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ABSTRACT 

In this research, nanomechanical and nanotribological studies have been performed 

though experiments, finite element analysis, and analytical modeling to obtain maximum 

reliability of different thin film applications in terms of contacts between the surfaces at 

different temperatures and environmental conditions. Three types of contact conditions 

were considered in this study- solid-solid contact for hard coatings, solid-solid contact for 

soft coatings and solid-liquid contacts. One of the applications of solid-solid contact is 

heat assisted magnetic recording (HAMR) that utilizes nitrogen doped carbon overcoat 

(NCOC) or nitrogen doped diamond like carbon (NDLC) to protect the magnetic media. 

Nanotribological and nanomechanical studies were performed at different temperatures 

on NCOCs of different thicknesses (2.5, 3.5 and 4.5 nm). It was found that thicker NCOC 

led to better mechanical behavior and less wear at high temperature conditions, making 

them tribologically robust at high temperature. Due to difficulty in extracting true 

mechanical properties from pure experiments, finite element analysis (FEA) was also 

introduced in this research to determine nanomechanical properties of NCOCs with 

reduced substrate effect. The effect of carbon configuration of NDLCs on their mechanical 

and tribological behavior was also studied and found that higher sp3 carbon contents led 

to better mechanical and wear performance and lower friction at different temperature 

conditions. Graphene oxide (GO), silicon fibroin (SF) and cellulose nanocrystal (CNC) 

nanocomposite was studied as a potential soft biomaterial for wearable electronics, 

thermal interfaces and protecting coatings for cooling components in electronic devices. 

Due to the nature of these applications, creep performance is crucial for overall reliability 

of the composite at elevated temperatures for longer time durations. In this study, 
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nanoindentation creep experiments were performed and FEA was used to determine creep 

properties of GO-SF-CNC coatings at different temperatures. Surface haptics is a state-

of-the-art thin film application where voltage is applied to obtain tactile sensation between 

fingertips and the haptic device. Electroadhesion is a widely used term for the application 

where adhesion between the surfaces is influenced by external voltage. Fingertip contains 

sweat, sebum and moisture, which creates a solid-liquid interface, and this can affect the 

tactile sensation. An improved single asperity electroadhesion model was developed in 

this research to predict interfacial forces at different environmental conditions and the 

model was extended to a rough surface contact model to predict interfacial forces between 

the fingertip and the haptics surface over a finite region. 
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CHAPTER I  

INTRODUCTION  

 

Thin films are being widely used in different applications to protect components of 

unexpected failure. Depending on the applications, thin films need to be as reliable as 

possible, ranging from low temperature to high temperature applications. To ensure 

reliability, mechanical and tribological investigations are integral part of development of 

a new system. Thin films might be hard or soft, depending on whether the hardness is 

higher or lower than 10 GPa [1]. Some newer applications also involve the presence of 

foreign substance, which also effect the overall reliability of the system. This research 

aims at investigating the nanomechanical and nanotribological behavior of different thin 

film systems and predicting interfacial forces and the optimum properties for maximum 

reliability. Also, in one of the cases, a continuum-based nanomechanics model is 

developed and correlated with existing literature. 

One of the state-of-the-art systems that utilizes hard coatings is heat assisted magnetic 

recording (HAMR) technology. As a novel high temperature (HT) application, HAMR 

technology uses diamond like carbon (DLC), also known as carbon overcoat (COC), to 

protect the magnetic materials from permanent deformation, where the magnetic disks are 

temporarily heated to HT using a laser during the writing process [2,3]. Literature shows 

that the laser heating and cooling cycle takes about 1 ns [4]. Temporarily heating makes 

the magnetic disks more amenable to magnetic effects, and increases the areal density, and 

thus data storage capacity. However, in spite of the effectiveness of HAMR, the 
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unidentified outcome of laser heating on the mechanical and chemical stability of the COC 

is of great concern. Also, COC needs to protect the magnetic media from damage due to 

unexpected contact of the recording head on the moving disk, which is critical at HT [5,6]. 

The utilization of nitrogen-doped COC (NCOC) has attracted numerous researchers in 

HAMR applications. Nitrogen doping has been used to improve thermal stability, friction, 

wear, and nanomechanical behavior of DLC [7,8].   

The spacing between the recording head and magnetic media, commonly known as head-

media spacing (HMS) is extremely important for the successful operation of HAMR 

drives. To achieve maximum areal density, HMS needs to be as small as possible [9]. The 

lower the thickness of NCOCs is used, the lower HMS can be achieved. At the same time, 

NCOCs have to be sufficiently robust to protect the media in case of accidental contact, 

especially at HT. The study of NCOC thickness dependence on HT nanomechanical and 

nanotribological behavior has also not received significant attention. In this research, 

nanomechanical and nanotribological experiments were performed to investigate NCOC’s 

behavior with different thickness at different temperature conditions. 

The true mechanical properties of sub-5 nm NCOCs cannot be obtained from pure 

experiments without substrate effect. To maintain robustness of the system, obtaining 

accurate mechanical properties of ultra-thin NDLC coatings at different temperature 

conditions are of great interest. At the same time, nanomechanical properties of other 

components, such as FeCo metal layer and glass substrate are also of great importance for 

overall robustness of HAMR media, especially during high temperature transient 

operations. Finite element analysis (FEA) has been frequently used with nanoindentation 
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to predict nanomechanical properties of thin films without substrate effect. In this case, 

FEA simulations are performed with varying mechanical properties of the material in 

order to correlate with experimental nanoindentation responses. In this research, FEA was 

applied using truncated sphere geometry to accurately predict different HAMR 

components, especially NDLCs, at different temperature conditions. 

Chemical composition also plays an important role for the mechanical and tribological 

reliability of NDLCs. Especially, laser heating to high temperature can lead to changes in 

chemical structure, which may affect the behavior. For this reason, the effects of chemical 

configuration of sub- 5 nm NDLCs on their high temperature mechanical and tribological 

behavior are also of great importance, although it has not received significant attention, 

primarily due to instrumentation challenges. Specifically, sp3 and sp2 hybridized carbon 

contents can affect reliable performance of sub-5 nm NDLCs before and after heat 

treatment, which was not thoroughly studied. This research also aimed at investigating 

carbon configuration of NDLCs and their contribution to mechanical and tribological 

properties. 

Soft thin films are also being used as protective coatings for different medium temperature 

applications. Their mechanical performances are affected by their viscous behavior and it 

needs to be considered to investigate their reliability in a particular application. Graphene 

oxide (GO), silk fibroin (SF) and cellulose nanocrystals (CNC) nanocomposite, also 

known as GO-SF-CNC composite, is a soft novel material which has a potential as 

protective coating of heat sink for electronics cooling applications. Typically, allowable 

maximum temperature of electronics is in the range of 60-70 oC. To ensure mechanical 
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integrity and reliability for practical applications, bionanofilms must exhibit improved 

mechanical behavior at different operating conditions, e.g., elevated temperatures and 

pressures. At the same time, creep behavior of bionanofilms is of great importance for 

longer time exposure to heat and/or applied load. Several researchers have worked on 

temperature dependent and viscoelastic behavior of individual GO, SF and CNC materials 

[10–13]. However, the literature is limited for temperature dependent and creep behavior 

GO-SF-CNC nanocomposites to ensure mechanical reliability for real life applications. 

To ensure long time reliability of the composite at elevated temperature, this research aims 

to investigate creep behavior of GO-SF-CNC composite at different temperatures. 

Liquid droplets between contact surfaces makes the contact as solid-liquid contact, which 

can play an important role for overall reliability of the system. One of the state-of-the-art 

applications with solid-liquid contact is surface haptics which is gaining popularity in 

recent years due to their usage in devices with touchscreens. Surface haptics technology 

makes the touchscreen more engaging and interactive with human fingers. It involves 

interactions between haptic surfaces and fingertips. In order to predict better performance, 

all forces interacting between the two surfaces need to be accurately known. Experimental 

and modeling approaches have been used to understand contact behavior between the 

human fingertip and haptic devices. Haptic devices use electric field to sense the fingertip 

surface, which also can influence the contact performance. Electroadhesion is also a 

widely used term in this field, which is defined as the adhesion due to application of 

voltage on the haptic surface. At the same time, sweat, sebum etc. for finger surfaces also 

changes the moisture content between the two surfaces, affecting the adhesion behavior. 
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Literature shows that friction force between the fingertip and haptics surface increases 

with increasing relative humidity up to a certain limit. In this case, friction force is mostly 

affected due to adhesion between the two surfaces [14]. Adhesion between the surfaces 

largely depends on different interfacial forces. In this study, a single asperity model has 

been developed to predict adhesion forces between the haptics contact surfaces and the 

model was extended to a rough surface contact modeling to investigate interfacial forces 

between two surfaces with moisture content between them. 

 

1.1. Objectives and Approach 

The ultimate goal of the research is to predict optimum properties of thin films for different 

systems. Depending on the applications, nanomechanical properties were first determined 

from experiments using nanomechanical instruments and further modeling was performed 

to predict their behavior. Work flow of the research is shown in Figure 1. According to 

the figure, the research was categorized into three types of contacts for thin film systems: 

1. Solid-solid contact for hard coatings: In this category, nitrogen doped diamond 

like carbon (NDLC)/ nitrogen doped carbon overcoat (NCOC) for HAMR system 

was investigated in Chapters (II-IV). In Chapter II, nanoindentation, nanoscratch 

and nanowear experiments were performed at different temperatures to investigate 

the reliability of NCOCs int terms of film thickness. Elemental analysis was also 

performed to investigate chemical changes before and after heat treatment for the 

samples. For further investigation of true mechanical properties of NDLCs and 

other HAMR components, finite element analysis was also coupled with 
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nanoindentation experiments, and results were discussed in Chapter III. In Chapter 

IV, the effect of carbon configuration on mechanical and tribological behavior of 

NDLCs were investigated using nanomechanical and nanowear measurements. 

Separate NDLC samples of almost the same thickness were used in this study. 

Elemental analysis was also performed to investigate different components the 

films before and after heat treatment. 

2. Solid-solid contact for soft coatings: Creep behavior of GO-SF-CNC was 

investigated under this category in the Chapter V. The thin films were fabricated 

using spin assisted layer by layer (S-LbL) method on a silicon substrate. 

Nanoindentation creep experiments were performed on the samples using constant 

load and hold (CLH) method which involves holding the maximum load of 

nanoindentation for longer period of time. Hardness and reduced modulus of the 

films were determined from the experiments. FEA was incorporated in this study 

to investigate creep properties of the coatings at elevated temperatures.  

3. Solid-liquid contacts: Surface haptics was studied under this category in Chapter 

VI, where the human fingertip-haptics interface behavior can be significantly 

affected by meniscus actions. First, mechanical and surface properties of haptics 

surface were determined using nanoindentations and AFM respectively. 

mechanical properties of human fingertip and other properties were taken from 

literature. Using the properties, an improved single asperity electroadhesion model 

was developed and extended to a rough surface contact model to predict interfacial 

forces between human fingertip and haptics surfaces.  
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CHAPTER II  

HIGH-TEMPERATURE NANOMECHANICAL AND NANOTRIBOLOGICAL 

BEHAVIOR OF SUB- 5 NM NITROGEN-DOPED CARBON OVERCOAT FILMS 

[15]1 

 

2.1. Introduction 

Diamond-like carbon (DLC) is widely used as a protective coating layer due to 

outstanding mechanical properties e.g., high hardness, low friction coefficient (COF), and 

excellent wear performance [9–11]. Depending on the application, various amorphous 

diamonds have been synthesized [12]. Especially in magnetic storage applications, DLC 

is widely used without any competitor due to its chemical inertness, smoothness with root-

mean-square roughness below 1 nm [13]. Possessing high mechanical, thermal and 

chemical stabilities at high temperature (HT) also makes DLC a candidate for elevated 

temperature applications [3,14].  

Nitrogen doped carbon overcoat (NCOC) is a potential protective coating due to its 

mechanical tribological and high temperature reliability. Different types of N-doped COC 

have been synthesized by different deposition techniques [15–18]. Khurshudov et al. [19] 

investigated the mechanical properties of thin coating films of carbon nitride and showed 

a considerable reduction in the COF after doping of carbon structure with nitrogen. In 

 

1 Reprinted with permission from “High temperature nanomechanical and nanotribological behavior of sub-

5 nm nitrogen-doped carbon overcoat films.” by Shakil A, Amiri A, Tang H and Polycarpou A.A. Applied 

Surface Science, p.147662. Copyright 2021 by Elsevier B.V. 
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sliding surfaces, doped nitrogen groups act as a lubricant, reducing the COF and 

subsequently enhancing the wear resistance.   

Experimental results reported by Ferrari et al. [20] confirmed that the relative percentage 

of sp3-hybridized carbon content in COC films show no notable change up to 10% N 

content. Beyond 10% N content in NCOC leads to a sharp drop in the sp3 content, density, 

and hardness [21,22]. Therefore, the nitrogen content of 10% is optimum for maximizing 

N-associated effects on the mechanical properties, in particular COF. Although various 

processes have been applied to fabricate durable thin NCOC films for hard disks, the basic 

understanding of the chemical structure and nanoscale mechanical/wear properties at HT 

have not received significant attention.  

In this study, HT nanomechanical and nanotribological behavior of NCOCs is 

investigated. NCOCs with different thicknesses are studied to investigate the dependence 

of mechanical behavior on coating thickness. Permanent changes in the chemical structure 

are traced by X-ray Photoelectron Spectroscopy (XPS). The nanomechanical and 

nanotribological behavior of NCOCs are compared before and after annealing to 

investigate the effect of heat treatment. Also, connections between chemical and 

mechanical changes are made. 

2.2 Experimental 

2.2.1. Sample description 

A schematic diagram of the cross section of the samples is shown in Figure 2 (a). As 

shown, a FeCo based amorphous metal layer of 200 nm thickness was deposited on a glass 

substrate using magnetron sputtering. The metal layer represents the underlayer in a 
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typical magnetic storage disk. On top of the metal layer, hydrogen rich COC was deposited 

using plasma enhanced chemical vapor deposition. In this deposition technique, plasma is 

created from a hydrocarbon gas precursor by using a hot filament cathode. Then, the 

surface of COC was doped with nitrogen for the purpose of increasing lubricant bonding 

sites. Three different samples with NCOC thicknesses of 2.5, 3.5, and 4.5 nm were 

fabricated and referred to as NCOC-2.5, NCOC-3.5, and NCOC-4.5, respectively. The 

coating thicknesses were measured using ellipsometry.  

Literature shows that HAMR hard drives may reach up to 600 ºC with laser heating [16]. 

However, nanomechanical and nanotribological characterization at high temperatures 

using a diamond indenter has always been a challenge. Diamond indenters are not suitable 

for temperatures equal to or greater than 400 ºC in air environment due to rapid oxidation, 

which may change the topography of the indenter, thereby making the measurements 

unreliable [17]. Therefore, 300 ºC was chosen for elevated temperature experiments in this 

study. Also, multiple data are required for in-situ reliable and repeatable measurements at 

300 ºC. Specifically, scratch hardness and nanowear tests require in-situ SPM 

Figure 2. (a) Schematic diagram of cross-section of the samples; (b) Experimental 

protocol used in this study. 
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measurements by the same tip used for the experiments. Thermal drift is also a major 

concern that occurs due to the expansion or contraction of the sensor while in contact. The 

thermal drift of the transducer increases at elevated temperatures and it needs to be 

minimum for reliable measurements. The instrument takes some time to reduce thermal 

expansion. Overall, the samples were heated for a longer time than they will be subjected 

to real applications in their entire life. By heating for a long time, the robustness of HAMR 

samples can be better understood. 

   The NCOC samples were heat-treated in an inert environment with a heating rate of 150 

ºC/min, as shown in Figure 2 (b), to reach a temperature of 300 ºC for 90 minutes, and 

cooled with a cooling rate of 30 ºC/min. To determine the effect of heat treatment on the 

chemical structure and thermal stability of N dopants, the untreated and heat-treated 

samples were analyzed using XPS. Due to the importance of mechanical behavior of 

NCOC at 300 ºC, all the nanomechanical experiments were performed at 300 ºC, before, 

and after heat treatment.   

 

2.2.2. Nanomechanical experiments 

Nanoindentation, nanoscratch, and nanowear experiments were performed to investigate 

the nanomechanical and nanotribological properties. Except temperature, all three types 

of nanomechanical tests were performed at the same experimental conditions, for direct 

comparison.  A summary of the experimental conditions used in this work are shown in 

Table 1. Set 1 samples were subjected to mechanical tests under air at room temperature 

(RT) and set aside for the mechanical and elemental analyses. Set 2 were heat-treated 
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samples to 300 ºC and were subjected to tests at 300 ºC under argon environment (for 

preventing oxidation of the diamond probe).  

The steady-state condition of the stage (T= 300 ºC) was maintained via heating the stage 

by a heater and cooling it using water to prevent overheating. The force transducer was 

also cooled by blowing air during the experiments. After annealing, the NCOC samples 

were cooled down to RT and kept in an argon environment for 30 minutes. Experiments 

at HT lasted for ~ 90 minutes. The same heating and cooling cycles were repeated for the 

preparation of Set 3 samples. Set 3 samples were mechanically tested under air atmosphere 

at RT to obtain mechanical attributes and nanotribological properties after heat treatment 

process, and were also used for elemental analysis.  

 

Table 1. Summary of sample sets for different experimental conditions. 

 

 

2.2.3. Characterization and instrumentation 

Nanomechanical property measurements were performed using a Bruker TI Premier 

instrument. The instrument was equipped with an HT stage to test samples up to 800 ºC. 

Nanoindentation tests were performed at very shallow depths for the determination of the 

reduced modulus and hardness of the samples. Both nanotribological and nanomechanical 

Sample 

sets 
Experimental conditions 

Experiments 

performed 

Samples tested in each 

set 

Set 1 25 ºC Before heating 
Nanomechanical tests 

and elemental analysis NCOC-2.5 

NCOC-3.5 

NCOC-4.5 

Set 2 300 ºC Nanomechanical tests 

Set 3 25 ºC After heating 
Nanomechanical tests 

and elemental analysis 
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properties were also obtained via nanoscratch. An Omicron XPS system with an Mg X-

ray source was used to acquire the XPS spectra. Sample charging was minimized by 

installing a CN-10 charge neutralizer.  

 

2.2.4. Data collection and processing 

2.2.4.1. Nanoindentation 

In a typical nanoindentation experiment, a preload of 2 µN through a trapezoidal load 

function was applied to the samples to ensure initial contact. The load function shown in 

Figure 3(a) involves several steps: loading linearly to the maximum load in 5 seconds, 

holding the sample to maximum load for 2 seconds to reduce creep effects, and unloading 

linearly to the initial load in 5 seconds. A cube corner indenter with a tip radius of 72 nm 

was employed for shallow indentations. Multiple nanoindentation experiments were 

performed using 11, 13, 15, and 17 µN peak loads. The Oliver and Pharr method was used 

to extract the reduced modulus only [18].  

The contact depth (hc) of nanoindentation is obtained by equation 1.   

S

P
hh max

maxc −=    
(1) 

where Pmax, hmax, and S are maximum load, maximum displacement, and the initial slope 

of the unloading curve, respectively. For cube corner and Berkovich indenters, ε = 0.72. 

The contact area (Ac) was calculated from hc using a predetermined area calibration on a 

standard fused quartz sample. Hardness and reduced modulus are calculated using 

equations 2 and 3, respectively: 
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In equation. 3, β = 1. In this study, only Er was calculated using Oliver-Pharr method for 

a contact depth range of 1.8-4.2 nm. The tip areal function for nanoindentation 

experiments was determined using a fused quartz standard sample, and used for Er 

calculations at room temperature before and after heating. High temperature 

nanoindentations in this study were performed at 300 oC in argon environment, which is 

lower than the oxidation (decomposition) temperature of diamond tip (400 °C) in air 

atmosphere [17]. In another study, the thermogravimetric analysis (TGA) results reported 

by Pu et. al. [19] clearly showed that the oxidization of the purely sp3-diamond crystal 

begins at temperature > 674 °C. Therefore, the experimental conditions lead to no changes 

in the tip topography and the same tip areal function at room temperature was also used in 

this study for high temperature measurements.  

 

Figure 3. Load functions for (a) nanoindentation and (b) nanoscratch experiments 
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2.2.4.2. Nanoscratch 

To obtain reliable measurements using nanoindentation, the indentation depth must not 

exceed 10-20% of the film thickness. For sub-20 nm thin films, it is very difficult to 

measure reliable mechanical properties using nanoindentation due to tip blunting, 

instrument limitations and surface roughness. For these reasons, hardness of thin films 

using nanoindentation were not reported in this study. On the other hand, nanoscratch 

overcomes some of the difficulties by considering normal force, lateral force and residual 

cross sectional area of the scratched region, minimizing substrate effects [20]. 

Nanoscratch can be performed deeper, up to 35% of the film thickness without any 

substrate effect [21]. 

In this study, nanoscratch experiments were performed to measure the scratch hardness 

and COF. To ensure correct mechanical property measurements, a sharp cube corner tip 

of radius 76 nm was used to obtain shallow scratches (and ensuring only the spherical tip 

was engaged during scratch). The substrate effect was reduced by selecting the sharp tip 

and consequently low loads during nanomechanical measurements at HT. Scratch 

experiments were performed as follows (Figure 3(b)): 

1. Pre-scan the surface for 6 µm length with a minimal preload of 2 µN to identify 

any surface tilt correction during scratch; 

2. Traverse the surface with the maximum scratch load for a length of 4 µm; and 

3. Post-scan the surface for 6 µm length and 2 µN to measure the residual depth. 

A maximum scratch load of 8 µN was applied at RT for Set 1 and Set 3 samples. The load 

was reduced to 6 µN at 300 ºC (Set 2) to minimalize plastic deformation effects. In-situ 
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normal and lateral forces, residual depths and COF were measured during the scratch. A 

4x4 µm2 scan of the surface (using the same tip) was performed to image the residual 

surface profile after scratch. 

Tayebi et al. [20] proposed a model that relates hardness (H) and surface traction (s) of a 

material to the normal force (N) and lateral force (F) during scratch. That is: 
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where  is the angle of first contact between the indenter and the material under sliding, 

and it is related to the indenter tip radius (r) and in-situ contact width (w) by equation 5.  
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The in-situ profile was determined by superimposing the residual profile taken after the 

scratch and elastic recovery profile of the surface using Boussinesq theory of potentials. 

Tayebi’s model was originally derived from Goddard’s scratch model where scratch 

hardness was calculated using average flow pressure on a spherical indenter, lateral force 

and friction coefficient. Tayebi’s model includes tangential shear stress components 

during scratch and elastic recovery of the material. The model has been compared with 

other scratch models and FEA to calculate hardness of bulk materials  [20,22] and it has 

also been used to calculate hardness of thin films [21]. However, for elastic recovery 

calculations, elastic modulus of the material needs to be used which can be obtained from 
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other techniques such as nanoindentation. Therefore, nanoindentation experiments have 

been performed and reduced moduli have been reported from nanoindentations in this 

study. 

2.3. Results and discussion 

2.3.1. Elemental XPS analysis 

Elemental analysis was performed to determine changes in the chemical structure of NCOC 

samples after heat treatment. Figure A1 of Appendix A and Table 2 show the survey spectra of 

NCOC samples and the chemical composition of the samples evaluated by XPS. The chemical 

composition after annealing shows ~ 4% drop, which is related to the evaporation of absorbed 

water. In addition, the N content showed no conspicuous change after heat treatment.  

 

Table 2. Sample chemical composition evaluated by XPS (BHT/AHT=Before/After heat 

treatment). 

 

Sample C (At%) N (At%) O (At%) 

sp3 

Carbon 

content 

sp2 

Carbon 

content 

Pyridinic 

N (At%) 

Pyrrolic 

N At%) 

Graphitic 

N (At%) 

Oxidized 

N (At%) 

NCOC-2.5 

(BHT) 

79.12±0.1 9.95±0.1 10.93±0.1 89.11 10.89 7.47 57.72 22.67 12.14 

NCOC-2.5 

(AHT) 

83.96±0.1 9.63±0.1 6.41±0.1 80.63 19.37 2.12 51.36 37.99 8.53 

NCOC-3.5 

(AHT) 

83.77±0.1 9.56±0.1 6.67±0.1 84.54 15.46 2.74 50.23 41.19 5.85 

NCOC-4.5 

(AHT) 

84.91±0.1 8.76±0.1 6.32±0.1 83.77 16.23 4.48 46.62 44.21 4.89 

 

High resolution XPS spectra were also collected to study the terminal groups in detail. 

