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ABSTRACT 

Micro devices carrying out dynamic motion are susceptible to surface contact 

during normal operation.  To avoid critical friction and wear failures, thin carbon films 

are widely used as the surface protective coating. However, during high speed sliding 

contact, carbon films can be thermally degraded by the frictional heat flux, which thus 

decreases their mechanical/chemical strength.  Accordingly, the thermally degraded 

carbon films can be easily worn out by much lower stress during the following 

contact.  There are typically two types of surface failure for carbon film during high 

speed sliding contact.  One is from a single asperity contact like a deep scratch (or 

plowing and abrasion).  The other is from bulk surface contact like burnishing.  Based 

on those two types of contact, both a single asperity and multi asperity systems are 

considered in the analytical model.  An improved contact model accounting for both 

asperity and substrate deformation is applied to analyze the thermomechanical contact 

behavior, while theories of frictional heat generation and heat transfer are used to 

investigate the change in surface temperature rise on the contact area.  In order to 

accurately estimate the surface temperature rise during the sliding contact between 

rough surfaces, the thermomechanical analysis with an improved single asperity 

contact model will be extended to the multi asperity system.  Parametric study has 

been performed to investigate individual and coupling effects of key control 

parameters on the surface temperature rise during the high speed sliding contact.  

Novel experiments have been implemented with commercial HDDs to characterize 

and verify the effect of high speed sliding contact on thermal degradation and material 

transfer of the hard carbon film.  In addition, molecular dynamics simulation has 

conducted a sliding contact simulation with creating on a diamond carbon like 

structure to investigate the contact behavior in atomic scale.  It was found that severe 

wear of the hard carbon film would be significantly attributed to thermal degradation 

of carbon material during its sliding contact.  In addition, growth of asperity due to 

material transfer during the sliding contact was found, and it can be another potential 
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cause of severe damage on the hard carbon film when the growth asperities are 

exposed to secondary contact in repeated-contact system.  
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CHAPTER 1  

INTRODUCTION 

 

1.1 Overview 

Diamond like carbon (DLC) is an amorphous structured carbon containing sp
2
 

(graphite-like) and sp
3
 (diamond-like) bonds, where sp

3
 bond is dominant.  Hence, DLC 

has properties combining the diamond and the graphite.  Even though its mechanical 

properties are inferior to the diamond, DLC have been developed for remarkable 

performance in tribology, such as low coefficient of friction, high wear resistance, and 

chemical inertness (Donnet et al. 1999; Grill 1999; Robertson 1994).  For this reason, 

DLC films have been widely used as a protective layer in many engineering applications, 

for example, magnetic storages, semi-conductor, and biological environments (Dearnaley 

et al. 2005; Nagai et al. 2002; Poliakov et al. 2004).  In particular, DLC overcoat on both 

a disk and a head of a magnetic storage media is the most widespread application.  As 

high density of magnetic recording (> 1 Tbit/in
2
) is need for the high capacity of storage, 

an ultra-thin protective film is required for small magnetic clearance between the head 

and the disk (Akita et al. 2001; Vakis et al. 2010).  Thus, very smooth DLC film with 

subnanometer thickness has been successfully applied on the magnetic storage media.  

However, unexpected mechanical contact in the head disk interface (HDI) causes failure 

of DLC film due to significant wear, and this can threaten the reliability of an entire 

magnetic storage device (Yang et al. 2012).  Therefore, it is necessary to understand the 

contact and the wear mechanism of DLC film.   

In the case of a HDI of a hard disk drive (HDD), the small magnetic clearance 

between the head slider and the disk media is required in order to overcome data 

transition over the atomic scale magnetic grains.  Recently, the fly height in HDI is 

designed to be less than 5 nm for the reliable read/write performance with the surface 

protrusion of the head slider using thermal actuator (Jang et al. 2011; Park et al. 2011).  

Even if this small clearance brings a good performance of the read/write function, it is  
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Figure 1.1 A typical wear failure on head carbon film due to contact with disk defects in 

actual HDD operation. 

 

clear that the small clearance can cause the critical mechanical contact in HDI.  For 

example, disk defects buried during the fabrication process or alien particles inserted 

from environment could lead to a critical scratch due to the abrasive wear, if their heights 

are more or less than 5 nm.  Figure 1.1 shows the typical head damage made by contact 

with a disk defect, i.e., a big scratched line across the head transducer.  Also, the head 

slider can contact with the disk directly, so that it causes adhesive or burnishing wear on 

the slider surface.  The burnishing wear is shallower than the wear by disk defects, 

however, it deteriorates large area of DLC film as shown in Fig. 1.2.  Moreover, the 

thermal actuator increases the temperature in the air bearing system (ABS) during 

operating the HDD, and the temperature rise is critical to the friction and wear in the 

tribology point of view.  Not only that, but high operating speed also contributes to the 

high temperature on the surface during the sliding contact.  For these reason, the 

thermomechanical contact analysis is needed to improve the HDD systems. 

A single defect or third body (particle) contact can be analyzed using a single 

asperity contact model.  The Hertzian contact theory is a representative solution for the 

normal contact of elastic bodies assuming the contact area is much smaller than the radius  
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Figure 1.2 A typical burnishing wear on head carbon film found in actual HDD operation. 

 

of an asperity so that the deformation of substrate is ignored.  The assumption in the 

Hertzian contact theory limits the contact analysis for two-layered body consisting of a 

soft substrate and a hard asperity, because the normal contact on a hard asperity brings to 

the deformation of soft substrate.  Yeo et al. (2009) found that the contact force and 

stiffness without considering substrate could be overestimated, and their improved elastic 

contact model showed a good agreement with experimental results.  They improved an 

elastic contact model of a single asperity with a soft substrate based on the Hertzian 

contact theory.   

When two bodies make surface contact, there would be multi-asperities contact 

which is called the rough surface contact.  In the case of rough surfaces contact, a single 

asperity contact model can be extended to multi-asperities contact taking into account the 

roughness of two surfaces.  Greenwood and Williamson (1996) have proposed an elastic 

contact model of nominal flat surfaces assuming that the radii of all the asperities are 

same.  Based on GW contact model, Yeo et al. (2010) extended the improved single 

asperity model to the rough surfaces contact model taking into account asperity 

interaction due to substrate deformation.  Considering that the magnetic layer of head- 
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Figure 1.3 Knoop hardness of diamond structure with temperature (Miyoshi et al. 1998). 

 

/disk surface in HDD is protected by the hard carbon film, the improved elastic contact 

model by Yeo et al. may be more accurate contact model for contact of the hard film on 

the soft substrate.   

In the contact mechanics, most of studies have dealt with the mechanical stresses 

and the thermal effect separately.  However, the thermal effect on the mechanical contact 

is also important to understand the failure of the surface because the high temperature 

affects the material properties.  For example, the mechanical strength of DLC decreases 

as the temperature increases because of phase transition of DLC.  When the temperature 

increases, sp
3
 bonds in DLC structure change to sp

2
 bonds so that the graphitization of 

DLC occurs.  It is reported that the hardness of diamond significantly decrease at around 

250 ~ 300 °C (Inoube et al., 2003; Miyoshi et al. 1998; Tallant et al., 1995), as shown in 

Fig. 1.3, and this can be the evidence of the phase transition of the diamond structure.  
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Furthermore, the high temperature affects the magnetic array in the magnetic storage 

system even under Curie temperature at which the intrinsic magnetic moments change 

directions.  The system can reach the high temperature for various reasons, such as heat 

generation due to contact or from other components, high operating temperature, etc.  

Especially under high speed sliding contact, the frictional heat generation is critical to the 

temperature rise on the contacting surfaces.  In the case of HDD, the sliding speed is up 

to 15,000 RPM with the disk radius of ~ 9 cm, and the flying height of the head slider is 

less than 5 nm.  This operating condition is considerably severe no less than that a jet 

aircraft flies keeping the distance of a few tens of centimeters from the ground.  Thus, the 

sliding contact in HDI can lead to considerable amount of frictional heat on the surface.   

In this work, it is aimed to estimate an accurate temperature rise during the sliding 

contact under high speed considering material properties of multi-layered surfaces, and 

investigate the thermomechanical micro-wear mechanism and failure of the amorphous 

carbon film.  First, the analytical model of the frictional heat generation is developed, and 

the simulation is conducted to estimate the temperature rise.  Second, the experimental 

study will be conducted to verify the thermal effect on the material properties of DLC 

film using the novel experiments.  Third, contact behavior will be investigated in atomic 

scale using the molecular dynamics (MD) simulation.  Finally, the micro-wear 

mechanism of the DLC film on the soft substrate will be discussed in terms of the 

thermomechanical analysis. 

1.2 Dissertation objectives and outline 

Based on contact mechanics and thermomechanics, high speed sliding contact of 

two solid bodies in micro/nano scale is investigated in the dissertation.  There are two 

different contact systems discussed, one is a single asperity contact with flat surface and 

the other is contact of two rough surfaces.  All the analytical/computational modeling is 

based on the HDI contact.  Therefore, the ultra-thin DLC film is mainly considered as a 

contacting material which is protecting a soft metallic material.  For the empirical study, 

novel experiments and measurements of contact surface are conducted.  The results of 

numerical analysis are compared with the results of computational MD simulation, and  
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Figure 1.4 A flow chart of entire progress. 

 

the experimental study brings to the apparent conclusion of the dissertation.  Figure 1.4 

shows a flow chart of research of the dissertation.  The dissertation contains following 

three parts. 

First, the thermomechanical contact model is performed to numerically predict 

and analyze the micro wear mechanism in HDI contact.  The high sliding speed 

contributes to the temperature rise on contacting surfaces due to frictional heat 

generation.  From the temperature calculation, it is expected that the frictional heat 

generation due to HDI contact is high enough to rise the temperature more or less than 

the critical temperature which brings to structure change of the DLC film.  An improved 

contact model of a single asperity (Yeo et al. 2009) is used for the single defect and head 

slider contact.  Disk defects are generated during the manufacturing process, and they can 

Define/predict the failure of DLC film 

(Propose weigh factors for design considerations) 

Advanced computational anaylsis 

(Molecular dynamics simulation, contact behavior in atomic scale) 

Experiments 

(Characterization of damaged DLC film & defects) 

Thermomechanical analysis 

(frictional heat generation, flash/continuous) 

Contact models  

(single asperity, multi-asperities) 
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be buried below DLC film or standing on the top of the DLC film.  The clearance in HDI 

is only a few nanometers, and height of defects is up to a few tens of nanometer.  The 

heat partition factor is considered in the case of that the defect material is different from 

the counterface material (i.e., DLC).  In addition, the rough surface contact model (i.e., 

multi-asperity model) is to analyze the burnish phenomenon on the head slider which is 

caused by sliding contact in large area of head slider and disk surfaces.  When two 

surfaces are brought in to contact, the real contact occurs on high asperities on each 

surface unless surfaces are perfectly smooth.  Considering that both disk and head surface 

consist of hard carbon film and soft metallic material, the single asperity contact model is 

extended to multi-asperity system.   

Second, novel experiments and surface measurements are conducted to verify the 

analytical modeling.  The real head damage and disk defects were investigated by using 

an atomic force microscope (AFM).  Repeated contact with disk defects is induced on 

head slider to characterize profiles of disk defects before/after sliding contact.  In 

addition, killer defects which caused severe head damages are traced, and their profiles 

are used for comparison of the analytical model with real head damages.  The 

nanoindentation was performed on head sliders with different level of burnishing wear to 

verify the change of mechanical properties of burnished head.  

Finally, the contact behavior of carbon structure in atomic scale is studied by the 

molecular dynamics (MD) simulation.  Based on sp
2
 ratios of a DLC film measured by 

the x-ray photoelectron spectroscopy (XPS) analysis, DLC films with two different sp
2
 

ratios are created by annealing process in MD simulation.  Sliding contact between a 

diamond asperity and the DLC film is simulated under high speed to investigate the 

surface temperature rise, stress, and corresponding structure changes.  The material 

transfer between the asperity and the DLC film is visualized, and it is compared with 

experimental results.  
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CHAPTER 2  

MICROWEAR MECHANISM OF HEAD CARBON FILM DUE TO A 

DISK DEFECT DURING HEAD DISK INTERFACE SLIDING 

CONTACT 

 

2.1 Introduction 

One of the essential requirements in increasing areal density of hard disk drives 

(HDDs) is to reduce the physical spacing between the read/write elements of a head slider 

and the surface of a rotating disk, i.e., head media spacing (HMS) or head disk interface 

(HDI) clearance.  Recently in order to adaptively control the HDI clearance, thermal 

actuation of magnetic recording transducers has been widely applied to the design of a 

head slider, where a microheater makes read/write elements thermally protruded to the air 

bearing surface (ABS).  Even though the technology of thermal actuation contributes to 

the improvement of magnetic performance in HDDs, it can give rise to tribological 

problems on HDI because a microheater increases HDI temperature with lower clearance 

value (i.e., susceptible to HDI contact) (Kurita et al., 2006; Shiramatsu et al., 2006).   

Researchers have developed outstanding contact models to correctly analyze the 

contact and wear behavior in HDI.  They have extended the Greenwood Williamson 

contact model (GW model) accounting for the effects of elastoplastic deformation of 

surface asperities and subboundary lubrication during surface contacts (Carbone et al., 

2008; Chang, 1997; Greenwood et al., 1996; Kogut et al., 2004;Lee et al., 2005; Stanley 

et al., 1990).  In these extended GW contact models, it was assumed that the applied 

contact is supported only by surface asperities (i.e., asperity deformation is considered 

only) without substrate deformation.  However, when a thin harder film is applied onto a 

softer substrate (e.g., head slider and magnetic disk in HDD), its surface contact behavior 

may not be fully explained by asperity deformation only because softer substrate can 

experience significant deformation during contact.  In order to accurately estimate the 

contact behavior for such multilayered films (i.e., harder film on softer substrate) with 

extremely smooth surface, Yeo et al. (2007, 2010) developed an improved contact model 
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accounting for substrate deformation and asperity interactions during surface contact, 

which will be used for HDI contact analysis in this study.  

Considering that local stress value from asperity level contact is extremely high, it 

is expected that HDI sliding contact can significantly increase the surface temperature 

due to frictional heat generation.  Since the higher temperature in contacting materials is 

very critical to their tribological performance, many researchers have worked to predict 

and minimize the interface temperature of contacting bodies (Bogdanovich et al., 2006; 

Choa et al., 2002; Kalin, 2004; Liu et al., 2002).  In addition to the tribological 

performance, the higher material temperature by friction can also affect the electrical and 

magnetic performance of materials (Aly et al, 1999; Choa et al., 2002; 

Honglertkongsakul et al., 2010; Kittel, 2005; Tallant et al., 1995).  In the case of 

magnetic recording devices, surface contact between a magnetic sensor and a magnetic 

medium can generate considerable frictional heat along with the contact stress, which can 

cause critical changes in its magnetic properties leading to catastrophic magnetic data 

loss.   

Diamond like carbon (DLC) films have been widely used as a protective layer in 

many engineering applications.  It has been reported that its diamond characteristics can 

be weakened at a temperature of over 250 ~ 300 °C (Inoube et al., 2003; Tallant et al., 

1995).  In other words, if the temperature of a DLC film is beyond a critical value, it will 

be graphitized (i.e., softened or degraded), which negatively affect its tribological 

performance.  Therefore, for a DLC film under sliding contact (e.g., carbon film in head 

slider and disk in HDD), its change in mechanical strength with temperature should be 

included into conventional contact mechanics solutions, which enables accurate analysis 

of the tribological performance.      

In this session, contact and wear performance of head carbon film will be 

analyzed using the improved single asperity contact model incorporated into theories of 

frictional heat generation and heat transfer.  During HDI sliding contact, the contact 

stress and surface flash temperature on head carbon film will be examined with respect to 

various system parameters such as sliding velocity, applied surface displacement, radius 
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and radial size of a disk defect.  From parametric study along with a new design 

parameter, key design rules will be provided to reduce the tribological failure in HDI.   

2.2 Modeling of HDI sliding contact   

In this study, micro-wear behavior of head carbon film will be investigated due to 

its sliding contact with a disk defect.  The analytical contact solution from the improved 

single asperity contact model will be applied into formulas of frictional heat flux and heat 

transfer to examine the temperature on head carbon film and underlying magnetic 

material (denote: the decoupled thermomechanical contact model).  Recently researchers 

have performed finite element analysis (FEA) modeling and simulations to analyze the 

thermomechanical contact performance of magnetic recording disk (Katta et al., 2010; 

Ovcharenko et al., 2010).  Under the dynamic oblique impact between a multi-layered 

magnetic disk and a head slider, surface temperature of the disk was measured using the 

novel FEA models (denote: the coupled thermomechanical contact model).  Even though 

the approach using FEA can also be applied to analyze the wear of head carbon film in 

this study, it is usually accompanied with significant computational cost especially for the 

analysis of thermomechanical sliding contact.  Moreover, Katta et al. (2010) examined 

surface flash temperature of magnetic recording disk due to head-disk impact.  Based on 

the comparison between FEA result and analytical model solution, it was observed that 

the analytical solution was in good agreement with the FEA result.  Therefore, for the 

convenience of modeling and calculation, thermomechanical contact behavior of head 

carbon film in this study will be investigated through analytical modeling and solutions. 

