain boundary core in the 

CSN with the a-Si substrate, we observe that the dislocation starved state is higher than the single 

crystal core of CSNs (see Fig. 4 (b)).  

Although Table 2 shows strong evidence of deformation resistance, to further identify 

CSNs as deformation-resistant nanostructures, we evaluate the dislocation density after the 

retraction process. We choose five points from the force-displacement plots of CSNs, beyond the 

point of initiation of plastic deformation during nanoindentation. The load is removed, as described 

in Section 2.2, and the average recovery percentage of the CSNs is measured. The recorded 

dislocation density after the retraction process for CSNs with and without a grain boundary is 

shown in Fig. 4(c). From Fig. 4(c) we observe 100% recovery for all the CSNs with a-Si substrate. 

Whereas only one CSNs with an Al substrate (ATGB, with inclined aligned grain boundary) has 

100% recovery. The next best recovery percentage for CSNs with Al substrate is the STGB aligned 

parallel to [0 1 0], followed by single-crystal Al core at 96 and 88 % recovery, respectively. 
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We further evaluated residual damage within the core of the CSNs after retraction to verify 

if the core has retained its crystal structure to be used for reindentation. The damage in the core is 

inspected using common neighbor analysis (CNA) and coordination analysis (radial distribution 

function) in OVITO 24. From the CNA analysis, we observe that no core in the CSNs has 100% 

retained its crystal structure (FCC) after unloading (see Fig. 4(d)). The Al-substrate CSNs with 

STGB parallel aligned core and single-crystal core has retained more than 95% of its crystal 

structure (FCC) in the core (see Fig. 4(d)). The decline of 5% in the number of FCC atoms might 

be due to small changes in the core surface geometry during the indentation/retraction process due 

to dislocation motion. The CSNs with a-Si substrate have retained less than 50% of their crystal 

structure after unloading (see Fig. 4(d)). Further, coordination analysis performed on the core of 

CSNs with Al and a-Si substrate agrees with the retained crystallinity obtained from CNA (see 

Figs. 4(e, f)). The coordination analysis performed on the core (STGB parallel aligned) of CSN 

(with Al-substrate) before indentation and after retraction (for lowest and highest retraction points) 

follows a similar trend, which confirms no residual damage (see Fig. 4(e)). Whereas coordination 

analysis performed on the same CSN with a-Si substrate shows residual damage after retraction, 

implied by the reduction in peak intensities and broadening of the peak profiles (see Fig. 4(f)). 

Therefore, comparing the percentage recovery (see Fig. 4(c)), percentage retained of FCC atoms 

(see Figs. 4(d-f)), and coordination analysis (see Figs. 4(e, f)) of the CSN, we can conclude that 

not all CSN are reliable to undergo a reindentation process, particularly the CSNs with a-Si 

substrate. This is because CSNs with a-Si substrate has the lowest crystallinity left after unloading, 

which makes the CSNs non-deformation resistant and unreliable for further loading conditions. 

Therefore, from Figs. 4(c, d), we can conclude that CSNs with STGB (parallel aligned grain 

boundary) and single crystal core are reliable to attain deformation-resistant behavior.  
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Fig 4. Dislocation evolution during nanoindentation of the CSNs (R = t = 5 nm) with (a) Al 

substrate, (b) a-Si substrate.  (c) The average percentage recovery of dislocations after retraction 

for all the CSNs. (d) Percentage retained FCC atoms (Al) after retraction for all the CSN’s. 

Coordination analysis performed on CSN before indentation and after retractions for STGB core 

with (e) Al-substrate, (f) a-Si substrate. The radial distribution function (e, f) is computed using 

only the atoms in the core. Therefore, the radial distribution function does not converging to 1.0 

as pair separation increases because the normalizing factor for the radial distribution function is 

the entire volume of the simulation cell.  
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We further investigate the influence of a STGB on CSN behavior for a larger core radius 

(10 nm) using an Al-substrate (see Fig. 5). The quantitative dislocation analysis using DXA (see 

initial points in Fig. 5(a)) suggests that the core with a STGB has dislocations at the grain 

boundaries and core-substrate interface even before applying the load. Similar observations are 

noticed for CSNs with smaller core radii. Whereas for the single crystal core, the CSN is 

dislocation free at the beginning of the indentation, and later an increase in dislocation density is 

observed after 9 nm indentation depth. The dislocation density of these two cases has no noticeable 

variation after the indentation depth of 10 nm, which is equal to shell thickness. After the 10 nm 

indentation depth, the dislocations propagate into the substrate and therefore can increase in their 

line length. Further, we performed retractions at several points and calculated recovery percentages 

for all samples. From Fig. 5 (b), we can see that CSNs with STGB and single crystal cores all have 

100% recovery. In fact, STGB has more than 100% recovery, because some of the initial 

dislocations in the grain boundaries were also annihilated after retraction. For retraction points 

greater than 8 nm indentation depth, dislocations remain in the substrate (see Fig. 5(b), inserts 2 

and 3), which makes the CSN unreliable for reindentation. However, for single crystal CSN, we 

see less than 60% recovery for the retraction points after 10 nm indentation depth (see Fig. 5(b), 

inserts 5 and 6), but we observe 100% recovery for the retraction points before 10 nm indentation 

depth (see Fig. 5(b), insert 4).     
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Fig 5. (a) Dislocation density evolution during nanoindentation on CSNs for R = t = 10 nm (b) 

Percentage recovery of dislocations after retraction at various ID for symmetric tilt grain boundary 

parallelly aligned to [0 1 0] axis and single crystal cores of the CSN’s whose R = t = 10 nm. The 

inserts 1-6 in (b) shows the final DXA analysis of CSN after retraction. 1 and 4 inserts in (b) show 

no dislocations in the substrate and 100% recovery from plastic deformation, which makes the 

CSNs deformation resistant. If the deformation for CSN for STGB core is more than 8 nm (inserts 

2, 3) and for single crystal (SC) core is more than 10 nm (inserts 5, 6), dislocations are present in 

the substrate after retraction which makes this CSN non-deformation resistant.  

