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ABSTRACT 

 

Ultra-thin multilayer diamond-like carbon (DLC) coatings are used in precision 

engineering applications (including hard disk drives (HDDs)); their high hardness, 

chemical stability, and low friction coefficient in a range of environments allow 

protecting delicate substrate materials from damage, wear, and corrosion. A critical 

challenge when designing ultra-thin DLC coatings is understanding how they deform and 

delaminate from the substrate as a function of operating and coating design parameters 

including coating layer thickness and composition. 

We use molecular dynamics simulations of the ultra-thin multilayer DLC coatings 

used in HDD recording heads, which consist of stacked layers of DLC and amorphous 

silicon (a-Si) on a Ni substrate, to quantify the effect of coating design parameters on the 

mechanical properties of the coating, plastic deformation of the substrate, and adhesion of 

the coating to the substrate. Based on the physical understanding gained from the 

simulations we derive design guidelines for ultra-thin multilayer DLC coatings. 

We find that the hardness and Young’s modulus of the coating increase with 

increasing DLC layer thickness and decreasing a-Si layer thickness because DLC and a-

Si are the hardest and softest materials in the coating, respectively. We observe that 

plastic deformation of the Ni substrate for a constant mechanical load increases with 

increasing coating hardness because plastic deformation is increasingly preferential to the 

substrate with increasing coating hardness, causing the DLC coating to bend like a plate 
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into the plastically deformed substrate. We show that the presence of an intermediate a-Si 

layer is critical for improving adhesion of the DLC coating to the Ni substrate because 

bonding between Ni and DLC distorts the Ni lattice more than bonding between a-Si and 

Ni. Similarly, we observe that that an intermediate layer comprised of low sp3-fraction 

DLC improves adhesion of high sp3-fraction DLC to Si but not Ni substrates compared to 

coatings without an intermediate layer. For coatings with an intermediate a-Si layer, 

adhesion improves with decreasing a-Si layer thickness because less a-Si is present to 

plastically deform during loading, which displaces the coating failure region from the a-

Si layer into the Ni substrate.  
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INTRODUCTION 
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1.1 Problem statement 

Diamond-like carbon (DLC) is often used as a coating to protect substrate 

materials against damage due to corrosion or contact with other moving bodies. The high 

hardness, low friction coefficient, and chemical stability of DLC in a range of 

environments provide superior protection against wear and corrosion compared to many 

materials [1]. Because of these desirable properties, DLC coatings are used in a wide 

range of engineering applications, including hard disk drives [2], internal combustion 

engines [3], razor blades [4], medical implants [5], and MEMS/NEMS devices [6]. 

However, the amorphous atomic structure of DLC leads to high intrinsic compressive 

stress that increases with increasing DLC thickness [7], which combined with its 

chemical inertness leads to poor adhesion between DLC and many substrate materials. 

Attempts to mitigate these problems by modifying the composition of the coating [8–12] 

or pre- and postprocessing of the substrate and coating [2,12–15] have been shown 

experimentally to improve adhesion of DLC coatings to a range of substrates, but can 

damage delicate substrate materials or change the mechanical properties of the coating 

such that their wear or corrosion resistance is reduced [2,8,9,12,14]. Changing the 

structure of the coating, such as by using a multilayer rather than single-layer DLC 

coating, has been shown to improve adhesion of DLC coatings to various substrates 

without damaging the substrate or degrading the protective properties of the DLC layer 

itself [16–18]. However, when the coatings are several nanometers thick or less, it 

becomes increasingly difficult to experimentally measure their wear and delamination 

and to quantify the deformation of the coating and substrate caused by external loading 

due to contact with another moving body. Thus, there is a lack of understanding of how 
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coating design parameters, including thickness and composition, affect the ability of an 

ultra-thin multilayer DLC coating to protect the substrate from plastic deformation and to 

resist delamination from the substrate, which understanding is critical for their design. 

Hence, the research objective of this dissertation is to test the hypothesis that 

the protective properties of ultra-thin multilayer DLC coatings, including their ability to 

prevent plastic deformation of the substrate and their adhesion to the substrate, can be 

improved by tuning the design parameters of the coating. This will be achieved by 

quantifying the mechanical properties of the coating, quantifying the deformation of the 

coating and substrate due to combined normal and tangential loading, and quantifying 

adhesion of the coating during normal, tangential, and combined normal and tangential 

loading as a function of coating layer thickness and composition. We focus on the ultra-

thin DLC coatings used in hard disk drives (HDDs), a practical application with a need 

for greater understanding of the protective properties of these coatings as a function of 

their design parameters. However, the results are not limited to this application and will 

help in the design of DLC coatings in a wide range of applications for which they are 

used. 

1.2 Magnetic storage technologies 

1.2.1 Industry background and motivation 

Magnetic recording is based on the principles of electromagnetic induction and 

magnetic hysteresis, in which an electric current is converted into a magnetic field via a 

coiled wire and the resulting magnetic field magnetizes a ferromagnetic material 

according to a specified pattern. Figure 1.1 shows a length of wire coiled into Nw 
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windings that induces a magnetic field of strength Hm when a current I is applied through 

the wire, placed near a ferromagnetic material. The strength of the magnetic field induced 

by the wire depends on the number of windings Nw, the current I, and the length of the 

wire ℓ, as Hm = NwI/ℓ. The magnetic field magnetizes the ferromagnetic material by 

aligning the material’s individual magnetic domains with the external magnetic field Hm. 