2.2.1 Single asperity contact model: Contact between head carbon film and 

hemispherical disk defect 

Based on the Hertzian solution for spherical bodies in contact, the semicontact 

width (a) and the maximum contact pressure (po) are given by a = (Rδa)
1/2

 and po = 

3P/(2a
2
), where δa is the normal displacement (or deformation) of the spherical body 

and R is its radius of curvature (Johnson, 1987).  In this Hertzian contact solution, the 

applied load (P) can be expressed as 9/16 2*3
REP a , where E

*
 is a reduced elastic 
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modulus of the two contacting bodies, i.e., E
*
 = ( (1-1

2
)/E1 + (1-2

2
)/E2 )

-1
.  The 

distribution of the Hertzian contact pressure (p) is obtained by 

)/(1)( arprp o 
,
                                                                                   (2.1) 

 where r is the radial distance from the contact center.  

Using the Hertzian contact models and solutions, researchers have developed 

outstanding extended GW contact models (Kogut et al., 2004; Lee et al., 2005; 

Polycarpou et al., 1998).  As described in Sec. 2.1, these extended models assume that all 

the applied force or displacement is supported by surface asperities only without 

considering substrate deformation and asperity interactions.  Accordingly, applied surface 

displacement () becomes the same as asperity normal deformation (a), i.e., a = .  

However, when contacting bodies are made of thin harder films applied onto softer 

substrate like magnetic recording head slider and disk in HDDs, considerable portion of 

the applied force can be supported by the deformation of underlying softer material.  To 

analyze the contact behavior of these multilayered systems, Yeo et al. proposed an 

improved single asperity contact model taking account of the softer substrate deformation 

as schematically shown in Fig. 2.1. (Yeo et al. 2009; Yeo et al. 2010).  In this model, 

since applied contact force or displacement is supported by both asperity and substrate 

deformation, a will not be the same as  (i.e., a  ) but it should be given as a function 

of   like 

  




   1/1/1/a

,                (2.2) 

 where κ and ξ are the physical and geometrical parameters given by κ = Ea/Eb  (a = 

asperity, b = substrate) and br/R 23  (rb = radial size of hemispherical asperity), 

respectively.  This improved contact model will be used in this study to analyze the 

contact behavior of head carbon.  Then, the analytical contact solutions from the 

improved model will be applied into the thermal analysis. 
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Figure 2.1 A schematic of spring series system in the improved single asperity model 

(Yeo et al. 2009). 

 

2.2.2 Frictional heat generation and surface flash temperature rise 

During the sliding contact of solid materials, the heat flux (q) generated by the 

friction is proportional to sliding velocity (V), contact pressure (p), and friction 

coefficient (, 0.1 used in this study), i.e., q = pV (Bhuhshan 1995; Mills 1999).  This 

frictional heat flux causes flash temperature rise on the contacting surfaces, and a single 

surface is heated by partial heat flux with a heat partition fraction. Here, the heat partition 

factor is assumed to be 0.5 as both contact surfaces consist of same material.  The 

magnitude of surface flash temperature rise () is dependent of the Peclet number (Pe), 

i.e., Pe = Va/2, where a is the semicontact width of the spherical contacting body and  

is the thermal diffusivity of the material given by  = k/ρcp (k = thermal conductivity, ρ = 

material density, cp = specific heat capacity).  For various Pe numbers,   is determined 

by (Bhushan, 2001) 

Pe  0.1 : kqa 8/3                        (2.3) 

k
a
 

k
b
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0.1  Pe  10 :   Pekqa  234.1/32.2                        (2.4) 

Pe > 10 :  Pekqa  /32.2  
                     (2.5) 

2.2.3 Temperature distribution from heat transfer 

The temperature distribution of contacting bodies can be determined from the 

formulas of frictional heat flux and heat transfer.  In this thermal analysis, to simplify the 

heat transfer model, average heat flux (qm) is used as a heat source, which is calculated 

from average contact pressure (pm = P/a
2
).  Assuming average frictional heat flux is 

constantly applied onto the area of HDI contact, the temperature inside the contact area is 

determined from heat conduction only, while the temperature outside the contact area 

(exposed to air) is obtained from both heat convection (usually cooled down by air) and 

heat conduction.  Based on the principle of energy conservation with the assumptions of 

no internal heat generation and constant material properties, the governing heat equation 

under transient conditions is expressed as (Mills, 1999) 

TtT 2/                        (2.6) 

Using the method of finite difference approximation in heat transfer, the nodal 

temperature on the contacting surface at i+1
th

 iteration is calculated by 

     ii

e

iiii TFoBiFoBiTTTTFoT 0321

1

0 2412/1 
 ,       (2.7) 

 where Bi is the Biot number (Bi = hcΔx/k, hc: heat transfer coefficient, Δx: nodal size) 

and Fo is the Fourier number.  Te is the environment temperature and set to be 23 °C in 

this study.  The subscripts 0 – 4 in Eq. (2.7) are nodal numbers as shown in Fig. 2.2(a).  

Similarly, interior nodes (below the surface) for conductive heat transfer are shown in Fig. 

2.2(b) and the corresponding nodal temperature below the surface is obtained by  

    iiiiii TFoTTTTFoT 04321

1

0 41
             (2.8) 

To apply the 2-dimensional finite different approximation in Eqs. (2.7) and (2.8), 

the Fourier number should satisfy Fo  ¼ (1+Bi).  Since the Biot number in this study is  
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Figure 2.2 2-D Schematics of finite difference approximation in heat transfer showing (a) 

surface and (b) interior nodal  
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very small (orders of 10
-7

), the Fourier number Fo = 0.24 was used in this study.  

Accordingly, the time step (Δt) in heat transfer calculation could be given by Δt = 

0.24Δz/a, where Δz is the distance between nodal points and a is the semicontact width, 

respectively.  The spacing between nodal points is set to the same in both x- and z-

direction.  In order to obtain the temperature at the interface between head carbon film 

and underlying magnetic material (permalloy, NiFe), it is necessary to calculate the heat 

resistances per area (cross-sectional area perpendicular to the heat flow), i.e., Rh = L/k, 

where L is the body length, k is the thermal conductivity.   The heat resistance of surface 

carbon film (Rh1) is readily determined from the film thickness divided by its thermal 

conductivity (i.e., Rh1 = tf /k, tf = film thickness).  Then, the heat resistance of underlying 

substrate per area (Rh2) can be calculated by  

  12 hish Rq/TTR  .               (2.9) 

 Finally, the temperature at the film/substrate interface can be determined by  

    iisher TtTTkRT 
2.0

112int /4/   ,                (2.10) 

 where Ts is the temperature at the surface. 

2.3 Analytical simulation: Typical HDI sliding contact 

2.3.1 Representative contact parameters 

Geometrical parameters of contacting bodies used in this simulation are based on 

a typical disk defect in contact with a head slider as shown in Fig. 2.3.  The disk defect is 

assumed to be hemispherical with the radius (R) of 2 µm and the radial size (rb) of 235 

nm.  Considering that current HDD products are designed with HDI clearance value of < 

5 nm and the height of disk defects is usually 5 – 10 nm, the surface normal displacement 

() of 2 nm is applied in this simulation.  Dynamic HDI sliding velocity (V) is based on 

actual operating condition of 10,000 RPM HDD.  Assuming HDI contact occurs at a 

radius of 3.02 cm from the disk center, V is calculated to be 31.7 m/s.  In addition, under 

the active thermal actuation of read/write elements, the ABS temperature can be more or 

less 100 °C dependent of the power used in thermal actuation and environmental opera- 
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Figure 2.3 A schematic of a disk defect in contact with a head slider. 

 

ting conditions.  For the convenience of calculation, the ABS temperature (i.e., initial 

temperature of the carbon film) is given to be 100 °C in this simulation.  

The material properties of carbon film used in contact analysis and heat transfer 

calculation are from the published works (Yeo et al., 2003; Gong et al., 2004); the 

Young’s modulus of E = 168 GPa, thermal conductivity of k = 0.52 W/mK, material 

density of ρ = 2150 kg/m
3
, and specific heat capacity of cp = 500 J/kgK.  In the case of 

the disk defect, it usually exists in the form of blister, buried particle, or embedded 

particle made of aluminum oxide (Al2O3), silicon oxide (SiO2), titanium carbide (TiC), 

and some other process generated particles.  It is not easy to measure the actual 

mechanical properties of these nanometer sized disk defects.  Based on bulk materials 

measurements, their mechanical strength is usually close to or higher than carbon film 

(National Institute of Standards and Technology).  For simplicity of modeling, it was 

assumed that the mechanical properties of the disk defect are the same as carbon film.  

2.3.2 Simulation results 

Using these representative input parameters in Sec. 2.3.1, analytical simulations 

were performed.  For the purpose of comparison, the HDI contact analysis (i.e., contact 
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between a head slider and a hemispherical disk defect) was performed using the 

conventional Hertzian model and the improved contact model.  As described in Sec. 2.1 

and Sec. 2.1, the former considers the deformation of hemispherical disk defect only, 

whereas the latter accounts for the displacement of underlying softer magnetic material as 

well as the disk defect deformation.  Figure 2.4(a) shows the resulting contact pressure 

from the two contact models.  It was observed that the semicontact width (a) and the 

maximum contact pressure (po) from the Hertzian model are larger than those from the 

improved contact model.  In the Hertzian contact model, since the applied contact (i.e., 

applied surface displacement) is supported only by the hemispherical defect, it causes 

larger normal deformation on the disk defect leading to higher local contact stress.  On 

the contrary, in the improved contact model, since the applied contact is shared by both 

the spherical defect and underlying substrate, the local contact stress and the normal 

deformation on the defect becomes smaller that the Hertzian model.  If these contact 

solutions in Fig. 2.4(a) are applied into the equations of frictional heat generation in Eqs. 

(2.3) – (2.5), the surface flash temperature of head carbon film during the HDI sliding 

contact could be determined as shown in Fig. 2.4(b).  It was found that the maximum 

surface flash temperature from the Hertzian contact model was 579 °C, while it was 390 

°C from the improved model.   

Considering that the glass transition temperature of magnetic materials is usually around 

600 – 800 °C (Joshi et al., 2003), the Hertzian contact model seems to overestimate the 

surface flash temperature rise, which is consistent with the findings of author’s previous 

works (Yeo et al., 2010).  Based on the surface flash temperature (390 °C) from the 

improved contact model, the temperature distribution below the contacting surface was 

obtained using the Eqs. (2.6) and (2.7), whose results are shown in Fig. 2.3(b).  

Considering that the thickness of carbon film used in current head slider design is 2 – 3 

nm, it is indicative that the temperature of head carbon film during HDI sliding contact 

would be significantly high through the whole film thickness (e.g., > 300 °C in this 

simulation).  Therefore, the increasing material temperature caused by HDI sliding 

contact can change the physical or chemical properties of carbon film, which can lead to 
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Figure 2.4 (a) Normal contact pressure profile on the carbon film and (b) the temperature 

distribution below the contacting surface using representative HDI contact parameters. 

(a) 

(b) 
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tribological failures in head and disk.   

2.4 Parametric study: Surface flash temperature rise by frictional heat 

Examining the contact pressure values obtained from representative HDI contact 

parameters in Fig. 2.4(a), it can be found that the maximum contact pressure (< 2.0 GPa) 

is much below the elastic limit of carbon film.  In other words, elastic material behavior 

would be dominant during HDI sliding contact.  However, in actual HDDs, severe wear 

of head carbon film is frequently observed as seen in Fig. 1.1.  Based on this discrepancy 

between the estimated contact stress and the wear behavior, it can be deduced that some 

factors other than contact stress might significantly contribute to the wear of head carbon 

film during HDI sliding contact.  One of the potential factors to cause material wear on 

carbon film under relatively lower contact stress would be the change in material 

temperature by frictional heat during HDI sliding contact.  As described in Sec. 2.1, the 

magnitude of surface flash temperature rise by frictional heat is usually high enough to 

change the chemical and physical properties of carbon films, which could contribute to 

the unexpected HDI wear.   

In order to systematically analyze the wear of head carbon film in relation to 

frictional heat, parametric study of thermomechanical HDI contact has been performed 

using key contact parameters.  Temperature distribution below the contacting surface was 

also investigated using the 2-dimensional finite difference approximation in heat transfer.  

Considering that the region near read/write elements in a head slider is the main contact 

area, where permalloy is the dominant magnetic material below the carbon film, the head 

slider in this study was modeled as a two layered system, i.e., 2 nm carbon film on 

permalloy (NiFe) substrate.   

2.4.1 Key contact parameters  

Surface flash temperature during sliding contact is determined by geometrical and 

dynamic parameters of contacting bodies.  In this parametric study of thermomechanical 

HDI contact, four key contact parameters were taken into account to investigate their 
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effects on frictional heat generation: radial size (rb) and radius (R) of a hemispherical disk 

defect, applied surface displacement (δ), and linear sliding velocity (V).  Referring to 

actual HDI designs and dynamic operation, each key contact parameters was set with 

three different level values: rb of [100 nm, 235 nm, 400 nm], δ of [0.5 nm, 1 nm, 3 nm], R 

of [0.5 μm, 2 μm, 5 μm], V of [21.8 m/s, 31.7 m/s, 47.5 m/s].  Using these level values, 

total 9 simulations were performed to measure the contact pressure and the surface flash 

temperature rise. 

2.4.2 Parametric simulation results 

Table 2.1 summarizes the test conditions and results of the parametric study.  For 

each combination of key contact parameters, the Peclet number, the maximum contact 

pressure, and the corresponding average surface flash temperature were obtained.  

Examining the results in Table 2.1, it could be found that for all contact conditions the 

maximum contact pressure values were 0.59 – 2.21 GPa and the surface flash temperatu-  

Table 2.1 Maximum contact pressure, peclet number, and average flash temperature in 

parametric study. 

 
Maximum 
contact 

pressure (GPa) 
Peclet number 

Average flash 
temperature 

(°C) 
 

All middle values (rb=235 
nm,  δ =1 nm, 
 R =2 μm, V=31.7 m/s) 

1.00 1.16 289.5 6.57 

rb 
400 nm 1.08 1.25 313.1 6.80 

100 nm 0.86 1.00 243.2 6.20 

δ 
3 nm 1.57 1.82 516.3 8.48 

0.5 nm 0.75 0.86 211.2 5.37 

R 
5 μm 0.59 1.69 246.9 6.18 

0.5 μm 2.21 0.64 353.7 7.18 

V 
47.5 m/s 1.00 1.74 354.9 7.10 

21.8 m/s 1.00 0.80 241.5 6.09 
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re values were 211.2 – 516.3 °C.  Figure 2.5 shows the effects of individual key contact 

parameters on the resulting surface flash temperature.  It was observed that the surface 

flash temperature is proportional to the values of the applied displacement (δ), radial size 

of hemispherical defect (rb), and the linear sliding velocity (V).  The larger value of δ and 

(a) (b) 

(c) (d) 

Figure 2.5 Average surface flash temperatures with respect to (a) radial size of hemi-

spherical disk defect, (b) applied surface displacement, (c) radius of hemi-spherical disk 

defect, and (d) linear sliding velocity. 
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rb produces the higher contact pressure and the larger value of V yields the higher Peclet 

number, all of which contribute to increasing surface flash temperature.  However, the 

surface flash temperature is inversely proportional to the radius of a hemispherical disk 

defect (R), because the larger R yields the lower contact pressure thus leading to lower 

frictional heat flux on the contacting bodies. 

For the convenience of analysis and design, a new design parameter () is 

proposed in this study, and it is given by 

  CRrV b  /ln 34 ,          (2.11) 

where C (=80.59) is a constant to make  value positive.  The corresponding  values for 

each test conditions are seen in the last column of Table 2.1.  Figure 2.6 shows the 

resulting surface flash temperature and contact pressure with respect to  values.  It was 

 

Figure 2.6 Average surface flash temperature and maximum normal contact pressure at 

the contact area with respect to the design parameter . 
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observed that the surface flash temperature is linearly proportional to , but the contact 

pressure is a little fluctuating with  due to the effects of sliding velocity V.  In other 

words, even though the HDI contact is under lower contact pressure, the faster sliding 

velocity can increase the   value thus leading to higher surface flash temperature. 