 

4.4 Conclusions 

The mechanical response and evolution of the dislocation density within CSNs are 

characterized by nanoindentation and retraction processes using molecular dynamics simulations. 

For crystalline and a-Si substrates, we observe no difference in stiffness for the CSN in the elastic 

region, irrespective of whether the core has a grain boundary or not. However, CSNs with a-Si 

substrate have higher stiffness in the plastic (low and high hardening rate) regions than the CSN 

with Al substrate. CSNs with a-Si substrate show residual damage in the core after retraction; 
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therefore, these CSNs are not considered to be deformation-resistant. The STGB (parallel 

alignment) and single crystal CSNs with Al–substrate performs better than ATGB in terms of 

dislocation recovery and retains a more significant fraction of FCC atoms, which makes single 

crystal and STGB CSNs deformation-resistant. However, CSNs with a single crystal core can 

withstand nanoindentation equal to 100% of the shell thickness whereas, CSNs with a STGB core 

can only withstand nanoindentation about 80% of the shell thickness and still have 100% recovery. 

Thus, for less than 10 nm core radius, single crystal core is the most suitable for nanotextures used 

in tribological applications.  
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Chapter 5 

5. The effect of dimensional parameters of multi-asperity surfaces on friction at the 

nanoscale 

Raghuram Reddy Santhapuram, Colin Phelan, Min Zou, Arun K Nair 

Abstract 

Experiments have shown that nanoscale surface texture can effectively reduce the 

coefficient of friction (COF) between contact surfaces compared to a smooth surface. However, 

recent simulation work by Santhapuram et al. [1] demonstrated that not all textured surfaces would 

have lower COF than smooth surfaces, as COF also depends on the counter surface radius. In the 

current study, we use molecular dynamics on an aluminum surface to investigate a relationship 

between the spherical counter surface radius ( R ) and the surface texture variables such as radius 

of the asperity ( r ), and pitch length ( L ) that would effectively reduce the COF when compared 

to a smooth surface. A relationship is obtained, and it predicts that textured surfaces have lower 

COF than a smooth surface when R /(2 L  –  r ) is greater than 1, otherwise textured surfaces have 

higher COF than the smooth surface. The relationship obtained is verified by using different 

surface texture variables and other material surfaces such as silver-nanodot spherical textured 

surface, and the core-shell spherical textured surface. Further, the trend predicted by the 

computational model agrees with experiments performed on core-shell spherical textured and 

smooth surfaces. 

Keywords: Nanodot spherical texture surface, Core-shell spherical texture surface, Smooth 

surface, Molecular Dynamics, Coefficient of Friction  
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5.1 Introduction 

Understanding nanoscale wear and friction is considered critical and necessary for 

developing applications such as nano-electromechanical systems. The friction and wear of 

nanoscale materials can be measured using experiments such as nano scratch test 1, and the surface 

deformation can be analyzed using transmission electron, scanning electron, scanning tunneling, 

and atomic force microscopes . Besides experimental techniques, atomistic modeling has become 

a powerful tool to understand friction, wear, and failure modes of materials at the nanoscale.  

At the nanoscale, contact theories are developed based on the foundation of single asperity 

contact that led to contact models for a rough surface 2-4. This contributed to multi-asperity contact 

research for various materials in both experimental and computational studies. Tong et al. 5 

performed computational studies to find the adhesive effect of textured surfaces by considering 

different texture shapes, heights, and spacings between them, showing that surface texture can 

effectively reduce the friction and they also investigated 6 nanoscale sliding contact of two- 

dimensional textured surfaces. Their results suggest that the average frictional force can be reduced 

by approximately 90 percent when the counter surface with radius R is in contact with isosceles 

trapezoid textured surface. Several other researchers have also performed simulations and 

experiments on nano and micro-textured surfaces by varying asperity radius 7-10, counter surface 

radius 8, 9, 11, 12, the positioning of the asperities 7-11, 13, 14, and the counter surface velocity 8, 9, 14. All 

these studies conclude that the textured surface would effectively reduce friction; however, a 

relation between the counter surface and the textured surface was not reported for multi-asperity 

surfaces. 
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The radius of the counter surface tip during friction tests has a significant impact on the 

measured COF values 6, 11, 12, 15-18. The greater contact area of larger tips causes an increase in 

average friction forces recorded on smooth surfaces. However, when measuring the COF of a Ni 

nanodot-pattern surface, Wang et al. 12 recorded a COF four times greater with a 1 𝜇m-tip than 

with a 100 𝜇m-tip. The larger tips resulted in a more significant reduction in COF than the smaller 

tips because of a more considerable difference in the contact areas between the tip and the textured 

and the smooth surfaces. Also, less plastic deformation was experienced with the larger tips due 

to lower contact pressure at the interface. Zou et al. 15 studied the difference in COF measured by 

a 5 𝜇m-tip and 100 𝜇m-tip and found that the smaller tip follows the surface topography slope, 

while the larger tip follows the topography of the surface. Due to this, more significant reductions 

of COF are measured by larger tips than the smaller tips when comparing textured and smooth 

surfaces. Similarly, Santhapuram and Nair. (2017) 11 studied textured surfaces with different 

shapes and found that not all textured surfaces could reduce friction, but COF is dependent on the 

counter surface radius, which is in contact with the textured surface. They found that for a lower 

counter surface radius, the friction is higher for the textured surface compared to a smooth surface, 

but for a larger counter surface radius, the friction is lower than the smooth surface.  