Figure 4 (a) and 4 (b) depict the C 1s XPS spectrum of NCOC-2.5 sample before and after heat 
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treatment, respectively. The high-resolution C 1s spectra of both samples include four peaks 

by curve fitting. The peaks at ~ 284.0, 284.9, 286.1, and 287.9 eV were attributed to the C=C, 

C-C, C-N/C-O, and C=O bonds, respectively [23]. The C 1s bond showed an obvious sharp 

peak at 284.9, corresponding to sp3 hybridized carbon, which was less-intensified after heat 

treatment, as shown in Table 2. This phenomenon confirmed the partial conversion of sp3- to 

sp2-hybridized carbons after heat treatment at 300 ºC (implying partial graphitization). The 

ratio of sp2/sp3 carbon changed from 12% in 2.5 NCOC (before heating) to 24% in NCOC-2.5 

(after heating). This ratio shows almost the same enhancement in the samples with different 

thicknesses, after heat treatment (Figure 4 (c) and 4 (d)). It verifies that the chemical 

composition of NCOC is not a function of thickness up to 4.5 nm.  

The growth of the sp2/sp3-hybridized carbon ratio makes the structure softer [24]. Growth of 

sp2/sp3-hybridized carbon ratio is in good agreement with the reduction of oxygen content. As 

shown in Figure A1 and Table 2, a small fraction of oxygen-containing groups on NCOC 

surface was decomposed during the annealing procedure, converting some of the sp3 

hybridized carbons to sp2 or remaining some holes instead. Both possible phenomena may 

result in a softer material.   

The chemical configuration of N dopants was also evaluated via analyzing high resolution N 

1s spectrum of NCOC. There are three common N configurations in carbon structures: 

pyridinic N, pyrrolic N, and graphitic N. The N 1s spectra are represented in Figure 4 (e-h). 

They were deconvoluted into four peaks with binding energies of 397.1, 398.8, 400.4, and 

402.2 eV, attributed to the pyridinic N, pyrrolic N, graphitic N, and oxidized N, respectively 

[25–29]. While the atomic percentage of N remained constant during the heat treatment 
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procedure (Table 2, Figure 4 (e) and 4 (f)), the configuration of N atoms was altered. Upon heat 

treatment, an increase in the sp2-hybridized nitrogen (graphitic N and pyridinic N) or a drop in 

the sp3-hybridized nitrogen (pyrrolic N) was obtained, confirming a shift from low-stable to 

high-stable configuration. Similar to the carbon structural change, converting sp3- to sp2-

hybridized nitrogen may play a role in making the material softer.  

The results in Table 2 confirmed that the percentage of pyrrolic N reduced from 57.72 to 

51.36 after heat treatment. On the other hand, graphitic N content increased by 6.7%, which 

indicates a chemically stable and softer. These values were consistent for samples of different 

thicknesses (Figure 4 (e-h)). Despite the presence of relatively low alteration, the chemical 

structure results confirmed the gradual softening of NCOC structure after heat treatment at 

300 ºC.      
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Figure 4. C 1s XPS spectra of (a) NCOC-2.5 (BHT); (b) NCOC-2.5 (AHT); (c) NCOC-3.5 (AHT); 

and (d) NCOC-4.5 (AHT). N 1s XPS spectra of (e) NCOC-2.5 (BHT); (f) NCOC-2.5 (AHT); (g) 

NCOC-3.5 (AHT); and (h) NCOC-4.5 (AHT). BHT/AHT=Before/After heat treatment. 
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2.3.2. Nanomechanical analysis 

2.3.2.1. Nanoindentation experiments 

Figure 5(a), 5(b), and 5(c) depict the load–displacement curves of NCOC samples for the 

three experimental sets. All the tests were performed with a peak load of 15 µN.  The load–

displacement curves showed a right shift with increasing temperature and/or with 

annealing. The maximum indentation depth decreased with thickness and increased with 

temperature. For example, at 300 °C, NCOC-2.5 sample experienced a maximum 

penetration depth of 4.6 nm, whereas for NCOC-4.5 it was 4 nm. 

 

As discussed earlier, nanoscratch experiments offer less underlayer effect, compared to 

nanoindentation, and therefore nanoscratch hardness values were extracted and reported 

in this study. To calculate the nanoscratch hardness, the reduced modulus of the samples 

is required, which were obtained from nanoindentation experiments, Figure 5(d). Despite 

no clear trend for the reduced modulus as a function of thickness, the range of average 

reduced modulus for the NCOC samples dropped from 170-185 GPa to 170-173 GPa after 

heating, implying the presence of a few percentage of permanent deformation (sp3 -to sp2) 

after each heating-cooling cycle.  
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Figure 5. Nanoindentation load-displacement curves of (a) NCOC-2.5; (b) NCOC-3.5; 

and (c) NCOC-4.5 before heating, at 300 ºC, and after heating. (d) Reduced modulus 

values obtained from nanoindentation. Error bars designate  one standard deviation. 

 

2.3.2.2. Nanoscratch experiments 

Figure 6 depicts scanning probe microscopy images and associated height profiles with 

each panel at the maximum-load points for NCOC samples at 25 °C (before heating), 

300 °C and 25 °C (after heating). Upon exposure to the load scratch experiments, a groove 



 

23 

 

formed via the plowing probe on the NCOC samples. The formed grooves offer 

visual characterization as well as comparison of the wear. As shown in Figure 6, before 

heating, the NCOC films of different thicknesses demonstrated faint scratch marks and 

trivial wear near the peak load. On the other hand, the scratch mark becomes clear and 

deeper with increasing temperature to 300 °C. After heat treatment procedure and cooling 

at RT, all NCOC samples featured faint scratch marks again, but slightly deeper than those 

of NCOC samples before heat treatment. It is attributed to the softening of NCOC after 

heat treatment, which is in agreement with the growth of the sp2/sp3 ratio of both carbon 

and nitrogen elements after heat treatment.   

 

2.3.2.2.1. Nanoscratch hardness 

Table 3 lists the different measured contact parameters to calculate scratch hardness under 

different experimental conditions. Figure 7 shows a summary of the scratch hardness for 

NCOC samples at different thickness and operating conditions. The scratch hardness of 

all samples was about 23 GPa at RT before heat treatment, which are higher than scratch 

hardness of carbon overcoats without nitrogen doping reported in the literature [5,21]. 

This indicates that nitrogen doping enhances the mechanical properties of the NCOC 

samples. As the temperature increases to 300 °C, the scratch hardness associated with all 

NCOC samples decreased because of deeper scratch and larger contact area. The 

percentage of reduction in the scratch hardness was lower for samples with higher 

thickness of NCOC. After the heat treatment process, the scratch hardness of the NCOC-

https://www.sciencedirect.com/topics/engineering/characterisation
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3.5 and NCOC-4.5 samples recovered almost entirely. These small drops can be attributed 

to the graphitization and changes in the configuration of the N atoms.   

On the other hand, the hardness value for NCOC-2.5 sample changed from 22.68 GPa 

before heat treatment to 20.64 GPa after heating, representing ~ 9% reduction after each 

heating-cooling cycle. While the chemical structure is the same for samples with different 

thicknesses, they showed different mechanical behavior when experiencing annealing. It 

can be concluded that 3.5 nm is a critical minimum thickness for NCOC samples to be 

used in HAMR.  

The in-situ contact depths during scratch experiments for all experimental conditions, as 

shown in Table 3, are more than 35% of the film thicknesses, even though a very sharp 

indenter and very low load have been used. This implies that it is very difficult to 

determine the nanomechanical properties sub-5 nm thin films from experiments only 

without any underlayer effect. However, the residual depths of scratch for all NCOC 

samples and experimental conditions are much lower than 35% of the film thickness, 

which indicates that the experimental approaches in this study can be used for reliable 

measurements of NCOC samples with reduced underlayer effect. 
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Figure 6. Scanning probe microscopy images and cross-sectional profiles of NCOC 

before heating (25 °C), at 300 °C and after heating and cooling to 25 °C. The scratch 

lines are located at the center of the scanned areas, from top to bottom. All images have 

the same scan size of 4 µm. Scale bars are 1 µm. 
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Table 3. Contact parameters from nanoscratch experiments. BHT/AHT=Before/After heat 

treatment. 

 

Samples Conditions 
Normal 

force (µN) 

Lateral 

force (µN) 

Residual 

depth (nm) 

In-situ contact 

width (nm) 

In-situ contact 

depth (nm) 

Hardness 

(GPa) 

NCOC-2.5 

BHT 8.07 0.88 0.22 30.00 1.49 22.68 

300 oC 5.98 1.42 0.45 31.00 1.60 16.05 

AHT 8.03 1.81 0.38 33.50 1.87 20.64 

NCOC-3.5 

BHT 8.06 0.96 0.20 30.00 1.49 22.68 

300 oC 6.00 1.19 0.44 29.50 1.45 17.74 

AHT 8.03 1.65 0.29 30.50 1.55 22.64 

NCOC-4.5 

BHT 7.97 1.52 0.20 29.50 1.45 23.01 

300 oC 6.05 1.07 0.49 28.00 1.30 18.94 

AHT 8.06 1.96 0.22 30.00 1.49 22.66 

 

 

 

Figure 7. Scratch hardness of NCOC samples. Error bars designate  one 

standard deviation. 
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2.3.2.2.2. Coefficient of friction  

It has been shown by several researchers [30,31] that the COF of amorphous carbon 

structure can be greatly reduced by nitrogen doping or functionalization with amine-based 

groups. In sliding surfaces, nitrogen groups, in particular, pyridinic N and pyrrolic N as the 

planar terminal groups, act as a lubricant, resulting in lower COF. Figure 8 shows the 

variation of the average COF with temperature and thickness for the NCOC samples after 

reaching steady-state values. The COF for NCOC samples before heating was in the range 

of 0.15-0.19 at 25 °C.  The obtained range is in good agreement with recently reported 

experimental data for COFs of thin COC films [5,32,33]. On average, the COFs of NCOC 

samples with various thicknesses increased more than 100 % with increasing temperature 

from 25 °C to 300 °C, reaching values in the range of 0.38-0.42. High standard deviations 

were evident at 300 °C due to the use of low normal load with a sharp indenter. 

The softening behavior of NCOC permitted deeper scratches to take place even at lower 

loads of 6 µN. Similar results were obtained for COC samples with no dopants [5]. After 

a cycle involving a heating process to 300 °C and cooling back to 25 °C, the COF increased 

from 0.16 to 0.18 for NCOC-2.5, from 0.15 to 0.18 for NCOC-3.5, and from 0.19 to 0.21 

for NCOC-4.5. These results are in good agreement with the XPS results (growth of the 

sp2/sp3 ratio) as well as the experimental data reported by Cui et al. [34].  They concluded 

that a higher degree of graphitization results in higher COF values. All NCOC samples 
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showed no specific trend of COF as a function of thickness at 25 °C before heating, 300 

°C and 25 °C after heating. 

 

Increase in COF is significant at 300 °C. Bowden and Tabor [35] proposed a simple 

theory to interpret the friction behavior of sliding surfaces. In this theory, two separate 

terms of adhesive and deformation friction are considered as main independent 

mechanisms. The adhesive COF is due to van der Waals interactions. Local 

mechanical properties of sliding surfaces e.g., elastic/plastic properties, surface 

roughness, and interface surface energy are all effective parameters to define van der 

Waals interactions [36]. The deformation COF is due to resistance to plowing the 

asperities of the softer surface through the harder surface. Although softening 

phenomena at HT can facilitate the deformation friction mechanism, the dominant 

mechanism for the sharp augmentation of the COF at 300 °C is adhesive friction [5]. 

Figure 8. Average COFs for NCOC samples as a function of temperature and film 

thickness. Error bars designate ± one standard deviation. 

https://www.sciencedirect.com/topics/engineering/bowden-and-tabor
https://www.sciencedirect.com/topics/materials-science/adhesive
https://www.sciencedirect.com/topics/engineering/deformation
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Consistent with our recent results, it can be concluded that sp2 – hybridized 

(unsaturated) carbon and nitrogen atoms in the NCOC films may undergo chemical 

reactions, inferring greater adhesion between the NCOC film and the diamond tip, 

therefore increasing friction [37].  

In addition, the drop in the structural hydrogen atoms causes more sp2 – hybridized 

carbon and N atoms on the surface. At 300 °C, due to more sp2 – hybridized active 

sites on the surface and the presence of sufficient energy for covalent bonding, the 

COF intensified. After cooling, the above-mentioned reason became passive, as 

indicated by the XPS results. The enhancement of the sp2/sp3-hybridized carbon ratio 

after heat treatment double-confirms the accuracy of results with molecular dynamics [37].    

 

2.3.2.3. Nanowear experiments 

In order to measure the nanowear resistance of thin films such as COC, nanowear 

experiments are widely used [32,38]. To this end, a diamond indenter is used to scratch 

and form a rectangular area on the surface of the sample with a fixed normal load. After 

the wear experiment, a larger area involving the worn region is rescanned with the same 

indenter via applying a minimal contact force of 2 μN. Chatterjee et al. [39] performed 

surface displacement analysis of scratch using FEA, showing  that after elastic recovery, 

the residual scratch groove is shallower than in-situ scratch groove, which can be easily 

traced by the same indenter.  Scanning the surface with the same indenter right after the 

wear test also allows to obtain the worn surface topography under the same temperature 

and environmental conditions. It allows to scan the surface especially for high temperature 
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tests in inert environments. Using minimal contact force for rescanning reduces the 

possibility of additional material removal from the worn area and surface profile of the 

worn area can be reliably obtained. Similar approaches have been used elsewhere  

[5,40,41]. After rescanning the surface, the mean heights of both worn and unworn areas 

were calculated. A Berkovich indenter with a tip radius of 270 nm was used for the 

nanowear experiments. A normal load of 30 µN was applied and the surface scan was 2 

µm by 1 µm area. After the wear experiments, the residual surface of the worn area was 

scanned using the same probe with 2 µN load on a 3.8 µm by 3.8 µm area. Wear depths 

were calculated by comparing the average surface height of the worn area with the average 

surface height of the unworn area. Figure 9 shows residual scanning probe microscopy 

images for the NCOC samples after the nanowear experiments. The z-axis was scaled 

automatically and represents the minimum and maximum height values.  
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The wear tracks showed a maximum depth of 0.6 nm for all three samples, NCOC-2.5, 

NCOC-3.5, and NCOC-4.5, before heating. These values increased to 1.7 nm, 1.1 nm, and 

1.1 nm at 300 °C, respectively. Beside higher wear within the worn region, the existence 

of material pile-up at the border is also seen, implying a more intense material removal 

process. At 300 °C, NCOC-2.5 film was abruptly worn out and the majority of the 

produced wear-track was associated with a very high pile up due to the irregular removal 

of the coating (catastrophic NCOC damage). After the heat treatment process and cooling, 

          Before Heating              At 300 °C           After Heating 

NCOC-2.5 

   

NCOC-3.5 

   

NCOC-4.5 

   

 Figure 9. Residual surface scans of NCOC samples after nanowear experiments: before 

heating (at 25 °C), at 300 °C and after heating (at 25 °C). 
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the NCOC films show significant but not full recovery, exhibiting higher wear (permanent 

damage), compared to the initial state before heating.  

As discussed above, increasing the atomic percentage of sp2-hybridized carbon and 

nitrogen atoms after heat treatment is the main reason for softening the NCOC structure. 

All the images in Figure 9 represent some extent of material pile-up. As can be seen, the 

height of the pile-up is a function of temperature and thickness of the NCOC layers. As 

the temperature increased, greater wear was measured. Furthermore, as the thickness of 

NCOC increased, the height of the pile-up decreased. 

Figure 10 depicts the average wear depth for NCOC samples of different thicknesses along 

the scanning direction at three conditions: before heat treatment at RT, at 300 °C, and after 

heat treatment. Interestingly, the NCOC samples show average wear depth values in the 

range of 0.21-0.25 nm under normal working conditions (before heating at 25 °C). It 

confirms the promising durability and protective attributes of NCOC under nominal 

operating conditions. Therefore, abrasion resistance of NCOC samples with thickness of 

2.5, 3.5 and 4.5 nm is excellent, and thus able to protect the magnetic disks from scratch 

initiated by contacting the recording head on the disk surface. The average wear depth 

increased with temperature to 0.9 nm for NCOC-2.5, 0.81 nm for NCOC-3.5, and 0.64 nm 

for NCOC-4.5 at 300 °C. The average wear depth showed significant drop with thickness 

at HT. This could be attributed to increase of hardness with NCOC thicknesses at 300 °C. 

Higher hardness indicates lesser permanent deformation of the coating. Therefore, NCOC-

4.5 represents the least permanent deformation during the wear experiments, leading to 

lower wear than the thinner NCOC samples, at extreme temperature conditions.    
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Overall, the outstanding nanotribological properties of NCOC samples are degraded with 

temperature due to the decrease of sp3 content and subsequently increased adhesion, in 

agreement with Rose et al. [42], and XPS results. After heat treatment, the NCOC samples 

with different thickness showed an average wear depth of < 0.38 nm, implying few percent 

of irreversible degradation and permanent changes in the chemical structure. It is 

noteworthy that the percentage of permanent change in the NCOC samples were 

significantly less than that of COC counterparts without nitrogen dopants, as presented in 

our earlier study [5]. Wear depths of NCOCs at room temperature were also found less 

than wear depths of sub-5nm diamond like carbon without nitrogen doping, as reported in 

literature [21,40]. Also, the average wear depth showed a reduction with COC thickness, 

which is explainable by considering the small increase in the sp2/sp3 ratio and change in 

hardness after heat treatment. 

Figure 10. Average wear depth of NCOC samples. Error bars designate ± 

one standard deviation. 
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2.4. Summary 

The nanotribological properties of nitrogen-doped COC films with different thicknesses 

were studied experimentally through nanoscratch and nanowear experiments. Hardness, 

COF, reduced modulus of elasticity, scratch and wear depths were measured and used as 

mechanical metrics. As chemical metrics, changes in the sp2/sp3 ratio of carbon and 

nitrogen elements were analyzed by XPS. Based on the results, the following conclusions 

could be drawn: 

(1) Nanoscratch experiments show that the COF of NCOC samples is a strong function 

of temperature and less dependent on NCOC thickness. The COF increases more 

than 100% at 300 ºC for all samples; 

(2) NCOC samples with thicknesses of 3.5 nm and 4.5 nm exhibited stable mechanical 

and chemical stabilities. In addition to excellent mechanical properties, the heating 

effects on changing the chemical and mechanical stabilities of NCOC is reduced 

in the presence of N dopants. A comparison of the results presented in this study 

and our recent study on COC (without N dopants) [5] confirms the positive effect 

of N dopants on reducing wear; 

(3) Through nanowear experiments, the wear track depth of the NCOC film increases 

dramatically with increasing temperature from 25 ºC to 300 ºC. XPS results 

revealed that the increase in the sp2/sp3 ratio of C and N in inert environment at 

HT is the main reason for the wear rate changes. Increasing thickness of the film 

showed significant drop on the wear at 300 ºC as well as after heat treatment; and 
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(4) XPS results confirmed that graphitization is an integral part of annealing process 

at 300 ºC. The structural conversion (sp3-to sp2-configuration) offers a mechanism 

to explain the deterioration of the wear resistance (softening).  

 

In this chapter, nanoindentation and nanoscratch experiments were performed to obtain 

mechanical properties of NCOCs. However, due to instrument limitations and very thin 

films, obtaining true mechanical properties of NCOCs from pure experiments was very 

challenging without any substrate effect. Finite element is one of the tools that can be 

integrated with the experimental results to determine true mechanical properties without 

any substrate effect. In Chapter III, nanoindentation experiments were coupled with finite 

element modeling using modified indenter geometry and true mechanical properties of 

NCOCs were determined. 
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CHAPTER III  

HIGH TEMPERATURE NANOMECHANICAL PROPERTIES OF SUB-5 NM 

NITROGEN DOPED DIAMOND-LIKE CARBON USING NANOINDENTATION 

AND FINITE ELEMENT ANALYSIS [43]2 

 

3.1. Introduction 

Recently, nitrogen doped diamond like carbon (NDLC), also known as NCOC, has caught 

much attention in magnetic storage research. In the previous chapter, it was shown that 

nitrogen doping improves mechanical and wear performance of ultra-thin sub-5 nm NDLC 

even at high temperature conditions, compared to DLC without nitrogen doping [47]. To 

ensure the robustness of the HAMR media, mechanical properties of ultra-thin sub 5-nm 

NDLC coatings are of great interest. It is very challenging to accurately measure sub-5 

nm NDLC films and other HAMR components from experiments without substrate 

effects. 

Nanoindentation is a popular technique to measure nanomechanical properties of thin 

films. However, for sub 20-nm films, the nanoindentation technique faces several 

challenges. A rule-of-thumb is that for reliable measurements of thin films with minimal 

substrate effect, the maximum penetration depth of indentation must be within 10-20% of 

the film thickness, which is very difficult for sub-20 nm films. Due to instrument 

 

2 Reprinted with permission from “High temperature nanomechanical properties of sub-5 nm nitrogen doped 

diamond-like carbon using nanoindentation and finite element analysis.” by Shakil A and Polycarpou A.A. 

Journal of Applied Physics, 129(13), p.135302. Copyright 2021 by American Institute of Physics. 



 

37 

 

limitations, indenter bluntness and roughness of the samples, it becomes very difficult to 

reliably measure mechanical properties of sub-20 nm films without any substrate effect 

[26]. 

Nanoscratch is another technique that overcomes some of the indentation difficulties. For 

nanoscratch, the maximum scratch depth must be less than 35% of the film thickness for 

mechanical property measurements without significant substrate effect [27]. However, 

nanoscratch also has limitations for ultra-thin films. For sub 5-nm NDLC films, it is almost 

impossible to determine their mechanical properties without any substrate effect from 

experiments only.  

Finite element analysis (FEA) has been frequently used with nanoindentation to predict 

nanomechanical properties of thin films without substrate effect. In this case, FEA 

simulations are performed with varying mechanical properties of the material in order to 

correlate with experimental nanoindentation responses. Bhattacharia and Nix [48] first 

introduced FEA to determine the nanomechanical properties of bulk material from sub-

micrometer indentations. Since then, numerous researchers have been using FEA to 

predict mechanical properties of thin films. Lichinchi et al. [49] performed 

nanoindentation experiments and compared the responses with FEA to obtain yield 

strength of TiN and high-speed steel. They also compared the experimental results with a 

3D model and a 2D conical model and found that the 2D model showed similar results as 

the 3D model. Yu et al. [50] introduced the roundness of a cube corner indenter in their 

FEA model to obtain nanomechanical properties of bilayer samples with sub-50 nm thin 

coatings. Zhang et al. [51] showed that for mechanical properties of sub-20 nm thin films, 
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assuming perfect spherical shape at the end of the indenter does not give accurate 

predictions. They introduced a truncated sphere shape at the very end of the indenter so 

that there was a flat surface contact at zero contact depth. The model has been successfully 

used to determine nanomechanical properties of different layers of magnetic storage 

samples. 

In this study, nanoindentation experiments were performed at different contact depths 

under different temperature conditions and FEA was performed using the truncated sphere 

model from Zhang et al. [51] in order to measure the mechanical properties of different 

thin layered HAMR media components, especially sub-5 nm thicknesses NDLC films 

without any substrate effect. After obtaining the Elastic Modulus (E) and Yield strength 

(Y) of the NDLC films from FEA, the results were compared with scratch hardness (H) 

data from a previous study to investigate the H/Y ratio for NDLC films at different 

experimental conditions.   

3.2. Experimental 

3.2.1. Sample description 

Figure 11(a) shows the schematic diagram of a HAMR sample with different layers. The 

bottom layer in Fig 1(a) is the glass substrate with a glass transition temperature (Tg) of 

691 oC, which was provided by the vendor. On top of the glass substrate is the FeCo metal 

layer which is used as underlayer in a typical HAMR media. The metal layer has a 

thickness of 200 nm which was deposited by magnetron sputtering. The topmost layer 

shown is the NDLC coating, which was also termed as nitrogen doped carbon overcoat in 

other studies [15]. At first, the DLC was deposited on top of the metal layer by plasma 
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enhanced chemical vapor deposition technique. After that, nitrogen was doped on top of 

the DLC film to increase lubricating bonding sites. In this study, NDLC films of 3.5 nm 

and 4.5 nm were deposited and termed as NDLC-3.5 and NDLC-4.5 respectively. Another 

2.1 nm NDLC was deposited on top of the metal layer, and the sample was used to measure 

the mechanical properties of the metal layer at different temperatures. Thicknesses of the 

coating were measured using optical ellipsometry. To determine the mechanical properties 

of the glass substrate, a bare glass sample was also used.  