In order to examine the transient temperature distribution (i.e., temperature 

distribution with elapsed contact time) on the head slider during HDI contact, the surface 

temperature (516.3 °C) obtained from the contact condition of δ = 3 nm / rb = 235 nm / R 

= 2 μm / V=31.7 m/s was used as a heat source, which was applied into the equations of 

heat transfer in Eqs. (2.7), (2.8) and (2.10).  Permalloy (NiFe) was used as the magnetic 

material below the head carbon film.  The Young’s modulus, thermal conductivity, 

material density, and specific heat capacity of NiFe are 110 GPa, 0.35 W/mK, 1496 

kg/m
3
, 900 J/kgK, respectively (Ziemniak et al., 2007; Miyoshi 1998).   

Figure 2.7 shows the temperature distributions on the head slider at the elapsed 

contact time of 0.1, 1, and 3.5 nanoseconds.  It was observed that as the contact time 

increases, the temperature below the surface becomes higher and the heat is transferred to 
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Figure 2.7 Transient temperature distributions below the surface of head slider at the 

elapsed contact time of (a) 0.1 ns, (b) 1 ns, (c) 3.5 ns. 
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 deeper and wider area as well.  It was also found that the temperature at the depth of 2 

nm already reaches ~ 480 °C after the contact time of 1 nanosecond.  Considering that the 

thickness of head carbon film in recent HDDs is ~ 2 nm, it is very indicative that the 

temperature of head carbon film during HDI sliding contact can increase to critical value 

in a very short time.  This nanoseconds duration of heat can change the material phase of 

carbon film (Zazula; Venkatesan, 1984; Malvezzi et al., 1986). 

2.5 Discussion: Microwear mechanism of head carbon film 

The lower clearance value and the increasing ABS temperature in current/future 

HDD design give critical concerns on the tribological performance of HDI.  Figure 2. 4 

shows a representative wear behavior (white scratch lines) on the head carbon film 

caused by repeated contacts with a disk defect.  This critical wear on head carbon film 

directly affects the mechanical and magnetic stability of head and disk, many of which 

can lead to disastrous system failures.   

Assuming that the Tabor’s factor is 3.0 and the hardness of head carbon film is ~ 

20 GPa (Yeo et al., 2007; Johnson, 1987), material yielding of the carbon film will start 

at the contact pressure of ~11.1 GPa.  In other words, head carbon film will not make 

material yielding until the contact pressure reaches ~11.1 GPa.  Based on the results of 

parametric study summarized in Table 2.1, the maximum contact pressure values were 

0.59 – 2.21 GPa for all the contact conditions, which are much below the critical contact 

stress value to initiate material yielding of carbon film (~11.1 GPa).  This difference 

between the estimated contact stress values (from parametric study) and the critical 

contact stress for material yielding indicates that the severe wear on the head carbon film 

in Fig. 1.2a would not be caused by the contact stress itself but some other factors could 

significantly contribute to the wear during the HDI sliding contact.  One of the potential 

factors to explain the severe wear under lower contact stress could be the thermal stability 

of carbon film, because the chemical and physical properties of carbon film can be 

degraded (or softened) at higher material temperature.   
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From the research works on thermal stability of carbon films (Tallant et al., 1995; 

Inoube et al., 2003), it was known that the conversion from diamond like carbon (DLC) 

to nanocrystalline graphite (“glassy” carbon), i.e., the conversion of sp
3 

bonded carbon 

(close to diamond structure) to sp
2 

bonded carbon (close to graphite structure), occurs at 

the temperature above 300 °C.  Conversion to nanocrystalline graphite is usually 

completed at the temperature of 450 – 600 °C in air.  Accordingly, if a carbon film is 

exposed to critical temperature (e.g., above 300 °C), its mechanical strength can 

dramatically decrease to that of graphite materials, which can result in the poor wear 

performance.  Based on the parametric study as seen in Table 2.1 and Fig. 2.7, it was 

observed that 4 out of 9 HDI contact conditions show the surface flash temperature above 

300 °C and this high temperature is quickly transferred through the whole carbon film 

thickness.  Therefore, it could be deduced that the severe wear on head carbon film in Fig. 

1.2a would be significantly attributed to the degradation of carbon material (graphitized 

or softened) caused by frictional heat generation during HDI sliding contact. 

2.6 Conclusion 

The microwear mechanism of head carbon film during its sliding contact with a 

disk defect was investigated through analytical contact modeling and heat transfer 

calculation.  The improved single asperity contact model was applied to obtain the 

contact pressure and surface flash temperature rise during HDI sliding contact, while the 

temperature distribution below the contacting surface was determined from the 2-

dimensional finite difference approximation in heat transfer.  Using the four key contact 

parameters (surface normal displacement , radius of a disk defect R, radial size of a disk 

defect rb, HDI sliding velocity V), parametric study has been performed to examine their 

individual and coupled effects on the resulting surface flash temperature.  The level 

values of the key contact parameters were based on actual HDI design and operation.  For 

all the specified contact conditions, it was observed that the maximum contact pressure 

values were 0.59 – 2.21 GPa and the surface flash temperature values were 211.2 – 

516.3 °C.  Assuming that 1) the hardness of the head carbon film is ~ 20 GPa (i.e., the 

critical contact pressure to initiate material yielding is ~ 11.1 GPa) and 2) the critical 
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temperature to initiate material softening (or graphitization) of the carbon film is ~ 300 

°C, it could be concluded that the severe wear of head carbon film under relatively lower 

contact stress would be significantly attributed to the degradation of carbon material by 

frictional heat during HDI sliding contact.   
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CHAPTER 3  

THERMOMECHANICAL CONTACT BETWEEN MAGNETIC 

RECORDING HEAD AND DISK DEFECT ACCOUNTING FOR 

HEAT PARTITION FACTOR 

 

3.1 Introduction 

As the physical flying height becomes smaller in the design of hard disk drive 

(HDD), there are more chance to incur the head-disk-interface (HDI) contact, which can 

cause critical system failures including surface wear and degradation of magnetic 

read/write performance.  One of the representative HDI contacts is a high speed sliding 

contact between a head slider and a disk defect (Khurshudov et al. 2003; Song et al. 

2012; Wallash et al. 2008).  Disk defects can be generated during the manufacturing 

process through infiltration of foreign particles or unexpected topography formation.  In 

addition, airborne particles in HDD can be embedded into the disk surface during 

operation acting as disk defects.  It has been reported that disk defects were typically 

made of Al2O3, SiO2 and AlTiC, which were suspected from head and disk materials 

(Huang et al. 2009; Jiang et al. 2003; Sharma et al. 2001).  Due to the decrease in head 

flying height and the thinner DLC coating, even the small size of disk defects can cause 

critical contact problems in HDI (Lee et al. 2004; Vakis et al. 2009; Zheng et al. 2010).  

In the disk manufacturing process, the critical defects (i.e., bigger size of defects) are 

usually removed by surface finishing, cleaning and lapping (Ilie 2012; Jiang et al. 2003; 

Nagarajan 2006).  However, the escaped or newly generated disk defects still exist on the 

surface, which therefore affect the reliability of HDD. 

When a head slider makes contact with a disk defect, the head surface usually 

develops high contact stress.  Depending on the defect size and surface interference 

value, the contact stress can exceed the yield strength of the head DLC film, thereby 

causing severe scratch and wear failures (Elerath 2009; Koka et al. 1991).  Interestingly, 

even if the contact stress is relatively low within elastic regime, the head DLC film can 

also experience critical wear behavior due to the thermal degradation of carbon atoms.  
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During the high speed sliding contact between a head slider and a disk defect, 

considerable heat flux is generated by friction that can significantly increase the surface 

temperature.  Researchers have studied the thermomechanical contact between head 

slider and disk defect through analytical model and finite element analysis (FEA) 

simulations, whose results showed good agreement with the experimental findings (Song 

et al. 2012; Stupp et al. 1999).   

It is known that DLC films usually experience phase transition (i.e., from 

diamond structure to graphite structure) at high temperature (Klaassen et al. 1997; Yu et 

al. 2010).  Tallant et al. (1995) showed that the hardness of DLC films remarkably drops 

at critical temperature above 300 °C, where sp
3
-bond rich structure (i.e., diamond) 

changes to sp
2
-bond rich structure (i.e., graphite).  In other words, the material properties 

of DLC films can be degraded close to those of graphite at high temperature.   Therefore, 

this thermal softening process of carbon atoms can explain the wear of head DLC film at 

lower contact stress values.  In addition to such mechanical damage on the surface, the 

contact stress and high temperature rise in HDI can also deteriorate the magnetic 

properties of underlying materials (Ferrari 2004; Tallant et al. 1995).  As the smaller 

magnetic domain is required in HDD design, the magnetic properties of head and disk 

can be degraded even below the Curie temperature (like superparamagnetic behaviors on 

magnetic recording disk) (Herzer 1989; Liu et al. 1999).  For these reasons, to accurately 

analyze the contact behavior between a head slider and a disk defect, both mechanical 

stress and frictional temperature rise should be correctly determined. 

The surface temperature rise by frictional heat is highly dependent on material 

properties and contact conditions.  The frictional heat flux is generated by contact 

pressure and sliding velocity with the coefficient of friction.  Then, the change in surface 

temperature is determined from the thermal properties of two contacting bodies and the 

Peclet number (Francis 1971).  When the two contacting bodies have different material 

properties, the total frictional heat should be divided into two different amounts with a 

certain fraction called heat partition factor.  Furthermore, as the contacting bodies are 

heated by different heat sources (i.e., one is from moving heat source and the other is 
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from stationary heat source), the corresponding surface temperature can have different 

distribution on each body.  Recently, Chen and Wang (2008) examined the surface 

temperature rise due to the single asperity sliding contact through finite element analysis 

(FEA) simulations, where the heat partition and adiabatic temperature were taken into 

account.  In their modeling, the single asperity was considered as an independent 

contacting body without underlying substrate material.  From the simulation results, it 

was observed that the surface temperature could exceed 500 °C at the sliding velocity of 

50 m/s. 

Many researchers have made efforts to calculate the heat partition factor to 

construct the temperature map at the sliding interface (Block 1937; Francis 1971; Jaeger 

1942).  Block (1937) introduced a technical approach to determine the heat partition 

fraction with the assumption that the maximum surface temperature of the two contacting 

bodies will be the same.  On the other hand, Jaeger (1942) suggested an analytical 

solution of surface temperature distribution, where the heat partition factor was obtained 

with the assumption that the average temperatures of the two contacting surfaces are 

equal.  Francis (1971) brought the Jaeger’s assumption into the calculation of interfacial 

temperature distribution within a sliding contact zone heated by ellipsoidal heat source. 

In this study, the surface temperature rise and distribution of a head slider and a 

disk defect during the sliding contact were examined by extending the Francis heat 

partition factor (Francis 1971).  For the three different disk defects (i.e., Al2O3, SiO2, and 

AlTiC), the mechanical stress and surface temperature distribution on the contacting area 

were systematically investigated using the thermophysical material properties and system 

operating parameters.   

3.2 Thermomechanical contact: Head sliding and disk defect 

For the sliding contact between a head slider and a disk defect, the surface 

temperature rise by frictional heat flux was calculated using a theory of contact 

mechanics and heat transfer. In order to investigate the actual thermo-mechanics during 

the sliding contact, the analytical modeling and simulations were performed based on 
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practical system parameters and representative materials used in a head and a disk. It was 

assumed that a hemispherical defect is embedded on a softer magnetic layer, which 

makes a direct contact with the head DLC film. Three different materials (i.e., Al2O3, 

SiO2, and AlTiC) were used for the disk defect, while Cobalt alloy (CoCrPt) was applied 

for the softer magnetic layer of the disk. The thermophysical properties of these materials 

are based on relevant size of materials and summarized in Table 3.1 (Gee et al. 1993; 

Inaba et al. 1999; Pust 2002; Shamsa et al. 2006; Yu et al. 2010).   

The contacting interface under dynamic sliding contact develops significant heat 

flux by friction. To simplify the temperature calculation, the frictional heat flux (q) was 

obtained from the average contact pressure pm which is calculated by the improved single 

asperity contact model, i.e., qm = μVpm where μ is the coefficient of friction and V is the 

sliding velocity. In this study, the ellipsoidal power density distribution of heat source 

was applied as given by 

  2/122 )/(12/3)( araQrq    ,                    (3.1) 

 where Q is the total power (i.e. Q = qmπa
2
), a is the radius of circular contact area (i.e., 

semicontact width), and r is the radial distance from contact center (Francis 1971). For 

the convenience of analysis, the heat flow in y direction was neglected (i.e., the resulting 

temperature distribution was obtained at y = 0).  

Table 3.1 Thermophysical properties of three different defects and magnetic layer (Gee 

et al. 1993; Inaba et al. 1999; Pust 2002; Shamsa et al. 2006; Yu et al. 2010).  

 Al2O3 SiO2 AlTiC DLC CoCrPt 

E (GPa) 200 70 380 168 130 

ν 0.25 0.27 0.3 0.3 0.3 

K (W/mK) 1.5 1.6 20 0.52 6.03 

ρ (kg/m
3
) 3970 2240 4250 2150 8900 

σ (J/kgK) 775 750 2000 500 411 
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Considering the actual sliding contact behavior between a head slider and a disk 

defect, it can be known that the disk defect keeps contacting with the new surface area on 

the head slider. In other words, the disk defect is heated by the stationary heat source, 

while the head slider is heated by moving heat source. Accordingly, the temperature 

distributions on the contacting bodies can differ from each other. When the total power 

(Q) generated by the frictional heat flux (q) is under the effect of the heat partition factor 

λ, the power due to moving heat source (Qv) is equal to λQ and the power due to 

stationary heat source (Qs) is equal to (1-λ)Q. Based on the governing equation of the 

steady-state surface temperature, i.e., dT=dQ/2πrks, it can be obtained that the 

temperature distribution (Ts(r)) due to an instantaneous stationary point heat source and 

its average (Ts,avg) are expressed by  

s

s
s

ak

Q

a

r
rT


























2

5.01
8

3
)(                       (3.2) 

s

s
avgs

ak

Q
T





32

9
,  ,             (3.3) 

 where ks is the thermal conductivity of the disk defect. Then, for the moving heat source, 

the ellipsoidal power density profile is applied on a band source with the band width of 

2L. At y = 0, the semiwidth of the band source is the same as the radius of the circular 

heat source a, i.e., L=a. Consequently, the temperature distribution (Tv(r)) due to an 

instantaneous moving source and its average (Tv,avg) are expressed by 
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 where kv is the thermal conductivity of the head surface, Pe is the Peclet number 

(Pe=Va/2αv; αv is the thermal diffusivity), and K(u
1/2

) and E(u
1/2

) are complete elliptic 

integrals of the first and second kinds, respectively. Assuming the average temperature on 

each contacting surface is comparable to each other without any interfacial gap, the heat 

partition factor can be determined from (3.3) and (3.5), i.e., Tavg = Ts,avg = Tv,avg. 

Therefore, the heat partition factor (λ) can be determined by 
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 Applying the heat partition factor determined by (3.6) into (3.2) and (3.4) (i.e., Qv = λQ, 

Qs = (1-λ)Q), the temperature distribution within the contact zone on each contacting 

body can be obtained.  

In this study, the contact conditions were based on actual HDI design; linear 

velocity was set to be 31.7 m/s, the initial head surface temperature was 100 °C (due to 

thermal actuation by microheater). 

3.3 Simulation results: Surface temperature distribution and contact 
pressure 

3.3.1 Three different disk defects (Al2O3, SiO2, and AlTiC) 

Using the thermomechanical contact solutions in Sec. 3.2, the temperature 

distribution on the contacting surface was calculated for the three different disk defects 

(Al2O3, SiO2, and AlTiC) under the same contact conditions (i.e., rb = 235 nm, R = 2 μm, 

and δ = 2 nm). Figure 3.1 shows the resulting temperature distribution profiles on the 

contacting surfaces of the head (i.e., moving heat source) and the disk defect (i.e., statio- 
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nary heat source). The corresponding temperature rise and the heat partition factor are 

summarized in Table 3.2.  

Examining the Figs. 3.1 (a) - (c), first, it could be observed that the surface 

temperature profile of the disk defect was symmetrical within the contacting regime but 

the temperature on the head carbon film was shifted toward the sliding direction (positive 

x-axis). This non-symmetrical temperature distribution on the head carbon film could be 

attributed to the heat generation by the moving heat source. Second, from the results of 

the three disk defects in Fig. 3.1 and Table 3.2, it could also be found that the Al2O3 

defect showed the highest temperature rise on the contacting surfaces, whereas the AlTiC 

defect showed the lowest temperature rise. For the AlTiC defect, the smaller change in 

surface temperature could be explained by the higher thermal conductivity. Since the 

thermal conductivity and volumetric specific heat of AlTiC were the most different from 

those of head DLC film, the resultant heat partition factor was the lowest. As shown in 

Table 3.1, the thermal conductivity value of the AlTiC defect is much higher than that of 

the head DLC, which results in low heat partition factor based on Eq. (3.6) thus leading 

to lower flash temperature rise on the surface. 