Aluminum (Al) surface with texture lacks structural integrity 19, 20. One way to overcome 

this is by coating the textured surfaces with a material that has a higher hardness to form core-shell 

nanotextures. The core is made of Al, and the shell is made of a-Si. Several experimental studies 

20, 21 have shown that core-shell nanotextured surface shield the core from permanent deformation 

and still have a lower COF compared to smooth and textured surfaces without the shell. In their 

recent work, Santhapuram et al. 22 found an optimal shell thickness for an Al core textured surface 

coated with amorphous silicon. However, there have been no studies at the nanoscale that have 
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shown a relation between spherical texture surface variables (r, L) and the counter surface radius 

(R) that will lower the friction compared to a smooth surface. Finding a relation between these 

variables could help in designing a textured substrate, and a counter surface for different 

engineering applications to lower friction.  

The focus of this research is to determine a relationship between nanodot spherical texture 

surface (NDSTS) and counter surface variables that would effectively reduce the COF of the 

textured surface relative to a smooth surface. Therefore, to determine COF, we use molecular 

dynamics simulations to perform nanoindentation and scratch tests on aluminum nanodot spherical 

texture and smooth surfaces. The relationship obtained is tested for two different material surfaces, 

namely silver (Ag) nanodot spherical texture and aluminum-amorphous silicon core-shell 

nanostructures. Based on computational model predictions, we perform nanoindentation and 

scratch experiments on aluminum-amorphous silicon core-shell structures to determine the COF. 

Further, this study will also address the microscopic deformation mechanisms of the textured 

surfaces during the indentation and scratch process.  

5.2 Methodology 

5.2.1 Computational method 

We perform molecular dynamics simulations using LAMMPS 23 to determine the COF of 

the textured and smooth surfaces (SS). All samples have periodic boundary conditions along x and 

z directions and non-periodic boundary conditions along the y-direction. All simulations are 

performed at 300 K using isothermal and isobaric ensemble (NPT) while maintaining zero pressure 

along the periodic directions. In this study, we use two types of textured and smooth surfaces. The 

smooth surface consists of crystalline Al (Al-SS), crystalline Ag (Ag-SS), see Fig 1 (a), green 

color atoms), and amorphous Si (a-Si-SS, see Fig 1 (a)). The a-Si-SS is obtained by coating a-Si 
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on the crystalline Al surface along the x-z plane. Two types of textured surfaces are labeled as 

nanodot spherical textured surface (NDSTS) and core-shell spherical textured surface (CSSTS). 

The CSSTSs consists of spherical asperities made of crystalline Al core with radius r = 2 nm and 

a-Si shell with thickness, t = 2 nm (see Fig 1(b, c)). The shell thickness, t = 2 nm, is chosen based 

on an optimal core-shell study by Santhapuram et al. 22. The NDSTSs also consists of spherical 

asperities but built with crystalline Al core or with crystalline Ag core with radius, r = 3 nm and 

shell thickness, t = 0 nm (see Fig 1(b, c), green color atoms). The distance between the center of 

the two asperities along x and z-directions is called the pitch length (L) (see Fig 2). The pitch 

lengths used for NDSTSs and CSSTSs in this study are L= 7, 8, 9, and 10 nm and L = 10 nm, 

respectively. All samples with and without texture have a substrate with dimensions of 35/40/45/50 

nm, 10 nm, and 14/16/18/20 nm along x [1 1 2̅ ], y [1 1 1], and z [1  1̅ 0] directions, respectively. 

The different lengths of crystal in x and z directions are due to the different pitch lengths and 

number of asperities arranged in each direction. The number of asperities arranged along x is 5, 

and 2 in the z-direction. A sample thickness of 10 nm in the y-direction is chosen to avoid the 

substrate effects.  For NDSTSs, the Embedded atom method is used for atomic interaction between 

Al atoms defined by Winey et al. 24 and Ag atoms defined by Williams et al. 25. Further, Atomic 

interactions of Al-Si core-shell nanostructure (Al-Al, Si-Si, and Al-Si atoms) are governed by the 

modified embedded atom method 26 as this potential captures the interface behavior of Al-Si 

composite. All simulations are visualized in OVITO 27 to perform microstructural analysis. 

In this study, we use a repulsive counter surface with force constant, K=10 eV/Å3. The 

repulsive counter surface uses a displacement-controlled approach and does not have adhesive 

forces and will help in extracting geometrical relations. For the chosen texture models: asperity 

radius, thickness, and pitch lengths are kept constant with varying counter surface radius (R). The 
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counter surface radius and its center are chosen such that the radius is greater than the asperity size 

and is at least in contact with two asperities at any given time during the indentation and scratch 

process. This represents the experimental condition where two surfaces with different asperity 

radii are in contact with each other. The counter surface location is chosen between the two 

asperities along the z-direction, and the different R values used in the study are 4.5, 6, 9, 15, 30, 

and 45 nm.  

 

 

 

 

 

 

 

 

 

Fig 1. Nanoindentation and scratch process for a smooth and textured surface (a) smooth surface, 

made of a-Si. (b) CSSTS, substrate, and core are made of Al, and the shell is made of a-Si. (c) 

cross-section view of the CSSTS, the insert describes the CSSTS attributes, where core radius is 

defined with “r” (r = 2 nm), and shell thickness is defined as “t” (t = 2 nm). The green color atoms 

in the model represent crystalline Al atoms, and dark blue color atoms represent a-Si. Orange color 

atoms represent counter surface atoms, and the counter surface radius is defined as R. 

Nanoindentation, and the scratch process is also performed on texture (NDSTS) and smooth 

surface models (made of crystalline Al) with no shell (where t = 0 nm).  

 

The simulation methodology for the repulsive counter surface is implemented using the 

same method as described in Santhapuram et al. 11. This approach is named as the displacement-

controlled method because the position of the counter surface on top of the substrate can be 
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accurately guided using an applied velocity. The indentation depth of the counter surface in 

displacement-controlled method simulations are 1 and 1.5 nm. Once the indentation depth is 

reached along the y-direction, the counter surface is moved along the x-direction to scratch the 

surface. The counter surface velocity is 5 m/s for both the indention and scratch process.  