 

The experimental procedure used in this study is shown in Figure 11(b). Three 

experimental conditions were selected for the study, namely 25 oC before heating, 300 oC 

and 25 oC after heating. The literature shows that laser heating can instantaneously (in 

nanoseconds) increase the temperature of HAMR media up to 600 oC [16]. However, 

diamond indenters used for nanoindentation experiments undergo rapid oxidation at or 

above 400 oC in air environment, which may affect the surface of the indenter, leading to 

unreliable measurements [17]. To prevent this rapid oxidation of the diamond indenter, 

300 oC was chosen for the high temperature tests in this study. The samples were heated 

Figure 11. (a) Schematic diagram of cross section of HAMR media, (b) 

experimental procedure used in this study. 
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to 300 oC in argon gas environment at a rate of 150 ºC/min and kept for 90 minutes in 

order to perform multiple tests for reliable measurements with minimal thermal drift. After 

performing high temperature nanoindentations, the samples were cooled down to room 

temperature (25 oC) in argon environment with a cooling rate of 30 ºC/min. All room 

temperature experiments before and after heating were performed in air environment. 

Therefore, the HAMR samples were heated for much longer time than the application, 

which is considered a more extreme condition. 

X-ray Photoelectron Spectroscopy (XPS) was performed in order to investigate the 

chemical structure of NDLC films after heat treatment. From the XPS results, nitrogen 

content in NDLC-3.5 and NDLC-4.5 films were found to be 9-10% before and after 

heating. The amount is close to the optimum nitrogen content (10%) beyond which DLC 

leads to decrease in sp3 content, and thus hardness and density [44,45].  XPS results also 

revealed that carbon and nitrogen atoms of both NDLC-3.5 and NDLC-4.5 films 

underwent sp3 to sp2 transformation after heating at 300 oC, making the thin films softer 

after heat treatment. However, no significant difference in sp3/sp2 ratio between NDLCs 

before and after heat treatment was found, implying thickness independent behavior of 

sp3/sp2 ratio. 

3.2.2. Nanoindentation experiments 

Nanoindentation experiments were performed using different indenters to measure 

mechanical properties of different film layers of HAMR media. Specifically, three 

different indenters were used as shown in Table 4. First, a Berkovich indenter with a radius 

of 320 nm, termed as Indenter 1, was used for nanoindentation experiments to determine 
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mechanical properties of bare glass. For characterization of thinner layers, cube corner 

indenters were used and experimental responses were fitted with an FEA model to extract 

their nanomechanical properties. To obtain mechanical properties of FeCo metal layer 

using nanoindentation, a cube corner indenter with a radius of 80 nm, termed as Indenter 

2, was used. For NDLC-3.5 and NDLC-4.5 layers, even shallower indentations were 

necessary using much sharper intenders. For this purpose, another cube corner indenter 

with a radius of 72 nm was used (termed as Indenter 3). All nanoindentation experiments 

were performed at three experimental conditions: 25 oC before heating, at 300 oC and 25 

oC after heating. 

Table 4. List of indenters used for this study 

 
Indenter 

No. 
Indenter type Radius (nm) 

Use of indenter 

geometry in FEA 

Used for mechanical 

properties of 

1 Berkovich 320 No Bare glass 

2 Cube Corner 80 Yes FeCo metal layer 

3 Cube Corner 72 Yes NDLCs 

 

3.3. Finite element modeling 

3.3.1. Model description  

An FEA model, as shown in Figure 12, was created and used in the study to simulate 

nanoindentation load-displacement responses to accurately predict the nanomechanical 

properties of FeCo metal layer and NDLC films. The model was built as 2D axisymmetric 

in ABAQUS 6.14 software [46] to reduce computational complexities. The indenter was 

modeled as an analytic rigid surface. To capture the tip bluntness, the bottom part of the 

indenter was modeled as a truncated sphere along with the cube corner indenter geometry. 



 

42 

 

As shown in Figure 12(b), “a” is the flat part length of the indenter, “R” is the indenter 

radius and "θ" is the effective cone angle for cube corner geometry. For shallower 

indentations, the maximum penetration depths were within the spherical part of the 

indenter. The sample geometry was modeled with NDLC layer of thickness 3.5/4.5 nm, 

FeCo metal layer of 200 nm thickness and glass substrate of 400 nm thickness. The width 

of the model was 400 nm. The sample was modeled with 5467 linear quadrilateral reduced 

integration elements (CAX4R) [47]. Only the thickness of NDLCs were changed (3.5 nm 

and 4.5 nm), keeping the total number of elements constant. The region closer to the 

indenter was heavily meshed. The minimum element size was 1 × 0.6 nm2 for the model 

with 3.5 nm NDLC layer and 1 × 0.7 nm2 for the model with 4.5 nm NDLC layer. 

Maximum element size was 15 × 20 nm2, which was used for glass substrate. The stress-

strain response was assumed as elastic-perfectly plastic. Similar assumption was also used 

in other studies [48,49]. Due to very thin NDLC films, and to reduce complexities in FEA, 

von mises plasticity theorem has been applied for NDLCs. The plasticity theorem was also 

applied for the FeCo metal underlayer. Similar approach has been found  elsewhere [50–

53]. Boundary conditions were applied on the axis of symmetry to constrain rotations and 

lateral movements; and to the bottom of the sample to constrain rotations and vertical 

movements.  As Indenters 2 and 3 were separately used for FeCo metal layers and NDLCs 

respectively, both geometries were used in the FEA model.  
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3.3.2. Model validation 

Fused quartz was used as reference material to determine the flat part geometries of 

Indenters 2 and 3 from FEA. At first, very low load indentations were performed using 

both indenters so that the fused quartz does not undergo any plastic deformation. In this 

case, the indenter acts as a flat punch which only elastically compresses the fused quartz 

[54]. After that, experimental responses were fitted with FEA to determine the flat part 

lengths of the indenters. A reduced modulus of 69.6 GPa and Poisson’s ratio of 0.17 were 

used for fused quartz in the FEA model. The hardness of fused quartz was 9.25 GPa, which 

was found from vendor data. 

Figure 13 shows nanoindentation load-displacement responses with FEA fittings using 

both Indenter 2, Figure 13(a-f), and Indenter 3, Figure 13(g-l). To determine the flat part 

Figure 12. (a) FEA model of the indenter and sample with different layers  

(b) zoomed-in view of the model showing NDLC layer and indenter details. 
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length of Indenter 2, very shallow indentation was performed causing no plastic 

deformation and FEA was performed to simulate elastic nanoindentation response as 

shown in Figure 13(a). From FEA fitting, the flat part radius was determined to be 13 nm. 

To validate the geometry from FEA, shallow nanoindentations were performed using 

Indenter 2 at different loads (Figure 13(b-f)) and FEA fittings were performed to predict 

the elastic modulus and yield strength of fused quartz. Table 5 summarizes the properties 

of fused quartz from FEA fitting for Indenter 2. The average elastic modulus and yield 

strength was found as 68.6 GPa and 4.8 GPa respectively, which were within the 

acceptable range from the literature, as shown in Table 5. Using the same procedure, the 

flat part length of Indenter 3 was found as 10.5 nm (Figure 13(g)). After FEA fittings of 

nanoindentation responses for Indenter 3 (Figure 13(h-l)), the average elastic modulus and 

yield strength were found as 69.7 GPa and 4.5 GPa respectively, which were also within 

acceptable range from the literature.  
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Figure 13. Experimental and FEA comparison of nanoindentation load-displacement 

curves (at different peak loads) to extract mechanical properties of fused quartz. Figures 

(a-f) and (g-l) represent the results for Indenters 2 and 3 respectively. 
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Table 5. FEA fitted results of nanoindentation on fused quartz using Indenters 2 and 3. 

Indenter 2 

R: 80 nm 

a: 13 nm 

Load (µN) 6 16 28 37 48 68 Average 
Yu et al. 

(2004)[49] 

Shim et al. 

(2005)[48] 

Elastic Modulus 

(GPa) 
72 68 68 69 68 67 68.6 67.6 72 

Yield Strength 

(GPa) 
- 4.3 4.7 4.9 5.1 4.8 4.8 4.3 5.5 

Indenter 3 

R: 72 nm 

a: 10.5 nm 

Load (µN) 6 10 12 18 28 38 Average 
Yu et al. 

(2004)[49]  

Shim et al. 

(2005)[48] 

Elastic Modulus 

(GPa) 
72 71 70 71 67 67 69.7 67.6 72 

Yield Strength 

(GPa) 
- 4.6 4.4 4.6 4.4 4.4 4.5 4.3 5.5 

 

3.4. Results and discussion 

3.4.1. Mechanical properties of bare glass from nanoindentation 

Figure 14 shows nanoindentation results of bare glass using Indenter 1. Figure 14(a) shows 

nanoindentation curves of bare glass with 200 µN applied load for 3 different conditions: 

25 oC before heat, at 300 oC and 25 oC after heat. In Figure 14(a), it is evident that 

nanoindentation curves before heat and after heat are overlapped, indicating that the 

maximum displacement and residual displacement of indentation at 25 oC before and after 

heating were almost the same, and therefore the nanomechanical properties were also 

almost the same for both conditions. However, at 300 oC, nanoindentation showed higher 

maximum depth and higher residual depth than 25 oC before and after heating. From the 

behavior shown in Fig 4(a), it can be concluded that although the mechanical behavior of 

bare glass deteriorated at 300 oC, its mechanical properties were almost fully recovered 

after removal of heat. The Oliver-Pharr method [18] was used to calculate hardness and 

elastic modulus of the glass substrate, given by equations (1-3). 
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Figure 14(b) shows the extracted nanomechanical properties. It was found that the reduced 

modulus of bare glass remained almost unchanged at 25 oC before heating, 300 oC and 25 

oC after heating. The reduced modulus was found in the range of 95.2-97.3 GPa. However, 

the mean hardness of the bare glass decreased from 8.5 GPa at 25 oC before heating to 6.7 

GPa at 300 oC, showing about 21% decrease in hardness at 300 oC. Interestingly, after 

removal of heat, the mean hardness of bare glass was fully recovered to 8.5 GPa. Due to 

very high glass transition temperature, the reduced modulus of the glass did not 

significantly change at 300 oC. However, the hardness of the glass reduced at 300 oC due 

to annealing effect. Similar behavior was also found for soda-lime glass in the literature 

[55]. Thorough investigation is required to understand more details of temperature 

dependence behavior of the glass. In order to use bare glass properties in FEA, Poisson’s 

ratio and yield strength of glass need to be known. From vendor data, the Poisson’s ratio 

of glass was 0.2 and used for all temperature conditions. Lee et al. [51] proposed a model 

to correlate H, E and yield strength (Y) of a material using FEA, and compared their model 

with other models and experimental findings. The model correlation is given by equation 

6. 

H

Y
= 2.7936 + 0.2438 (

E−200

100
) − 0.0244(

Y−7.5

2.5
) − 0.2123(

E−200

100
)
2
(
Y−7.5

2.5
)                                        (6) 
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Figure 14. (a) Nanoindentation curves of bare glass for 200 µN load at different 

temperature conditions, (b) Nanomechanical properties of bare glass extracted from 

nanoindentation. 

 

From equation 6, the Y of glass substrate at different temperature conditions was 

calculated using the nanoindentation results. As Er remained almost constant at all 

temperature conditions, the average value of 96.27 GPa was used in FEA. A summary of 

bare glass properties used for FEA are shown in Table 6. From the table, it is evident that 

Y of glass before heating was 2.8 GPa, showing good agreement with results found from 

the literature [54]. At 300 oC, Y decreased to 2.2 GPa, showing a 21% reduction from 25 

oC before heating. However, after removal of heat, Y was recovered to 2.8 GPa.        

Table 6. Mechanical properties of bare glass 

 

Condition 
Yield Strength, Y (GPa) 

from equation (4) 

Average Reduced 

Modulus, Er (GPa) 

Poisson’s 

ratio 

25 oC Before heat 2.8 

96.27 0.2 300 oC 2.2 

25 oC After heat 2.8 
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3.4.2. Mechanical properties of FeCo metal layer from FEA 

Nanoindentation experiments were performed using Indenter 2 with a maximum depth 

range of 14-20 nm to extract nanomechanical properties of the FeCo metal layer. The 

sample with NDLC thickness of 2.1 nm was used for the study of the metal layer. The 

depth range is much higher than the NDLC thicknesses so that the effects of NDLC can 

be considered negligible [54]. Peak loads with a range of 100-110 µN were used for 

nanoindentations at 25 oC before heat and 70-90 µN range was used for nanoindentations 

at 300 oC and 25 oC after heat. Using the input from bare glass properties, nanoindentation 

load displacement curves were fitted with FEA simulations and the mechanical properties 

of FeCo metal layer were extracted. To obtain FeCo properties at a particular temperature 

condition, bare glass properties at the same temperature condition was entered in FEA. 

Poisson’s ratio of 0.3 was used for FeCo metal layer which was also used by Katta et al. 

[52] 

Figure 15 shows experimental and FEA fitted data of nanoindentation load-displacement 

curves for metal layers at different temperature conditions. Figures. 15(a-d), 15(e-h) and 

15(i-l) correspond to 25 oC before heat, 300 oC and 25 oC after heat conditions. From 

Figure 15, it was found that indenter 2 penetrated the NDLC coatings at higher 

displacements, causing very small steps during loading. This may be attributed to cracking 

of NDLCs at higher displacements. Similar behavior was also found in the literature for 

DLC coatings on soft substrate systems [56,57]. A summary of FEA predicted 

nanomechanical properties of FeCo metal layer were shown in Table 7. Average elastic 

modulus and yield strength of the FeCo metal layer were determined as 148.9 GPa and 
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5.95 GPa, respectively. Mechanical properties found before heating were higher than those 

reported in other studies[52,54]. This may be attributed to higher FeCo metal layer 

thickness in HAMR media than earlier magnetic media samples. Increasing FeCo 

thickness may lead to increase in rigidity of the film, and thus enhancement of the 

mechanical behavior of the film.[52,54]. At 300 oC, both elastic modulus and yield 

strength decreased to 141.4 GPa and 5.45 GPa respectively, showing 4% and 9% 

reductions respectively, compared to 25 oC before heating. However, after removal of 

heat, the average elastic modulus and yield strength were found as 147.2 GPa and 6.0 GPa, 

showing almost full recovery of the properties before heating. This also ensures the 

robustness of the FeCo metal layer up to 300 oC, which is very important for HAMR disk 

reliability.  
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Figure 15. Experimental and FEA comparison of nanoindentation load-displacement curves at 

different temperature conditions to extract mechanical properties of FeCo metal layer. Figures 

(a-d), (e-h) and (i-l) represent the results for 25 oC before heat, 300 oC and 25 oC after heat 

respectively. Four experiments are shown at each condition to ensure repeatability. 
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Table 7. Nanomechanical properties of FeCo metal layer predicted from FEA 

 

Before heat  300 oC 
 

 After heat 
 

Load 

(µN) 

Elastic 

Modulus 

(GPa) 

Yield 

Strength 

(GPa) 

 
Load 

(µN) 

Elastic 

Modulus 

(GPa) 

Yield 

Strength 

(GPa) 

 
Load(

µN) 

Elastic 

Modulus 

(GPa) 

Yield 

Strength 

(GPa) 

100 151 6.2  70 133 5.4  70 145 5.7 

100 152 6  70 150 5.5  70 145 5.8 

110 146 5.8  80 141 5.4  80 150 6.3 

110 146 5.8  90 142 5.5  90 150 6.2 

Average 148.9 5.95   141.4 5.45   147.2 6.00 

St. Dev. 3.0 0.17   5.9 0.05   2.6 0.25 

 

3.4.3. Nanomechanical properties of NDLCs from FEA 

Due to very shallow sub-5 nm thickness of NDLCs and instrument limitations, it is almost 

impossible to perform nanoindentations within 10% of the NDLC film thicknesses. 

Therefore, very shallow indentations were performed with different loads at each 

temperature to obtain plastic deformations at minimal contact depths (that is, the peak load 

was varied to obtain the same contact depth). Very shallow nanoindentations were 

performed using Indenter 3 to measure the nanomechanical properties of NDLC-3.5 and 

NDLC-4.5 films. Mechanical properties of glass and FeCo metal layer determined 

previously were entered in the FEA model to curve fit the experimental responses for 

NDLCs. To obtain NDLC properties at a particular temperature condition, glass and FeCo 

properties at that temperature condition were entered in FEA. For NDLCs, Poisson’s ratio 

of 0.24 was used for all temperature conditions, in agreement with Katta et al. [52] in their 

study of magnetic storage applications. Figures 16 and 17 show load-displacement 

responses with fitted FEA simulations of NDLC-3.5 and NDLC-4.5 samples respectively 
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at different experimental conditions. FEA fitted results of NDLC-3.5 and NDLC-4.5 were 

shown in Table 8 and average mechanical properties were calculated. 

Comparison of elastic modulus and yield strength between NDLC-3.5 and NDLC-4.5 are 

also shown in Figure 18. It was found that at 25 oC before heating, NDLC-4.5 showed 

higher elastic modulus and yield strength than NDLC-3.5. Higher thickness of NDLC-4.5 

led to its enhanced rigidity and resistance to permanent deformation compared to NDLC-

3.5. Average elastic modulus of NDLC-3.5 and NDLC-4.5 were found as 237.2 GPa and 

255.6 respectively. Average yield strength of NDLC-3.5 and NDLC-4.5 were found as 

11.0 GPa and 12.8 GPa respectively. At 300 oC, both elastic modulus and yield strength 

of the thin films deteriorated. For NDLC-3.5, elastic modulus and yield strength were 

found as 222.4 GPa and 7.4 GPa respectively, showing 6% and 32% reduction, compared 

to 25 oC before heat properties. Similarly, for NDLC-4.5, reduced modulus and yield 

strength were found as 227.8 GPa and 8.8 GPa respectively, showing 11% and 31% 

reduction, compared to 25 oC before heat. NDLC-4.5 showed better mechanical properties 

than NDLC-3.5 due to increased resistance to plastic deformation with thickness.  

After cooling down to room temperature, elastic modulus and yield strength of both 

NDLC-3.5 and NDLC-4.5 were not fully recovered, contrary to bare glass substrate and 

FeCo metal layer behavior. For NOC-3.5, elastic modulus and yield strength were found 

as 225.2 GPa and 8.6 GPa respectively, showing 5% and 22% reduction, compared to 25 

oC before heat properties. For NDLC-4.5, elastic modulus and yield strength were found 

as 239.6 GPa and 10.2 GPa respectively, showing 6% and 20% reduction, compared to 25 

oC before heat properties. Even after cooling down to room temperature, NDLC-4.5 
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showed better mechanical properties than NDLC-3.5. The reduction in mechanical 

properties for both NDLC films is attributed to the sp3 to sp2 transformation of carbon and 

nitrogen atoms of NDLC films, which was in good agreement with Rose et al.[42] and 

XPS analysis from a separate study [15].  

In this study, the standard deviation in elastic modulus values of NDLCs were found 

within 5-14% of the average elastic moduli, whereas standard deviations in yield strength 

were within 7-12% of average yield strength values. Due to very shallow sub-5 nm 

thickness of NDLCs and instrument limitations, it is very difficult to measure true 

mechanical properties of NDLCs from experiments alone, without any substrate effect. 

Therefore, experimental results of NDLCs were not reported in this study. Instead, FEA 

was used to predict the properties of NDLCs using modified indenter geometry and 

entering other HAMR components’ mechanical properties. Variation of FEA predicted 

mechanical properties of NDLCs with nanoindentation contact depths was also shown in 

Appendix B. 
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Figure 16. Experimental and FEA comparison of nanoindentation load-displacement curves at different 

temperature conditions to extract mechanical properties of NDLC-3.5 film. Figures (a-e), (f-j) and (k-o) 

represent the results for 25 oC before heat, 300 oC and 25 oC after heat respectively. Five experiments are 

shown at each condition to ensure repeatability. 
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Figure 17. Experimental and FEA comparison of nanoindentation load-displacement curves at different 

temperature conditions to extract mechanical properties of NDLC-4.5 film. Figures (a-e), (f-j) and (k-o) 

represent the results for 25 oC before heat, 300 oC and 25 oC after heat respectively. Five experiments are 

shown at each condition to ensure repeatability. 
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Table 8. Nanomechanical properties of NDLC-3.5 and NDLC-4.5 predicted from FEA 

 
 Before heat  300 oC  After heat 

 
Load 

(µN) 

Elastic 

Modulus 

(GPa) 

Yield 

Strength 

(GPa) 

 
Load 

(µN) 

Elastic 

Modulus 

(GPa) 

Yield 

Strength 

(GPa) 

 
Load 

(µN) 

Elastic 

Modulus 

(GPa) 

Yield 

Strength 

(GPa) 

NDLC-

3.5 

13 216 12  13 245 7  13 245 8 

13 216 10  13 245 7  13 245 10 

13 292 12  13 188 7  13 202 8 

15 245 12  13 188 8  15 188 8 

15 216 9  15 245 8  15 245 9 

Average 237.2 11.0   222.4 7.4   225.2 8.6 

Standard 

Deviation 
29.8 1.3   28.2 0.5   25.2 0.8 

 Before heat  300 oC  After heat 

 
Load 

(µN) 

Elastic 

Modulus 

(GPa) 

Yield 

Strength 

(GPa) 

 
Load 

(µN) 

Elastic 

Modulus 

(GPa) 

Yield 

Strength 

(GPa) 

 
Load 

(µN) 

Elastic 

Modulus 

(GPa) 

Yield 

Strength 

(GPa) 

NDLC-

4.5 

13 216 11 
 

11 216 9 
 

13 216 9 

13 245 11 
 

11 245 10 
 

13 245 11 

15 245 14 
 

13 245 9 
 

13 245 11 

15 245 14 
 

13 216 8 
 

15 245 10 

15 325 14 
 

15 216 8 
 

15 245 10 

Average 255.6 12.8   227.8 8.8   239.6 10.2 

Standard 

Deviation 
36.7 1.5   14.4 0.7   11.8 0.7 
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Figure 18. (a) Elastic modulus and (b) Yield strength of NDLC films at different 

temperature conditions 
 

3.4.4. Comparison of extracted yield strength values of NDLCs using scratch hardness 

In an earlier study, nanoscratch hardness of NDLC films were calculated for NDLC-3.5 

and NDLC-4.5 films. Tayebi’s model [20] was used in that study to determine scratch 

hardness with minimum substrate effect. Detailed experimental procedures of scratch 

hardness tests were discussed in that study [15].  To calculate scratch hardness using the 

Tayebi model, elastic modulus of the material is required, which was determined from 

nanoindentation. Due to instrument limitations and very thin NDLC films, it was found 

that the elastic modulus of NDLC cannot be determined without substrate effect from the 

experiments. A method to overcome this substrate effect is to use the true elastic modulus 

of NDLCs in Tayebi’s model to accurately calculate scratch hardness. In this FEA study, 

the elastic modulus of NDLCs was determined and then used in Tayebi’s model to 

recalculate scratch hardness of NDLC films.  
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Figure 19 shows the summary of the updated scratch hardness results of NDLC films at 

different temperature conditions. The calculated hardness values were found much higher 

than those reported in our recent study, ranging from 7% to 24% increase in scratch 

hardness values compared to previous study for different NDLCs and experimental 

conditions. Changes in values are due to the use of true elastic modulus of NDLCs from 

this study which were not possible to accurately determine from pure experiments 

performed in the previous study, due to substrate effects. However, the trend of the new 

results remained similar with the previous findings. It was found that at 300 oC, scratch 

hardness of NDLC films decrease from 25 oC before heating, and then recovered up to a 

certain limit at 25 oC after removal of heat. NDLC-4.5 showed higher scratch hardness 

than NDLC-3.5 at all temperature conditions, as higher NDLC thickness leads to better 

resistance to permanent deformation. 