Table 3.2 Simulation results of sliding contact for three different disk defects. 

 Al2O3 SiO2 AlTiC 

Heat partition factor, λ 0.31 0.30 0.03 

Max. contact stress, Po (GPa) 3.80 1.77 5.38 

Average temperature (°C) 303.2 190.3 130.3 

Max. temperature on the disk defect 
(°C) 

371.0 220.4 140.4 

Max. temperature on the head slider 
(°C) 

439.0 250.6 150.5 
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Figure 3.1 Temperature distribution on the head slider and the disk defect; (a) Al2O3 

defect, (b) SiO2 defect, and (c) AlTiC defect. 

 

3.3.2 Effects of Defect Height 

In order to study the effect of defect size on the thermomechanical sliding contact 

behavior, the surface temperature and maximum contact pressure were calculated for the 

defect height of 0 nm ~ 30 nm, where the radius of defect was kept as constant value of 2 

μm. As the clearance (i.e., distance between head slider and disk surface, hcl) value, hcl = 

7 nm were applied. Figure 3.2 shows the average surface temperature within the contact 

zone in terms of defect height, defect materials, and clearance. The results of maximum 

contact pressure are shown in Fig. 3.3, which could be used to estimate the plastic 

deformation. For the head DLC film, (as described in Sec. 3.1) its graphitization can be 

initiated above ~300 °C and the yield strength is about 10 GPa (Pust 2002). With these 

two criteria of thermal and mechanical degradation (i.e., critical temperature and stress) 

for the head DLC film, the allowable height of disk defect was determined using the   
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Figure 3.2 Average surface temperature with respect to the size of defects for the 

clearance value of 7 nm. 

 

Figure 3.3 Maximum contact pressure with respect to the size of defects for the clearance 

of 7 nm. 
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thermomechanical contact solutions in  (3.1) – (3.6), whose results are summarized in 

Table 3.3.  

First, the allowable height of Al2O3 defect for the thermal degradation was 9.2 

nm, whereas there was no mechanical degradation within the controlled height range. The 

contact stress was close to yield strength at the defect height of 30 nm. This implies that 

when the head DLC film is in sliding contact with the Al2O3 defect, it can experience the 

thermal degradation earlier than the mechanical degradation. In other words, it is possible 

that the head DLC film can be worn out even at elastic stress regime due to its thermal 

degradation (i.e., material softening by graphitization). Second, for the case of SiO2 

defect, the allowable defect height for thermal degradation was 12.7 nm.  The contact 

stress was much lower than the yield strength, and therefore the mechanical degradation 

was not occurred at the defect height of < 30 nm. Due to softer and compliant material 

characteristics, the critical height of SiO2 defect (or surface interference) should be large 

enough to initiate its mechanical degradation or yielding. Lastly, the allowable height of 

AlTiC defect for the thermal degradation (29.6 nm) was higher than that for the 

mechanical degradation (23.8 nm). On the contrary to the results of the Al2O3 defect, 

when a disk defect is made of AlTiC, the head DLC film can experience the mechanical 

degradation earlier than the thermal degradation. Due to the higher thermal conductivity 

and stiffer material characteristics, AlTiC defects produce lower temperature rise but 

higher contact stress on the contact surface.  

Table 3.3 Critical sizes of disk defects to initiate mechanical/thermal degradation. 

Defect material 
Critical height of defect for  

T = 300 °C (nm) 
Critical height of defect for  

po = 10 GPa (nm) 

Al2O3 9.2 - 

SiO2 12.7 - 

AlTiC 29.6 23.8 

 



Texas Tech University, Sungae Lee, May 2014 

 

39 

 

3.4 Parametric study 

The flash temperature rise during sliding contact is determined from material and 

geometrical parameters of two contacting bodies along dynamic contact conditions. In 

this study, the surface temperature rise on the head DLC film was investigated with 

respect to key system parameters such as the defect shape factor (rb/R), the mechanical 

and thermal properties (E, k) of the defect, and dynamic contact conditions (δ, V). The 

defect shape factor (i.e., rb/R) determines the sharpness of the defect: the defect becomes 

sharper as the rb/R value increases. In order to obtain the scientific relationship between 

the surface temperature rise and the key system parameters, a dimensionless control 

parameter (ψ) was proposed as expressed by 

k

EV
  .              (3.7)   

 With the thermomechanical contact solutions, analytical simulations were performed at 

different level values of the key system parameters; rb/R = 0.025, 0.05, 0.1, 0.2; δ = 

0.5nm, 1nm, 1.5nm, 2nm; E = 50 GPa, 100 GPa, 200 GPa, 400 GPa; k = 0.5 W/mK, 1 

W/mK, 5 W/mK, 20 W/mK; V = 5 m/s, 25 m/s, 25 m/s, 65 m/s, 125 m/s. The range of 

these individual key parameters was set to take account of all the possible contacts in 

HDI.   

Figure 3.4 shows the parametric simulation results.  The surface temperature (T) 

was described with the modified control parameter ψ*, i.e., ψ*=E
0.7

V
0.8/k

0.7
, which 

enables their linear relationship.  The defect shape factor (rb/R) was varied from 0.025 to 

0.2. Table 3.4 summarizes temperature values at each contact condition. For all the defect 

shape factors, it was observed that the surface temperature rise was very proportional to 

the ψ* value. In other words, during sliding contact the surface temperature rise becomes 

higher as the E, δ, and V values increase, whereas the temperature rise becomes lower as 

the k value increases. Moreover, examining the change in surface temperature with the 

defect shape factor values in Fig. 3.5, it could be found that the slope of temperature rise 

becomes higher as rb/R value increases. This implies that the sharper disk defect can 

cause higher surface temperature thus being more critical to the HDI reliability. 
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Figure 3.4 Average surface temperature with respect to the modified control parameter 

(ψ*). 

 

3.5 Conclusion 

The thermomechanical sliding contact between a head slider and a disk defect can 

lead to critical system failures including surface physical damage and magnetic data 

erasure. The material temperature rise by the frictional heat flux can make the system 

failures even worse and faster due to the material thermal softening and the 

superparamagnetic behavior. 
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defect was determined using an improved contact model and the heat partition factor. For 

the three different disk defects (Al2O3, SiO2 and AlTiC) under the same contact 
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modified control parameter (ψ*) and the defect shape factor (rb/R). From the analytical 

simulation results, it was observed that the surface temperature of the head carbon film 

was proportional to the ψ* value and the sharper disk defect caused higher temperature 

rise. Therefore, it is expected that the proposed research outcome can be used to correctly 

analyze the thermo-magneto-mechanical contact behavior of head and disk, which 

therefore can contribute to achieve the robust HDI design. 
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CHAPTER 4  

BURSNISH WEAR OF CARBON FILM UNDER HIGH SPEED 

SLIDING CONTACT 

 

4.1 Introduction 

Dynamic micro devices become smaller and faster to obtain higher system 

performance such as MEMS actuator/switch/valves, head slider in hard disk drive 

(HDD), and so on.  However, these design requirements for size and dynamics challenge 

their system reliability.  For example, in HDD industry, to achieve higher recording 

density and data rate, it is required to a) shrink the read/write elements in head slider, b) 

increase the disk rotating speed, and c) reduce the physical head-disk spacing.  

Accordingly, the flying head slider becomes very susceptible to mechanical contact with 

the rotating disk (i.e., sliding or impact), which can lead to catastrophic system failures.   

Researchers have studied various types of contact issues in miniaturized devices: 

stiction by strong attractive force, surface deformation by high contact pressure, and 

physical/chemical material degradation by frictional heat (Mate 2008; Merlijn van 

Spengen 2003; Rabinowicz 1984).  Depending on the materials and operating conditions, 

these surface contact problems can lead to gradual deterioration of system performance or 

abrupt breakage of the products.  In order to improve the tribological performance (i.e., 

enhanced friction and wear resistance) of a system, many outstanding research works 

have been performed on surface protective coating in regards to its materials and 

manufacturing process (Haque et al.; Hogmark et al. 2000; Martini et al. 2011).  It is 

usually known that when a protective coating is applied onto micro devices, the coating 

with lower residual stress and higher adhesion strength can efficiently prevent the surface 

from mechanical wear and material transfer (Fu 2003; Sebastiani 2011; Sheeja 2001).  

Moreover, it was reported that the harder and smoother coating provided the higher 

resistance to the friction and wear (Holmberg et al. 1998; Holmberg et al. 2000).   

However, even though a surface protective coating is made of high strength 

materials, it can experience critical wear problems during sliding contact because of the 
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thermal stability of coating materials.  Under high speed sliding contact, the contacting 

surfaces can develop significantly high temperature rise by the frictional heat generation, 

which can deteriorate the mechanical and chemical properties of the contacting bodies 

(Inoube et al. 2003; Tallant et al. 1995; Tillmann et al. 2013).  In the case of protective 

carbon film, it was reported that if the film temperature increases beyond a critical value, 

the carbon atoms can be thermally degraded from sp
3
 rich to sp

2
 rich structure.  

Considering that this graphitization process softens the carbon film, it can be expected 

that the thermally degraded carbon film can be easily worn out by the following contact 

with lower stress value (Shamsa 2006).  Therefore, to accurately analyze the wear 

mechanism of surface protective coating under sliding contact, it is important to correctly 

estimate the surface temperature rise by frictional heat generation. 

When carbon products are brought into high speed sliding contact, the contacting 

surfaces usually develop burnishing wear behavior (i.e., smoothening or whitening the 

surface with material removal as shown in Fig. 1.2).  Due to the thermal degradation of 

carbon atoms (i.e., graphitization), the burnishing wear mechanism would be described 

using both mechanical contact stress and temperature rise by frictional heat.   Researchers 

have developed rough surface contact models based on the Hertzian contact theory in the 

past three decades.  Greenwood and Williamson (GW) have proposed an elastic contact 

model of nominally flat surfaces, and they primally assumed that the radii of asperities 

are uniform over the surface (Greenwood et al., 1996).  Subsequently, the assumption of 

the GW model has broadly used in other rough surface contact models.  Chang et al. have 

developed an elastic-plastic asperity contact model of rough surface based on the volume 

conservation of plastically deformed asperities (Chang et al., 1987).  In their following 

paper, they introduced Chang-Etsion-Bogy (CEB) friction model which calculates the 

friction force considering the prestress condition of contacting asperity (Chang et al., 

1988).  Kogut and Etsion disputed assumptions of the CEB model, contending that the 

CEB model underestimate the coefficient of friction.  Thus they developed an elastic-

plastic contact model combining a finite element method and an approximate analysis to 

improve the accuracy of CEB model (L. Kogut et al., 2003).  Since these contact models 
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are based on the Hertzian contact theory which considers no deformation of substrate, it 

is inappropriate to apply these models to the contact of a hard film surface on a soft 

material.  In order to overcome this drawback, the improved contact model of single 

asperity system in Chapter 2 - 3 is extended to rough surface system (multi-asperities).  

   In this paper, the thermomechanical single asperity contact model was extended 

to rough surface contact to investigate the burnishing wear of thin carbon film.  To obtain 

the temperature rise of the burnishing surface as a function of the elapsed contact time, 

frictional heat flux was continuously applied to the stationary heat source body (i.e., 

contacting asperities on carbon film).  Analytical simulations were performed using the 

sliding contact between a head slider and a disk in HDD, whose results were compared to 

actual burnishing wear in the head carbon film.  Design of experiments (DOE) analysis is 

used for the parametric study.   

4.2 Contact mechanics analysis 

When a harder/stiffer protective film is applied onto a softer substrate, 

conventional contact models may not be able to describe the contact behavior correctly 

due to the significant substrate deformation.  Yeo et al. (2009) proposed an improved 

contact model accounting for substrate deformation and asperity interactions during 

surface contact.  Under the applied surface displacement (), the corresponding asperity 

deformation (a) is determined by (Yeo et al. 2009), Eq. (2.2) 

  




   1/1/1/a

,           (2.2) 

 where  is a dimensionless physical parameter given by  = Ea/Eb, (Young’s modulus 

ratio, Ea = asperity, Eb = substrate) and ξ is a geometrical parameter given by 

brR 2/3  (R = radius of curvature and rb = radial size of a hemispherical asperity), 

respectively.  Then, the contact force (P) can be calculated from δa value in Eq. (2.2).  

Lastly, with a radius of contact area (a), the maximum (po) and mean (pm) contact 

pressure for an asperity can be obtained as: po = 3P/(2a
2
) and  pm = P/πa

2
, respectively 

(Johnson 1985). 
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Figure 4.1 A schematic of the contact between the combined rough surface (body1) and 

the flat surface (body2) (Yeo et al. 2010). 

 

The single asperity contact model was extended to rough surface contact (Yeo et 

al. 2010), where asperity interactions by softer substrate deformation were included.  As 

schematically seen in Fig. 4.1, when an asperity comes into contact, it will change the 

normal position (Uz(ri)) of neighboring asperities, whose magnitude is determined by 

(Johnson 1985) 
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Accordingly, during rough surface contact, the contact pressure for individual 

asperities will be calculated based on the adjusted normal position values.   

4.3 Surface temperature rise due to frictional heat generation during 
sliding contact  

During sliding contact, the interface develops frictional heat flux q, i.e., q = μVpm, 

where μ is a coefficient of friction and V is the sliding velocity, and pm is the mean 

contact pressure that could be obtained from the improved rough surface contact model.  

The resulting temperature rise on the contacting surfaces is dependent on the heat 

partition factor (λ) as expressed by Eq. (3.6).  When an asperity (Body 1, the stationary 

heat source) slides over a plane surface (Body 2, the moving heat source) in Fig. 4.2, the  
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Figure 4.2 A schematic of the heat transfer mechanism during continuous sliding contact. 

 

flash temperature rise by the moving heat source is calculated from the heat flux qv = λq, 

while the temperature rise by the stationary heat source is determined from the heat flux 

qs = (1-λ)q.   

Considering the plane surface (or moving heat source) is receiving an 

instantaneous flash heat flux, its temperature can be calculated by this steady-state 

solution (Eq. (3.5)). However, examining the sliding contact behavior in Fig. 4.2, it is 

found that the contacting area of an asperity (or stationary heat source) does not move but 

it receives continuous frictional heat flux (qs) during sliding contact.  Accordingly, the 

asperity temperature (i.e., the surface temperature rise due to the stationary heat source) 

cannot be determined from a steady-state solution but it should be given as a function of 

the elapsed contact time (tc).  In this modeling, it was assumed that the frictional heat flux 

is uniformly distributed and continuously supplied onto the contacting area of an asperity.  

Then, 1-dimensional heat conduction for a semi-infinite body was applied to calculate the 

surface temperature on the contact area.  Based on the classic Fourier’s law, the 

corresponding governing equation for the heat conduction is given by (Özisik 1993) 

Body 1 slider 

Body 2 disk 

V 

t = 0 t = t
c
 

Continuous heat flow 
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,  (in  z0 for t > 0)       (4.2) 

 where t is the time.  Four boundary conditions can be used to solve the governing 

equation (Eq. (4.2)).  First, the surface receives constant heat flux, i.e., 

sqztzTk  ),(  at z = 0 for t > 0.  Second, the initial body temperature is equal to Ti, 

i.e., T(z,0) = Ti in  z0  at t = 0.  The other two boundary conditions are specified at 

the location of the thermal layer.  Considering the thermal layer (ζ(t)) is the distance from 

the surface to the position (or depth) of no more heat flow, it should satisfy 

0),(  ztzT  and 0),( 22  ztzT  at z = ζ(t) .   

To account for the effective depth of heat transfer, the governing equation (Eq. 

(4.2)) is integrated from the surface (z = 0) to the thermal layer (z = ζ(t)) as expressed by 

(Özisik 1993) 
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 Then, the cubic polynomial function is used to obtain the approximate analytical solution 

of T(z,t) as described by 

3
4

2
321),( zazazaatzT  .           (4.4) 

  a1 ~ a4 are determined from the four boundary conditions and the results are

  ktqTa si 31  , sqa 2 ,  tkqa s 3 , and  tkqa s

2

4 3  .  Applying z = 0 in 

Eq. (4.4), ζ(t) is readily expressed as a function of the surface temperature (Ts(t)), i.e., 

  sis qTtTkt  )(3)( .  Lastly, after substituting ζ(t) and applying boundary conditions 

to the Eq. (4.3), the surface temperature by the stationary heat source can be determined 

by 
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Eqs. (4.2) – (4.5) are based on heat conduction with constant thermal conductivity 

(k) in z-direction (See APPENDIX B for details).  However, when a thin coating of a few 

nanometers thickness is applied onto bulk substrate, the temperature rise on the thin 

coating surface can be affected by the thermal properties of the substrate.  Therefore, in 

this model, an effective conductivity (keff) was applied to the thermal model to account 

for the combining effects of the coating and the substrate, and it could be determined by 

(Ravichandran et al. 1999) 

1

11





















substratesubstratecoating
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coatingsubstratecoating

coating
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kll

l

kll

l
k ,        (4.6) 

 where k and l are the thermal conductivity and the thickness, respectively.   