The counter surface center is chosen to coincide with the center of two asperities along the 

z-direction 11, such that it always has contact with at least two asperities, as shown in Fig 2. As the 

counter surface radius increases, the initial point of contact p (see Fig 2) would shift from sides of 

the asperity to a contact point on the top of the asperity, where p value decreases from a maximum 

of r to 0 (see Fig 2). The indentation depth is kept constant for all counter surface radii used. i.e., 

if the counter surface is in contact with the sides of the asperities where p = 5 Å, we indent 5 Å 

more to have an indentation depth of 1 nm from the top of the asperity. If the counter surface is in 

contact with the top of the asperity, the asperity is deformed about 1 nm, so that the indentation 

depth is constant for varying counter surface radii. From our previous work 11, we found that as 

the counter surface radius increases and has crossed a certain value, the COF of the textured surface 

decreases compared to the smooth surface. In that study, the only variation other than the counter 

surface radius is the initial contact point of the counter surface on the textured surface. Therefore, 

it is assumed that the initial contact point of the counter surface on the asperity should be less than 

q (an unknown number) percentage of r to have lower COF for textured surfaces compared to 

smooth surfaces. Hence, we derive an analytical equation with parameters r, L and R that would 

affect the COF of the surfaces that would come in contact and are described below. The q % is 

obtained from the MD simulations, as discussed in section 3.1 
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Fig 2. Schematic derived from the model, which represents the initial interaction between the 

counter surface and the asperities. R is the counter surface radius, r is the asperity radius, L is the 

pitch length between the asperities, h is the distance between the center of the counter surface and 

the substrate when counter surface meets the asperities. p represents the distance at which the 

counter surface contacts the asperities from the top of the textured surface. 

 

𝑝 < (𝑞 %) 𝑟 (1) 

𝑟 − 𝑎 < (𝑞 %) 𝑟 (2) 

𝑟 − 𝑟𝑐𝑜𝑠(∅) < (𝑞 %) 𝑟 (3) 

1 − cos(∅)  < 𝑞 % (4) 

1 − cos(90 −  𝜃)  < 𝑞 % (5) 

1 − sin(𝜃)  <  𝑞 % (6) 

1 − (
ℎ

𝑅 + 𝑟̅̅ ̅̅ ̅̅ ̅) < 𝑞% 
(7) 

(
ℎ

𝑅 + 𝑟̅̅ ̅̅ ̅̅ ̅) > 1 −  𝑞% (8) 
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𝑅 + 𝑟
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5.2.2 Experimental method 

An instrumented nano indenter (TriboIndenter, Hysitron) was used to perform force-

controlled nano-scratch experiments. The TriboIndenter has a two-axis transducer with both lateral 

and vertical force and displacement control and sensing capabilities. The use of both electrostatic 

force actuation and a three-plate capacitive sensor measuring displacements produces a 3 nN 

vertical/normal force resolution, 0.04 nm vertical displacement resolution, and 500 nN lateral force 

resolution. The nano scratch experiments were performed at a constant normal load of 100 𝜇N 

with a scratch length of 8 𝜇m and a lateral speed of 0.2 𝜇m/s. Before each scratch, the indenter tip 

contacts the sample at the center of the scratch under 1 𝜇N normal load, travels 4 𝜇m left from the 

center of the scratch in 10 s, then over the next 10 s, the desired normal load is applied, and the 

scratch was performed from left to right at 8 𝜇m distance. After each scratch is complete, the 

indenter tip reduces the normal load over 10 s to 1 𝜇N, and then travels 4 𝜇m back to the center 

location during the last 10 s of the process. Conical diamond tips with a 60-degree cone angle and 

1 𝜇m and 5 𝜇m radii of curvature were used. A CSSTS, consisting of an Al core of 100 nm in 

diameter and an a-Si shell of 300 nm in thickness, tested in a previous study was used for the 

experiments 28.  

Several techniques were utilized for sample fabrication. Electron beam lithography (EBL) 

and a metal lift-off procedure were used to create the Al nanodot cores. A positive tone electron 

resist (4% dilution of 495k MW poly (methyl methacrylate) (PMMA)) was spin-coated onto a 100 

crystalline Si wafer at 3000 rpm. Next, with an electron beam writer (JBX-9300FS, JEOL Ltd.), 

the electron resist was exposed at a 1 nA of current, 50-kV of accelerating voltage, and beam dose 

of 775–1,000 𝜇C/cm2. These newly formed arrays were developed in a mixture of methyl isobutyl 

ketone and isopropyl alcohol (IPA) with a ratio of 1:3 for 45 s. Afterward, pure IPA was used to 
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rinse the arrays for 15 s. Low-pressure oxygen plasma etch was then used to smoothen the edges 

of the holes opened in the PMMA film. Then, a 100 nm of Al was deposited on the patterned 

PMMA film at a rate of 0.4 nm/s using thermal evaporation (Auto 306D, Edwards Vacuum). The 

sample was then placed within a bath of Remover PG (MicroChem Corp.) heated to 75 °C for 48 

h to remove any surplus PMMA. Finally, 300 nm of a-Si was coated on the resulting regular arrays 

of Al nanodots by plasma-enhanced chemical vapor deposition (Plasma-Therm SLR730). This 

shell material coats both the Al nanodots and the flat area between nanodots. While depositing the 

a-Si, the substrate temperature, radio-frequency power, and silane flow rate were 250 °C, 20 W, 

and 85 sccm, respectively.  