Figure 19. Updated scratch hardness of NDLC films at different temperature 

conditions 

 



 

60 

 

Using updated scratch hardness results, hardness (H) to yield strength (Y) ratio was 

compared for NDLCs of sub 5-nm thickness at different experimental conditions. The 

calculated results are shown in Table 9. From the results, it is evident that H/Y is not a 

fixed value for NDLC films with different thicknesses and at different temperature 

conditions. Overall, the H/Y ratio ranges between 2.2-2.8. From the literature, the H/Y 

ratio of DLC films is found to be within the range of 1.0-2.0 [58–63], which is lower than 

the H/Y ratio of NDLC films found in this study. This may be attributed to the following 

factors. First, the earlier studies were performed on thicker DLC films, whereas the NDLC 

films are of sub- 5 nm thickness, which may affect the H/Y ratio. NDLC-4.5 showed lower 

H/Y ratios compared to NDLC-3.5, at all experimental conditions, indicating thickness 

dependence of H/Y ratio. Moreover, H/Y ratio also changed with temperature and chemical 

structure of NDLCs. Nitrogen doping may also have an effect of H/Y ratio of NDLCs. 

Further studies are needed to investigate H/Y ratio of NDLCs with respect to film 

thickness. 

Table 9. H/Y ratios of NDLC films at different thickness and temperature conditions 

 

Conditions Mechanical Properties NDLC- 3.5 NDLC- 4.5 

Before heat 

Average Hardness, H (GPa) 26.95 28.68 

Average Yield Strength, Y (GPa) 11.00 12.80 

H/Y 2.45 2.24 

300 oC 

Average Hardness, H (GPa) 18.52 20.51 

Average Yield Strength, Y (GPa) 7.40 8.80 

H/Y 2.50 2.33 

After heat 

Average Hardness, H (GPa) 24.33 26.82 

Average Yield Strength, Y (GPa) 8.60 10.20 

H/Y 2.83 2.63 
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3.5. Summary 

In this study, nanoindentation experiments were performed on HAMR magnetic media at 

different contact depths and temperature conditions. The results were fitted with FEA to 

extract the yield strength and elastic modulus of different thin film layers. Following 

conclusions can be drawn from this study: 

(1) Elastic modulus of the glass substate remained constant at 25 oC before and after 

heating, and at 300 oC. However, the hardness of the glass substrate decreased at 

300 oC, but recovered after removal of heat, showing similar hardness of glass 

substrate at 25 oC before and after heating. 

(2) For FeCo metal layers, at 300 oC, both elastic modulus and yield strength 

decreased, compared to 25 oC before heating. After removal of heat, both 

properties were recovered to the initial values. Higher recovery of mechanical 

properties of the glass substrate and the FeCo metal layer indicates enhanced 

robustness of HAMR media system up to 300 oC. 

(3) At 300 oC, both NDLC-3.5 and NDLC-4.5 films showed reduction in elastic 

modulus and yield strength, compared to 25 oC before heating. The properties of 

NDLCs were not fully recovered after removal of heat and significant reduction in 

elastic modulus and yield strength were found at 300 oC and 25 oC after heat. 

NDLC-4.5 showed better mechanical properties than NDLC-3.5 at all temperature 

conditions, indicating that higher film thickness leads to better rigidity of the film 

and resistance to permanent deformation at high temperature operations. 
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(4) H/Y ratios of NDLC films were found in the range of 2.2-2.8, which was higher 

than previous H/Y studies on thicker DLC films. These changes may be attributed 

to film thickness, temperature, chemical structure and doping materials. 

 

In this chapter, true mechanical properties were obtained for NDLCs with similar carbon 

configurations, focusing only on thickness dependence mechanical properties. Next, in 

Chapter IV, NDLCs with different carbon configurations were studied and their effect on 

mechanical and tribological behaviors were investigated. 
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CHAPTER IV  

EFFECT OF CARBON CONFIGURATION ON MECHANICAL, FRICTION AND 

WEAR BEHAVIOR OF NITROGEN-DOPED DIAMOND LIKE CARBON FILMS 

FOR MAGNETIC STORAGE APPLICATIONS [64]3 

4.1. Introduction 

Different doping materials have been utilized to improve the performance of DLCs for 

different applications [65–67]. For magnetic storage applications, nitrogen doped DLC 

(NDLC) has caught the most attention. Nitrogen has been used as the dopant to improve 

mechanical, friction and wear behavior, and thermal stability of DLCs [7,31,68]. 

Khurshudov et al. studied the mechanical properties of carbon nitride thin films and 

showed that friction can be significantly reduced by doping carbon films with nitrogen 

[30]. Nitrogen doping can also increase adhesion performance of DLC films. However, 

higher amount (> 10%) of nitrogen can decrease sp3 carbon content, which may lead to 

deterioration of mechanical properties and increase of surface roughness [69]. Literature 

shows the optimum amount of nitrogen in DLCs is up to 10%, beyond which, mechanical 

and tribological behavior deteriorate [44,45,70].  

Chemical configuration of NDLCs plays an important role in their mechanical and 

tribological integrity. Especially, sp3 and sp2 carbon contents play a major role in 

mechanical, friction and wear behavior of NDLC thin films. In this study, high 

 

3 Reprinted with permission from “Effect of Carbon Configuration on Mechanical, Friction and Wear 

Behavior of Nitrogen-Doped Diamond-Like Carbon Films for Magnetic Storage Applications.” by Shakil 

A, Amiri A and Polycarpou A.A. Tribology Letters, 69(4), pp.1-12. Copyright 2021 by Springer Nature 

B.V. 
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temperature mechanical and tribological tests of NDLCs with different sp2/sp3 carbon 

ratios were performed. Chemical compositions of NDLCs before and after heat treatment 

were investigated using x-ray photoelectron spectroscopy (XPS). Correlation of sp2/sp3 

ratio of carbon content with mechanical and tribological properties of NDLCs were 

investigated at room temperature before and after heat treatment and at high temperature.   

 

4.2. Experimental 

 4.2.1. Sample description and testing protocol 

Figure 20(a) depicts a schematic diagram of a simulated HAMR media sample used in this 

study. Each sample consists of a NDLC film, a FeCo metal layer of 200 nm thickness and 

a glass substrate as shown in Figure 20(a). The FeCo layer is used as soft underlayer in 

magnetic storage applications. The glass substrate has a glass transition temperature of 

691 oC, which was found from vendor data. The FeCo metal layer was deposited on the 

glass by magnetron sputtering technique. DLC was then deposited on the FeCo layer by 

plasma enhanced chemical vapor deposition (PECVD). The DLC surface was then doped 

with nitrogen to enhance lubricant bonding sites. NDLC films of two different thicknesses 

of 3.1 nm and 3.3 nm were deposited using different deposition parameters and named as 

NDLC-1 and NDLC-2, respectively. Optical ellipsometry was used to measure the coating 

thicknesses of the samples. Note that samples used in the study are different than those 

used for the studies in Chapters II and III. 
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Figure 20. (a) Schematic representation of cross-section of a simulated HAMR disk;  

(b) Experimental protocol. 
 

Due to laser heating, HAMR drives may instantaneously reach the maximum temperature 

up to 600 oC [16]. However, diamond indenters used for nanomechanical characterizations 

cannot be used at such high temperature. Literature showed that diamond indenters 

undergo rapid oxidation at 400 oC, which may significantly alter the surface topography 

and properties of the indenter, leading to unreliable measurements [17]. Hence, a lower 

temperature of 300 oC was chosen for reliable high temperature measurements using the 

diamond indenter. Moreover, reliable measurements were performed using multiple 

experiments under the same experimental conditions, which required more time. Also, 

thermal drift is a major concern especially for high temperature nanomechanical and 

nanotribological testing and the instrument needs some time before the tests to reduce 

thermal drift for reliable measurements. As a result, the NDLC samples were heated to 

higher temperature for much longer time than what they will ever encounter in a hard-disk 

drive. Surviving samples that subjected to heating for longer time can be considered as a 

parameter for verification of robustness of the samples [15].  
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The testing protocol for this study is shown in Figure 20(b). The data collection for NDLC 

samples was performed at three temperature conditions: at 25 oC before subjecting 

samples to heat treatment, at 300 oC, and at 25 oC after subjecting the samples to heat 

treatment. At first, all mechanical and tribological tests were performed under air 

environment at 25 oC before heat treatment. The samples were then heated to 300 oC under 

inert argon gas environment at a heating rate of 150 oC/minute and kept for about 90 

minutes at 300 oC. Argon environment was used to reduce the indenter oxidation at high 

temperature. After high temperature tests, the tested samples were cooled down to 25 oC 

with a cooling rate of 30 oC/minute and mechanical and tribological tests were performed 

at 25 oC after removal of heat.  

4.2.2. Types of experiments and instrumentation 

To investigate the mechanical and tribological behavior of NDLC-1 and NDLC-2 at all 

three experimental conditions, nanoscratch, nanoindentation and nanowear experiments 

were performed. A Bruker TI Premier nanomechanical instrument was used for these 

experiments, which can perform high temperature tests up to 800 oC. The standard 

transducer has a force resolution of 45 nN and a displacement resolution of 0.23 nm. In 

this study, hardness, and coefficient of friction (COF) at different temperatures were 

determined from the nanoscratch experiments. Elastic recovery of the samples after 

nanoscratch tests need to be determined for hardness calculations, for which elastic 

modulus of NDLCs also need to be known. For this purpose, shallow nanoindentations 

were performed to determine the reduced modulus of NDLCs with minimal substrate 

effect. Nanowear tests were performed to compare wear behavior of NDLC-1 and NDLC-
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2 thin films at different temperatures. Surface roughness measurements before and after 

heat treatment were performed using a Bruker Dimension 3100 AFM instrument. Tapping 

mode was used for the AFM measurements. For elemental analyses of NDLC-1 and 

NDLC-2 before and after heat treatment, XPS was employed.  

4.2.3. Experimental steps and data processing 

4.2.3.1. Nanoscratch 

Nanoscratch is a technique used to determine mechanical properties of thin films up to 

35% of their thicknesses without any substrate effect [71]. In this technique, normal force, 

lateral force, and residual surface profile are measured and the substrate effect is delayed, 

compared to nanoindentation [20]. Also, unlike nanoindentation, nanoscratch does not 

need any prior calibration on a standard sample to determine the mechanical properties. 

In this study, scratch hardness and COF of NDLC-1 and NDLC-2 were determined using 

the nanoscratch experiments. Figure 2. shows the load function vs. time used for the 

nanoscratch experiments. To determine scratch hardness with minimal substrate effect at 

25 oC before and after heating and at 300 oC, a Berkovich indenter of tip radius 220 nm 

was used (the exact tip radius was determined from elastic nanoindentation on standard 

fused quartz sample and finite element analysis as per Ref. [43]). The maximum scratch 

normal load used was 30 µN to ensure plastic deformation of the NDLC samples with 

only the spherical part of the indenter in contact. The steps of nanoscratch experiments 

were as follows: 
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1. Pre-scan the NDLC surface with a minimal load of 2 µN and a lateral displacement 

of 6 µm to perform any tilt correction on the surface before the actual scratch 

experiment; 

2. Increase the load to 30 µN and scratch the surface with this load for a lateral 

displacement of 4 µm; 

3. Unload to 2 µN after the scratch and post-scan the surface for a lateral 

displacement of 6 µm to determine residual scan; and 

4. Scanning probe microscopy (SPM) imaging of the surface with a 5 µm × 5 µm 

area using the same indenter after the scratch experiment. 

In-situ normal and lateral forces were measured from nanoscratch experiments, and the 

residual surface scan was obtained from SPM imaging. Tayebi et al. scratch hardness 

model [20] was used to determine the nanoscratch hardness, given by equations (4-5).  

To determine  for scratch hardness measurements from equation 5, an in-situ profile of 

the surface scan is required. The in-situ surface profile can be determined by 

superimposing the residual profile from the SPM scan and elastic recovery profile of the 

surface, which can be determined using Boussinesq theory of potentials. Known elastic 

modulus of the surface is used to determine the elastic recovery profile. Elastic modulus 

of NDLCs was determined from very shallow nanoindentation experiments using Oliver-

Pharr method [18]. More details of nanoindentation results are discussed in Appendix C. 
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Figure 21. Load function for nanoscratch experiments. 

 
 

4.2.3.2. Nanowear 

In a typical nanowear experiment, the surface is scratched with a higher normal load using 

a diamond indenter and a rectangular worn area is formed [28,72]. After that, the surface 

is scanned using the same indenter using a minimal load on a larger area of the surface. 

Then the average wear depth is determined by comparing the mean height of the worn 

area with the mean height of the unworn area. In this study, nanowear tests of NDLC films 

were performed using a Berkovich indenter with a tip radius of 335 nm. Wear tests were 

performed using a normal load of 20 µN on a 2 µm × 1 µm area (with an initial Hertzian 

contact pressure of ~10 GPa). After the tests, the residual surface was rescanned with 2 

µN normal load on a 3.8 µm × 3.8 µm area. Nanowear tests were performed three times 

at each temperature and average wear depths were reported for NDLC-1 and NDLC-2 

films. 
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4.2.3.3. Surface analysis 

All the samples were argon-sputtered with the lowest energy argon beam provided by the 

device to minimize the effect of detectable quantity of adventitious carbon contamination. 

Therefore, since the first layer was a DLC layer and according to [73,74] and the obtained 

D-parameter, the binding energy scale was calibrated by considering the C-C peak as the 

dominant peak present at 285.0 eV. Since Fe, Zr and Co elements (from 2nd layer) were 

initiated in the survey spectra from the 2nd layer, we used high resolution data to perform 

quantification. CasaXPs software was used for the data processing procedure through 

calculating peak areas of high-resolution spectra. The Omicron XPS system was equipped 

with an Argus detector and an excitation source of Mg Ka 1253.6 eV at X-ray power range 

of 200-300 W. The computer-controlled stage helps in angle-resolved XPS measurements 

and a CN10 charge neutralizer to minimizing the samples’ charging.  

 

4.3. Results and discussion 

4.3.1 Elemental analysis  

Elemental analysis was performed using XPS to investigate the chemical composition of 

NDLCs before and after heat treatment, as shown in Table 10. From this table, it was evident 

that carbon and nitrogen compositions before and after heat treatment were similar and the 

chemical composition did not change after annealing.  

 



 

71 

 

Table 10. Chemical composition of NDLCs from XPS study (BHT/AHT=Before/After 

heat treatment). 

 

Sample 

C 1s N 1s Element % 

D-

Value C-C C=C 
C-N/              

C-O 
C=O 

Pyridinic 

N 

Pyrrolic 

N 

Graphitic 

N 

Oxidized 

N 

C  

(at. 

%) 

N  

(at. 

%)  
NDLC-1 

(BHT) 

51.4±

1.2 

16.4±

0.4 

24.8± 

0.3 

7.3± 

0.9 
28.9±2.6 30.1±2.1 35.3±1.2 5.7±2.2 

82.4±

0.2 

7.7± 

0.3 

15.45±

0.1 
 

NDLC-1 

(AHT) 

48.9±

1.8 

18.9±

1.7 

26.4± 

1.3 

5.7± 

1.4 
39.3±1.9 22.8±1.2 31.9±2.4 6.0±1.5 

81.6±

0.9 

8.3+ 

0.4 

15.53±

0.2 
 

NDLC-2 

(BHT) 

65.4±

0.9 

17.5±

1.4 

13.4± 

0.8 

3.7± 

0.4 
23.5±1.5 48.5±1.5 25.4±1.9 2.6±1.7 

84.7±

0.3 

6.0± 

1.2 

15.27±

0.1 
 

NDLC-2 

(AHT) 

62.8±

1.4 

18.5±

1.6 

13.6± 

1.4 

5.1± 

1.1 
34.4±0.9 39.9±1.4 20.8±0.4 4.9±0.3 

82.4±

1.1 

7.9± 

0.8 

15.45±

0.2 
 

 

Different terminal groups were also studied from XPS spectra, as shown in Table 10. Figures. 

22(a) and 22(b) show C 1s spectra of NDLC-1 sample before and after heating, respectively. 

Figures. 22(c) and 22(d) depict C 1s spectra of NDLC-2 sample before and after heating, 

respectively. In line with the literature [23,73–75], the C 1s spectra were fitted with four 

components, which are C=C (sp2-hybridized carbons) peak at ~ 284.0 eV, C-C (sp3-

hybridized carbons) peak at ~ 285.2 eV, the hydroxyl/C-N bond at ~ 286.6 eV, and a 

carbonyl bond at ~288 eV. To verify the obtained sp2 /sp3 content ratio from C 1s, the 

linear approximation proposed by Lascovich et al. [76] was employed. According to the 

method presented in the literature [73–75,77], the sp2 /sp3 content can be evaluated from 

the C KLL spectra. To this end, it is required to determine the distance between the most 

positive maximum and most negative minimum of the first derivative of C KLL spectra 

[73–75,77]. As shown in Table 10, the D parameters for both NDLC-1 and -2 were 

determined from the same linear approximation method. The D parameter increased from 

15.45 eV to 15.53 eV after subjecting to annealing step at 300 oC, corresponding to sp2% 

content increasing from 23.7% to 24.6% consistent with the proposed linear 
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approximation by Lascovich et al. [76]. We gained the same value from the curve fitting 

of C 1s spectra.   

A comparison of either Figures 22(a) and 22(b) or Figures. 22(c) and 22(d) clarifies that the 

peak assigned to sp3 carbon drops slightly after heat treatment at 300 oC. This indicated the 

partial changes in hybridization of carbon atoms from sp3 to sp2 after subjecting samples to 

annealing at 300 oC. After heat treatment, the sp2/sp3 carbon ratio in both samples increased by 

~7%, which may result in a softer layer [24].  

 

 

Figure 22. C 1s XPS spectra of (a) NDLC-1 (BHT); (b) NDLC-1 (AHT); (c) NDLC-2 (BHT); 

and (d) NDLC-2 (AHT). Nitrogen 1s XPS spectra of (e) NDLC-1 (BHT); (f) NDLC-1 (AHT); 

(g) NDLC-2 (BHT); and (h) NDLC-2 (AHT).  BHT/AHT=Before/After heat treatment. 

 

Figures 22(e) and 22(h) show the N 1s spectra for NDLCs before and after heat treatment. The 

N1s bonds are broad, and they were fitted with four peaks at 398.5, 399.5, 400.5, and 402.6 

eV, attributed to pyridinic N, pyrrolic N, graphitic N, and oxidized N [25–29]. Quantitative 

analysis was performed and the results are provided in Table 10, where the pyrrolic, 

pyridinic, and graphitic nitrogen contents for both NDLCs before and after heat treatment are 
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shown. Similar to the N content, changes in nitrogen configurations were insignificant after 

annealing at 300 oC.  Therefore, a majority of mechanical changes can be attributed to changes 

in configuration of carbons.  

 

4.3.2. Nanoscratch 

4.3.2.1. Scratch hardness 

Figure 23(a) depicts a typical line scan of the residual surface after nanoscratch and 

calculated in-situ surface before elastic recovery. After obtaining the surface profiles, the 

in-situ profile was plotted on the same scale and the spherical radius of the indenter was 

fitted onto the profile to determine in-situ contact width (w). Since the contact width only 

depends on geometry, tip-sample convolution was not involved in this process [39]. Using 

this method, nanoscratch hardness was calculated for NDLC-1 and NDLC-2 films at all 

experimental conditions and the results were summarized in Figure 23(b). Contact 

parameters for nanoscratch calculations at different experimental conditions were also 

shown in Table 11. 

From Figure 23(b), it is evident that scratch hardness of NDLC-2 was higher than that of 

NDLC-1 at 25 oC before heating. It was attributed to lower sp2/sp3 carbon ratio of NDLC-

2 films as found from XPS results. Higher relative sp3 carbon content of NDLC-2 led to 

increased rigidity of the films, thereby showing increased hardness than NDLC-1 [78,79]. 

Scratch hardness of NDLC-1 and NDLC-2 at 25 oC before heating were found as 21.44 

GPa and 21.75 GPa, respectively, showing slightly higher hardness for NDLC-2. This may 

be due to higher percentage of sp3/sp2 ratio in NDLC-2. At 300 oC, scratch hardness of 
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both NDLC-1 and NDLC-2 deteriorated due to partial alternation of sp3 to sp2 

hybridization, resulting in softer layer at 300 oC [15,42,80]. NDLC-2 showed higher 

hardness at 300 oC than NDLC-1 due to higher relative sp3 carbon content. Average 

scratch hardness at 300 oC for NDLC-1 and NDLC-2 were 17.63 GPa and 18.62 GPa, 

respectively, showing ~6% higher hardness for NDLC-2 at 300 oC. After cooling down to 

25 oC, scratch hardness of both NDLCs were lower, compared to those at 25oC before heat 

treatment.  

Scratch hardness of NDLC-2 after heating was higher than that of NDLC-1, which is 

related to higher relative sp3 carbon contents. The same reason is valid for samples after 

heat treatment, as verified by XPS results. Average scratch hardness of NDLC-1 and 

NDLC-2 after heat treatment were 19.39 GPa and 20.72 GPa, respectively, showing ~7% 

higher hardness for NDLC-2. 

Because of the nature of very thin films, it is difficult to determine hardness of sub-5 nm 

thin films from nanoscratch and nanoindentation experiments without any substrate effect. 

The in-situ contact depths for nanoscratch experiments were over 35 % of NDLC 

thicknesses (Table 11). However, the residual depths were less than 35% of films 

thickness, Fig 4(a), implying that nanoscratch can be used over nanoindentation to 

determine hardness of thin films with less substrate effect.  
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Table 11. Scratch hardness calculations from nanoscratch experiments. BHT/AHT=Before/After 

heat treatment. 

 

Samples Conditions 
Normal 

force (µN) 

Lateral 

force (µN) 

In-situ contact 

width (nm) 

In-situ contact 

depth (nm) 

Scratch 

Hardness 

(GPa) 

NDLC-1 

BHT 28.28 3.05 57.0 1.85 22.10 

300 oC 28.17 3.73 64.5 2.38 17.31 

AHT 28.11 3.45 61.0 2.12 19.30 

NDLC-2 

BHT 28.16 3.43 57.0 1.85 22.16 

300 oC 28.23 9.91 62.0 2.20 19.02 

AHT 28.19 4.95 59.0 1.99 20.75 

 

 

Figure 23. (a) Residual surface scan and in-situ (calculated) surface profile before elastic 

recovery, (b) Scratch hardness of NDLC-1 and NDLC-2 samples at 25 oC before heating, 300 oC 

and 25 oC after heating. Error bars represent  one standard deviation. 

 

4.3.2.2. Coefficient of friction  

Another set of nanoscratch experiments was performed to determine the coefficient of 

friction (COF) of the two films at different operational conditions. Normal and lateral 

forces were measured from nanoscratch experiments and COFs were determined by the 

ratio of lateral forces to normal forces. Figure 24(a) shows a typical COF response during 

a nanoscratch experiment. Average COFs for NDLC films (Figure 24(b))  were within the 
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range of 0.09 - 0.15 at 25 oC before heat treatment, which were in good agreement with 

values reported in DLC-related literature [81,82]. Bowden and Tabor [72] proposed a 

friction mechanism as a combination of two independent mechanisms: adhesion friction 

and deformation friction. The adhesion friction is due to van der Waals interactions 

resulting from surface roughness, interface surface energy, and elastic/plastic properties 

[36]. The deformation friction is due to plowing the softer surface by the asperities of a 

harder surface during sliding. The deformation COF (𝜇𝑑𝑒𝑓) can be determined using a 

simple analytical expression given by equation 7 [82,83],  

                                       𝜇𝑑𝑒𝑓 =
4𝑤

3𝜋𝑟
                                    (7) 

where, w is the in-situ scratch width, which is equivalent to the in-situ contact width 

calculated in nanoscratch experiments and r is the spherical radius of the indenter. In 

equation 3, it is assumed that normal force and lateral force act separately to yield the 

surface, which make µdef independent of mechanical properties [83]. Using the results 

from the scratch tests, 𝜇𝑑𝑒𝑓 of NDLC films at all temperature conditions were found within 

the range of 0.1-0.12. Adhesion COF (𝜇𝑎𝑑ℎ) can be determined by subtracting 𝜇𝑑𝑒𝑓 from 

the total COFs measured from the experiments. Comparing the COF results from Figure 

24(b) with the results from equation (3), it was found that the average COF of both NDLCs 

at 25 oC before heating were almost the same and mostly attributed to deformation friction. 

Due to almost similar hardness of both NDLCs at 25 oC before heating, in-situ contact 

widths were similar during scratch tests, as indicated in Table 11, leading to similar 
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deformation COF. Adhesion COF components for both NDLCs were not significant 

before heating.   

With increasing temperature to 300 oC, the COFs of both NDLCs increased more than 

100%, increasing from 0.14 to 0.41 for NDLC-1 and from 0.13 to 0.26 for NDLC-2. The 

increases were attributed to significant increase of adhesion friction at 300 oC [15,82]. 