For the non-contact area, the temperature is calculated from the heat conduction 

by the frictional heat in the contact area (i.e., heating process) and the heat convection by 

the air flow (i.e., cooling process assuming laminar air flow in this model).  Using the 

finite difference method (FDM) as shown in Fig. 4.3, the surface temperature on the non- 

 

 

Figure 4.3 A 3-D schematic of nodes for the finite difference method of convection heat 

transfer out of the contact zone. 
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contact area can be is calculated by (Mills 1999) 
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 where Fo is the Fourier number, Bi is the Biot number (Bi = hcΔz/k, hc: convection heat 

transfer coefficient, Δz: nodal size), and Ti is the initial temperature.  In Eqs. (4.7) and 

(4.8), the superscript i is the iteration number in FDM.   

4.4 Numerical simulation and results: Head disk interface (HDI) sliding 
contact  

In HDD, the head carbon film can be thermo-mechanically degraded by high 

speed sliding contact with the disk surface, which frequently leads to catastrophic head 

failures such as scratch and burnishing wear.  The scratch is usually caused by the contact 

with a disk defect, while the burnishing wear is induced by the bulk (or rough) surface 

contact.  In this study, the burnishing wear mechanism of head carbon film was 

scientifically investigated through numerical simulations.  Using the proposed thermo-

mechanical contact model above, the contact stress and surface temperature rise on a 

head carbon film during HDI sliding contact were calculated.   

Table 4.1 Thermophysical properties of magnetic layer and three different kinds of 

defects. 

 E (Gpa) ν k (W/mK) ρ (kg/m
3
) 

Cp 
(J/kgK) 

Body 1 

Thin film (DLC) 168 0.3 0.52 2150 500 

Substrate 1 (NiFe) 110 0.3 15 8120 500 

Substrate 2 (Al2O3) 200 0.25 1.5 3970 775 

Body 2  (DLC) 168 0.3 0.52 2150 500 
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As seen in Fig. 4.2, a head slider was used for the Body 1 (stationary heat source), 

while a rotating disk was applied for the Body 2 (moving heat source).  The roughness 

parameters of the head and disk were referred to Atomic Force Microscopy (AFM) 

measurements of commercial products: the RMS roughness (σ) = 0.5 nm, the radius of 

asperity (R) = 2 μm, and the number of asperity per unit area () = 40 m
-2

.  In modeling, 

the equivalent surface asperities (made of carbon film) were applied to the head slider, 

which were in sliding contact with the plane disk surface (made of carbon film).  For 

comparison, two different substrate materials (NiFe and Al2O3) were used for the head 

slider, because they are the main substrates in the contacting area.  The material 

properties of the head slider and disk are summarized in Table 4.1.  In simulation, the 

nominal contact area was 15 m  15 m, and the surface interference was increased to 

40σ.  It was assumed that the coefficient of friction (μ) = 0.1, the linear sliding speed (V) 

= 50 m/s, and the initial temperature of the head slider (Ti) = 100 °C.  For the head slider, 

as the thin carbon film (locating = 2 nm) is applied on to the two different substrates (locating 

= 130 nm), the effective thermal conductivity was calculated from the Eq. (9): kNiFe = 15 

W/mK and kAl2O3 = 1.5 W/mK.  For the convenience of calculation, the effect of 

temperature rise on the heat partition factor was ignored, thus a constant value of the heat 

partition factor obtained from Eq. (3.6) was applied to calculate the temperature rise 

during the contact. 

3.4.1 Thermomechanical Contact Behavior of the Disk (Moving Heat Source) 

For the two different head substrate materials (i.e., NiFe and Al2O3), the contact 

stress and surface temperature distribution on the disk were examined. The surface 

temperature rise on the disk (i.e., the contacting body with the moving heat source) was 

calculated from the steady state heat solution.  First, it was observed that the disk surface 

contacting with the head substrate of NiFe showed lower contact stress (Fig. 4.4(a), 

mostly dark blue spots, the max. contact pressure = 0.90 GPa) than the case with the head 

substrate of Al2O3 (Fig. 4.4(b), mostly light blue to red spots, the max. contact pressure = 

1.87 GPa).  This result could be attributed to the mechanical properties of the head  
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Figure 4.4 Contact pressure distributions on the disk surface contacting with slider 

consisting of (a) NiFe substrate and (b) Al2O3 substrate. 
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Figure 4.5 Temperature distributions on the disk surface contacting with slider consisting 

of (a) NiFe substrate and (b) Al2O3 substrate. 
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substrate materials.  Considering that NiFe (E = 110 GPa) is more compliant that Al2O3 

(E = 200 GPa), it could be expected that the head slider with NiFe substrate would have 

more substrate deformation and asperity interactions during the surface contact, which 

therefore can lead to less asperity contact.  Second, comparing the temperature 

distribution on the disk surface in Fig. 4.5, it could be found that the temperature rise on 

disk surface contacting with the head substrate of NiFe substrate (Fig. 4.5(a), mostly blue 

spots, Tmax = 197.8 °C) was lower than the case with the head substrate of Al2O3 (Fig. 

4.5(b), more green to red spots, Tmax = 319.2 °C).  This result could be explained by both 

mechanical and thermal properties of the head substrate.  In addition to the effect of the 

compliant mechanical property (i.e., lower contact stress), the head slider with NiFe 

substrate has lower heat partition factor due to the higher effective thermal conductivity 

value, i.e., NiFe,avg = 0.28 and Al2O3,avg = 0.20.  Therefore, the disk surface contacting 

with the head substrate of NiFe showed lower temperature rise during sliding contact.  

3.4.2 Thermomechanical Contact Behavior of the Head Slider (Stationary 

Heat Source) 

During the HDI sliding contact, the surface asperities on the head slider receive 

continuous heat flux by friction, thus its temperature rise has to be obtained from the 

analytical transient heat solution in Eq. (4.5).  Since the asperities made of nanometers 

thick carbon film are distributed over the two substrates, both mechanical and thermal 

properties of the substrates were applied into the thermomechanical contact analysis.   

First, as shown in Figs. 4.6 and 4.7, the surface temperature distributions on the 

head slider was obtained for the two different substrates, i.e., NiFe and Al2O3.  To 

examine the temperature change during sliding contact, the surface temperature was 

measured at the contact time of 10 ns and 1 μs.  When the elapsed contact time was 10 ns, 

it was observed that most of the surface asperities had temperature value less than 300 °C 

(blue spots in Figs. 4.6(a) and 4.7(a)).  However, as the elapsed contact time reached to 1 

μs, many asperities showed temperature value above 300 °C (red spots in Figs. 4.6(b) and 

4.7(b)).  In addition, comparing the asperity temperature between the two substrate  
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Figure 4.6 Temperature distributions on the slider surface with NiFe substrate for sliding 

time of (a) 10ns and (b) 1μs. 
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Figure 4.7 Temperature distributions on the slider surface with Al2O3 substrate for sliding 

time of (a) 10ns and (b) 1μs 



Texas Tech University, Sungae Lee, May 2014 

 

56 

 

materials, it could be found that the head slider with NiFe substrate showed lower 

temperature rise (Fig. 4.6) than the head slider with Al2O3 substrate (Fig. 4.7), which  

could be attributed to the compliant material properties and higher thermal conductivity 

of NiFe.   

Next, based on the thermal stability of carbon film that its graphitization process 

initiates at the temperature above 300 °C (Tallant et al. 1995), we counted the critical 

asperities whose temperature is greater than 300 °C at the elapsed contact time of 1 μs.  

Figure 4.8(a) shows the number ratio of the critical asperities (Nc) to the total asperities 

(N) with respect to the elapsed contact time.  When the head slider with Al2O3 substrate is 

in sliding contact (red line, square symbols in Fig. 4.8(a)), it was observed that more than 

50% of surface asperities became thermally degraded at the contact time of 500 ns.  

However, for the case of the head slider with NiFe substrate (blue line, circle symbols in 

Fig. 4.8(b)), the surface asperities showed gradual thermal degradation that Nc/N was just 

~24% at the contact time of 2 μs.  In addition, using the asperity temperature on the  
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Figure 4.8 Results of thermomechanical analysis simulation regarding the slider surface 

for both NiFe and Al2O3 substrate with respect to the sliding time; (a) the critical asperity 

ratio and (b) the average contact temperature. 
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contacting area (Eq. (3.7)) and the FDM based heat transfer to the non-contacting area 

(Eqs. (3.9) and (3.10)), the average temperature (Tavg) on the nominal contact area was 

obtained as a function of the elapsed contact time in Fig. 4.8(c).  As expected, it was 

observed that the head slider with NiFe substrate showed slower increasing of the surface 

temperature than the head slider with Al2O3 substrate.   

Therefore, from the fact that burnishing wear of thin carbon film is highly related 

to its thermal degradation, it could be concluded that the carbon film applied onto stiffer 

and harder substrate with lower thermal conductivity can develop more asperity contacts 

and higher surface temperature rise during sliding contact, which can cause severe 

burnishing problems or failures in devices.  

4.5 Parametric study: Design of experiment 

The surface temperature rise due to sliding contact of rough surfaces is 

determined mainly by geometric parameters, dynamic conditions, and material properties.  

For the rough surface, the radius of asperity (R), the surface roughness (σ), and the 

number of asperities (η) can be dominant geometric factors determining the contact stress 

on each single asperity.  These geometric parameters vary under the interplay of each 

other, thus σ is chosen as a geometric parameter among three parameters.  The mean 

surface separation (Hs) determines the contact stress on each asperity by controlling the 

interference between two surfaces.  The sliding velocity (V) is one of key factor that 

determines the frictional heat generation as a dynamic parameter.  Using those 

parameters, 2
3
-factorial design of experiment (DOE) is performed to investigate the effect 

of principal factors on the surface temperature rise.   

Since the material properties and the contact time had considered in Sec. 4.4, they 

are fixed values in this parametric study.  The surface materials are assumed to be DLC 

for both two bodies, and the material of the substrate for the slider with asperity is 

assumed as Al2O3.  The contact time is set to be 500 ns which is the critical increasing 

time of Nc/N for the slider with Al2O3 substrate in Sec. 4.4.  The coefficient of friction is  
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Table 4.2 Design matrix for 2
3
-factorial DOE including output values. 

Experiment 
number 

V (m/s) Hs (nm) σ (nm) Nc/N Tf,avg (°C) 

1 20 -1 0.2 0.0001 101.04 

2 90 -1 0.2 0.0129 223.41 

3 20 -5 0.2 0.0218 120.55 

4 90 -5 0.2 0.0823 264.30 

5 20 -1 1.5 0 177.72 

6 90 -1 1.5 0.1233 383.67 

7 20 -5 1.5 0 184.96 

8 90 -5 1.5 0.1777 399.62 

 

assumed to be 0.1, and the initial separation of two surfaces and the initial temperature 

are 10σ and 23 °C, respectively.   Referring Sec. 3.4, the sliding velocity (V), the mean 

surface separation  (Hs), and the roughness parameter (σ) are set with two different values; 

V of [20 m/s, 90 m/s], Hs of [-1 nm, -5 nm], and σ of [0.2 nm, 1.5 nm].  When one of 

those parameters is set as a variable, others are set as middle values.  The surface 

temperature for the parametric study is calculated by the steady state solution for the 

moving heat source, i.e., temperature on the disk.    

The critical asperity ratio (Nc/N) was calculated to discuss the parametric study.  The 

variables and outputs for 2
3
-factorial DOE are summarized in Table 4.2.  Figure 4.9 

shows the main effects plots for the three parameters, where the contribution of each 

main factor to the number of critical asperities can be found.  From the slope of the main 

effects plots, it was found that the sliding velocity (V) and surface roughness (σ) had 

positive effects on Nc/N, while the surface separation (Hs) had negative effects.  Since the 

slope of main effects parameter for V is relatively steep compared to other parameters, V 

contributes the most to increase of Nc/N. The sliding velocity is proportional to the 

frictional heat flux, thus the increase of V could cause increase of Nc/N and the surface 
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temperature.  Furthermore, the surface separation (Hs) and the surface roughness (σ) 

correspond to the interference between a single contact asperity and the counterface.  As 

the surface separation increases in negative value, the surface interference between two 

surfaces increases.  Also, the surface with higher roughness has higher asperities, thus the 

interference increases.  Therefore, with cases of increase of the surface interference, i.e., 

decrease of Hs and increase of σ, Nc/N increased.  Comparing slopes of main effects plots 

Nc/N and Hs, the contribution of σ to Nc/N was more than that of Hs.   

From the results of the 2
3
-factorial DOE analysis, the critical asperity ratio can be 

expressed as a function of the three main factors, which is given by 

 VHVNN sc

334 102511.10334.0100938.9107335.20201.0       (4.10) 

where Hs and σ has a unit of nm, and the unit of V is m/s.  The contour plots of the critical 

 

Figure 4.9 Main effects plots of the critical asperity ratio resulted by DOE 23-factorial 

analysis for (a) the sliding velocity, (b) the surface separation, and (c) the surface 

roughness. 

20 90
-0.05

0

0.05

0.1

0.15

0.2

V (m/s)

N
c
/N

-5 -1
-0.05

0

0.05

0.1

0.15

0.2

H
s
 (nm)

0.2 1.5
-0.05

0

0.05

0.1

0.15

0.2

 (nm)

(a) (b) (c) 



Texas Tech University, Sungae Lee, May 2014 

 

61 

 

  

asperity ratio with two parameters among three with fixing the other parameter can be 

obtained using Eq. (4.10).  The mean values of V, Hs, and σ was chosen as fixed values, 

one of which is used while other two parameters are set as variables.  In the Fig. 4.10, 

contour plots of Nc/N are shown, where numbers in the small yellow box indicate values 

of Nc/N.  The contour plots show not only the relation of each parameter and Nc/N, but 

also the coupling effect of two variables on Nc/N.  As mentioned above, the increase of V 

and σ or decrease of Hs led to increase of Nc/N.   

The gradient of Nc/N, i.e., the normal vector of contour line (black arrow in Fig. 

4.10), had a curve shape for variables V and σ with fixing Hs as shown in Fig. 4.10 (b), 

while it had a constant straight line for other cases (Fig. 4.10 (a) and (c)).  In the Fig. 4.10 

(b), the spacing between contour lines for low level of σ is broader than that for high level 

of σ, thus the effects of V on Nc/N vary depending on the σ value, vice versa.  This 

indicates that there is coupling effects of V and σ on Nc/N.  Therefore, to reduce the  
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Figure 4.10 Contour plots of the critical asperity ratio resulted by DOE 2
3
-factorial 

analysis with couple of variables; (a) V-Hs, (b) σ-V, and (c) Hs- σ. 
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sliding velocity and the surface roughness is supposed as the best way to reduce the 

critical asperities, so that the surface temperature rise is also controlled. 

4.6 Conclusion 

The sliding contact between two rough surfaces, one of which consists of the hard 

film on the soft substrate, was investigated considering the frictional heat generation.  By 

extending the improved single asperity contact model, the rough surface contact was 

analyzed with different kind of materials of the soft substrate.  The surface temperatures 

on the plane surface and the asperity surface were obtained by applying the moving heat 

source and the stationary heat source, respectively.  For the asperity surface, the 

continuous stationary heat source was considered as the asperity keeps contact with the 

plane surface, thus the transient temperature solution was used.   In the rough surfaces 

contact, the contact force is shared with contacting asperities in the nominal area. 

Thereby, only a few exceptional high asperities cause the plastic deformation during the 

contact, while rests of asperities are deformed in the elastic regime.  However, the critical  

 

Figure 4.11 The contact temperature rise with respect to the sliding time under elastic 

contact regime (pm = 0.5 GPa). 
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burnish over the nominal area is observed in micro devices after sliding contact.  By 

using an approximate analytical solution for the transient surface temperature rise due to 

the frictional heat generation, the temperature on a single asperity under low pm (=0.5 

GPa) with respect to the contact time is shown in Fig. 4.11.  Even under low contact 

pressure, which is distinctly considered as elastic regime, the temperature increases over 

300 °C as the contact time increases.  As a result of the rough surface simulation, the 

number of critical asperities (Nc) with the temperature rise over 300 °C increases with 

increase of the contact time.  Furthermore, it was found that the continuous sliding 

contact could cause critical temperature rise at each asperity.  Therefore, the burnishing 

wear can be explained by the material softening due to frictional heat generation on the 

contacting surfaces.  The critical temperature beyond 300 °C in this study is for the 

generic DLC film deposited by the chemical vapor deposition (CVD), but the universal 

rule.  Thus, the thermal stability could be different depending on the deposition process.  