The surface consists of arrays of CSSTSs with 1 𝜇m pitch spacing. The in-situ scanning-

probe microscopy (SPM) of the TriboIndenter was used to image the topography of the CSSTS 

before and after each scratch at a scanning speed of 1 𝜇m/s using the scratch tips. Nanoscratch 

tests were then performed with the tips centered between the CSSTSs on the textured surface, 

similar to Fig 2, and results were compared to scratches performed on a smooth Al/a-Si film 

surface. Normal and lateral forces and displacements were measured in each test, and the measured 

COF of the smooth surfaces, with both tip radii, was calculated as the average ratio of the lateral 

force to the normal force over the scratch length. Similar to the simulations’ COF calculations 

described later in Section 3.1, the COF measured with the 5 𝜇m tip on the textured surface was 

calculated as the average ratio of the lateral force to the normal force over the scratch length, while 

the COF measured with the 1 𝜇m tip on the textured surface was calculated as the average of the 

maximum COF values over the scratch length. The smaller tip radius results in large COF 

fluctuations over the scratch length, while the COF of the larger tip radius has much lower 

fluctuations. 
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5.3 Results and discussion 

5.3.1 Computational model predictions 

We perform nanoindentation and scratch tests to measure indentation and frictional forces 

that assist in predicting the coefficient of friction between a counter surface and the textured and 

smooth surfaces. The initial set of simulations are performed on crystalline Al smooth surface, and 

Al textured surface (Al-NDSTS) using the displacement-controlled method, to find a relation 

between geometrical parameters R, r, and L. Later, we check if the relationship works for different 

material surfaces such as crystalline silver smooth surface (Ag-SS) and corresponding textured 

surface (Ag-NDSTS), and a-Si smooth surface (a-Si-SS) and the core-shell spherical textured 

surface (CSSTS) with crystalline Al core and a-Si shell. Further, the relation is tested with 

experiments using the force-controlled method on a-Si-SS and CSSTSs surfaces. 

Displacement controlled indentation is performed on an Al-SS and the Al-NDSTSs. The 

NDSTS with the core radius, r = 2 nm, and pitch length L = 7 nm is kept constant, and the counter 

surface radius (R) is varied from 4.5 nm to 45 nm. From the indentation results, we observed that 

the stiffness of the textured surface increases with an increase in the counter surface radius (see 

Fig 3 (a)). Similar effects are observed for the smooth surface (see Fig 3 (b)), but an increase in 

stiffness for the smooth surface is higher than the textured surface. This is because the smooth 

surface has a higher contact area compared to the textured surface when both surfaces have the 

same indentation depth. Nanoindentation studies performed for different pitch lengths L = 8 nm 

and 9 nm and by varying the counter surface radius as before also led to similar results. 
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Fig 3. Force vs. indentation depth for varying counter surface radius (R) (a) NDTS with core radius 

r = 2 nm, L = 7 nm. (b) smooth surface, crystalline Al.  

 

After an indentation depth of 1 nm is reached, the counter surface is moved along x-

direction with a constant velocity of 5 m/s to scratch the surfaces (both smooth and NDSTS). The 

scratch test is performed on Al-SS and three different Al-NDSTS with varying pitch lengths of L 

= 7 nm, 8 nm, and 9 nm and different counter surface radii. The COF results for three different 

NDSTS, and corresponding smooth surfaces follow a similar trend. Results for NDSTSs with two 

different pitch lengths (L = 8 nm, and L = 9 nm) and smooth surface samples are shown in Fig 4. 

The scratch and normal force of both smooth and NDSTSs increases with an increase in the counter 

surface radius. A previous study 11 has shown similar observations. The COF is calculated using 

Amontons-Coulomb law under the high load approximation 29, which is the ratio of scratch force 

to the normal force. The average COF for a smooth surface is calculated in the dynamic region 

over the scratch length, where COF fluctuates around a constant value. For textured surfaces, the 

COF is calculated, as described in Santhapuram and Nair. (2017) 11. i.e., for the smaller counter 

surface radius, the COF is calculated by taking the average of the maximum COF values, because 

of the higher fluctuation of COF values. For the larger counter surface radius, the COF is calculated 

as an average of the COF values in the dynamic region over the scratch length, because of lower 
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fluctuation in COF values. The average COF calibrated for textured and smooth surfaces are 

plotted against the analytical relation from equation 9, see x-axis of Fig 4a. The COF data for 

different pitch lengths revealed that when the analytical relation is less than 0.967, the COF for the 

textured surface is higher than the smooth surface. If the analytical relation is greater than 0.967, 

the COF for the textured surface is lower than the smooth surface. The value 0.967 is further used 

to calculate the initial contact point of the counter surface on the textured surface such that textured 

surfaces would have lower COF compared to the smooth surface. Therefore, we use the value of 

0.967 to simplify the analytical equation further. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4. This plot represents COF for textured surface vs. analytical equation (bottom horizontal 

axis) between the counter surface and textured surface parameters, and COF for smooth surface 

vs. counter surface radius (top horizontal axis)  at the indentation depth of 1 nm.  (a) Al-NDSTS 

with r = 3 nm, L = 8 nm, and the corresponding smooth surface. (b) Al-NDSTS with r = 3 nm, L 

= 9 nm, and the corresponding smooth surface. The textured surface has a lower COF compared 

to a smooth surface when the x-axis (relation) is greater than 0.967. (i, ii, iii, and iv) represents the 

atomic displacement of the textured and smooth surfaces at the end of indentation. (i, ii) atomic 
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displacements correspond to counter surface radius R = 6 nm. (iii, iv) atomic displacements 

correspond to counter surface radius R = 15 nm. The color bar indicates the magnitude of atomic 

displacements, where blue color corresponds to 0 displacement, and the red color corresponds to 

a maximum of 1 nm. 

 

Substituting 0.967 in equation 9, we find the q% from MD simulations.    