Notably, the increase in the COF was more dramatic for NDLC-1 at 300 oC, compared to 

NDLC-2. Interestingly, although NDLCs softened at 300 oC, the deformation friction did 

not significantly change according to equation (3). Molecular dynamics simulation 

showed that sp2-hybridized carbon atoms undergo chemical reactions that can lead to 

adhesion between the diamond tip and NDLC surfaces. At 300 oC, the amount of hydrogen 

atoms on NDLCs decreased, which led to more sp2-carbon atoms. At the same time, sp3 

to sp2 carbon transformation also occurred at 300 oC. This change may provide more active 

sites on the surface of the NDLC, leading to higher adhesion between the diamond tip and 

NDLC surfaces at 300 oC [15,37,82].  

After cooling down to 25 oC, the average COFs of NDLC-1 and NDLC-2 reduced to 0.24 

and 0.20 respectively, which were still higher than the corresponding COFs before 

subjected to heat treatment. Softening of NDLCs due to higher percentage of sp2/sp3 ratios 

in both carbon and nitrogen after annealing may be the main cause for the obtained rise in 

COF. These findings were in agreement with the literature and the XPS results [34].  



 

78 

 

 

Figure 24. (a) Typical coefficient of friction (COF) response in a nanoscratch experiment; 

(b). Average COFs of NDLC samples at all three experimental conditions. Error bars 

represent ± one standard deviation. 
 

 

 

4.3.3. Nanowear  

Nanowear tests were carried out to study the wear mechanisms associated with NDLCs. 

After the experiments, residual surface scans with larger areas were obtained using 

scanning probe microscopy (SPM) technique. Figure 25 shows SPM images of residual 

NDLC surfaces after nanowear experiments at three experimental conditions: @ 25 oC 

before heat treatment, @ 300 oC, and @ 25 oC after heat treatment. The wear area showed 

a maximum depth of 0.70 nm and 0.66 nm for NDLC-1 and NDLC-2, respectively at 25 

oC before subjecting to heat treatment process. The maximum depths increased to 1.7 nm 

and 1.1 nm for NDLC-1 and NDLC-2, respectively at 300 oC. Wear tracks were more 

clearly visible at 300 oC and the material pile-ups at the boundary of the wear tracks were 

obvious. The material pile-up was larger for NDLC-1 than for NDLC-2. After cooling 

down to 25 oC, the maximum wear depths for NDLC-1 and NDLC-2 were 0.80 nm and 
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0.70 nm, respectively. A comparison between samples before and after heat treatment 

shows that the obtained values at room temperature were higher after subjecting the 

samples to the heat treatment process. At all experimental conditions, NDLC-2 showed 

lower values of maximum depths than NDLC-1.  

Wear experiments were performed 3 times at each experimental condition and average 

wear depths were calculated for both NDLCs as shown in Figure 26. Average wear depths 

for both NDLCs at 25 oC before heating were similar, with NDLC-2 having slightly less 

wear than NDLC-1. This is attributed to slightly higher hardness of NDLC-2 before 

heating than NDLC-1. Higher hardness gave NDLC-2 better resistance to permanent 

deformation, leading to better wear resistance. At 300 oC, the average wear depths of 

NDLC-1 and NDLC-2 increased to 0.76 nm and 0.57 nm respectively, showing more than 

100% increase in wear. Increase in wear was attributed to reduction in sp3 contents and 

increased adhesion, which were in agreement with Rose et al. [42] and the XPS results. 

NDLC-2 showed better wear resistance than NDLC-1 at 300 oC due to higher hardness 

and sp3 carbon contents than NDLC-1. After cooling down to 25 oC, wear depths of 

NDLC-1 and NDLC-2 were found as 0.24 nm and 0.23 nm respectively, which were 

higher than 25 oC before heating. Similar to 25 oC before heating, wear depths of NDLC-

2 were slightly lower than NDLC-1 after heat treatment due to higher hardness of NDLC-

2 than NDLC-1. Interestingly, none of the NDLCs showed any delamination even at 300 

oC and maximum average wear depths were found less than 1 nm for both NDLCs, 

indicating that both NDLCs were able to protect the substrate from direct contact with the 

indenter.  
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Figure 26. Average wear depths of NDLCs at 25 oC before heating, 300 oC and 25 oC 

after heating. Error bars designate  one standard deviation. 

 

 

 

Figure 25. Residual surface profiles of NDLC samples after nanowear tests at 25 oC 

before heating, 300 oC and 25 oC after heating. 
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4.3.4. Effect of heat treatment on surface roughness   

Tapping mode AFM was used for the roughness measurements with a scan area of 4.8 µm 

4.8 µm. Figure 27 shows surface scans of NDLC-1 and NDLC-2 samples for two 

experimental conditions: before and after annealing at 25 oC. The measurements showed 

that RMS surface roughness (Rq) of NDLC-1 and NDLC-2 subjected to different 

experimental conditions were within the same range of 0.09-0.12 nm, indicating that 

surface roughness remained almost the same after heat treatment. This indicates that the 

NDLCs are robust samples and can be at least used up to 300 oC without serious damage.  

 

Figure 27. AFM Surface scans of NDLC-1 and NDLC-2 at 25 oC before heating and 25 
oC after heating. 
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4.4. Summary 

Mechanical and tribological studies were performed for ultra-thin NDLC films with 

different sp2/sp3 carbon ratios and almost the same nitrogen content, which were 

determined from XPS study. Hardness, COF, and wear were measured and compared for 

the NDLC films at 25 oC before and after heat treatment, and at high temperature of 300 

oC. The following conclusions can be drawn: 

1. The XPS studies showed that sp2/sp3 carbon ratios of NDLC increases after 

subjecting samples to a heat treatment process at 300 oC; 

2. NDLC-2 with lower sp2/sp3 carbon ratios showed better mechano-tribological 

properties e.g., hardness, COF, and wear. At 300 oC, the hardness of NDLCs 

decreased due to softening and reduction in sp3 carbon and nitrogen contents. After 

cooling back to 25 oC, the hardness of NDLCs reduced, compared to the original 

film before heating, which is attributed to changes in sp2/sp3 ratio; 

3. Because of heat treatment, adhesive friction of both NDLCs samples increased 

significantly due to increased sp2 carbon and nitrogen contents, leading to more 

than 100% increase in overall COFs, compared to before heat treatment. After 

annealing, COFs of NDLCs were also higher than before heat treatment as a result 

of graphitization. NDLC-2 having lower sp2/sp3 ratio showed lower COF than 

NDLC-1 at both 300 oC, and after heat treatment; 

4. NDLC-2 with lower sp2/sp3 carbon ratio showed better wear performance than 

NDLC-1 with higher sp2/sp3 ratio. Wear resistance deteriorated at 300 oC due to 

softening and increased adhesion of NDLCs. Higher hardness led to increased 
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resistance to permanent deformation, resulting in better wear performance. After 

heat treatment, wear behavior was predominantly recovered to before heating 

values; and 

5. Although NDLC-2 having lower sp2/sp3 carbon ratio showed better wear 

performance than NDLC-1, none of the NDLCs were delaminated and maximum 

values of wear depths were less than the thickness of the coatings, i.e., 1 nm. This 

indicated that both NDLCs were able to protect the substrate from direct content, 

especially at high temperature conditions. 

This chapter concludes solid-solid contact studies for hard coatings. NDLCs did not show 

creep behavior at higher temperature due to higher strength. If one of the contact surfaces 

is softer, creep behavior may be observed at elevated temperatures. In the next chapter, a 

state-of-the-art bionanocomposite thin film system has been chosen for solid-solid contact 

study for soft coatings, and creep behavior of the composite was studied at elevated 

temperatures.  
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CHAPTER V  

ELEVATED TEMPERATURE MECHANICAL AND CREEP BEHAVIOR OF 

GRAPHENE OXIDE, SILK FIBROIN AND CELLULOSE NANOCRYSTALS BIO 

NANOCOMPOSITE FILMS 

 

5.1. Introduction 

Ultra-thin nanobiofilms are widely considered as potential functional materials for various 

state-of-the art applications e.g., flexible electronic devices, thermal interface materials, 

energy storage, and lubricants due to their outstanding mechanical properties [84–86]. 

Especially, nacre-like biopolymer films with distinctive laminated structure exhibited 

superior mechanical properties [87,88]. These improvements in mechanical properties 

compared to their constituent components were attributed to the brick-and-mortar 

structure of the films [89,90]. Among the potential constituent materials, two-dimensional 

(2D) graphene oxide (GO) film is a well-known candidate due to its superior mechanical 

properties, electrical conductivity after reduction, and better optical properties [91] . 

However, the assembled GO films do not show the same mechanical behavior as GO 

flakes because of debonding and delamination, limiting their usage in practical 

applications [92,93].  

To improve the mechanical properties of GO-based films, suitable materials must be 

assembled with GO to form nacre-like structures. Several materials have caught 

researchers’ attention to develop GO-based nanofilms. Silk fibroin (SF) is one of the 

promising materials with suitable mechanical properties. SF can be easily fabricated from 
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natural silk cocoons, which makes the nacre structure having biocompatibility [94]. At the 

same time, SF also showed better interfacial and adhesion strength with GO films [95]. 

Previous studies showed that GO-SF nanocomposite exhibited superior mechanical 

properties, compared to individual components [88,96]. On the other hand, cellulose 

nanocrystals (CNC) is also another candidate material for GO-based bionanofilms. CNC 

also showed better mechanical integrity, high aspect ratio and the mechanical behavior 

was also improved when assembled to form GO-CNC nanocomposite  [13,97,98]. CNC 

also exhibited improvement in mechanical performances when assembled with SF due to 

hydrogen bonding and increased interfacial interactions [99]. Therefore, GO-SF-CNC 

assembled nacre like composite is expected to significantly improve mechanical properties 

compared to other bionanofilms. Several fabrication methods have been implemented to 

fabricate nacre-like structures with tunable mechanical properties. Spin assisted layer-by-

layer (SA-LbL) assembly is one of the most popular methods to fabricate the nacre like 

composites with their thicknesses at the nanoscale [96,100].  

Creep behavior of bionanofilms is of great importance as they will be subjected to longer 

time exposure to heat and/or applied load. Several researchers have worked on 

temperature dependent and viscoelastic behavior of individual GO, SF and CNC materials 

[10–13]. However, the literature is limited for temperature dependent and creep behavior 

of GO-SF-CNC nanocomposite to ensure mechanical reliability for real life applications.  

Nanoindentation technique is a widely used method to determine mechanical properties 

of thin films, including at elevated temperatures. The same technique can be used to 

perform creep experiments of a material by holding the maximum load for sufficiently 
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longer time to determine creep displacements. This method is commonly known as 

constant load hold (CLH) method. To predict creep properties from the experiments, 

different approaches have been used in the literature. Finite element analysis (FEA) is one 

of the widely used methods to determine creep properties of a material by curve fitting 

nanoindentation load-displacement responses [101]. For predicting true properties of thin 

films from nanoindentation and FEA, the indenter geometry is also an important factor 

and needs to be considered in FEA [43,54].   

In this study, GO-SF-CNC nanocomposite films were fabricated using SA-LbL method 

and nanoindentation creep experiments were performed to investigate mechanical and 

creep behavior of GO-SF-CNC nanocomposite at different temperature conditions. Finite 

element method was also performed in this study using modified indenter geometry to 

investigate creep properties of the nanocomposite. 
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 5.2. Experimental 

5.2.1. Preparation of the nanocomposites  

 

Figure 28. Schematic representation of SA- LbL method to fabricate GO-SF-CNC 

nanocomposite. 

 

GO, SF and CNC were prepared using separate methods and SA-LbL was used to fabricate 

GO-SF-CNC nanocomposite. Figure 28 shows a schematic representation of SA-LbL 

process used for GO-SF-CNC fabrication. GO component was prepared using Hummer’s 

method [102,103]. In this method, the graphite powder was first oxidized using sulfuric 

acid, potassium permanganate and sodium nitrate. After that, the oxidized solution was 

slowly quenched with de-ionized water and heated for 2 hours at 95 oC. The solution was 

then cooled down to room temperature, and de-ionized water and hydrogen peroxide were 

added to the solution. The solution was stirred for an hour after the addition of each 

component. Then the solution was sedimented for 6 hours, and the process was repeated 

multiple times. After that, the sedimented solution was percolated and finally GO was 

obtained after heating at 60 oC.  SF solution was obtained from Bombyx mori silkworm 

cocoons. At first, the cocoon was degummed and dissolved using sodium sulfate solutions 

of two different concentrations. Then the solution was dialyzed using de-ionized water 

and then centrifuged twice at 9000 rpm for 10 minutes to remove the supernatant and 



 

88 

 

obtain the SF solution [104]. Cellulose nanocrystals were fabricated from microcrystalline 

cellulose (MCC). At first, the MCC was hydrolyzed using sulfuric acid and then the 

solution was quenched using de-ionized water. After that, the quenched solution was 

centrifuged multiple times at 10000 rpm for 10 minutes using de-ionized water and then 

it was dialyzed for 2-3 days. The dialyzed solution was then sonicated and again 

centrifuged at 5000 rpm for 5 minutes to obtain CNC suspensions [105].  

SA-LbL method was used to fabricate GO-SF-CNC nanocomposites. During the SA-LbL 

process, all three components were dispersed in de-ionized water and then the solutions 

were alternatively deposited on a silicon substrate until desired thickness was obtained. 

The SA-LbL process was performed at 3000 rpm to obtain very thin GO-SF-CNC 

nanocomposite films. In this study, GO-SF-CNC nanocomposite film with a thickness of 

180 nm was deposited on a silicon substrate. 

 

5.2.2. Nanomechanical experiments 

Nanoindentation creep experiments with longer dwell times were performed to determine 

mechanical and creep properties of GO-SF-CNC nanocomposite. The load function used 

for the nanoindentation tests is shown in Figure 29. The steps for the nanoindentation tests 

involve loading to a maximum load in 5 seconds, holding the maximum load for 30 

seconds to obtain the creep displacement, unloading to 1 µN in 5 seconds, holding 1 µN 

for 30 seconds to obtain viscoelastic recovery and final unloading. Five different 

temperature conditions were used to investigate temperature dependent mechanical and 

creep behavior -25 oC, 40 oC, 60 oC, 80 oC and 100 oC. Nanoindentation tests were 
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repeated three times at each temperature conditions to ensure repeatability. For all 

experiments, 7 µN was chosen as the maximum normal load to maintain the maximum 

displacement within 10-15% of the film thicknesses, to avoid any substrate effect from 

silicon. A very sharp cube corner indenter with a tip radius of 80 nm was used to initiate 

plastic deformation at minimal displacements. Shallow indentations were performed to 

avoid substrate effect and because of that, the maximum displacements were within the 

spherical shape of the cube corner indenter. The drift rate was calculated before starting 

the experiments by holding the indenter on the sample for 40 seconds under minimal load. 

The drift rates were found within 0-0.1 nm/s for all temperature conditions.  

The Oliver-Pharr [18] method is widely used to determine hardness and elastic modulus 

from the nanoindentation experiments, given by equations (1-3). Feng et. al [106] 

suggested a correction to Oliver-Pharr method to reduce creep effect, especially for 

Figure 29. Load function for nanoindentation creep study. 
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reduced modulus calculations at high temperatures. They proposed a modified unloading 

stiffness Sm, given by equation (8) 

 
1

𝑆𝑚
=

1

𝑆
+

ℎ̇ℎ
𝑐

|𝑃|̇
       (8) 

where, ℎ̇ℎ
𝑐  is the creep rate at the end of the load hold stage and �̇� is the unloading rate at 

the beginning of the unloading. In this study, Sm was used instead of S in equations (1-3) 

to calculate the hardness and reduced modulus at different temperature conditions. 

Nanoindentation experiments were also performed to determine the hardness and reduced 

modulus of the bare silicon substrate using a trapezoidal load function and equations (1-

3). More details of the experiments are discussed in the Appendix C. Results were entered 

into the FEA model (section 5.3.1) to determine the yield strength and creep properties of 

the GO-SF-CNC nanocomposite. 
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5.3. Finite element modeling for creep study 

5.3.1. Model description 

Figure 30. (a) Schematic of the finite element model to predict creep properties of GO-SF-CNC, (b) zoom-

in view of the model to show the indenter geometry and surface elements. 

 

Figure 30(a) shows the finite element model used in this study to predict yield strength 

and creep properties of GO-SF-CNC nanocomposite by simulating the experimental 

responses. The GO-SF-CNC nanocomposite was considered as a single material in the 

FEA model to predict the overall mechanical and creep behavior. A 2D axisymmetric 

model was built for reduced computational complexities using ABAQUS 6.14 software. 

The cube corner indenter was modeled as an analytic rigid surface. The bottom of the 

indenter was modeled as flat, along with spherical geometry as shown in Figure 30(b). In 

the figure, ‘a’ is the flat part length of the indenter, ‘R’ is the radius of the indenter and 

‘𝜃’ is the effective cone angle. The model sample consisted of GO-SF-CNC 

nanocomposite layer of 180 nm and silicon substrate of 320 nm thickness. Mechanical 
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properties of silicon substrate were entered into the FEA model, which were determined 

from separate nanoindentation experiments on bare silicon substrate (see Appendix E). 

The width of the model sample was 400 nm. 5775 linear quadrilateral reduced integration 

elements (CAX4R) were used to build the model sample. The minimum element area was 

1×1 nm2, used for GO-SF-CNC layer and the maximum element area was 15×20 nm2, 

used for the silicon wafer. Heavy mesh was used for the region closer to the indenter. The 

strain-stress response of the sample was assumed as elastic-viscoelastic-plastic. Von-

mises criterion was used to simulate mechanical behavior of both GO-SF-CNC and silicon 

wafer. The axis of symmetry was constrained for rotations and lateral movements; and the 

bottom surface of the sample was constrained for rotations and vertical movements. 

Following the work from Zhang et al. and Shakil et al. [43,54], the flat part length (a) was 

determined to be 12.5 nm for the indenter radius (R) of 80 nm. More details of the indenter 

geometry determination and model validation are discussed in the Appendix D. 

 

5.3.2. Two-layer viscoplasticity theory for creep 

Two-layer viscoplasticity theory has been adopted in this study to investigate creep 

behavior of GO-SF-CNC nanocomposite material at different temperature conditions. The 

model can be used for polymers when they show plastic deformation for any specific 

loading conditions, along with viscoelasticity [107,108]. The theory is available as a built-

in material model in the ABAQUS software.  Figure 31 shows one dimensional 

idealization of the two-layer viscoplasticity model. The model consists of an elastic-plastic 

network and a viscoelastic network, both in parallel with each other as shown in Figure 
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31. Kp and Kv are elastic modulus of elastic-plastic and viscoelastic network, respectively. 

σy and H’ are yield strength and hardening coefficient of the material, respectively. 

Another parameter, ‘f’ is also defined as the ratio of elastic modulus of viscoelastic 

network (Kv) to the instantaneous elastic modulus of the material, E= Kp+Kv, shown in 

equation (9). 

𝑓 =
𝐾𝑣

𝐾𝑝+𝐾𝑣
=

𝐾𝑣

𝐸
                      (9) 

In this model, viscous or creep behavior is defined by Norton-Hoff equation below 

𝜀�̇� = 𝐴𝜎𝑣
𝑛                     (10) 

Where,  𝜀�̇� and 𝜎𝑣 are the creep strain rate and creep stress, respectively. A and n represent 

creep coefficient and creep exponent respectively for the material under study. 

 

Figure 31. One-dimensional idealization of the two-layer viscoplasticity model. 
 

 

For GO-SF-CNC nanocomposite, the elastic-perfectly plastic behavior without any 

hardening was assumed in this study, i.e., H’= 0. Elastic modulus values of the 
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nanocomposite, determined from nanoindentation creep experiments, were entered in the 

finite element model and simulations were performed to curve fit the experimental 

responses to obtain σy, n and f at different temperature conditions. After that, σy was 

compared with hardness (H) of the nanocomposite to investigate hardness to yield strength 

ratio (H/σy) at different temperature conditions. 

 

5.4. Results and discussion 

5.4.1. Hardness and elastic modulus from nanoindentation experiments 

Figure 32(a) depicts nanoindentation load-displacement responses of GO-SF-CNC 

samples at different temperature conditions of 25 oC, 40 oC, 60 oC, 80 oC and 100 oC. From 

Figure 32(a), it was evident that GO-SF-CNC underwent noticeable displacements due to 

creep during constant load hold at 7 µN for 30 seconds. Creep displacements at different 

temperatures for 30 seconds load hold was determined from the experiments and shown 

Figure 32. (a) Nanoindentation load-displacement responses for creep study of GO-SF-CNC at 

different temperatures, (b) Creep displacement for 30 seconds hold at 7 µN peak load at 

different temperature conditions. 
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in Figure 32(b). From Figure 32(a), it was found that the maximum displacement during 

nanoindentation tests was higher at 25 oC and then it gradually decreased with increasing 

the temperatures up to 80 oC. At 100 oC, the maximum displacement increased from that 

at 80 oC. From Figure 32(b), similar trend was found for creep displacements, which also 

contributed to maximum displacements during nanoindentation tests. Creep displacement 

of GO-SF-CNC after 30 seconds load hold was also higher at 25 oC and then it gradually 

decreased with increasing temperature up to 80 oC. Again at 100 oC, the creep 

displacement started increasing from that at 80 oC. During unloading stages, the sample 

was again held at lower load (1 µN) for 30 seconds to allow viscoelastic recovery for GO-

SF-CNC before fully unloading. Like maximum and creep displacements, the permanent 

deformation after fully unloading was also higher at 25 oC and then gradually decreased 

with increasing temperature up to 80 oC and then it again increased at 100 oC.  

Hardness and reduced modulus of GO-SF-CNC were determined from the experimental 

responses using equations (1-3,8). Figures 33(a) and 33(b) show summary results of 

hardness and reduced modulus respectively for all five temperature conditions. From the 

figures, it was evident that hardness and reduced modulus of GO-SF-CNC increased with 

increasing temperatures from 25 oC to 80 oC. This increase in mechanical properties was 

attributed to crystallization of SF and CNC components. Heat treatment at elevated 

temperatures increased the formation of β-sheet SF nanocrystals, which contributed to 

increase in mechanical properties with temperature [11,109]. At the same time, the 

presence of GO in the nanocomposite also enhanced silk crystal formations due to 

increased interfacial interactions between GO and SF than pure SF only [88]. Crystallinity 
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of CNC also increased with increasing the temperature, while at the same time, the amount 

of water molecules absorbed in CNC via hydrogen bonding also decreased, both leading 

to increase of mechanical properties of GO-SF-CNC nanocomposite [10,110]. GO does 

not undergo thermal decomposition until it reaches a temperature of 220 oC [12], which 

implies that mechanical properties of GO were not significantly affected within the range 

of 25 oC to 100 oC. Increase in reduced modulus due to crystallization also implied 

increase in reduced modulus of viscoelastic component, thereby showing reduction in 

creep displacement for 30 seconds hold under the maximum load.  

However, at 100 oC, both hardness and reduced modulus of GO-SF-CNC deteriorated. It 

was attributed to evaporation of water molecules from the nanocomposite, making them 

softer [111]. Also, longer exposure to heat can cause thermal degradation of the 

nanocomposite components, which might also lead to reduction in mechanical properties 

[88]. Because of reduction in mechanical properties at 100 oC, GO-SF-CNC showed 

increased creep displacements. The average hardness of GO-SF-CNC increased from 0.6 

GPa at 25 oC to 1.27 GPa at 80 oC, showing 112% increase in hardness. However, the 

average hardness value dropped to 1 GPa at 100 oC, which is 21% reduction in hardness 

after heating from 80 oC to 100 oC. Similarly, the average reduced modulus of GO-SF-

CNC increased from 13.0 GPa at 25 oC to 19.25 GPa at 80 oC (48% increase) and again 

decreased to 15.6 GPa at 100 oC (19% decrease) due to heating from 80 oC to 100 oC. 

Because of crystallization effects, creep displacements (Figure 32(b)) after load hold for 

30 seconds reduced from 4.7 nm at 25 oC to 2.2 nm at 80 oC, which was 53% reduction in 
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creep displacements. At 100 oC, the creep displacement again increased to 2.85 nm, 

showing 29% increase because of heating from 80 oC to 100 oC. 