In the parametric study, the critical asperity ratio was obtained as a resultant output 

representing the surface temperature increase with respect to three different factors; the 

sliding velocity, the surface separation, and the surface roughness.  It was found that the 

sliding velocity was the most effective parameter to the surface temperature increase 

among three different parameters.  Also, the sliding velocity and the surface roughness 

contribute to the surface temperature rise with their coupling effects.  If there are no 

asperity interactions by the substrate plane deformation, the effects of Hs and σ would be 

same.  However, the contribution of σ to Nc/N was more than that of Hs because there are 

asperity interactions on the rough surface.  In other words, the asperity interactions due to 

decrease of Hs counteract the interference of each single asperity and counterface because 

the normal plane is pushed down, while the higher value of asperity height due to high σ 

contributes to more contact of high asperities regardless the asperity interactions.   
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CHAPTER 5  

EMPIRICAL STUDY: HDI CONTACT WITH THE ACTUAL HARD 

DISK DRIVES 

 

5.1 Introduction 

In magnetic storage industry, high magnetic density is required to store more data 

on a magnetic media.  For this reason, data capacity of magnetic recording media has 

significantly increased to a few Tb/in
2
 over the past a few decades (Akita et al. 2001; 

Vakis et al. 2010).  In addition, to achieve higher recording density, it is required to 

decrease the physical spacing (or clearance) between a transducer and a media surface.  It 

is known that the clearance between a head and disk surfaces in recent HDD products is 

below 5 nm during read/write operation.  Even though the low clearance is advantageous 

to outstanding performance on data exchange, however, it can bring to unexpected 

mechanical interaction in head disk interface (HDI).  In order to improve the reliability of 

HDI, many novel studies have been conducted, such as contact detection, analysis of 

frictional force, lubricant transfer, and design parameters on surface profile to reduce new 

defects (Kasai et al. 2012; Khurshudove et al 2003; Li 1999; Yeo et al. 2008).  However, 

there has been few research works reported on the characterization on defects and head 

surface after contact.   

Typically two different types of head damages are observed during HDI contact.  

One is a deep scratch due to the contact with disk defects and the other is areal burnishing 

wear of head carbon film due to surface-to-surface contact.  First, the surface interaction 

between a head and disk defects occurs as long as disk defects exist on a disk surface, 

which can generate critical scratch failure on the head carbon film.  Interestingly, if a 

head slider makes a repeated sliding contact with a certain disk defect, its contact 

behavior can be changing in every contact cycle because the previous contact could 

change the properties of the disk defect as well as the head surface.  Second, the bulk 

surface contact between head and disk can cause burnishing wear, which deteriorates the 
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mechanical strength of head carbon film.  Once the head carbon film experiences 

burnishing wear, it can be easily worn out at much lower stress during the following 

surface contacts.  Therefore, to achieve robust HDI design, it is highly important to 

investigate the change in defect shape and mechanical properties of head carbon film.   

According to the numerical analysis in Chapters 2 – 4, it was proposed that HDI 

sliding contact can cause thermomechanical damage on the head carbon film.  When the 

temperature rise due to frictional heat generation is sufficient to change the structure of a 

head carbon film (i.e. graphitization process), the mechanical and thermal properties of 

the carbon film can be deteriorated, which thus can lead to head failure.  However, the 

numerical analysis has some disadvantages due to the assumptions included in modeling 

and calculation, and accordingly, it is restrictive to predict the real contact behavior by 

repeated contact.  For this reason, the empirical study is needed to verify the scientific 

findings from the numerical analysis.       

In this empirical study, using actual HDD products, controlled HDI contact test 

was conducted to verify postulations from the numerical analysis. Novel experiments 

were performed using atomic force microscope (AFM) measurement and nanoscratch 

tests.  The real disk defects and real head damage were investigated to examine the 

material characteristics after HDD level tests.  First, real disk defects were characterized 

after repeated contact with a head slider, thus it will give a direction of control disk 

defects.  Furthermore, the head carbon film was studied by nanoscratch test with different 

levels of burnishing wear. 

5.2 Characterization of disk defects after repeated contact 

When a head surface makes a sliding contact with disk defects, resultant contact 

stress and temperature rise can change the material characteristics of disk defects and the 

head surface.  For example, shape of a disk defect (i.e., height, radius, number of 

summits, etc) can be changed, and material transfer on each surface can occur.  Since the 

surface interaction is inevitable during the HDD operation as long as the disk surface 

contains disk defect, the defect profile is one of key factors that affect the contact  
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Figure 5.1 AFM image of a representative disk defect after contacting with a head surface. 

 

behavior in the HDI contact.  Figure 5.1 shows a representative disk defect which has 

been contacted with the head surface, where a tail behind a disk defect is consistently 

observed on all the disk defects.  There are two possible mechanisms to generate a tail 

mark.  One is that the tail is generated by defect material so that the disk defect is 

shortened after contact.  The other is that the head material is transferred to the disk 

defect during contact so that there is an alien material nearby the disk defect.  Moreover, 

it is also possible that both mechanisms can be combined to form the tail of the disk 

defect. 

In order to investigate changes on disk defects after contact, repeated-contact test 

was conducted on commercial HDDs.  HDD samples are separated into two groups to be 

statistically compared.  One is a post-contact test group, and the other is a pre-contact test 

group.  144 disk defects are found on 34 disk surfaces which are taken out from a pre-

contact test group as references, while 102 disk defects were found on 48 disk surfaces 

which are taken out from a post-contact test group.  A phase image of each disk surface  
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Figure 5.2 Phase image of a disk surface containing a disk defect with scribed mark at 

both side. 

 

was scanned by Candela to detect defects on the disk surface.  The Candela provides 

capture the defects as well as location of the defect.  Figure 5.2 shows a representative 

phase image of a disk surface, which has a disk defect.  Once a defect is detected, two 

scribes beside the defect are made for AFM measurement.  A cross sectional 2-D line plot 

is used for the measurement, and the cross section is taken at the summit of a defect in 

vertical direction to the sliding direction.  Defect profiles (i.e., height and radius) were 

measured from AFM images.  As shown in Fig. 5.3, the radius of a defect is calculated by 

applying quadratic function on the summit of the defect.  

The changes on height, width, and radius of disk defects are depicted in Fig. 5.4 

using standard normal distributions (or Gaussian distribution function).  The red squares 

and blue circles are the data points of individual disk defects from post-contact and pre-

contact test groups, respectively, which are curve fitted using Gaussian distribution  

Defect 
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Figure 5.3 Measurement of radius of a defect asperity. 
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Figure 5.4 Standard normal distributions of (a) height, (b) width, and (c) radius for 

pre/post contact. 
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function.  First, the mean height of disk defects is grown from 5.6 nm to 9.6 nm, and the 

distribution becomes widened after contact as shown in Fig. 5.4a.  Second, the mean 

width after contact increased from 0.5 µm to 1.0 µm, and the distribution becomes 

widened as shown in Fig. 5.4b.  Lastly, the radius values for pre/post-contact are 5.5 µm 

and 8.8 µm, respectively, and the distribution is rarely changed as shown in Fig. 5.4c.  

According to these results, it could be found that the overall size of disk defects is grown 

after surface interactions.  There are two ways of the defect growth to happen.  One is 

that buried defects are protruded out to the disk surface, and the other is that the head 

material is transferred to the disk defect and its perimeter.  Considering the sliding 

contact makes the tail in sliding direction as shown in Fig. 5.1, it is indicative that the 

growth of disk defect after surface interactions would be attributed to material transfer 

from the head surface.    

5.3 Characterization of DLC film after surface-to-surface contact 

5.3.1 Nanoscratch test 

As the thermal actuation technique makes material protrusion of read/write sensor 

area out to the air bearing surface of a head slider, the head surface becomes more 

susceptible to high speed sliding contact with the rotating disk surface.  The burnishing 

wear on the head surface can be caused by surface-to-surface contact during HDD 

operation due to the low clearance with surface protrusion.  Figure 5.5 shows a 

representative schematic of the burnishing wear on a head surface during HDD operation 

and its surface profile in 2-D graph.  The burnishing wear (i.e., green area in Fig. 5.5a) 

mainly occurs at the center area of transducer where the material is thermally protruded 

out to the surface.  Examining the surface topography of head slider after contact, it 

usually has a concave shape of profile as shown in Fig. 5.5b, because the center of the 

protruded area experiences the highest contact stress and temperature rise.  Since the 

thickness of the head carbon film is 1 – 3 nm, even sub nanometer wear of the carbon 

film can affect its ability as a surface protective coating.  Even if the concave surface 

topography after contact is made by compression of underlying materials rather than wear 

of the carbon film, the mechanical properties of the head surface can still be changed by  
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Figure 5.5 (a) A schematic of burnishing wear on a head surface during HDD operation 

and (b) 2-D line graphs of cross sectional surface. 

 

the mechanical stress and temperature rise by friction.  The mechanical strength 

of the head surface directly affects contact behavior in HDI contact.  Therefore, 

systematic research on head carbon film with thermomechanical degradation is beneficial 

to predict and control HDD failures by contact.  
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Figure 5.6 (a) Width and (b) depth of scratches by four different burnish levels. 
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The change in mechanical strength of head carbon film with burnishing wear is 

investigated using the nanoscratch test which is performed using Hysitron nanoscratch 

module (constant load of 15 μN and sliding speed of 0.5 μm/s) with a diamond cube 

corner tip.  The width and depth of scratches were measured to qualitatively compare the 

mechanical strength and wear resistant by different burnish levels.  Head samples are 

prepared with four different levels of wear amount: 1) Virgin head (0 nm), 2) Light 

burnish (0.2 nm), and 3) Heavy burnish (1 nm).  As shown in Fig. 5.5a, scratches were 

generated in vertical direction to the transducer.  In order to compare the mechanics 

property of edge and center zone of the burnishing wear, two scratches were made on 

each head surface as shown in Fig. 5.5a.  For each test condition, the measurements were 

carried out three times on three different locations to increase the sample size.  

Figure 5.6 shows the measured width and depth of scratches using error bars 

(made by one standard deviation) with respect to four different burnish levels.  

Examining the center zone of burnishing wear (red color in Fig. 5.6), it was observed that 

the scratch width of the burnished heads was much higher than that of virgin head (i.e., 

the width difference was greater than 12 nm difference).  However, once the carbon film 

experiences burnishing wear, the scratch width gradually increased with the burnishing 

level.  Similarly, the scratch depth (Fig. 5.6b) increased as the burnish level increased.  

These results indicate that the more burnishing wear, the more change in the mechanical 

strength of the head carbon film (i.e., material softening).  Next, comparing the center 

and the edge zones of burnishing wear (red and blue colors in Fig. 5.6), the edge zone has 

less increasing of scratch width with the burnishing level, while it has similar trend of 

scratch depth with the center zone.   

5.3.2 Micro-Raman measurement 

Based on the simulation results of HDI sliding contact in Chapter 4, it could be 

known that the temperature of surface asperities on head carbon film can increase high 

enough to cause the graphitization process of carbon atoms.  In order to verify this phase 

change of carbon film by thermal degradation, an actual burnished head slider was 

investigated through micro-Raman spectroscopy measurements (by Muayng He at Texas  
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Figure 5.7 Micro-Raman spectroscopy measurement for the burnished head carbon film 

sample; (a) A SEM image of a typical slider surface including the location of Raman 

measurement (Mutsukura et al. 1992; Li et al. 2009), and (b) a representative of Raman 

spectra from the burnished head carbon film (D & G peaks only). 

 

Tech University).  Figure 5.7a shows a scanning electron microscope (SEM) image of a 

typical head surface (Note: the actual Raman measurement in this study was performed 

on a different head slider) (Li et al. 2009).  Using the thermal actuation technique, the 

read/write sensor area was manually protruded out to the air-bearing-surface, which then 

performed sliding contact with the rotating disk (linear velocity is 30 ~ 50 m/s) causing 
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the burnishing wear on the head carbon film.  The head carbon film is a nitrogenated 

amorphous carbon film with the thickness of 2 – 3 nm and the RMS roughness of 0.1 – 

0.2 nm.    

A Raman laser with the spot size of 2 μm and the wave length of 514.5 nm was 

applied to five different positions on the head slider (i.e., red spots in Fig. 5.7), which 

enabled to compare the atomic structure of head carbon film between the burnished and 

non-burnished area.  All the spectra were obtained by using SPEX 500 M spectrometer 

with a grating of 1800 lines/cm.  The spectral resolution and precision of the Raman 

system were 2.0 cm
-1

 and 0.2 cm
-1

, respectively.  Linear background subtraction was 

carried out for every spectrum.  Then, each spectrum was fitted by applying two Gaussian 

profiles (i.e., one for G peak, the other for D peak) and three Lorentz profiles for system 

peaks.  Figure 5.7(b) shows a representative D and G peaks obtained from the head 

carbon film sample. 

It is known that the phase change of carbon film affects the position and shape of G peak 

in a Raman spectrum.  If a carbon film experiences graphitization process, the G peak 

will show higher peak position and lower linewidth value (i.e., full width at half height of 

the G peak) (Lewis et al. 2001).  For this reason, the phase change of the head carbon 

film was examined in terms of these two G peak parameters.  Table 5.1 summarizes the 

analysis results of the measured G peaks at the five different locations in Fig. 5.7 (a).  

First, it was observed that the G peak position at the burnished area (spots B and C) was 

1561 ~ 1564 cm
-1

, while the value at the non-burnished area (spots D and E) was 1550 ~ 

1552 cm
-1

.  This implies that the head carbon film near the burnished area should have 

experienced graphitization process (i.e., the decrease of the sp
3
/sp

2
 bond ratio).  Next, 

examining the G Peak linewidth, it was observed that the linewidth value at the burnished 

area was 63 ~ 68 cm
-1

, while the value at the non-burnished area was 76 ~ 85 cm
-1

.  

Considering the G peak linewidth is inversely proportional to the size of sp
2
 clusters 

(Ferrari 2004), this result indicates that the sp
2
 cluster was significantly grown at the 

burnished area.   
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Table 5.1 Analysis of Raman spectra for the burnished head carbon film.  

 Spot A Spot B Spot C Spot D Spot E 

G position (cm
-1

) 1551.3 1561.5 1564.2 1549.7 1552.5 

G width (cm
-1

) 84.9 63.2 68.2 77.2 75.9 

 

Therefore, from the micro Raman measurements on the burnished head slider, it 

could be found that the burnished head carbon film showed significant change in atomic 

structure (i.e., growth of sp
2
 clusters and decrease of sp

3
/sp

2
 bond ratio).  Considering the 

estimated contact stress during HDI sliding contact is usually lower than the yield limit of 

carbon film, its burnishing wear could be attributed to the thermal degradation (or 

graphitization) of carbon atoms by frictional heat generation, which is in good agreement 

with the analytical simulation results. 

5.4 Conclusion 

The head carbon film can experience severe contact with either disk defect or disk 

surface during HDD operation.  When the disk defect is taller than the HDI clearance, it 

brings to critical scratches on the head surface due to sliding contact.  In addition, 

surface-to-surface contact between a head and a disk results in burnishing wear on the 

head surface as the head makes continuous surface contact with the disk.  These damages 

on the head carbon film can deteriorate its ability as a surface protective film, which thus 

can aggravate instability of head performance.  In order to accurately analyze the actual 

HDI contact behavior, disk defects after repeated-contact with a head surface were 

characterized.  Also, change in mechanical properties of head carbon films after 

burnishing wear was qualitatively investigated by the nanoscratch test.   

The disk defects were grown after repeated surface interactions.  Based on the 

thermomechanical theory, the higher defect height causes the higher contact stress and 

the temperature rise on the contacting surfaces.  Considering disk defects become taller 

and wider after surface contacts, the grown defect can cause higher chance of mechanical 



Texas Tech University, Sungae Lee, May 2014 

 

78 

 

failure of head slider during HDD operation.  The defect growth can be explained by 

three different mechanisms.  First, the head material is transferred to the disk defect 

during sliding contact.  Second, the buried defect protruded and exposed out to the disk 

surface due to high temperature during HDD operation.  Lastly, both material transfer 

and buried defect exposure can occur simultaneously.  For any cases, the change in 

thermal/mechanical material properties due to the material transfer is critical to predict 

secondary contact behavior.   