 

 

Substituting equation 11 into 1, we obtain 

 

Equation 12 concludes that the initial contact point of the counter surface should be less 

than 3.3% of the asperity radius from the top of the asperity, and if this is satisfied, the COF for a 

textured surface will have a lower COF compared to the smooth surface. We substitute 0.967 in 

equation 9 to simplify the counter surface asperity relation, 

√(𝑅 + 𝑟)2 −   𝐿2/4

𝑅 + 𝑟
 > 0.967 

(13) 

(𝑅 + 𝑟)2 − 𝐿2/4

(𝑅 + 𝑟)2
 > 0.9672 

(14) 

1 −
𝐿2

4(𝑅+𝑟)2
 > 0.9351  (15) 

𝐿2

4(𝑅 + 𝑟)2
 < 0.0649 

(16) 

(
𝐿

2(𝑅 + 𝑟)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) < 0.255 
(17) 

𝐿 < 0.51 (𝑅 + 𝑟) (18) 

𝑅 >̃ 2𝐿 − 𝑟 (19) 

1 − 𝑞 % = 0.967 (10) 

𝑞 = 3.3 % (11) 

𝑝 < (3.3 %) 𝑟 (12) 
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𝑅

2𝐿 − 𝑟
 > 1 

(20) 

 

This shows that the relation R/(2L – r) should be greater than 1 to have a lower COF for 

the textured surface compared to the smooth surface. From Fig 4 (a, b), we see that the difference 

in COF values between textured and smooth surfaces on the left side of the red dotted line, which 

is much higher than the right side of the red dotted line. This difference is explained in terms of 

the final displacement of the atoms (see Fig 4 (i, ii, iii, iv)) at the end of the indentation. Fig 4 (i, 

iii) and (ii, iv) represent displacements of atoms that correspond to smooth and textured surfaces, 

respectively, at the end of the indentation. Textured surfaces have less displaced atoms (see Fig 4 

(ii, iv)) compared to the smooth surfaces (see Fig 4 (i, iii)) at the same indentation depth, and it is 

independent of the counter surface radii. This shows that the textured surface has a lower contact 

area compared to the smooth surface. As the counter surface radius increases, the difference 

between the contact area of the smooth and textured surface decreases because of low indentation 

depth of 1 nm used in this study. The lower disparity in contact area results in a lower difference 

in COF values. 

Moreover, for a lower counter surface radius (example R = 6 nm), the counter surface is 

trapped between the textures, and this can be observed before and (see Fig 5 (a)) after indentation 

(see Fig 4 (ii) and Fig 5 (b)). From Fig 5 (b), we observe that part of the textured surface will 

obstruct the counter surface displacement in the scratch direction. Therefore, the counter surface 

needs to completely deform the material that is obstructing it from scratch process, which increases 

the scratch force. This increases the COF of the textured surface during scratch for a smaller 

counter surface radius. For higher counter surface radius, for example, 15 nm, the counter surface 



 

92 
 

lies on top of the asperity before (see Fig 5 (c)) and after indentation (see Fig 5 (d)) the obstruction 

by the texture in the scratch direction is low, which leads to a lower COF.   

 

 

 

 

 

 

 

 

 

Fig 5. Schematic representation of textured and counter surface (a, c) before indentation and (b, d) 

after indentation. (b, d) represents probable asperity obstruction during the scratch process along 

x or z-direction. Example (a, b) r = 3 nm, R = 4.5 nm, (c, d) r = 3 nm, R = 15 nm (part of the 

counter surface is shown for better visualization). As the counter surface radius increases, the 

asperity material obstruction during the scratch decreases and vice versa. 

 

The relation predicted in the previous section is tested for different materials with varying 

r and L values. This relation is tested using the displacement-controlled method by changing the 

parameters of the NDSTS (see Fig 6 (a)) and by changing the material of the NDSTS and smooth 

surfaces (see Fig 6 (b)). The new material used to verify the relation is silver (Ag). The change in 

the parameters of the textured surfaces is r = 4 nm and L = 10 nm. These parameters remain the 

same for Ag-NDTS. From Fig 6 (a, b), we see that the change in parameters of the textured surface 

and material are both satisfying the relation. Furthermore, the relation is tested for CSSTS and a-

Si-SS at different indentation depths. For CSSTS and a-Si -SS, the indentation depths studied are 
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1 nm (see Fig 6 (c)) and 1.5 nm (see Fig 6 (d)). From Fig 6 (c, d), it is clear that the R/(2L – r) 

relation satisfies CSSTS and also for different indentation depths. Comparing the COF values of 

CSSTS (see Fig 6 (c)) and NDSTS (see Fig 4 (a, b), and Fig 6 (a)) at 1 nm indentation depths 

suggests that CSSTS has lower COF compared to NDSTS. A similar trend was reported by 

previous experimental studies, where the CSSTS have a lower COF compared to NDSTS 19, 28.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6. This plot represents the COF for textured surface vs. geometrical relation (bottom horizontal 

axis)  between counter surface and textured surfaces, and COF for the smooth surface vs. counter 

surface radius (top horizontal axis). (a, b) NDSTS with asperity radius r = 4 nm and pitch length, 

L = 10 nm at indentation depth of 1 nm. (a) Al. (b) Ag. (c, d) CSSTS, with core radius r = 2 nm, 

shell thickness t = 2 nm, and a pitch length, L = 10 nm. (c) at an indentation depth of 1 nm. (b) at 

an indentation depth of 1.5 nm. Textured surface has lower COF compared to the smooth surface 

when R/(2L – r) is greater than 1. 
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The trends observed from computational and analytical predictions between textured 

surfaces and counter surfaces are put to the test using nano scratch experiments. Since the relation 

obtained in this study predicts the geometrical parameters, here we are trying to test equation 20 

for different CSSTSs sizes at the nanometer scale. Due to limitations in experiments, we cannot 

develop the same CSSTS radius and thickness similar to computational models. However, the 

calculated ratio of R, r, and L for CSSTS and counter surfaces used in experiments, and the trends 

for COF are compared. 