 

5.4.2. Yield strength and creep exponent values from FEA  

Nanoindentation load-displacement responses, along with creep displacements during 

load hold stages were fitted with FEA to determine yield strength and creep exponent of 

GO-SF-CNC at different temperature conditions. Elastic modulus of GO-SF-CNC from 

nanoindentation experiments were entered into FEA for curve fitting. Figure 34 shows 

FEA fitted nanoindentation load-displacement and creep displacement responses at 25 oC.  

Summary of FEA predicted yield strengths and creep exponents at different temperature 

conditions are shown in Figure 35. Like hardness and reduced modulus, yield strength also 

increased with increasing the temperature up to 80 oC, due to increased crystallization of 

SF and CNC components as discussed in section 4.1. After reaching 100 oC, the yield 

strength decreased from its maximum value at 80 oC due to evaporation of water from the 

Figure 33. Summary of (a) hardness and (b) reduced modulus of GO-SF-CNC from 

nanoindentation experiments at different temperature conditions. Error bars represent  1 

standard deviation. 
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nanocomposite, making them softer. Specifically, yield strength increased from 0.29 GPa 

at 25 oC to 0.7 GPa at 80 oC, showing 140% increase. At 100 oC, yield strength reduced 

to 0.56 GPa, which is a 20% reduction due to heating up to 100 oC.  

 

Average values of creep exponents predicted from FEA at 25 oC and 40 oC were 2.82 and 

2.9 respectively, showing a slight increase that may be attributed to increased mobility of 

atoms with temperature. However, when the temperature further increased to 60 oC, 

crystallization of SF and CNC components dominated the behavior, and the creep 

exponent reduced to 2.22 at 60 oC. At 80 oC, the creep exponent further decreased to 2.03, 

which was the minimum value within the temperature range. At 100 oC, the creep 

exponent again increased to 2.27, due to weakening of the nanocomposite because of 

water evaporation.  

The ratio of elastic modulus of the elastic-viscoelastic network to the instantaneous elastic 

modulus (f) was also predicted from FEA and found within the range of 0.62-0.71 with no 

Figure 34. FEA curve fitting of (a) nanoindentation load-displacement response and (b) 

creep displacement response of GO-SF-CNC at 25 oC. 
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significant dependence on temperature. Using hardness results from the experiments and 

yield strength results from FEA, hardness to yield strength ratios (H/σy) were calculated 

and found within the range of 1.84-2.06 for the temperature conditions. No significant 

trend of H/σy ratio with temperature was observed.  

 

Figure 35. FEA predicted (a) yield strength and (b) creep exponent results of GO-SF-

CNC at different temperature conditions. 

 

 

5.5. Summary 

Nanoindentation creep experiments at different temperatures using constant load hold 

method has been performed to investigate mechanical and creep behavior of state-of-the-

art graphene oxide (GO), silk fibroin (SF) and cellulose nanocrystals (CNC) 

nanocomposite thin films. Results of the study can be summarized as follows: 

(a) Because of increase in crystallizations of silk fibroin and cellulose nanocrystals, 

hardness and reduced modulus values increased with increasing the temperature 

from 25 oC to 80 oC. Because of increase of mechanical properties, creep 

displacements during load hold stage showed a decreasing trend with increasing 
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temperature up to 80 oC. However, hardness and reduced modulus deteriorated at 

100 oC due to water evaporation from the composite, and at the same time creep 

displacement also increased due to water evaporation and thermal degradation at 

100 oC; 

(b) Finite element results showed that yield strength of the GO-SF-CNC followed the 

same behavior as hardness and reduced modulus, i.e., increase of yield strength 

with increase in temperature up to 80 oC and then deterioration at 100 oC. Hardness 

to yield strength ratio values (H/σy) were found within the range of 1.84 - 2.06 for 

all temperature conditions investigated in this work; and 

(c) Although creep exponent (n) predicted from FEA slightly increased at 40 oC, it 

then decreased significantly from 2.9 to 2.06 with further increase in temperature 

from 40 oC to 80 oC. After that, creep exponent again increased to 2.27 due to 

weakening of the GO-SF-CNC structure at 100 oC. 

The above properties make GO-SF-CNC a potential nanocomposite material for several 

applications, e.g., flexible electronics, thermal interface materials, energy storage etc. 

where long term exposure to different temperatures might be critical.   

This study concludes the mechanical and tribological studies of solid-solid dry contacts 

for thin film systems. The interfacial forces between the surfaces can be significantly 

affected by a third material if present between contacting surfaces. Surface haptics is such 

an application, where sweat and moisture contents of human fingertip can affect the 

adhesion between the fingertip and the haptics surface when they are in contact. In the 
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next chapter, theoretical modeling has been performed to investigate interfacial forces 

between this solid-liquid contact system.  
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CHAPTER VI                                                                                                                   

AN IMPROVED ELECTROADHESION MODEL FOR HAPTICS APPLICATIONS 

CONSIDERING MENISCUS AND ROUGHNESS EFFECTS 

 

6.1. Introduction 

Surface haptics is becoming a more popular field of study now-a-days partly due to the 

widespread use of smart devices. This technology involves human finger touch, which 

increases the interactions of human fingers with a device. Figures 36(a) and 36(b) show a 

schematic representation of a human finger-haptics device interaction and zoomed-in view 

of the contact region (not in scale). Surface haptic surfaces typically consists of an 

electroadhesion coating on nanotextured glass substrate surface. the coating consists of 

three major components-an electroadhesion layer, a dielectric layer, and a conductive 

layer. Indium Tin Oxide (ITO) layer and substrate. The human fingertip is rubbed against 

the electroadhesion layer and the dielectric layer. Voltage is supplied through the 

conductive layer for tactile sensation, which is on top of the glass substrate. Typical 

dielectric materials are, silicon dioxide, PDMS etc. typical conductive materials are 

Indium Tin Oxide (ITO), poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT/PSS) etc.  
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Haptic devices use electric field to sense the fingertip surface, which also can influence 

the contact performance. Adhesion between the contact surfaces is a combination of 

several interfacial forces. Vaan Der Waals force acts between the fingertip and haptics 

surface when they come sufficiently close to each other. As electric field is applied during 

the application, an electrostatic force is also induced in between the surfaces. It is well 

known as electroadhesion as the adhesion is induced by application of an electrical voltage 

and thus an electrostatic force. Due to moisture content in the environment, perspiration 

(sweat), sebum etc. from human fingertips, menisci form between the surfaces and 

meniscus forces (due to Laplace pressure) also contribute to electroadhesion [14]. After 

applying an electric voltage, meniscus contact angles significantly change, and meniscus 

forces also change. This increases wettability of the dielectric of haptics surface, which is 

widely known as electrowetting on-dielectric (EWOD) [112–114]. The change in 

meniscus forces also affects the electrostatic force, indicating that meniscus formation and 

electrostatic force are not simultaneous. To predict adhesion forces between fingertips and 

Figure 36. (a) Schematic representation of human finger and haptics surface 

interaction, (b) zoomed-in view to show microscopic contact under meniscus 

action 
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haptics surfaces, all interfacial forces mentioned above need to be considered and their 

individual contribution to overall performance are of great importance.  

Several modeling approaches have been adopted to investigate electroadhesion of haptics 

applications. Ivan et al. [115] considered the fingertip as a spherical asperity and 

investigated adhesion and friction forces at the macro scale. However, meniscus and 

roughness effects were not considered in the model. Xinyi et al. [116] investigated 

interfacial forces for a single asperity of the dielectric material by assuming a trapezoidal 

geometry and interfacial forces were predicted considering meniscus effects.  

Roughness of the contact surfaces can also significantly affect electroadhesion and surface 

characteristics also need to be taken into account for accurate predictions of adhesion 

forces. However, such studies on haptics devices are not abundant in literature. Therefore, 

the objective of this study is to develop a model to predict overall adhesion forces between 

the fingertip and haptics surface by considering all interfacial forces acting between them, 

along with surface properties of the surfaces, e.g., roughness, surface asperity height 

distributions, asperity radius etc.  

Greenwood-Williamson (GW)-type statistical model [117] is widely used to incorporate 

roughness effect with single asperity models with different contact conditions. Several 

meniscus models have been proposed before to investigate adhesion forces by considering 

roughness and humidity effects [118–120]. However, these models were oversimplified 

and did not consider deformation of the asperities due to meniscus forces.  

Maugis first proposed a single asperity adhesion model by considering a constant stress at 

the Dugdale zone outside of the contact area. The model is well known as Maugis-Dugdale 
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(MD) model [121]. Shi and Polycarpou [122] extended the MD model and proposed the 

Extended Maugis-Dugdale (EMD) model to predict full range dry adhesion, from 

noncontact to just-contact to elastic and then plastic contact. In their model, both 

contacting and noncontacting asperities were considered to predict adhesion assuming 

Dugdale stress distribution.  Literature shows that Laplace pressure due to meniscus 

effects can be considered as a Dugdale stress  [121,123]. Xue and Polycarpou [124] 

proposed a meniscus model including roughness effects by taking Laplace pressure as 

Dugdale stress and incorporating them into the EMD model. The model also considers 

spherical deformation of both contacting and noncontacting asperities. 

In this study, an improved electroadhesion model for haptics is proposed by incorporating 

the electrostatic effect into the model proposed by Xue et al. In this study, contact angles 

with human fingertip and dielectric surface were separately considered and contact angles 

after electrostatic effect were also calculated to predict meniscus forces before and after 

applying voltage. 

 

6.2. Sample description and properties 

For predictions of interfacial forces, surface characteristics and mechanical properties of 

contact surfaces need to be determined. In this study, a haptics glass sample was 

considered with the coating consisting of 1 µm of silicon dioxide layer used as dielectric, 

followed by 30 nm ITO layer on top of the glass substrate (Figure 36(a)), taken from [116].  

Mechanical and electrical parameters for both human fingertip and haptics glass were 

taken from literature and shown in Table 12. Literature shows that human fingertip has a 
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wavy pattern with a wavelength of approximately 567 µm and an amplitude of 

approximately 42 µm [125]. Which means that curvature of the human skin may affect the 

interfacial forces calculations. For a single asperity study, the fingertip surface can easily 

be considered as a flat surface, since the asperity radius is much smaller compared to 

wavelength of the fingertip ridge. Similar approach was found from literature [116].   

Table 12. Mechanical, electrical, and contact parameters used in this study 

Parameter Value Reference 

Contact angle on dielectric surface 108o [116] 

Contact angle on human fingertip  80o [126] 

Elastic modulus of asperity on dielectric 

surface (GPa) 
70  [116] 

Poisson’s ratio of dielectric 0.3 [116] 

Elastic modulus of skin (MPa) 50  [127] 

Poisson’s ratio of skin  0.4 [116] 

Dielectric constant of dielectric surface 3.8 [116] 

Dielectric constant of human fingertip  1000 [128] 

Dielectric constant of water  80 [116] 

 

6.3. Improved single asperity electroadhesion model 

Two rough surfaces in contact can be modeled as the contact between a flat rigid surface 

and an equivalent rough surface. The equivalency is geometry dependent and is valid as 

the asperity radii are large compared to their height surface roughness (of the order of 3 

orders of magnitude difference).   Due to sweat, sebum and moisture content of human 

fingertips, meniscus can form around the asperities of the haptic surface. The adhesion 

forces and contact loads between the two surfaces can be determined by integrating the 
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contribution from each asperity. The asperity can be considered as a deformable sphere of 

radius R which is in contact with a flat rigid surface.  

In classical meniscus adhesion models, the meniscus formation was assumed due to 

capillary condensation from the environment and can be related to relative humidity of the 

environment. However, the human fingertip also contains sweat, sebum etc. Therefore, 

the liquid volume in the human fingertip-haptics interface consists of human perspiration 

and capillary condensation. For an average human finger sweat rate of about 0.5 ~ 1 mg 

cm-2 min-1  [129] and a typical sliding speed of 50 ~ 150 mm s-1 on touchscreens for a 

fingertip of ~10 mm in width, the liquid volume from human perspiration can be estimated 

as 0.12 ~ 0.67 μm3 for one asperity [116]. Also considering the capillary condensation, 

the thickness of meniscus film can be found as 0.28 ~ 1.84 nm from Kelvin equation for 

15%~ 75% relative humidity [116]. Following the work from [116], the total water volume 

of 0.1 ~ 0.8 μm3 was considered for the single asperity electroadhesion modeling in this 

study.  
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To determine thickness of the meniscus liquid formed at each asperity, a spherical asperity 

of radius R and a flat surface under the influence of meniscus action for both contacting 

and noncontacting conditions has been considered as shown in Figure 37. In the figure, ω 

is the spherical interference, which is negative in the noncontacting region; rm is the radius 

of the meniscus; hc is the meniscus liquid thickness at the asperity; and 𝜃1 and 𝜃2 are 

contact angles of liquid with the flat surface and asperity respectively.  The pressure inside 

the liquid is lower than outside of the liquid for a concave meniscus. The pressure 

difference Δ𝑝 acting at the wetted circular area can be determined by Laplace relationship, 

given by equation (11), 

Δ𝑝 =
𝛾𝑙𝑣

𝑟𝑚
=

𝛾𝑙𝑣(cos𝜃1+cos𝜃2)

ℎ𝑐
         (11) 

where γlv is the surface tension of the liquid–air interface. Without considering spherical 

deformation due to meniscus adhesion or contact force, the meniscus adhesion force was 

 

Figure 37. Schematic presentation of equivalent single asperity-flat rigid surface contact 

under meniscus actions, without showing any deformed shape; (a) non-contacting, (b) 

Under contact. 
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proposed by Israelachvili [130]  for both contacting and noncontacting conditions, given 

by equation (12), 

𝑓𝑚𝑠𝑖𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑑
= {

2𝜋𝑅𝛾𝑙𝑣(cos 𝜃1 + cos 𝜃2) (1 +
𝜔

ℎ𝑐
)  , 𝜔 < 0 

2𝜋𝑅𝛾𝑙𝑣(cos 𝜃1 + cos 𝜃2)                   , 𝜔 ≥ 0 
            (12) 

The gap between the asperity and the flat surface along the lateral direction, h(x) for both 

noncontacting and contacting conditions and without considering spherical deformation 

can be approximated as [131], 

ℎ(𝑥) = −𝜔 +
𝑥2

2𝑅
                               (13) 

Assuming the meniscus bridge is approximately cylindrical, the volume of the meniscus 

liquid can be calculated as [131], 

𝑉 = 𝜋𝑅[ℎ(𝑥)2 − 𝜔2]                   (14) 

The meniscus volume and film thickness remain almost constant for capillary actions, 

which indicates that only the meniscus area changes with interference as long as the 

asperity is in contact with the liquid film. When the asperity just comes into contact with 

the flat surface, 𝜔 = 0, and h(x) can be considered as the liquid film thickness, hc, which 

can be calculated as,  

      ℎ𝑐 = ℎ(𝑥) = √
𝑉

𝜋𝑅
        (15) 

The improved meniscus model proposed by Xue and Polycarpou [124] model considers 

spherical deformation of the asperity within elastic limit during the contact with the flat 

surface. The model predicts the adhesion force due to meniscus for both contacting and 
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non-contacting conditions and therefore the model was adopted for calculating meniscus 

adhesion force in this study. 

6.3.1. Noncontacting asperity (ω < 0) 

 

 

Figure 38(a) shows the geometry of a noncontacting spherical asperity with its deformed 

shape (ω <0) in the presence of capillary adhesion. Assuming the displacement is negative 

in the departing direction, the vertical displacement, u, due to the Laplace pressure is 

obtained from equation 16 [122,132], 

 

𝑢 = {

4𝑐∆𝑝

𝜋𝐸𝑟
 , 𝑤ℎ𝑒𝑛 𝑟 = 𝑐

2𝑐∆𝑝

𝐸𝑟
, 𝑤ℎ𝑒𝑛 𝑟 = 0

       (16) 

where r is the radial coordinate. Er is the reduced elastic modulus given by, 

1

𝐸𝑟
=

1−𝜈1
2

𝐸1
+
1−𝜈2

2

𝐸2
        (17) 

Figure 38. Schematic presentation of equivalent single asperity-flat rigid surface contact under 

meniscus actions, showing deformed shapes and pressure distributions; (a) non-contact 

condition, (b) Under contact condition. 
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where E1, E2, v1, and v2 are elastic moduli and Poisson’s ratios of the spherical asperity 

and the flat surface, respectively. The radius of the meniscus area, c, is given by 

𝑐2

2𝑅
+
2∆𝑝𝑐(𝜋−2)

𝜋𝐸𝑟
+ ℎ𝑜 − ℎ𝑐 = 0       (18) 

where ho is the normal separation at the center. The meniscus area due to Laplace pressure 

is πc2, and the attraction force pulling the asperity to the flat surface is given by equation 

(19), 

𝑓𝑚 = 𝜋∆𝑝𝑐2         (19) 

The thick dashed line in Figure 38(a) represents the original asperity profile and the solid 

line represents the deformed shape. The spherical asperity deforms towards the surface 

due to the meniscus force. The approach of the sphere is given by 

𝜔 = ℎ𝑜 +
2𝑐∆𝑝

𝐸𝑟
         (20) 

 

6.3.2. Contacting asperity (ω > 0) 

Figure 38(b) shows a sphere contacting with a rigid surface (ω >0). During the contact, 

the liquid is expelled from the contact region. The Dugdale stress Δ𝑝 acts on the wetted 

area a < r < c beyond which the stress is zero. The Hertzian compressive pressure 𝑝𝑐 (𝑟) 

and the tensile adhesive pressure 𝑝𝑎 (𝑟) inside the contact zone are given by equation (11) 

[121]: 

{
𝑝𝑐 (𝑟) =

2𝐸𝑟√𝑎2−𝑟2

𝜋𝑅

𝑝𝑎 (𝑟) =  
2

𝜋
∆𝑝 tan−1√

𝑐2−𝑎2

𝑎2−𝑟2

   ,  for r>a     (21) 
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At r = a, the Dugdale stress is equal to ∆𝑝, ensuring stress continuity at the crack tip. 

The work of adhesion (w) is defined as the external work done to separate a unit area of 

the adhering surfaces. In this model, the work of adhesion is calculated for the meniscus 

adhesion assuming no solid–solid interaction across the liquid (outside the contact region), 

given by equation (22) 

𝑤 = ℎ𝑐∆𝑝 = 𝑟𝑚(cos 𝜃1 + cos 𝜃2)
𝛾𝑙𝑣

𝑟𝑚
= 𝛾𝑙𝑣(cos𝜃1 + cos 𝜃2)  (22) 

The adhesion parameter, 𝜆 is given by, 

𝜆 = ∆𝑝 (
9𝑅

2𝜋𝑤𝐸𝑟
2)
1/3

 =  
1

𝑟𝑚
(

9𝑅𝛾𝑙𝑣
2

2𝜋(cos𝜃1+cos𝜃2)𝐸𝑟
2)
1/3

    (23) 

The MD theory gives [121], 

𝜆𝑎∗2

2
[√𝑚2 − 1 + (𝑚2 − 2) tan−1 √𝑚2 − 1 ] +

4𝜆2𝑎∗

3
[√𝑚2 − 1 tan−1 √𝑚2 − 1 −𝑚 +

1] = 1          (24) 

Where, m=c/a and 𝑎∗ is the normalized contact radius, which is given by, 

𝑎∗ = 𝑎 (
4𝐸𝑟

3𝜋𝑤𝑅2
)
1/3

        (25) 

The normalized approach can be determined by, 

  𝜔∗ = 𝜔 (
16𝐸𝑟

2

9𝜋2𝑤2𝑅
)
1/3

= 𝑎∗2 −
4𝑎∗𝜆

3
√𝑚2 − 1     (26) 

 

The adhesion force due to Laplace pressure outside the contact area can be obtained as 

𝑓𝑚 = ∆𝑝𝜋(𝑐2 − 𝑎2) 𝑜𝑟 
𝑓𝑚

𝜋𝑤𝑅
=

𝜋

2
𝜆𝑎∗2(𝑚2 − 1)    (27) 
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The MD model becomes a “DMT like” contact for small λ values (e.g., high humidity 

levels and small stiff spheres) [133]. The model becomes a “JKR-type” contact at low 

humidity levels and large compliant spheres, and λ becomes larger [134]. 

For large λ values, the adhesive force inside the contact region (r < a) also needs to be 

considered. The adhesion force inside the contact region can be calculated by integrating 

the adhesive stress, which is given by,  

𝑓𝑠−𝑠 = ∫ 2𝜋𝑟𝑝𝑎(𝑟)𝑑𝑟
𝑎

0
= 4Δ𝑝 ∫ 𝑟 tan−1√

𝑐2−𝑎2

𝑎2−𝑟2

𝑎

0
 𝑑𝑟   (28) 

And the total meniscus adhesion force is obtained as 

𝑓𝑎 = 𝑓𝑚 + 𝑓𝑠−𝑠 = 2Δ𝑝𝑎2(𝑚2tan−1 √𝑚2 − 1 + √𝑚2 − 1)   (29) 

Contact force can be calculated by integrating the compressive stress, given by,  

𝑝 = ∫ 2𝜋𝑟𝑝𝑐(𝑟)𝑑𝑟
𝑎

0
=

4𝐸𝑟𝑎
3

3𝑅
      (30) 

The external force can be calculated by, 

𝑓𝑒𝑥 = 𝑝 − 𝑓𝑎           (31) 

 

6.3.3. Inclusion of electrostatic force in the improved meniscus model 

When an external voltage is applied to the haptics surface, the electrostatic force between 

the asperity and the flat surface is affected by the meniscus action. The contact angle 

between the dielectric and water significantly changes with the applied voltage and 

therefore meniscus adhesion also changes. The change in meniscus force affects the 

electrostatic force. The total adhesion force can be calculated as the sum of the electrostatic 

and meniscus forces after applying the voltage. 
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Referring to Figure 37(b), the region outside of the contact between the spherical asperity 

and the flat surface can be considered as parallel plate capacitors, where the gap between 

the asperity and the flat surface is filled with a third material, either air or gas. The 

thickness of dielectric material (Figure 36) needs to account for electrostatic effect, which 

can be achieved by taking the thickness of the flat surface equal to dielectric thickness, d 

of 1 µm. When the gap is filled with a single material only, following the work from [115], 

the normal component of the electrostatic stress at a point after applying voltage is 

presented as, 

𝜎(ℎ(𝑥)) =
𝑈2𝜀𝑜𝜀𝑑

2𝜀𝑔

2(𝜀𝑔𝑑+𝜀𝑑ℎ(𝑥))
2       (32) 

Where, U is the applied voltage, 𝜀𝑜 is the vacuum permittivity and 𝜀𝑑 and 𝜀𝑔 are dielectric 

constants of the dielectric material and the gap material respectively, h is the thickness of 

the gap at a lateral distance from x from the center of the sphere, which can be determined 

from equation (3). The gap material can be either water or air. Dielectric constant of air 

and water are 1 and 80 respectively. The electrostatic force can be calculated by integrating 

𝜎(ℎ(𝑥)) over the projected area filled with the gap material. The net electrostatic force for 

the gap filled with both air and meniscus water can be determined by, 

𝑓𝑒𝑙 = 2𝜋 [∫ [𝜎(ℎ(𝑥))]𝑤𝑎𝑡𝑒𝑟 𝑥 𝑑𝑥
𝑐

𝑎
+ ∫ [𝜎(ℎ(𝑥))]𝑎𝑖𝑟 𝑥 𝑑𝑥

𝑏

𝑐
]   (33) 

The distance b is the maximum lateral distance from the center of the sphere. It is the 

maximum distance where the effect of electrostatic force is significant.  

After applying the voltage, the contact angle between the water and the flat surface 

significantly changes. Young-Lippman electrowetting on-dielectric (EWOD) model was 
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widely used to determine the contact angle after applying the voltage. The Y-L model was 

extended by Klarman et al. [135] to account for high frequency AC voltage, which is given 

by, 

𝑐𝑜𝑠𝜃1
′(𝑈, 𝜔′) = 𝑐𝑜𝑠𝜃1 + 𝜂 = 𝑐𝑜𝑠𝜃1 +

1

√1+𝜔′
2
𝜏𝑏
2

𝜀0𝜀𝑑𝑈
2

2𝛾𝑙𝑣𝑑
   (34) 

When very high voltage is applied, contact angle saturation can also happen. The energy 

balance model by Lin et al. [136] is widely used for determining the contact angle under 

saturation state after applying the voltage, which is given by,  

𝑐𝑜𝑠𝜃1
′(𝑠𝑎𝑡) =

1

2
−
1+𝐸0 𝑐𝑜𝑠 𝜃1/3−2𝐸0/3

2(𝜂−𝑐𝑜𝑠𝜃1+𝐸0/3)
                   (35)                                                                                

Where 𝜃1 and  𝜃1
′   are the contact angles at 0 V and the applied voltage respectively, η is 

the EWOD number, 𝜔′ is the AC frequency, τb and E0 are fitting parameters, which 

represent the double-layer build-up time and constant dependent on the initial droplet 

geometry. The values of τb and E0  were taken as 0.32 ms and 0.5 respectively, for the 5 

kHz AC frequency, found from the literature [116]. 