According to the numerical analysis, it was proposed that the burnishing wear 

causes the deterioration of a head carbon film, as high temperature and contact stress 

brings to change in phase of the carbon atoms.  The nanoscratch test on commercial 

heads with different burnish level was performed to investigate the mechanical property 

of damaged head carbon films.  From the analysis of scratch width and depth, it could be 

known that the mechanical strength of head carbon film decreases as the burnishing wear 

become severe.  To verify the proposed thermomechanical contact model, micro Raman 

measurements were performed on an actual burnished head slider.  From the G peak 

analysis (i.e., peak position and width), it was observed that the carbon film on the 

burnished area showed lower sp
3
/sp

2
 bond ratio and larger sp

2
 cluster size, which was in 

good agreement with the analytical simulation results. 

In conclusion, growth of disk defects after repeated sliding contact with the head 

surface is susceptible to the secondary contact during the operation.  Further study on 

material transfer and changes in thermal/mechanical properties regarding growth of disk 

defects is required.  In addition, it could be concluded that the burnishing wear of thin 

carbon film during high speed sliding contact cannot be described by the conventional 

contact solution only but it should take account of thermal degradation of carbon atoms 

by frictional heat generation.   
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CHAPTER 6  

SLIDING CONTACT BEHAVIOR OF DLC FILM: MOLECULAR 

DYNAMICS SIMULATION 

 

6.1 Introduction 

The micro components in HDI where the mechanical contact ineluctably occurs 

during the operation are desired to be in sub micro scale, for example, reader/writer 

sensors on a head slider contain only a few grains.  Therefore, when even a single peak of 

temperature rise or atomic stress reaches the read/write sensors, it can change the 

magnetic array and bring to significant failure on head performance.  According to the 

numerical analysis, the frictional heat during HDI contact gives rise to high temperature 

on the contact area, and the contact stress and the surface temperature rise strongly 

depend on a material of a disk defect.  As a result, it is proposed that the mechanical 

contact in HDI causes the thermomechanical degradation of the carbon film.  However, 

the numerical analysis is limited to calculate local temperature and local contact stress in 

sub-nanometer scale, and the in-situ asperity deformation is not accounted for.  In order 

to predict the failure of the head slider, it is needed to study the temperature rise and the 

contact stress in atomic scale.   

Molecular dynamics (MD) simulation is the state-of-the-art use of study of solid 

materials in atomic scale, such as calculation on thermal/mechanical properties of 

solid/fluid materials, adhesion, oxidation, growth/stacking of dislocations in a crystal 

structure, carbon nanotube, etc (Chenoweth et al. 2008; Foulaadvand et al. 2012; Fukuda 

et al. 2013; Narulkar et al. 2009; Ong et al 2010).  Unlike the numerical analysis, it is 

allowed to calculate in-situ temperature and contact stress taking into account in-situ 

asperity deformation using the MD simulation.  In addition, the MD simulation allows 

monitoring sequential changes in the atomic structure by the simulation time.  For these 

reasons, despite limits of the MD simulation, such as the number of atoms, duration time, 

and potentials, MD simulation is an exclusive method to investigate atomic interactions.   
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Over the past few decades, researchers have been developing various tools that 

can implement MD simulations, such as Ab initio, AMBER, GROMACS, LAMMPS, etc.  

The Ab initio is a MD simulation tool which enables quantum mechanical calculations, 

thus the proton and nuclear motions can be studied (Tuckerman et al. 1996).  The 

Assisted Model Building with Energy Refinement (AMBER) is most widely used for 

biomolecular simulations as it provides force fields for biomolecular simulations such as 

proteins, nucleic acids, carbonhydrates, and organic molecules (Case et al. 2005; 

Salomon-Ferrer et al. 2013).  GROningen Machine for Chemical Simulations 

(GROMACS) is one of the fastest and most flexible simulation tools.  The GROMACS 

has an advantage that it supports fast simulations on non-bonded calculations, so it is also 

used for non-biological systems, e.g. polymers.  It provides only a few force fields (e.g. 

GROMOS, OPLS, AMBER, and ENCAD force fields), and it has offers interfaces with 

popular quantum-chemical packages so that mixed molecular mechanics (MM) and 

quantum mechanics (QM) simulation can be implemented (Van Der Spoel et al. 2005).  

Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) is one of most 

flexible and generalized simulations tools, and it provides many types of force field that 

enables calculations for solid-state materials, soft materials, liquids, etc (Plimption 1995).  

One of challenging parts in the MD simulation is to define a suitable potential and 

potential parameters for a specific material.  Pair potentials for carbon materials have 

been proposed over last few decades. Tersoff (1988, 1989) introduced an empirical 

interatomic potential for the pure carbon and carbon alloys, so called Tersoff potential, 

and it successfully calculated material properties of an amorphous carbon structure and 

defect energies in a carbon crystal structure.  However, the Tersoff has a disadvantage 

that the potential converges to a finite value, which restricts the atomic collision as the 

distance between atoms decreases.  Considering that, the reactive empirical bond order 

(REBO) potential is developed for hydrocarbon bonds, and it gives advantages such as 

bonding characteristics for solid carbons and various hydrocarbon molecules, reasonable 

binding energies and bond lengths, and covalent bond breaking and forming (Brenner et 

al. 2002).  The REBO potential is limited to an intramolecular system and crystal 
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structure because of its lack of expression in torsional term and long range.  The adaptive 

intermolecular reactive empirical bond order (AIREBO) overcomes the drawback of 

REBO potential by adding the Lennard Jones (LJ) potential and the torsional energy term 

to the REBO potential (Stuart 2000).  Using switching function, AIREBO allows the LJ 

potential turned on/off with an exclusive mathematic expression.  In addition, the non-

bonded interactions are smoothly turned on/off with bond weight terms.  The advanced 

features of AIREBO enable to create an amorphous solid structure as well as to 

investigate intermolecular interactions.   

In this study, the sliding contact between a diamond asperity and a DLC flat 

surface is investigated in atomic scale through the MD simulation using LAMMPS.  In 

order to calculate carbon-to-carbon bonds, AIREBO potential is used.  Pure carbon 

structures are used for the simulation: an upper body (asperity) is the diamond structure, 

and a lower body (DLC flat body) is the amorphous structure.  The DLC body is prepared 

by annealing process in the MD simulation.  Under applied high sliding speed, the bond 

forming/breakage is monitored by counting the number of bonds for each atom.  

Focusing on the DLC surface, the temperature rise and the contact stress are investigated.   

6.2 MD simulation and details 

The MD simulation of a single asperity contact on a flat surface is implemented to 

investigate surface interactions in atomic scale.  Pure carbon systems are calculated by 

the AIREBO potential which provides accurate calculations of carbon-to-carbon 

interactions in solid-state (APPENDIX C).  The annealing process was applied to create a 

DLC body in the MD simulation.  The atomic velocity and position are calculated by 

Velocity Verlet algorithm (Allen et al. 1987; Grubmüller et al. 1991; Swope et al. 1982).  

The time step is set to be relatively short as 0.1 fsec to implement stable simulation in 

high operating temperature and sliding speed.  The lattice parameter of 3.57 Å and the 

atomic mass of 12.01 g/mol are used for the diamond structure (Allen et al. 1987).  The 

velocity and temperature are calculated by a thermo dynamics formula given by 
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 where mi and vi are the atomic mass and the velocity of an i
th

 atom, respectively, N is the 

number of atoms in an applicable group, kb is the Bolzmann’s constant, and T is the 

temperature in Kelvin.   

6.2.1 Preparation of amorphous carbon structure: Annealing process 

Carbon atoms are created with diamond structure in a simulation box; area of 5 ×5 

nm
2
 in xy-plane with thickness of 2 nm in z-direction as shown in Fig. 6.1a.  Initial 

velocities of atoms in the simulation box are distributed at 300 K by Eq. (6.1).  Boundary 

conditions in x-, y-, z-directions are all periodic boundary.  The annealing process is 

implemented by following procedures, 

1. The diamond structure was equilibrated for 10 psec at 300 K. 

2. The structure is heated up to 6000 K with heating rate of 128 K/psec. 

3. After the temperature reaches 6000 K, the structure is equilibrated at 6000 

K for 60 psec. 

4. The structure is cooled down to 300 K with cooling rate of 1000 K/psec. 

5. The DLC is equilibrated for 10 psec at 300 K. 

Figure 6.1b shows a resultant DLC structure, and it shows the diamond structure 

is changed to sp
2
 rich amorphous structure after annealing process.  Linear chain, sp

2
, and 

sp
3
 structures are defined by number of bonds (i.e., folds) on each atom (Ma et al. 2009).  

Based on the carbon bond length of 1.6 Å (Gao et al. 2002).  1 – 2 folds atoms indicate 

linear chain structure, while three and four folds atoms indicate in sp
2
 and sp

3
 structures, 

respectively.  The sp
2
 to the sp

3
 ratio in the DLC film is 0.36, which is close to the sp

2
 

ratio of a real head carbon film according to XPS experiment result, i.e. 0.27 for a virgin 

head, 0.47 for a damaged sample (XPS experiment is done by Muyang He at Texas Tech 

University). 
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Figure 6.1 DLC structure created by annealing process in the MD simulation. 
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6.2.2 Contact simulation 

The upper body consists of a semi-spherical body on a rectangular parallelepiped 

box containing 9036 atoms. Semi-spherical body in diamond structure is used as an 

asperity with radius of 1nm.  The DLC box which is created by the annealing process is 

located under the upper body with 4 Å gap between the DLC surface and the summit of 

diamond asperity, see Fig. 6.2.  The sliding speed of 50 m/s in x-direction and 

approaching speed of 20 m/s in z-direction is applied on the upper body.  The semi-

sphere on the upper part and top layer (7 nm) of the DLC body are set as free region to 

calculate temperature and stress with NVE constant time integration where N is the 

number of atoms, V is the volume, and E is the energy, i.e., no restrictions during the 

contact.  Next middle layers on both upper and lower bodies are set as thermostat at 300 

K with NVT constant time integration where T is the temperature.  Top layer (5 nm) of 

the upper body and bottom layer (2 nm) of the lower body are set as fixed layer with set  

 

 

Figure 6.2 The simulation system of sliding contact: Diamond asperity and DLC flat 

surface. 
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forces of zero in x-, y-, z- directions.  The total run time is 100 psec, the asperity 

approaches to the DLC surface, and then the contact occurs at 20 psec so that the sliding 

distance is 4 nm. 

In addition to the sliding contact with long sliding distance, the contact with 

single impact (bouncing motion) is simulated to investigate material transfers between 

the asperity and the surface after surface interactions.  The initial system in the impact 

simulation is prepared under same conditions with the sliding contact, i.e., initial 

positions of atoms are same with Fig. 6.2.  Similarly to the sliding contact above, the 

dynamic motion is applied to the upper part only: 50 m/s in x-direction, -20 m/s for 50 

psec and 30 m/s for the rest of the time in z-direction.    

6.3 Results 

Figure 6.3 shows the visualized result of sliding simulation calculated by the MD 

simulation at time = 20, 60, and 100 psec.  As the time goes over 60 psec, part of asperity  

 

 



Texas Tech University, Sungae Lee, May 2014 

 

86 

 

 

 

Figure 6.3 Visualized results of the MD simulation on the sliding contact at (a) 20 psec, 

(b) 60 psec, and (c) 100 psec. 
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Figure 6.4 Results of the sliding contact simulation: (a) von Mises stress and sp
2
 ratio on 

the DLC surface by time. 
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which passed through the upper boundary in x-axis is appearing at the lower boundary of 

x-axis, as shown in Fig. 6.3c, because the periodic boundary condition is used in x- 

direction.  Furthermore, the structure is unstable during first 10 psec because the velocity 

in x-direction is applied from 0 to 50 m/s, i.e., heavy vibration of the asperity is observed 

as it suddenly starts moving.  For these reasons, catastrophic changes on stress and 

temperature values are resulted.  Therefore, all the analysis is implemented within limited 

time from 10 psec to 60 psec.   

The von Mises stress at the contact area on the DLC surface is calculated and 

corresponding sp
2
 ratio is investigated every 10 psec, as shown in Fig. 6.4.  The von 

Mises stress and the sp
2
 ratio on the contact area increase during sliding contact.  The 

increase of sp
2
 ratio may imply three cases; 1. Increment of the number of 3 folds is more 

than that of 4 folds, 2. The number of 3 folds increases while that of 4 folds decreases, 

and 3. Reduction of the number of 3 folds is less than that of 4 folds.  Overall, the contact  
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Figure 6.5 The results of the sliding simulation: (a) DLC temperature by time and (b) 

comparison of atomic stress and temperature for the first temperature peak. 

 

stress is correlated with the sp
2
 ratio.  However, from 40 psec to 50 psec, the contact 

stress increases steeply, while the sp
2
 ratio decreases.  Atomic interactions between the 

asperity and the DLC surface increased as gap between two surfaces is reduced due to 

van der Waals force, as a result, the contact stress increases.  In addition, bond forming 

and breakage actively occur as the surface interaction increases, so that the sp
2
 ratio 

shows different behavior from 40 psec to 50 psec.   

Since the temperature is calculated by Eq. (6.1), temperature calculation is valid 

only for atoms in specific group.  In other words, it is tricky to track the temperature at 

the contact area on the DLC surface as the contact area is moving.  Thus, 10 groups are 

defined every 5 Å in x-direction, and the temperature is calculated for every group by the 

time.  The temperatures on the DLC surface and on the DLC body are depicted in Fig. 

6.5a with respect to the time.  Since the surface is defined as a free region, the initial 

temperature on the DLC surface is about 100 K higher than the body temperature.  The  
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Figure 6.6 The number of 0-4 folds of the semi-spherical asperity by the sliding time. 

 

surface temperature gradually increases in process of time, the temperature rise on the 

contact area is about 100 K.  During the contact, the temperature peaks which exceed 

1000K are intermittently observed.  In Fig. 6.5b, the first peak of temperature is zoomed 

in, and corresponding atomic stress on the DLC surface is plotted.  The atomic stress 

gradually increases until catastrophic jump of temperature, and then both the stress and 

temperature decay after the temperature peak.  Based on Eq. (6.1), the temperature peak 

can be explained by catastrophic increase of atomic displacement due to high stress 

stored.  However, more study on the atomic displacement is needed to prove this 

phenomenon.   

The number of bonds on each atom in the semi-spherical asperity is counted to 

investigate changes in bonding during the sliding contact.  It is found that the higher 

bonds (i.e., 3 and 4 folds) decrease, while the lower bonds (i.e., 0 and 1 folds) decrease.  

The 2 folds atoms fluctuate by the time, since higher bonds and lower bonds interact in  
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Figure 6.7 Transferred atoms from the asperity to the DLC film after sliding contact. 

 

terms of exchanging each other due to bond forming/breakage where the total number of 

atoms at each time is constant.  Focusing on the number of non-bonded atoms (i.e., 0 

folds), the bond breakage occurs as the asperity makes contact with the DLC surface.  

Especially from 40 psec to 50 psec, the number of non-bonded atoms increases, and this 

supports the bond breakage due to high contact stress as described above.  After 50 psec, 

the number of non-bonded atoms slightly decreases as some of non-bonded atoms 

experience re-bonding.  The non-bonded atoms can be other staying on the asperity or 

transferred to the DLC film.  The transferred atoms, which are transferred from the 

asperity to the DLC film, at the end of the sliding contact are observed as shown in Fig. 

6.7.  In order to investigate changes in bonding of transferred atoms, 8 atoms which are 

transferred from the asperity to the DLC film are chosen and the number of bonds of 

them is depicted in Fig. 6.8.  Since the transferred atoms are barely affected by the 

periodic boundary condition, the number of bonds is counted for entire simulation time.  
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Figure 6.8 The number of bonds for transferred atoms from the asperity to the DLC 

surface after sliding contact. 

 

The atoms were initially possessed higher bonds, but they become zero or single bonding 

atoms by sliding contact.  The transferred atoms stay on zero or single bonds after they 

are totally transferred to the DLC film, and this indicates that van der Waals interaction is 

dominant on transferred atoms rather than covalent bonding.  However, it is still needed 

to clarify bonding between transferred atoms and the DLC atoms because the range of 

data at 100 psec is quite broad to justify its value.  

The simulation of sliding contact shows that the asperity keeps contacting with 

the DLC film.  In actual process of sliding contact such as HDI contact, the sliding 

motion will be continued, and the asperity will be withdrawn from the DLC surface.  The 

withdrawal of the asperity from the DLC film can lead to changes on asperity as well as 

the DLC film, such as shape, structure, surface properties and so on.  The bouncing 

motion is simulated to investigate interactive material transfer between the asperity and 

the DLC film.  Figure 6.9 depicts the final frame of the simulation system after a single  
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Figure 6.9 The material transfer after withdrawal of the asperity from the DLC surface. 