5.3.2 Experimental results 

5.3.2.1 Surface topography 

Fig 7 and Fig 8 are the SPM images of the smooth surface and the CSSTS captured before 

and after the scratch tests using the 1 𝜇m- and 5 𝜇m-tip, respectively. There are noticeable tip 

convolutions as seen in the differences in the shape and size of the CSSTSs in Fig 7 and Fig 8 and 

those in the SEM images reported in Fleming et al. 28. These figures also show the non-uniformity 

of several CSSTSs in the array, with varying heights and diameters. The 5 𝜇m-tip scratches along 

several more CSSTSs than the 1 𝜇m-tip because of the increased contact area. Minor plastic 

deformation was recorded for both tip sizes on the smooth surfaces, with the deformation caused 

by the 1 𝜇m-tip (~6 nm) being more substantial because of its sharpness compared to the 5 𝜇m-tip 

(~3 nm).  
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Fig 7. SPM images of the surface topography measured by the 1 𝜇m-tip. (a) Smooth and (b) 

textured surface before the scratch test with the scratch path shown, respectively. (c) Smooth and 

(d) textured surface after the scratch test. (Courtesy of Colin Phelan, Dr. Min Zou’s lab at the 

University of Arkansas). 
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Fig 8. SPM images of the surface topography measured by the 5 𝜇m-tip. (A) Smooth and (B) 

textured surface before the scratch test with the scratch path shown, respectively. (C) Smooth and 

(D) textured surface after the scratch test. (Courtesy of Colin Phelan, Dr. Min Zou’s lab at the 

University of Arkansas). 

 

5.3.2.2 Friction measurements 

Similar to simulations, the average COFs of both the 1 𝜇m-tip and 5 𝜇m-tip scratches on 

the smooth and textured surfaces under 100 𝜇N normal loads are shown in Fig 9. For the 1 𝜇m tip, 

the smooth surface displayed a 56% lower COF than the textured surface. During the scratch on 

textured surfaces, the tip moves between two rows of CSSTSs. When in contact with CSSTSs, the 

tip rises and lowers with the topography of the CSSTSs, and the contact pressure also causes the 

CSSTSs to deform, both increase the COF. When the tip is not in contact with any CSSTSs, it is 

scratching on the flat areas between the CSSTSs, resulting in similar COF to the smooth surface. 
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For the 5 𝜇m-tip, the textured surface displayed a 31% lower COF than the smooth surface. During 

the textured scratches, the tip moves on top of several CSSTSs reducing its contact area compared 

to the smooth surface and thus reduce the COF. 

 

 

 

 

 

 

 

 

 

 

Fig 9. COF vs. relational geometrical parameter (bottom horizontal axis) between the CSSTS and 

smooth surfaces for 1 𝜇m- and 5 𝜇m-tips (top horizontal axis) with 100 𝜇N loads. (Courtesy of 

Colin Phelan, Dr. Min Zou’s lab at the University of Arkansas). 

 

The COFs measured by the 5 𝜇m-tip on both the smooth and textured surfaces are smaller 

than those measured by the 1 𝜇m-tip with a 17% and 75% reduction, respectively. The 1 𝜇m-tip is 

sharper, creating more deformation than the 5 𝜇m-tip due to high contact pressure, resulting in a 

higher COF on the smooth surface. Scratching over a non-uniform CSSTS affects the 1 𝜇m-tip 

more than the 5 𝜇m-tip because the 1 𝜇m-tip must travel the profile of any CSSTS, uniform or 

non-uniform, resulting in the tip to travel sometimes 10s of nanometers higher than expected. The 

tortuous path of the 1 𝜇m-tip during scratches on the textured surface leads to a higher COF than 

the 5 𝜇m-tip. 
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The simulation-based relation R/(2L-r) predicts that the tested textured surface should have 

a lower COF than the smooth surface for the 5 𝜇m-tip, but not the 1 𝜇m-tip. For the 1 𝜇m-tip, the 

relation results in 0.61, which is less than 1, suggesting the COF for a smooth surface would be 

lower than the textured surface. For the 5 𝜇m-tip, the relation results in 3.03, which is higher than 

1, suggesting the COF for a smooth surface would be higher than the textured surface. Therefore, 

the results of the nano scratch tests seen in Fig 9 agree with the simulation-based relation, R/(2L-

r), for the normal load and tip radii tested.  

5.5 Conclusions 

In this study, we investigate the geometrical relation between spherical textured and 

counter surface using computational modeling and analytical method. Computational modeling 

results show that normal force and scratch force are higher for smooth surface compared to 

textured surface and increases with an increase in the counter surface radius. In addition, 

simulation results also predict that when the geometrical relation R/(2L – r) is greater than 1, the 

COF for a textured surface is lower than a smooth surface, else COF for the textured surface is 

higher than a smooth surface. The relation obtained is verified for different textured surface 

variables such as core radii, pitch lengths, and two different materials. Further, the experimental 

COF results agree with computational predictions at the nanoscale. The geometrical relation 

obtained in this study could be validated for other spherical textured surfaces composed of FCC 

or core-shell materials and used to guide the experiments in designing nanoscale texture or counter 

surfaces for engineering applications.  
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Chapter 6 

6. Conclusions 

The objectives defined in section 1.2 have been addressed using molecular dynamics 

simulations. This study predicts the mechanical, frictional, and deformation characteristics of 

multi-asperity surfaces at the nanoscale, without shell (Chapters 2 and 5) and with shell (Chapter 

5). We also studied the indentation and deformation-resistant behavior of single-asperity core-shell 

structures (Chapters 3, 4) at the nanoscale.  