After calculating 𝜃1
′ , the meniscus force can be recalculated using equations (16-29). Then 

the total adhesion force can be calculated as 

𝑓𝑡𝑜𝑡𝑎𝑙 = {
𝑓𝑒𝑙 + 𝑓𝑚

′  , 𝑛𝑜𝑛𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑖𝑛𝑔

𝑓𝑒𝑙 + 𝑓𝑎
′      , 𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑖𝑛𝑔   

      (36) 

Where, 𝑓𝑚
′  and 𝑓𝑎

′ are meniscus forces for corresponding 𝜃1
′  at noncontacting and 

contacting conditions respectively. 
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The contact force now includes the electrostatic force, leading to a higher interference. 

The contact force can be calculated using the same equation (30). 

Finally, the external force can be calculated as- 

𝑓𝑒𝑥 = 𝑝 − 𝑓𝑡𝑜𝑡𝑎𝑙        (37) 
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Figure 39. Summary results of adhesion forces before and after applying the 

voltage of 141.4 V at different water volumes. 
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6.4. Simulation results for single asperity electroadhesion model 

Figure 39 shows dependence of adhesion forces on liquid meniscus volumes before and 

after applying voltage for an asperity radius of 6.4 µm. This radius is equivalent to the 

larger trapezoidal asperity geometry shown by Xinyi et al. [116] in their single asperity 

electroadhesion model. The base radius of the asperity was considered as b = 2 µm 

(Appendix F), which was also used in this study to account for electrostatic force from 

equation (23) when a voltage is applied. Although [116] showed the contact results for a 

single contact interference, Figure 39 represents the results for a range of interference from 

-50 nm to 200 nm, which were under elastic limit. Negative interference indicates asperity 

separation from the surface. The contact angle 𝜃1 between the flat surface and liquid water 

is 108o, and the contact angle 𝜃2 between the asperity and liquid water is 80o. After 

applying a voltage of 141.4 V, the contact angle 𝜃1 changes to 79.7o according to equations 

(24,25) while 𝜃2 remains the same. All contact angles and voltage measurements were 

found somewhere else from the literature [116] and used in this study. Figures 40(a-c) and 

40(d-f) show the results for adhesion forces before and after applying the voltage. Results 

for three water volume was shown in the figure-0.2 µm3, 0.5 µm3 and 0.8 µm3.  It was 

found that the total adhesion forces before applying voltage were lower than 1 µN for the 

three water volumes at the interference of 200 nm. This was attributed to hydrophobic 

meniscus formation with the haptic dielectric layer. Schematic diagram of the contact and 

meniscus conditions before and after applying voltage are shown in Figure 40. Since the 

meniscus did not significantly wet the surface, total adhesion forces were much lower. 

This adhesion force further decreased with decreasing the interference up to -50 nm. Note 
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that adhesion due to solid-solid interactions are present during contact and increased with 

increasing interference. The changes in λ also suggest that at lower water volume, the 

contact was “JKR like” as indicated by higher value of λ and hence higher solid-solid 

interactions than those for higher water volume. With increase in water volume, the 

contact becomes more “DMT like” and meniscus force dominates over solid-solid 

interactions.  

 

The total adhesion force significantly increased after applying voltage due to inclusion of 

the electrostatic force. For a given water volume and positive interference, the meniscus 

adhesion force after applying the voltage increased than before applying the voltage due 

to decrease in contact angle, making the meniscus action hydrophilic. This resulted in 

increase in meniscus force as the meniscus area increased after applying the voltage. It 

was also evident from Figure 40. The total electrostatic force consists of the contributions 

from both air and water. Air medium, having lower dielectric constants than water, 

contributes more to the electrostatic force than water medium. Although the meniscus 

Figure 40. Schematic diagram of contact and meniscus conditions of the asperity 

before and after applying voltage 
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force and solid-solid interaction increased with the interference for a given water volume, 

the electrostatic force decreased with increasing the interference as more area of the 

asperity was covered with water, suppressing the electrostatic effect. The electrostatic 

force further decreased with increasing the water volume for a given interference due to 

increase in asperity contact with water. For each water volume, the electrostatic force 

reaches a minimum value when the individual contribution of air becomes negligible. 

With increasing the water volume, the minimal electrostatic force was reached at lower 

interference. From Figures 39(d-f), the maximum total adhesion force was 4.6 µN for the 

water volume of 0.2 µm3, then the adhesion gradually decreased with increasing the water 

volume. The minimum adhesion force was found as 1.6 µN for the water volume of 0.8 

µm3 at the interference of 130 nm. Applying the voltage also increase the value of λ for 

the same water volume, indicating the external voltage makes the meniscus contact more 

“JKR like”, especially at very low water volume.  

The meniscus forces calculated from the improved EMD model were higher than those 

calculated from Israelachvili’s model, due to considering spherical deformation of the 

asperity at different interferences. The solid-solid interactions were also found zero for 

noncontact conditions. 
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Figure 41 shows electrostatic forces across the meniscus water and the air gap between 

the fingertip and haptic surfaces and their contributions to the total electrostatic force. 

Figures 41(a) and 41(b) show the results for the water volume of 0.2 µm3 and 0.8 µm3 

respectively. Under both meniscus conditions, the contribution of air is predominant to the 

total electrostatic force due to lower dielectric constant of air. Since water has much higher 

Figure 41. Contributions of meniscus water and air gap to the total 

electrostatic force. 
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dielectric constant than air, the electrostatic effect is much less compared to air. For higher 

water volume, the total electrostatic force decreased due to lesser contribution of air to the 

electrostatic effect at higher water volume and interference and eventually becomes 

minimal as shown in Figure 41(b). Figure 41(c) shows the comparison between the 

electrostatic force across the meniscus water volume of 0.2 µm3 and theoretical 

electrostatic force across the same area when the water is replaced with air. From the 

figure, it is evident that meniscus water is significantly suppressing the electrostatic effect, 

reducing to electrostatic force to nearly zero in the meniscus area. The suppression is more 

prominent for higher interferences. 

 

Figure 42 shows variation of total adhesive force with the external force at different water 

volumes. The results shown in Figure 42 corresponds to the interferences shown in Figure 

40. It is evident from the figure that the total adhesion force increased with increasing the 

external force. Increasing the external force increased the contact area, which in turn 

Figure 42. Variation of calculated total adhesion force with external force at different 

meniscus water volumes, (a) before applying voltage, (b) after applying voltage. 



 

123 

 

increased the meniscus area and meniscus force, leading to increase in total adhesion 

force. Higher meniscus water volume led to higher meniscus force for any external force. 

After applying voltage, at the water volume of 0.2 µm3, total adhesion force decreased 

with increasing the external force. It was attributed to reduction in electrostatic forces with 

the external force, as the asperity came more into contact with the meniscus water, 

suppressing the electrostatic effect. For 0.5 µm3 and 0.8 µm3, the total adhesion force 

reached a minimum value with increasing the external force and then it again started 

increasing with external force. The minimum adhesion was attributed to minimum value 

of electrostatic force as the asperity was completely covered with the meniscus water. 

With increase in external force, the meniscus force dominated the total adhesion, which 

increased with increasing the external force.  

Xinyi et al. [116] proposed a electroadhesion model by considering the asperity as a 

truncated cone. A finite element model was developed, and meniscus and electrostatic 

Figure 43. Comparison of the proposed model with literature. Figure (a) shows comparison 

of contact forces and areas, and Figure (b) shows comparison of electrostatic force. 
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effect was considered in their model to predict electroadhesion forces. Multiple asperity 

dimensions were used in their study, however, only one asperity dimension was taken for 

comparison purposes in this study. As mentioned earlier, the asperity radius of 6.4 µm was 

used in this study which is equivalent to dimensions of one of the trapezoidal asperities in 

their model. The trapezoidal dimension and the equivalent spherical dimension are shown 

in the Appendix F. Figure 43 shows comparison of the proposed model with the single 

asperity model by Xinyi et al. [116]. Figure 43(a) shows the comparison of contact areas 

and contact forces for different meniscus water volumes and Figure 43(b) shows 

comparison of electrostatic force with water volume using both models. The data points 

for the proposed model were extracted for the external force of 2 µN and electrostatic 

forces were calculated for the applied voltage of 141.4 V using a base circular area with a 

radius of 2 µm. From Figure 43(a), it is evident that the proposed model showed higher 

contact areas and contact forces then Xinyi et al. at different water volumes before and 

after applying the voltage. In the proposed model, the direction of meniscus adhesion force 

before applying voltages was considered towards the flat surface. Although the contact 

was slightly hydrophobic, that does not exclude the adhesion between the surfaces, 

otherwise meniscus water would get separated from the surfaces. Due to hydrophobicity, 

the meniscus force was considered in departing direction from the surface in Xinyi et al. 

model, contributing to lesser contact forces than the proposed model before applying 

voltages. Moreover, solid-solid interactions were considered for meniscus force 

calculation in the proposed model, which was not present in Xinyi et al. These resulted in 

higher meniscus force and higher meniscus area before and after applying the voltage. As 
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more areas were covered by water due to higher meniscus forces according to proposed 

model, they suppressed the electrostatic forces after applying voltages, resulting in lower 

electrostatic forces than those reported by Xinyi et al. for different water volumes, shown 

in Figure 43(b).  

 

6.5. Rough surface electroadhesion model 

The EMD based single asperity electroadhesion model (EMD-EA) can be incorporated 

into the GW (statistical) based rough surface model to predict adhesion forces for a finite 

contact surface. The GW model assumes that two rough surfaces can be represented by an 

equivalent rough surface which is in contact with a smooth rigid surface [117]. Figure 44 

shows an equivalent rough surface in contact with a smooth surface under meniscus 

actions. The meniscus actions can be altered by the application of electrostatic force. The 

net adhesion forces can be predicted by considering individual asperity contributions in 

terms of meniscus and electrostatic forces. 
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According to GW model, surface properties of an equivalent rough surface can be 

characterized by three parameters: average radius of curvature of the asperities (R), surface 

roughness (σ) and areal density of the asperities (𝜂), where the asperity heights follow a 

certain statistical distribution, usually assumed a Gaussian distribution, given by, 

Φ(𝑧) =
1

𝜎√2𝜋
𝑒−0.5(

𝑧
𝜎⁄ )2      (38) 

 

Where, z is the asperity height from the mean reference plane. Another roughness 

parameter hasp, defined as limiting asperity height, was also introduced by Xue et al. [124] 

to account for meniscus forces for individual asperities. The nominal area of a single 

asperity can be written as, 

1

𝜂
= 2𝜋𝑅ℎ𝑎𝑠𝑝        (39) 

And limiting asperity height (hasp) can be written as  

Figure 44. Schematic representation of GW based rough surface electroadhesion 

contact model, (a) when ℎ𝑎𝑠𝑝 > ℎ𝑐 , (b) when ℎ𝑎𝑠𝑝 ≤ ℎ𝑐. 
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ℎ𝑎𝑠𝑝 =
1

2𝜋𝑅𝜂
        (40) 

Depending on hasp, meniscus film thickness (hc), and spherical interference (ω), all 

asperities under meniscus actions can be grouped into five different types: 

Type 0: Asperity not in contact with either liquid or the flat surface 

Type 1: hasp is partially covered by the liquid but noncontacting with the flat surface. 

Type 2: hasp is completely covered by the liquid but noncontacting with the flat surface. 

Type 3: hasp is partially covered by the liquid and contacting with the flat surface. 

Type 4: hasp is completely covered by the liquid and contacting with the flat surface. 

At a particular mean surface separation, D between the average plane of asperity heights 

and the flat rigid surface, two contact cases can be found depending on hasp  and hc. 

Case 1: when ℎ𝑎𝑠𝑝 > ℎ𝑐,

{
 

 
𝑇𝑦𝑝𝑒 1: 𝐷 − ℎ𝑐 ≤ 𝑧 ≤ 𝐷
𝑇𝑦𝑝𝑒 2: 𝐼𝑚𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒

𝑇𝑦𝑝𝑒 3: 𝐷 ≤ 𝑧 ≤ ℎ𝑎𝑠𝑝 − ℎ𝑐 + 𝐷

𝑇𝑦𝑝𝑒 4: ℎ𝑎𝑠𝑝 − ℎ𝑐 + 𝐷 ≤ 𝑧 ≤ 𝐷 + ℎ𝑐

 

And the meniscus force Fm for Case 1 can be calculated as, 

𝐹𝑚 = 𝐴𝑛𝜂 [∫ 𝑓𝑚1Φ(𝑧)𝑑𝑧
𝐷

𝐷−ℎ𝑐
+ ∫ 𝑓𝑚3Φ(𝑧)𝑑𝑧

ℎ𝑎𝑠𝑝−ℎ𝑐+𝐷

𝐷
+ ∫ 𝑓𝑚4Φ(𝑧)𝑑𝑧

𝐷+ℎ𝑐
ℎ𝑎𝑠𝑝−ℎ𝑐+𝐷

] 

         (41) 

Case 2: when ℎ𝑎𝑠𝑝 ≤ ℎ𝑐,

{
 

 
𝑇𝑦𝑝𝑒 1: 𝐷 − ℎ𝑐 ≤ 𝑧 ≤ ℎ𝑎𝑠𝑝 − ℎ𝑐 + 𝐷

𝑇𝑦𝑝𝑒 2: ℎ𝑎𝑠𝑝 − ℎ𝑐 + 𝐷 ≤ 𝑧 ≤ 𝐷

𝑇𝑦𝑝𝑒 3: 𝐼𝑚𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒
𝑇𝑦𝑝𝑒 4: 𝐷 ≤ 𝑧 ≤ 𝐷 + ℎ𝑐

 

And the meniscus force Fm for Case 2 can be calculated as, 

𝐹𝑚 = 𝜂𝐴𝑛 [∫ 𝑓𝑚1Φ(𝑧)𝑑𝑧
ℎ𝑎𝑠𝑝−ℎ𝑐+𝐷

𝐷−ℎ𝑐
+ ∫ 𝑓𝑚2Φ(𝑧)𝑑𝑧

𝐷

ℎ𝑎𝑠𝑝−ℎ𝑐+𝐷
+ ∫ 𝑓𝑚4Φ(𝑧)𝑑𝑧

𝐷+ℎ𝑐
𝐷

]

         (42) 
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Here, 𝑓𝑚𝑖 (𝑖 = 0 − 4) are meniscus forces for single asperities at different conditions. 𝐴𝑛 

is the nominal area of contact of the interface. For Type 0 condition, the meniscus 

contribution is zero. For Type 1 and 3 conditions, meniscus forces can be calculated using 

equations (19) and (29) respectively, as discussed in Section 6.3. For Type 2 and 4 contact 

conditions, the effective meniscus film thickness, ℎ𝑐  can be determined by  

ℎ𝑐 = ℎ𝑎𝑠𝑝 − 𝜔       (43) 

For Type 2, the wetted area is the nominal area of the asperity, given by, 

𝐴𝑚 =
1

𝜂
         (44) 

And the meniscus force for Type 2 contact is given by, 

𝑓𝑚2 = Δ𝑝𝐴𝑚 =
𝛾𝑙𝑣(cos𝜃1+cos𝜃2)

(ℎ𝑎𝑠𝑝−𝜔)𝜂
     (45) 

For Type 4, the wetted area is affected by the deformed shape of the spherical asperity, 

and can be written as, 

𝐴𝑚 =
1

𝜂
− 𝜋𝑎2        (46) 

And the corresponding meniscus force is given by, 

𝑓𝑚4 = Δ𝑝𝐴𝑚 =
𝛾𝑙𝑣(cos𝜃1+cos𝜃2)

(ℎ𝑎𝑠𝑝−𝜔)
 (
1

𝜂
− 𝜋𝑎2)    (47) 

The adhesive force due to solid-solid interactions can be calculated as, 

𝐹𝑠−𝑠 = 𝐴𝑛𝜂 ∫ 𝑓𝑠−𝑠Φ(𝑧)𝑑𝑧
∞

𝐷
      (48) 

After applying voltage on the haptics surface, meniscus parameters will be affected and 

Fm and Fs-s  can be recalculated using equations (10-29) and (38-48).  
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All five contact types need to be considered for calculating electrostatic forces between 

the interfaces. For Type 0 contact, the gap between the asperity and the flat surface will 

be filled with only air and for Types 2 and 4, the gaps will be filled with only liquid water. 

Since electrostatic force equation (23) is an integral equation, it can be directly used for 

all five contact conditions. The two contact cases for meniscus force calculations are also 

applicable for electrostatic force calculations, except Type 0 contact will also be included 

to both cases. To calculate electrostatic forces for all conditions, the limiting asperity 

radius (rasp) is used as maximum radius, b in the equation (23). rasp is the radius of the 

projected area of the asperity at the height of hasp.  

For Case 1, the total electrostatic force can be calculated as, 

𝐹𝑒𝑙 = 𝐴𝑛𝜂 [∫ 𝑓𝑒𝑙0Φ(𝑧)𝑑𝑧
𝐷−ℎ𝑐
0

+ ∫ 𝑓𝑒𝑙1Φ(𝑧)𝑑𝑧
𝐷

𝐷−ℎ𝑐
+ ∫ 𝑓𝑒𝑙3Φ(𝑧)𝑑𝑧

ℎ𝑎𝑠𝑝−ℎ𝑐+𝐷

𝐷
+

∫ 𝑓𝑒𝑙4Φ(𝑧)𝑑𝑧
𝐷+ℎ𝑐
ℎ𝑎𝑠𝑝−ℎ𝑐+𝐷

]      (49) 

Similarly, the total electrostatic force for Case 2 can be calculated as, 

𝐹𝑒𝑙 = 𝐴𝑛𝜂 [∫ 𝑓𝑒𝑙0Φ(𝑧)𝑑𝑧
𝐷−ℎ𝑐
0

+ ∫ 𝑓𝑒𝑙1Φ(𝑧)𝑑𝑧
ℎ𝑎𝑠𝑝−ℎ𝑐+𝐷

𝐷−ℎ𝑐
+ ∫ 𝑓𝑒𝑙2Φ(𝑧)𝑑𝑧

𝐷

ℎ𝑎𝑠𝑝−ℎ𝑐+𝐷
+

∫ 𝑓𝑒𝑙4Φ(𝑧)𝑑𝑧
𝐷+ℎ𝑐
𝐷

]       (50) 

Here, 𝑓𝑒𝑙𝑖 (𝑖 = 0 − 4) are electrostatic forces for single asperities at different conditions. 

The total adhesive force between the interfaces can be calculated as, 

𝐹𝑎𝑑ℎ = 𝐹𝑚 + 𝐹𝑠−𝑠 + 𝐹𝑒𝑙      (51) 

The contact force between the interfaces can be determined by, 

𝑃 = 𝐴𝑛𝜂 ∫ 𝑝Φ(𝑧)𝑑𝑧
∞

𝐷
       (52) 

And the external force can be calculated as, 
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𝐹𝑒𝑥 =  𝑃 − 𝐹𝑎𝑑ℎ       (53) 

For a single asperity study, the fingertip surface can easily be considered as a flat interface, 

since the asperity radius is much smaller than the radius of curvature of skin. For rough 

surface modeling of small nominal area, the fingertip surface can still be considered as a 

flat interface. In this study, the contact between the fingertip and the haptics sample with 

a small nominal area of 100 µm ×100 µm was considered for rough surface 

electroadhesion modeling. Since the nominal area is smaller compared to wavelength of 

wavy shaped ridges of the fingertip surface, moreover the fingertip surface is very 

complaint, the present study considers the fingertip as a flat smooth surface to avoid 

computational complexities. An equivalent deformable rough surface was considered to 

be in contact with a rigid flat surface, according to GW model. In this study, the surface 

profile of a haptic surface shown in [116] was considered and the surface parameters of 

the equivalent rough surface are shown in Table 13. It was also assumed that individual 

asperities were under meniscus actions with the same water volume and simulation results 

were showed in terms of meniscus water volume of individual asperities.  

 

Table 13. Surface parameters of the equivalent rough surface. 

 

σ 

(nm) 

R 

(µm) 

𝜼 

(µm-2) 

hasp 

(nm) 

rasp 

(µm) 

𝜸𝒍𝒗 

(mN/m) 

An 

(µm-2) 

Er 

(MPa) 

𝜽𝟏 

(o) 

𝜽𝟐 

(o) 

96 1.4 0.49 232 0.8 72.8 10000 60 108 80 
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Figure 45. Summary results of adhesive forces under rough surface contact 

before and after applying the voltage of 141.4 V at different water volumes. 
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6.6. Rough surface simulation results 

6.6.1. Adhesive forces 

Figure 46 shows summary results of adhesive forces for different meniscus water volumes 

in terms of surface separations, D. Figures 46(a-c) and 46(d-f) represent the results for the 

adhesive forces before and after applying voltages respectively. Negative surface 

separation means the surface is in contact with an interference. It is evident from Figures 

46(a-c) that for a particular water volume, the adhesive forces have much lower values at 

higher surface separations and the force increased with decreasing the separation. When 

the surface came into contact with the flat surface, the adhesive forces further increased. 

More asperities of the equivalent rough surface came into contact with the flat surface, 

increasing the contact and meniscus areas, leading to higher meniscus forces. Meniscus 

forces calculated at negative separations were much higher compared to the results found 

from Li and Talke [137] model. In that model, asperity deformations were neglected under 

contact conditions. For a particular separation, meniscus forces slightly increased with 

increasing the water volume. Again solid-solid interactions were slightly decreasing with 

increasing the water volume. Interestingly, meniscus water volume per asperity did not 

significantly affect the adhesion forces before applying voltage under the same surface 

separation. 

The adhesive forces significantly increased after application of the voltage. In Figures 

46(d-f), results were shown after applying the voltage of 141.4 V. For any surface 

separation under the same water volume, electrostatic force after applying voltage 

contributed to total adhesion by changing the contact angle, thereby affecting the meniscus 
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force. As the meniscus contact became hydrophilic after applying the voltage, meniscus 

forces increased due to increase in meniscus areas. In addition to that, the electrostatic 

force itself contributed to total adhesion. The meniscus forces increased by more than 

100% after applying voltages at different surface separations. Meniscus forces further 

increased rapidly under contact conditions. At the same time, electrostatic forces 

decreased by decreasing the surface separation. Under contact conditions, electrostatic 

forces were suppressed by meniscus water volumes surrounding individual asperities. As 

the surface separation was decreased, meniscus forces predominantly contributed to total 

adhesion forces. Meniscus forces calculated using the proposed model were much higher 

than those predicted by Li and Talke model under the same contact conditions. Lesser 

differences in meniscus forces were found between the two models when surface 

separations were higher. Solid-solid interactions also increased at negative separations 

after applying voltages. Meniscus water volumes did not significantly affect the meniscus 

forces under contact conditions. On the other hand, electrostatic forces were higher at 

higher surface separations, which gradually decreased with decreasing the separation from 

100 nm to -100 nm for the water volumes of 0.2 µm3 and 0.5 µm3. Electrostatic force at 

0.5 µm3 were lower than 0.2 µm3 for any surface separations as electrostatic force was 

suppressed more with higher water volume. At 0.8 µm3, asperities were immersed with 

meniscus water volumes even at higher separations, suppressing electrostatic forces even 

more. Therefore, electrostatic forces were almost constant under the surface separations 

shown in Figure 43(f). the maximum adhesive force at a surface separation of 100 nm was 

the highest at the water volume of 0.2 µm3 and lowest at the water volume of 0.8 µm3. 
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Maximum adhesive forces at the separation of -100 nm were almost the same for all water 

volumes.  

Figure 47 shows variation of total adhesive force with the external force for rough surface 

contacts at different water volumes. The results shown in Figure 47 corresponds to the 

interferences shown in the Figure 46. It was found that the total adhesion force did not 

significantly changed with changing the meniscus water volume. However, the total 

adhesion increased with increasing the external force under meniscus actions. This 

increase was attributed to increase in meniscus forces. After applying voltage, the total 

electroadhesion force was much higher compared to that before applying voltage. The 

electrostatic force was dominant at the water volume of 0.2 µm3 even under contact and 

therefore, the total adhesion force was higher at lower external force compared to other  

meniscus volumes. For 0.5 µm3 and 0.8 µm3, the total adhesion force was almost the same 

at any external force. This was attributed to least electrostatic effect as a result of asperities 

Figure 46. Variation of calculated total adhesion force with external force for rough 

surface contacts at different meniscus water volumes, (a) before applying voltage, (b) 

after applying voltage. 
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fully covered with the water. Higher water volume suppressed the electrostatic behavior, 

allowing the meniscus force to dominate the total adhesion for both water volumes. 