 

impact contact.  As expected from the sliding contact simulation, atoms of asperity are 

transferred to the DLC surface.  Interestingly, atoms from the DLC surface are also 

transferred and mixed to the asperity, and this material transfer changes shape of the 

asperity.  In Chapter 5, the growth of disk defects has been observed, and the result of the 

MD simulation which shows a change in shape of the asperity demonstrates a good 

agreement with it.    

6.4 Conclusion 

The MD simulation of sliding contact between an asperity and a flat surface is 

conducted to study the contact behavior in atomic scale.  The pure carbon material is 

used, and the AIREBO potential was applied to calculate carbon-to-carbon bonds.  The 

amorphous carbon structure with sp
2
 ratio of 0.34 is created by the annealing process in 

the MD simulation.  The sp
2
 ratio is close to the real head carbon film based on XPS 

result.  The dynamic motion is applied to the asperity which is in diamond structure.    
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Figure 6.10 Resultant contact stresses calculated by (a) the MD simulation by the time 

and (b) the analytical model. 
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Figure 6.11 Temperature rise calculated by the analytical model during the sliding 

contact. 

 

The high speed sliding contact is implemented under sliding speed of 50 m/s by using the 

MD simulation.   The atomic stress, the number of bonds, and the temperature rise are 

analyzed as a result of the simulation.   

As the contact stress was increased during sliding contact, and high contact stress 

resulted in the bond breakage.  The bond breakage was observed both on the asperity and 

the DLC surface.  The contact stress increased up to 47 GPa, and the normal stress 

increased up to 46 GPa for the surface interference of ~ 5 Å as shown in Fig. 6.4a and 

6.10a.  Based on the analytical model (APPENDIX D), the normal stress of 46.3 GPa is 

resulted for the same conditions that is used in the MD simulation as shown in Fig. 6.10b.  

The MD simulation resulted the temperature rise about 100K on the contact area during 

the sliding contact.  Under the same conditions, the temperature rise on the contact area is 
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calculated by the analytical model in Fig. 6.11.  The temperature rise from the analytical 

model is about 130 K, which is quite close value to 100 K resulted from the MD 

simulation.  Therefore, the MD simulation showed a good agreement with the analytical 

modeling.   

The intermittent peaks of temperature which exceeds 1000 K were observed 

during the sliding contact.  The corresponding contact stress increased ahead of the 

temperature peaks, thus the stress could be one of playing parameters on the temperature.  

As the contact stress was gradually increased and stored on surface atoms, the atomic 

displacement could increase when the atomic stress reached certain value so that the 

temperature increased by big change in atomic velocity with high speed.  The material 

transfer from the asperity to the DLC surface was observed during the sliding contact.  

According to study in the number of bonds, transferred atoms made bonds with the DLC 

surface under van der Waals force and covalent bond.  As a result of the simulation of the 

bouncing motion, the material transfer between the asperity and the DLC surface 

occurred in both directions, i.e., the asperity atoms were transferred to the DLC, vice 

versa.  
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CHAPTER 7  

CONCLUSION 

 

This dissertation provides the numerical/computational analysis and empirical 

studies on "Thermomechanical material behavior of thin carbon film under high speed 

sliding contact".  The microwear mechanism of a hard carbon film under high sliding 

speed contact is postulated in terms of thermomechanical contact behavior.  This 

postulation is applied to a diamond like carbon (DLC) film which is most commonly used 

in head disk drives (HDDs) as a protective coating.   The contact solution from the 

improved contact model (Yeo et al. 2009) and the resulting frictional heat flux were 

incorporated into the theory of heat transfer, which enabled to calculate the surface 

temperature rise during the sliding contact.  The effect of frictional heat generation during 

the sliding contact in HDI was discussed in terms of the thermal stability of a solid 

carbon structure.  The main contents of three main categories, 1) Analytical modeling 

(Chapter 2 – 4), 2) Empirical study (Chapter 5), and 3) Computational molecular 

dynamics (MD) simulation (Chapter 6).   

7.1 Analytical modeling 

The thermomechanical analysis modeling based on improved contact model 

which accounts for deformation of soft substrate was proposed in Chapter 2.  The contact 

stress and the surface temperature on contact area were calculated during the sliding 

contact between a single asperity and a flat surface where materials of both contacting 

bodies are DLC.  Comparing the improved contact model to the conventional Hertzian 

contact model, the Hertzian contact model overestimated the contact pressure and the 

contact area.  In addition, it was found that the temperature rise during the sliding contact 

can lead to the thermomechanical material degradation of DLC.  In Chapter 3, the 

thermomechanical analysis modeling was applied on HDI contact with three different 

disk defects (Al2O3, SiO2 and AlTiC), with employing the heat partition factor.  It was 

found that the Al2O3 defect was the most critical to the thermomechanical material 
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degradation as it showed the highest temperature rise on the contacting surface with 

considerable mechanical stress.  The parametric study with 6 different key contact 

parameters were conducted, and it was concluded that the velocity, surface interference, 

and shape of the asperity were main player on temperature rise.   

Extending the thermomechanical single asperity contact model from Chapter 2 – 

3, contact between the rough surfaces with different materials of head substrate was 

evaluated in Chapter 4.  The mechanical strength of the substrate affect the asperity 

interactions which changes the normal position of neighboring asperities, so that the 

softer material (NiFe) showed less number of contact asperities as well as less contact 

pressure than stiffer material (Al2O3).  By using an approximate analytical solution for 

the transient surface temperature rise due to the frictional heat generation, it was found 

that the continuous sliding contact could cause critical temperature rise at each asperity.  

Accordingly, the number of critical asperities (Nc) with the temperature rise over 300 °C 

increases during the sliding contact.   

Both the single defect contact and the burnishing wear showed high temperature 

rise on the contact area during the sliding contact.  Therefore, they could be explained by 

the material softening due to frictional heat generation on the contacting surfaces.  The 

thermophysical material properties of contacting materials and dynamic parameters were 

main key factors to determine the contact behavior, such as thermal conductivity, elastic 

modulus, sliding velocity, surface interference, and shape of contacting body.   

7.2 Empirical study 

The contact stress and temperature rise during the surface interactions can make 

changes on the contacting surfaces, such as mechanical properties, thermal properties, 

microstructure, and shape of the surface.  In order to characterize surface changes after 

surface interactions in HDI, empirical studies using actual HDDs were conducted.   

Based on the head failure by disk defect, the repeated-contact test was conducted 

and the changes in shape of defects were investigated by AFM.  From repeated-contact 

test in HDI with disk defects, defect growth after the surface interactions was observed.  
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According to the result from analytical modeling, more surface interference results in 

higher temperature and contact stress on the contact surface.  Therefore, grown defects 

after surface interactions can make a critical damage to the head surface when next 

contact is induced.   

It was reported that the burnishing wear can thermomechanically degrades the 

DLC material during the sliding contact based on the analytical modeling.  Changes in 

thermomechanical properties of damaged head surface by burnishing wear were 

investigated by the nanoscratch test and the micro-Raman measurement.  As a result of 

the nanoscratch test, the more burnishing wear caused the more reduction in mechanical 

strength.  Therefore, it was proven that the burnishing wear deteriorates the mechanical 

strength of the head carbon film through the nanoscratch test on real burnished head with 

different burnish levels.  In addition, the graphitization of DLC film was observed on 

burnished area through the micro-Raman measurement.  In conclusion, it was empirically 

manifested that the burnishing wear brings to thermal softening of DLC film due to 

frictional heat generation, so that the mechanical strength of DLC film is deteriorated.  

7.3 Computational MD simulation 

In Chapter 6, the contact behavior of solid carbon materials in atomic scale was 

investigated by the MD simulation.  The AIREBO potential was used to calculate pure 

carbon bond.  The DLC structure with sp
2
 ratio of 0.34 was prepared by the annealing 

process, and then the diamond asperity body with dynamic motion was applied to make 

contact with the DLC body.  In order to investigate the sliding contact behavior, sliding 

contact under ramp loading was implemented for 100 psec.  As a result, the contact stress 

corresponds to the structure change on the DLC film, i.e., sp
2
 ratio increased with 

increase of contact stress during sliding contact.  At the same time, the temperature on 

contact area also increased about 100 K.  The temperature occasionally showed 

catastrophic increase up to 1000 – 2000 K, and it was correlated to the atomic contact 

stress.  It was found that both the normal contact stress and temperature rise on contact 

area from MD simulation correspond to results from the analytical model.  
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The material transfer from the asperity to the DLC surface was observed with 

bond breakages during sliding contact.  It was found that the transferred atoms have 

single to no bond with DLC surface, indicating that there are barely covalent bonds 

between them.  In order to investigate changes on the asperity after surface interaction, 

bouncing motion was implemented by MD simulation.  As a result, atoms from DLC 

surface were transferred and mixed to the asperity surface, so that the asperity size was 

grown.  This gives a good evidence of the defect growth which is resulted from the 

empirical study in Chapter 5.  However, further studies about transferred materials in 

terms of material properties are needed to predict secondary contact of the grown asperity.  

In conclusion, according to the thermomechanical contact model in Chapter 2 - 4, 

it is proposed that sliding contact on DLC film brings to high temperature rise on the 

contacting surfaces.  The contact behavior between a disk defect and a head carbon film 

in HDD were examined, and it was observed that even though the contact stress value is 

in elastic regime, the high speed sliding contact (i.e., 20 m/s ~ 50 m/s) increased the 

surface temperature above the critical value (> 300 C) which is high enough to degrade 

the head carbon film.  It was empirically proven that surface-to-surface contact (i.e., 

burnishing wear) in HDI brings to thermomechanical degradation on the hard carbon 

films.  In addition, the sliding contact brings to material transfer, and it can be critical to 

the secondary contact as it changes shape and material properties of contacting surfaces.    
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APPENDIX A: EQUIVALENT ROUGH SURFACE 

 

The profile in an arbitrary direction x is z(x), and the mean square height, slope 

and second derivative of z(x) are defined as (McCool 1986) 

 2

0 zEm  ,             (A-1) 
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2 dxdzEm  ,            (A-2) 
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4 dxzdEm  ,            (A-3) 

 respectively, where E( ) denotes a statistical expectation.  The m0 is simply the mean 

square surface height, thus the square root of m0 can be readily obtained from measured 

roughness σ.  The density of asperity (η) for an isotropic surface and the mean asperity 

curvature (κm) are given by 
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 respectively, where the reciprocal of κm corresponds to the equivalent radius R in GW 

model.  m2 and m4 can be obtained by solving (A-4) and (A-5) with R and the measured 

η.  From m0, m2, and m4 for each of two rough surfaces, the corresponding values for the 

equivalent rough surface (mi)e are given by 

     
21 iiei mmm              (A-6) 

 where i=0,2, and 4.  
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APPENDIX B: TRANSIENT HEAT TRANSFER SOLUTION 

 

When heat flux q is heating the surface of a semi-infinite body, based on the 

classic Fourier’s law, the temperature distribution T(z) from surface (z = 0) to the bulk is 

expressed by (Özisik 1993) 

t

tzT

z

tzT








 ),(1),(
2

2


,  (in  z0 for t > 0)    (B-1a) 

q
z

tzT
k 



 ),(
,   (at 0z  for t > 0)     (B-1b) 

iTzT )0,( ,   (in  z0 at t = 0)      (B.1c) 

 where t is the time.  Four boundary conditions can be used to solve the governing 

equation (Eq. (B-1a)).  The other two boundary conditions are specified at the location of 

the thermal layer.  Considering the thermal layer (ζ(t)) is the distance from the surface to 

the position (or depth) of no more heat flow, at z = ζ(t), following four boundary 

conditions should be satisfied 
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To account for the effective depth of heat transfer, the governing equation (Eq. 

(B-1a)) is integrated from the surface (z = 0) to the thermal layer (z = ζ(t)) as expressed 

by  
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 After applying boundary conditions (B-1b), (B-2a)-(B-2c) to Eq. (B-3), the Eq. (B-3) is 

simplified as 



Texas Tech University, Sungae Lee, May 2014 

 

103 

 

 




   

 

iTdzT
dt

d

k

q

0
           (B-4) 

Then, the cubic polynomial function is used to obtain the approximate analytical solution 

of T(z,t) as described by 

3
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a1 ~ a4 are determined from the four boundary conditions and the results are 
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 Applying z = 0 in Eq. (B-5), ζ(t) is readily expressed as a function of the surface 

temperature (Ts(t)), 
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 Lastly, after substituting ζ(t) to the Eq. (B-4), the surface temperature by the stationary 

heat source can be determined by 
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APPENDIX C: AIREBO POTENTIAL 

 

The AIREBO is an outstanding potential to describe pure carbon and hydrocarbon 

bonds.  The AIREBO potential added long-range and torsional interaction potentials to 

the REBO potential which is short-ranged, expressed as (Stuart 2000) 

torsionalLJREBOtotal EEEE   .                       (C-1) 

 The REBO potential describes a covalent bonding of C-C bonds as expressed by 

)()( ij
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 where V
R
 and V

A
 are repulsive and attractive pairwise potentials as function of the 

distance (rij) between atom i and atom j. The bij term is a bond-order term which accounts 

for chemical effects, i.e., strength of the covalent bonding interaction.   

As a secondary potential to describe long-range intermolecular interactions, a 

Lennard-Jones (LJ) 12-6 potential is added to the REBO potential, and LJ potential is 

given by 
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 where εij is a potential well which is a range of minimum potential region, and σij is a 

size of atom. Depending on the distance separating the pair of atoms in question, the 

strength of any bonding interaction between them, and the network of bonds connecting 

them, the LJ potential is switched on/off in switching region [σij, 2
1/6

σij].  Thus the 

mathematical expression of the LJ potential in AIREBO potential is given by 

             ij

LJ

ijijijrij
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ijijijbijrLJ rVCrtSrVCbtSrtSE  1*
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 where a universal cubic spline switching function S(t) is unity for t < 0 and zero for t > 1, 

and 
*

ijb  is a hypothetical bij that is evaluated at a 
min

ijr .  Scaling functions tr(rij) and tb(bij) 
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rescale and convert the domain and bij term for use in S(t).  A Cij connectivity switch 

which is a function of weight terms disables the LJ interaction for any atom pair with 

three or fewer bond connections.  

 Lastly, the torsional interaction potential is included in AIREBO to overcome a 

drawback of REBO potential which lacks expression of any torsional interactions with 

respect to single bonds.  The torsional potential in AIREBO is a function of a dihedral 

angle with its contributing bond weights, as given by 
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 where a bond weight w is a number between zero to one and it indicates a bond between 

two atoms.   V
tors

 is a torsional potential as a function of dihedral angle ω, and given by 
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APPENDIX D: AIREBO POTENTIAL 

 

Based on the improved contact model in Chapter 1, the semicontact width and the 

maximum contact pressure (po) are given by a = (Rδa)
1/2

 and pm = P/(a
2
).  The applied 

load (P) can be expressed as 9/16 2*3
REP a , and the distribution of contact pressure 

p(r) is given by 

 The radius of diamond asperity R is set to be 1 nm, E
*
 is a reduced elastic modulus of the 

two contacting bodies, i.e., E
*
 = ((1-1

2
)/E1 + (1-2

2
)/E2)

-1
, and δa is the normal 

displacement (or deformation) of the spherical body expressed as  
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During sliding contact, the interface develops frictional heat flux q, i.e., q = μVpm, 

where μ is a coefficient of friction and V is the sliding velocity, and pm is the mean 

contact pressure on the contact area. The asperity is heated by stationary heat source, thus 

the temperature on the asperity is given by 
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On the other hand, the DLC surface is heated by moving heat source, and the temperature 

of the DLC surface on contact area is given by 
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where the heat flux on the asperity qs=(1-λ)qm, and total heat on  the DLC surface Qv= 

λ(2a)
2
πqm.  Based on Francis’s postulation (1971), the initial heat partition factor is given 

by 
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and the heat partition factor is updated as Ts increases during the sliding contact by 

assuming Tavg = Ts,avg = Tv,avg. 

For the sliding scratch under ramp loading, the surface interference  is varied 

from 0 to 0.5 nm.  The total time of sliding contact is 60 psec, and sliding velocity and 

the initial temperature are 50 m/s and 300K, respectively.  The thermophysical material 

properties of diamond and DLC bodies are shown in Table D.1.   

Table D.1 Thermophysical properties of diamond and DLC. 

 E (Gpa) ν k (W/mK) ρ (kg/m
3
) 

Cp 
(J/kgK) 

Body 1 Diamond 1140 0.07 120 1700 512 

Body 2  DLC 168 0.3 0.52 2150 500 
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