Our initial study finds the effective geometry of the multi-asperity surfaces that would 

reduce friction (Chapter 2). This study also indicates that not all textured surfaces have lower COF 

as COF also depends on the counter surface radius. Further, these textured surfaces deform 

permanently, as evident from our previous research. Therefore, later in this study, we performed 

the indentation study by varying the core radius and shell thickness of the core-shell 

nanostructures. Additionally, we determined the optimal shell thickness for a given core radius of 

the core-shell nanostructure (Chapter 3). This study also suggests that as the indenter contact area 

on the shell of CSN increases, the dislocation density increases within the core of the CSN. We 

also study the effect of core and substrate materials on deformation-resistant characteristics of 

core-shell nanostructures (Chapter 4). Since the initial study suggests not all textured surfaces will 

have lower COF compared to a smooth surface, we performed a parameterized study of the 

geometrical variables on the textured and counter surface to find a relationship between the 

geometrical variables. The relationship obtained in this work would help design the textured 

surfaces that will have lower COF compared to a smooth surface (Chapter 5). The unique 

contributions and understanding drawn from this study are summarized below. 
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1. During the displacement-controlled indentation and scratch test, the indentation force, 

scratch force, and average normal force increases as the indenter radius increases, but an 

increase in the scratch force is much lower than the normal force.  

2. The coefficient of friction decreases with an increase in the indenter radius.  

3. During the scratch process, dislocations move towards the surface and form step for both 

smooth and textured surfaces. 

4. The friction coefficient is lower for spherical asperity surfaces without shell if the 

indenter radius is less than or equal to 4 nm. Further, the friction coefficient is lower for 

cylindrical asperity, if the indenter radius is greater than or equal to 5 nm. 

5. We observe no difference in stiffness for CSNs with varying shell thickness except a shift 

in the elastic and plastic deformation regions towards higher indentation depths. 

6. The ratio of the core radius to shell thickness should be between 0.5 and 2 (0.5 < r/t < 2) 

to have a deformation-resistant behavior for the CSNs. 

7. The CSN with an a-Si substrate has shown phase transformation in the core after 

retraction; therefore, these CSNs are not considered as deformation-resistant. 

8. The symmetric tilt grain boundary and the single-crystal core of CSNs with Al-substrate 

perform better than the asymmetric tilt grain boundary in terms of dislocation recovery 

and crystalline structure retainment, which makes these CSNs deformation-resistant. 

9. Spherical textured surface will have a lower coefficient of friction compared to a smooth 

surface when R > (2L - r). 

10. The relation R > (2L - r) is validated for different materials (Al, Ag, and Al/a-Si (CSN)) 

and also agree with experiments for CSNs for the tested tip sizes. 
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6.1 Future work 

6.1.1 Core-shell nanostructures 

In this study, we found a ratio of core radius and shell thickness that would make the CSNs 

a deformation-resistant nanostructure. But is this also true for a different material combination? 

Further experiments and computational modeling should also be carried out for different material 

combinations while maintaining core material as crystalline and shell material as amorphous to 

characterize if this property is material-dependent or structure independent. 

Further, this study has shown that the single-crystal core performs better in terms of 

deformation-resistence compared to polycrystal core, but the grain radii studied here is less than 

or equal to 10 nm. Is this property going to change for a higher grain radius? Further studies need 

to be performed. Till now, experiments are performed for polycrystal core but not for single crystal 

core.  

6.1.2 Multi-asperity surfaces 

For multi-asperity surfaces, we determined the relation between dimensional parameters 

of spherical multi-asperity and counter surfaces. This relation effectively reduces friction for 

asperity surfaces compared to a smooth surface. This relation is also tested for core-shell multi 

asperity surfaces through simulations and experiments. Will this relation be true for other spherical 

multi-asperity core-shell nanostructures with different material combinations?  This can be tested 

either through a computational approach or through experiments or a combination of both.  
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Appendix A 

Supplementary material for paper 2: Mechanical behavior of core-shell nanostructures 

Raghuram Reddy Santhapuram, Douglas E. Spearot, Arun K Nair 

 

 

 

 

 

 

 

S1. (a) Shear loop formed in the Al core during nanoindentation of core shell nanostructure (CSN) 

with core radius of 30 nm and shell thickness of 20 nm. (b) Number of dislocation segment versus 

simulation time for CSN for core radius of 30 nm and shell thickness of 20 nm. 
 

We observe dislocation starvation mechanism for the CSN (R = 10 nm, see S2.c and S3 

below) but with the increase the core radius the dislocation starvation mechanism becomes less 

prominent as the dislocations need to travel farther distance in order to find the interface. The 

CSNs used in this study, we observe that the initial dislocation nucleates after indenter 

displacement is greater than its shell thickness. However, for a higher core radius (R = 30 nm) 

sample after initial dislocation nucleation event, even a small indenter displacement, we observe 

the strain burst which leads to sudden increase in dislocation segments (see S1.b). This indicates 

that as the R increases the CSN almost behaves like the flat model (see S2.d) except initial 

dislocation nucleation happens at very latter stages (see S2.a, and b). Therefore, for higher CSN it 

is safe to limit the deformation less than the shell thickness as we did not observe 100% recovery 

for higher core radius used in this study (R = 30 nm, See Fig 5 (b) in the manuscript).  
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S2. (a, b) Force versus indenter displacement plots of core shell nanostructure (CSN) with core 

radius of 10 nm and shell thickness of 5 nm: (a) spherical CSN and (b) flat CSN. (c, d) Number 

of dislocation segment versus simulation time for CSN for core radius of 10 nm and shell 

thickness of 5 nm: (c) spherical CSN and (d) flat CSN. 
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S3. (a-o) Represents the dislocation starvation mechanism over indentation simulation time (st) 

for CSN (R=10 nm, t=10 nm). The top images are a representation of the image below without 

atoms. Atoms at perfect lattice position are removed to visualize the dislocations. The 

corresponding dislocation segments versus simulation time plot is shown in the manuscript, see 

Fig 3(d). 
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