 

6.6.2. Pull-off forces 

Figure 48 shows variation of external forces with surface separations under different 

meniscus water volumes. Figures 48(a) and 48(b) show the results before and after 

applying the voltage of 141.4 V, respectively. Pull-off force for each condition can be 

calculated by the minimum value of external force. From 48(a), it was found that with 

increase in water volume, the pull-off force increased before applying the voltage. In these 

cases, meniscus forces dominated the adhesion at positive surface separations, which 

increased with increasing the water volumes, leading to higher pull-off forces at higher 

meniscus water volumes. The results were in good agreement with other studies in the 

literature [138]. Maximum and minimum pull of forces before applying the voltage were 

Figure 47. External and pull off forces vs surface separations at different meniscus water 

volumes (a) before applying voltage, (b) after applying voltage. 
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found as 0.171 mN and 0.039 mN respectively. However, the opposite trend of pull-off 

forces was noticeable after applying the voltage. Pull-off force increased with decreasing 

water volume after applying the voltage. In these cases, electrostatic forces dominated the 

adhesion under positive surface separations. As electrostatic forces decrease with 

increasing the water volume, higher adhesion forces were found for positive separations 

at lower water volumes. Pull-off forces after applying voltages were much higher 

compared to that before applying voltage. Maximum and minimum pull-off forces were 

found as 1.4 mN and 1.0 mN respectively, corresponding to water volumes of 0.8 µm3 and 

0.2 µm3 respectively. Interestingly, pull-off force at 0.8 µm3 were found with a wider range 

of surface separations. This may be attributed to mutual contribution of meniscus force 

and electrostatic force to total adhesion within the range, since meniscus forces were also 

higher at 0.8 µm3 under positive separations. 

 

6.7. Effects of different roughness parameters on interfacial forces 

To investigate the effects of different rough surface parameters on the interfacial forces, 

three arbitrary equivalent rough surfaces have been considered in this study. The variables 

under considerations are surface roughness (σ), average asperity radius (R) and areal 

density of asperities (η). the variables are chosen in such as way that the product of all 

three parameters remain the same for all surfaces. Table 14 show different surface 

parameters of the arbitrary surfaces. Surface 1 has the lowest roughness and largest 

asperity radius; and Surface 3 has the highest roughness and smallest asperity radius. Note 

that the values of surface parameters are closer to the parameters shown in Table 13. 
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Table 14. Roughness parameters of three arbitrary equivalent rough surfaces 

 

Rough Surface σ (nm) R (µm) 𝜼 (µm-2) 

1 75 2.5 0.4 

2 100 1.5 0.5 

3 125 1 0.6 

 

 

Figure 48. Variation of interfacial forces with different rough surface parameters. 

Rough surface contact simulations were performed for the arbitrary surfaces under the 

meniscus volume of 0.2 µm3 and the applied voltage of 141.4 V. Summary of different 

interfacial forces are shown in Figure 49. Figure 49(a), 49(b) and 49(c) shows the results 

for electrostatic force, total adhesion force and external force respectively. From the 

figure, it was evident that the Surface 1 showed higher electrostatic force compared to 

other surfaces under positive surface separations. Because of largest asperity radius, the 

interfacial gaps under non-contact conditions were lower compared to other surfaces, 

leading to higher electrostatic force. However, under contact conditions, the electrostatic 

effect was suppressed by water meniscus. Higher asperity radius and smoother surface led 

to higher meniscus radii and forces, which also reduced the electrostatic force. The rate of 
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decrease in electrostatic force was higher compare to other surfaces. At the same time, the 

meniscus forces were much higher for Surface 1 for the same reason. It led to highest total 

adhesion forces among all surfaces, for both contacting and non-contacting conditions. 

Because of higher adhesion, the pull-off force for surface 1 was higher than other two 

surfaces. the maximum pull-off force was 1.9 mN for Surface 1 and the minimum pull-off 

force was 0.9 mN for Surface 3 with highest roughness and lowest asperity radius. 

 

6.8. Summary 

In this study, a single asperity electroadhesion model was first proposed and it was 

implemented to a rough surface contact model to predict electroadhesion between human 

fingertip and haptics surfaces at different meniscus water volumes. The results can be 

summarized as follows: 

(a) Under single asperity contacts, meniscus forces were predominant and did not 

significantly change with changing the water volume under the same interference 

due to hydrophobicity. However, electrostatic forces started contributing to the 

total adhesion forces at lower water volumes and interferences, but the effects 

gradually decreased with increasing the water volumes and interferences. 

(b) Rough surface contact modeling showed that adhesion forces before applying 

voltages were not significantly affected by the meniscus water volumes due to 

hydrophobicity at any surface separations. However, total adhesion forces were 

significantly higher after applying the voltages. At higher surface separations, 

electrostatic forces were predominant and total adhesion forces decreased with 
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increasing the meniscus water volume for each asperity. At lower separations or 

higher contact interferences, meniscus forces were predominant, which were not 

significantly affected by the water volumes, leading to constant total adhesion 

forces at different water volumes under contact conditions.  

(c) Before applying voltages, the pull-off forces increased with increasing the water 

volumes, primarily due to contribution of meniscus forces. After applying 

voltages, the pull-off forces significantly increased due to addition of electrostatic 

effects, and the pull-off forces decreased with increasing the meniscus water 

volumes. At the asperity water volume of 0.8 µm3, the pull-off force was found 

with a wider range of surface separations, which was attributed to mutual 

balancing of meniscus and electrostatic effects. 

(d) A rough surface with higher asperity radius and lower roughness showed higher 

electrostatic force under non-contact conditions, and higher total adhesion force 

and pull-off forces compared to surfaces with lower asperity radii and higher 

roughnesses. 

 



 

140 

 

CHAPTER VII                                                                                          

CONCLUSIONS 

7.1. Summary of the research 

In this research study, experimental, finite element analysis and analytical modeling have 

been performed to investigate nanomechanical, nanotribological and surface interactions 

of ultra-thin films. Three types of contact conditions were considered in this research-

solid-solid contacts for hard coatings, solid-solid contacts for softer coatings and solid-

liquid contacts. New finding and contributions of the research can be summarized as 

follows: 

1. In Chapter II, elevated temperature nanomechanical and nanotribological 

properties of ultra-thin nitrogen-doped carbon overcoat (NCOC) or nitrogen-

doped diamond like carbon (NDLC) protective film for heat assisted magnetic 

storage (HAMR) applications were investigated. NCOC with three different 

thicknesses (2.5, 3.5, and 4.5 nm) were examined in terms of both chemical and 

mechanical properties at temperatures up to 300 oC. The chemical changes were 

traced by XPS, revealing that the configuration of both carbon and nitrogen 

elements change partially from sp3- to sp2-hybridizations with exposure of NCOC 

samples to annealing. The friction coefficient, wear rate, and deformation of the 

NCOC films were measured using nanoindentation, nanoscratch and nanowear 

experiments. Three sets of mechanical experiments verified the operating 

temperature and thickness dependence of the mechanical and tribological behavior 

of the NCOC films. Thicker NCOC led to better mechanical and wear behavior at 
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25 oC before and after heat treatment and at 300 oC. Coefficient of friction (COF) 

of NCOCs significantly increased at 300 oC due to increase in adhesion. The COFs 

did not show thickness dependent behavior. Average wear depths of NCOCs were 

acceptably small after exposure to annealing, thus offering durable films for high 

temperature applications. Noteworthy, the permanent reduction in mechanical 

properties associated with annealing reduces in the presence of N dopants.  

2. Nanoindentation and nanoscratch studies in Chapter II revealed that Due to 

instrument limitations and very shallow films, it is very challenging to accurately 

measure sub-5 nm NCOC/ NDLC films and other HAMR components from 

experiments without substrate effects. To ensure the robustness of the media 

especially at higher temperature applications, mechanical properties of ultra-thin 

sub 5-nm NDLC coatings are of great interest. In Chapter III, very shallow 

nanoindentations were performed and results were fitted with finite element 

analysis using a modified indenter geometry to predict the elastic modulus and 

yield strength of NDLC films of two different thicknesses (3.5 and 4.5 nm) and 

other components without any substrate effect. Results showed that higher NDLC 

film thickness led to better elastic modulus and yield strength at 25 oC before and 

after heating and at 300 oC. Hardness to yield strength ratio (H/Y) for NDLC films 

was also determined and found within the range of 2.2-2.8, which is higher than 

H/Y ratio of DLC films from earlier studies. This implied the dependence of H/Y 

ratio on thickness, temperature conditions and chemical structure of NDLC films. 

Results also showed that the yield strength of FeCo metal layer and glass substrate 
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in HAMR media decreased at 300 oC, but almost fully recovered to their initial 

properties after removal of heat. 

3. In Chapter IV, a high temperature mechanical and tribological study was 

performed to investigate the dependence of friction, wear and mechanical 

properties of ultra-thin nitrogen doped diamond like carbon (NDLC) films on their 

sp2/sp3 carbon configurations. Two NDLC films with the same thickness of 3 nm, 

almost the same nitrogen content, and different sp2/sp3 carbon ratios of 53% and 

49% were deposited on FeCo/glass substrates. Heating to 300 oC led to partial 

reduction in sp3 carbon content of NDLCs, ending up with a softer layer. NDLC 

with 49% sp2/sp3 carbon ratio showed better mechanical properties at 300 oC and 

25 oC before and after heat treatments, indicating that the lower the sp2/sp3 carbon 

ratio, the better the mechanical properties. The same NDLC also showed lower 

coefficient of friction because of lower sp2 carbon content. Wear tests revealed that 

NDLC with 49% sp2/sp3 carbon ratio also had better wear resistance at 300 oC 

because of improved mechanical properties. However, both NDLCs were not 

delaminated during wear tests at 300 oC and the average wear depths were less 

than 1 nm, which also indicated robustness and durability of the NDLC films.  

4. Graphene oxide (GO), silk fibroin (SF) and cellulose nanocrystals (CNC) 

nanocomposite is a novel biomaterial with superior mechanical properties. Creep 

behavior of softer biomaterials are of great importance when they are subjected to 

elevated temperature for longer duration of time. In Chapter V, elevated 

temperature nanoindentation experiments using constant load hold method were 
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performed to investigate temperature dependent mechanical and creep behavior of 

the GO-SF-CNC nanocomposite. Hardness and reduced modulus of GO-SF-CNC 

were determined from experiments at 25 oC, 40 oC, 60 oC, 80 oC and 100 oC, and 

yield strength and creep coefficients were predicted from finite element analysis 

using two-layer viscoplasticity theory. Results showed that increasing the 

temperature from 25 oC to 80 oC, hardness, reduced modulus and yield strength of 

GO-SF-CNC nanocomposite dramatically increased by 112%, 40% and 140% 

respectively, and creep displacements during constant load hold reduced by 53%. 

It was attributed to increase in crystallizations in the nanocomposite because of 

increase in β-sheet formations of SF material and reduction in water molecules in 

CNC material. However, at 100 oC, the mechanical properties deteriorated, and 

creep displacements increased because of water evaporation from the 

nanocomposite, making it weaker. Hardness to yield strength ratio was found 

within 1.84-2.06. Maximum creep exponent was 2.9 at 40 oC, which reduced to 

2.06 at 80 oC and again increased to 2.27 at 100 oC. 

5. In Chapter VI, analytical modeling has been performed to investigate 

electroadhesion forces between the human fingertip and the haptics surface under 

the meniscus actions. A single asperity model was first proposed, and adhesive 

forces were predicted for different meniscus water volumes before and after 

applying the voltage. Results showed that before applying the voltage, the 

adhesion forces due to meniscus actions do not show any significant trend with 

water volume at any interference, because of hydrophobicity. After applying the 
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voltage, electrostatic forces contributed to total adhesion. Due to electrostatic 

effect, meniscus actions became hydrophilic and meniscus forces significantly 

increased. With increase in water volume, electrostatic effect also decreased at a 

particular interference. The single asperity model was implemented into a GW 

based rough surface contact model to predict adhesion behaviors over a finite area 

under meniscus actions. Results from rough surface modeling revealed that before 

applying voltage, adhesion between the surfaces were much lower and the values 

decreased with increasing the surface separation. However, the adhesion forces 

significantly increased after applying voltage. When the surfaces were in contact, 

the total adhesion forces did not significantly vary with water volumes. However, 

at positive separations, total adhesion forces were higher at lower meniscus water 

volume, due to electrostatic effect. Before applying voltage, pull-off forces 

increased with increasing the water volume due to meniscus effects. After applying 

voltage, pull-off forces were much higher, and the values decreased with 

increasing the water volumes because of electrostatic forces dominating the 

behavior at lower water volumes. 

7.2. Recommendations for future study 

In Chapters II and IV, nanoindentation and nanoscratch experiments were performed to 

investigate mechanical properties of NDLC/NCOC at high temperature conditions. It was 

found that substrate effect can influence true mechanical properties of ultra-thin films. 

Due to instrument limitations, substrate effects were present in the mechanical properties 

reported in the chapters. To obtain true mechanical properties from pure experiments, very 
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shallow nanoindentations need to be carried out using even more sharper indenters than 

those used in these studies. Also because of using diamond indenters, the maximum 

temperatures for all experiments were limited to 300 oC to avoid indenter oxidation. To 

investigate mechanical behavior of the films at even higher temperatures, other tip 

materials need to be used e.g., cubic boron nitride, sapphire etc. Also, all high temperature 

experiments need to be performed in air in order to investigate the effect of oxidation on 

mechanical and tribological behavior of NDLCs at elevated temperatures.  

In Chapter III, finite element analysis (FEA) of nanoindentation responses were performed 

to obtain true mechanical properties of NDLC and other HAMR components. Especially 

for NDLC, mechanical properties from FEA were obtained by simultaneously changing 

elastic modulus and yield strength of NDLCs. To perform better analysis in future studies, 

elastic nanoindentations need to perform first and then use FEA to predict elastic modulus 

only. After that, nanoindentations with higher contact depths can be performed for plastic 

deformations and then yield strengths can be obtained by entering elastic modulus of the 

film in the FEA model. From this study, the ratio of hardness over yield strengths of NDLC 

were found dependent on environmental conditions. Thorough study needs to be carried 

out to investigate the behaviors. 

Creep results from Chapter V were shown for GO based nanocomposites only. Reduced 

GO and annealed GO can also be considered for future biomaterial study and creep studies 

also need to be carried out to investigate and optimize these state-of-the art biocomposites.  

In the rough surface contact model shown in Chapter VI, the human fingertip surface was 

considered as a smooth complaint surface. In reality, fingertip surfaces are wavy shaped, 
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and each ridge surface can be considered as a cylinder with a certain roughness to model 

the contact with the haptics surface for better prediction of interfacial forces. Also, the 

contact model investigated electroadhesion behavior under elastic regime only. In future 

studies, viscoelasticity of human skin and elastic-plastic contact also needs to consider for 

better understanding of electroadhesion behavior. Friction modeling also needs to be 

carried out considering above assumptions for better predictions.  
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APPENDIX A 

XPS ADDITIONAL ANALYSIS OF NCOC FILMS (CHAPTER II) 

 

 

Figure A1: XPS survey spectra of NCOC-2.5 before heat treatment process, and NCOC-

2.5, NCOC-3.5 and NCOC-4.5 after heat treatment process. 
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APPENDIX B 

FEA-PREDICTED MECHANICAL PROPERTIES OF NDLCS AT DIFFERENT 

CONTACT DEPTHS (CHAPTER III) 

 

Figure B1 shows FEA-predicted nanomechanical properties of NDLCs at different contact 

depths. Nanomechanical properties were taken from Table 8 and corresponding contact 

depths were calculated from nanoindentation experiments (Figures. 16 and 17) using the 

Oliver-Pharr method. The contact depth range shown (1.5-3.0 nm) are way above 10% of 

NDLC film thicknesses, at which true mechanical properties without substrate effects 

cannot be determined from pure experiments. Therefore, FEA was used in this study to 

obtain true NDLC properties, which are independent of contact depth. 
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Figure B1. FEA-predicted mechanical properties of NDLCs at different experimental contact depths and 

different temperature conditions; (a) Elastic modulus of NDLC-3.5, (b) Elastic modulus of NDLC-4.5, (c) 

Yield strength of NDLC-3.5, (d) Yield strength of NDLC-4.5. 
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APPENDIX C 

NANOINDENTATION OF NDLC SAMPLES (CHAPTER IV) 

 

Nanoindentation experiments were performed to determine reduced modulus of NDLCs 

at three experimental conditions- 25 oC before heat, 300 oC and 25 oC after heat. Steps of 

a typical nanoindentation experiment involve: loading the indenter in 5 seconds from the 

initial load to the maximum load, holding the maximum load for 2 seconds to reduce any 

creep effects and finally unloading in 5 seconds to initial load. Displacement responses 

were measured for the loading steps from nanoindentation experiments. Oliver-Pharr 

method was used to determine reduced modulus of NDLCs from load-displacement 

responses. A cube corner indenter with a radius of 85 nm was used for nanoindentations. 

Maximum nanoindentation loads were in the range of 26-32 µN and resulting contact 

depths were within 3.3-4.2 nm.  

Figures. C1(a) and C1(b) show nanoindentation load displacement responses of NDLC-1 

and NDLC-2 samples respectively for the normal load of 28 µN. From the responses, it 

was evident that NDLC-1 and NDLC-2 had similar maximum displacement at 25 oC 

before and after heat treatment. However, NDLC-1 showed higher maximum 

displacement at 300 oC compared to NDLC-2. Residual nanoindentation depths of NDLC-

1 were also found larger than that of NDLC-2 at all three experimental conditions. This 

implies that because or lesser relative sp3 carbon and nitrogen contents at all conditions, 

NDLC-1 underwent higher plastic deformations than NDLC-2 under the same load.  
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Fig. C1(c) depicts the reduced modulus results of NDLCs at all experimental conditions. 

No significant trend of reduced modulus was found with temperature and chemical 

composition of NDLCs. Nanoindenatation contact depths were much higher than 10% of 

film thicknesses of NDLCs, therefore, nanoindentation results were affected by substrate 

material. Because of this, nanoindentation hardness results were not reported in this study. 

Instead, nanoscratch tests were performed which can determine NDLC hardnesses at all 

experimental conditions with minimal substrate effect. For nanoscratch calculations, 

elastic modulus of NDLCs were required, which were entered from the reduced modulus 

results shown in Fig. C1(c). 

Figure C1.  Nanoindentation load-displacement responses of (a) NDLC-1; (b) NDLC-2 at 25 oC before heating, 300 

ºC, and 25 oC after heating. (c) Reduced modulus of NDLCs determined from nanoindentation experiments. Error bars 

designate  one standard deviation. 
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APPENDIX D 

DETERMINATION OF INDENTER GEOMETRY OF THE FEA MODEL AND 

MODEL VALIDATION (CHAPTER V) 

 

To determine the indenter geometry of the FEA model (section 5.3.1), a standard fused 

quartz (FQ) sample with known elastic modulus of 72 GPa was used, following the works 

from the literature [43,54]. First, very shallow nanoindentations were performed on the 

FQ sample so that the load-displacement response is elastic, as shown in Fig D1(a). In this 

case, the indenter acted as a flat punch pushing the FQ sample without any plastic 

deformation. The experimental response was simulated by considering FQ as the only 

material in the FEA model and the elastic modulus of FQ was entered into the model. 

From the simulations, the flat part length ‘a’ was determined as 12.5 nm for the indenter 

radius ‘R’ of 80 nm. To validate the indenter geometry, several nanoindentations were 

performed at higher loads on FQ; and finite element simulations were performed using the 

indenter geometry to predict yield strength and elastic modulus of FQ. Figure D1(b) shows 

the experimental and FEA load-displacement responses for FQ at the maximum load of 

50 µN. Summary of the FEA predicted FQ properties are shown in Table D1. From the 

table, the average elastic modulus and yield strength were found as 69.5 GPa and 5.0 GPa 

respectively, which were within the range found from the literature [48,49]. This validated 

the FEA model for creep behavior study of GO-SF-CNC nanocomposite.  
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Figure D1. (a) Elastic nanoindentation on FQ sample and fitted FEA response for indenter geometry 

determination. (b) Experimental and FEA responses of nanoindentation on the FQ sample at 50 µN load. 

 

 

Table D1. FEA predicted mechanical properties of fused quartz at different loads. 

 

 

 

 

 

 

 

 

 

 

Indenter Load (µN) 5 15 35 50 70 110 Average 

Yu et 

al. 

(2004

) [49] 

 

Shim et 

al. 

(2005) 

[48] 

R: 80 nm 

a: 12.5 

nm 

Elastic Modulus 

(GPa) 
72 72 68 69 68 68 69.5 67.6  72 

Yield Strength 

(GPa) 
- 4.6 5.0 5.1 5.1 5.3 5.0 4.3  5.5 
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APPENDIX E 

AREAL FUNCTION OF NANOINDENTATION CREEP EXPERIMENTS AND 

MECHANICAL PROPERTIES OF SILICON SUBSTRATE (CHAPTER V) 

Areal function of nanoindentation creep experiments 

Figure E1. Areal function for nanoindentation creep experiments 

 

Figure E1 shows the areal function for nanoindentation creep experiments, which is given 

by, 

𝑨𝒄 = 𝟐. 𝟓𝟗𝟖𝒉𝒄
𝟐 + 𝟏𝟒𝟑𝟖. 𝟒𝟕𝒉𝒄

𝟎 − 𝟑𝟖𝟗𝟕𝟓. 𝟒𝟔𝒉𝒄
𝟏/𝟐

+ 𝟐𝟕𝟗𝟓𝟎𝟐. 𝟐𝟓𝒉𝒄
𝟏/𝟒

− 𝟓𝟖𝟔𝟒𝟎𝟔. 𝟗𝟒𝒉𝒄
𝟏/𝟖

+ 𝟑𝟒𝟓𝟏𝟖𝟖. 𝟓𝟎𝒉𝒄
𝟏/𝟏𝟔

 

Where, 𝐴𝑐  and hc are contact area and contact depth respectively. Areal function was 

determined by performing multiple nanoindentation experiments on a standard fused 

quartz sample with known mechanical properties.  
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Mechanical properties of silicon substrate 

Mechanical properties of silicon substrate were needed for FEA simulations and therefore 

nanoindentation experiments with trapezoidal load function were performed on bare 

silicon substrate at different temperature conditions, 25 oC, 40 oC, 60 oC, 80 oC and 100 

oC. Figure E2 shows nanoindentation load-displacement responses of bare silicon for the 

maximum load of 60 µN at 25 oC and 100 oC. it is evident from the figure that the load-

displacement curves were overlapped, implying that mechanical properties were not 

significantly affected by the temperature range used in this study. Hardness and reduced 

modulus of the silicon substrate within the temperature range was determined as 11.9 ± 

0.1 GPa and 149.7 ± 4.0 GPa respectively. Using the hardness to yield strength ratio of 

2.8, the average yield strength of the silicon was determined as 4.2 GPa within the 

temperature range. These mechanical properties were directly fed into the FEA model for 

creep study of GO-SF-CNC nanocomposite at different temperature conditions. 

 

Figure E2. Nanoindentation load-displacement responses of bare silicon at different temperature 

conditions. 
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APPENDIX F 

ASPERITY RADIUS DETERMINATION FOR THE SINGLE ASPERITY MODEL 

(CHAPTER VI) 

 

Asperity radius determination for single asperity model 

Figure F1 shows the truncated trapezoidal asperity used by Xinyi et al. in their single 

asperity electroadhesion model. as shown in the figure, the top radius, bottom radius, slope 

and base radius was fixed as 0.5 µm, 2 µm, 12 o and 2 µm respectively. only the height 

was varied in their model. For the study in Chapter VI, the height of 318.8 nm was chosen, 

and the trapezoidal geometry was fitted with an equivalent spherical radius, as shown in 

Figure F2. The fitted asperity radius was 6.4 um and used in the study of Chapter VI. 

 

Figure F1. Truncated trapezoidal asperity geometry from Xinyi et al. model [116] 
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Figure F2. Truncated trapezoidal asperity and fitted spherical geometry. 

 

 

 

 

 

 

 

 

 

 