The degree of alignment, and thus, the resulting residual magnetization of the material, 

depends on the magnitude of the magnetic field Hm, the distance between the coil of wire 

and the magnetic material, and the previous orientation of the magnetic domains. The 

phenomenon in which a material’s magnetization depends on its previous state is known 

as magnetic hysteresis. Figure 1.2 shows a magnetic hysteresis loop for the magnetization 

of a ferromagnetic material M as a function of the applied magnetic field Hm. At point A 

before an external magnetic field has been applied, the magnetic domains of the 

Figure 1.1 Length of coiled wire with Nw windings that induces a magnetic field of 
strength Hm when a current I is applied through the wire, placed near a ferromagnetic 
material. 

Induced 
magnetic 
field Hm

Current I
through wire Coiled wire with 

Nw windings

Ferromagnetic material

Randomly-oriented 
magnetic domains

Aligned magnetic 
domains
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magnetic domains
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ferromagnetic material are randomly oriented, resulting in zero net magnetization. If an 

external magnetic field is applied, the magnetization follows the red curve and 

approaches point B with increasing Hm, at which point the ferromagnetic material has 

reached saturation and all available magnetic domains are aligned with the applied field. 

However, if the external magnetic field is then reduced, the magnetization of the 

ferromagnetic material follows a different (blue) path to point C. At this point, there is no 

external magnetic field (Hm = 0), but the ferromagnetic material remains magnetized (M 

≠ 0). In order to remove the magnetization of the material (point D), an opposite 

magnetic field must be applied of magnitude Hc, known as the material’s coercivity, 

beyond which any further decrease in Hm towards point E again results in residual 

magnetization of the ferromagnetic material. Hence, for any value of Hm between points 

E and B the magnetization of the ferromagnetic material depends on the previous state of 

the material in addition to Hm. It is this phenomenon that allows one to magnetize a 

ferromagnetic material, or a region thereof, and recall that magnetization at a later point 

Figure 1.2 Magnetic hysteresis loop with the magnetization of a ferromagnetic material 
M as a function of the applied magnetic field Hm. 
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even in the absence of a continually applied external magnetic field. The possibility of 

using this property of magnetic materials to record audio was first suggested in 1888 by 

Oberlin Smith [19]. However, he did not succeed in actually creating a magnetic 

recording device, which was first achieved in 1899 by Valdemar Poulsen with the 

invention of the telegraphone [20]. Figure 1.3 (a) shows Oberlin Smith and Valdemar 

Poulsen and Figure 1.3 (b) shows a schematic of the key components of the telegraphone, 

reproduced from [19]. In a telegraphone, an electrical audio signal is converted into a 

fluctuating magnetic field through electromagnetic induction in a coil of wire, also 

referred to as the recording head (E in Figure 1.3 (b)), as shown in Figure 1.1. This 

Figure 1.3 Invention of the telegraphone. (a) Oberlin Smith and Valdemar Poulsen, 
inventors of magnetic recording and (b) schematic of the key components of the 
telegraphone. Reproduced from [19]. 

Electrical audio signal input

Valdemar PoulsenOberlin Smith

Ferromagnetic steel wire

Wire AB (into page)

Recording head

(a)
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fluctuating magnetic field magnetizes a ferromagnetic steel wire (AB in Figure 1.3 (b)), 

with varying magnitude and polarity, as the recording head is moved along the steel wire, 

thus storing a nonvolatile representation of the audio signal. The audio signal can be 

retrieved by moving the recording head back along the magnetized wire in the absence of 

a driving electrical signal, which thus inductively re-creates the original electrical audio 

signal from the magnetized wire. Magnetic wire recorders were popular through the mid-

1950s, when tape recorders had become commercially viable on a large scale [19]. Figure 

1.4 shows a schematic of a typical tape drive (see, e.g., [21]), including the supply and 

take-up reels for holding the magnetic tape before and after reading or writing, 

respectively, the recording head for reading and writing data, tension control and tension 

measuring rollers that ensure the desired tension in the tape as it is fed past the recording 

head, and the capstan and pinch roller that control the speed of the tape. Tape recorders 

use the same magnetic phenomena that wire recorders use for recording audio signals but 

differ in the medium used to store them, which for tape recorders consists of a layer of 

Figure 1.4 Schematic of a magnetic tape drive. 
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magnetic material bonded to flexible plastic tape [19]. Magnetic tape recorders largely 

replaced magnetic wire recorders due to the lower cost and lower chance of twisting or 

tangling of magnetic tape compared to magnetic wire [19,22]. Furthermore, a key 

advantage of magnetic tape over steel wire is the ability to optimize the magnetic 

properties of the recording medium independent of the mechanical properties of the tape 

[19]. Optimizations of the magnetic recording medium as well as developments such as 

digital audio and data recording, multiple-track magnetic tape, modifications to the types 

of mechanical, electrical, or optical components used to control tension in the tape, 

improved signal processing algorithms, and magneto-resistive (MR) and giant-MR 

(GMR) read elements continued throughout the remainder of the 20th century and 

continue today [21,23,24]. These developments are driven primarily by a desire for 

greater storage density (bytes/in2 or bytes/in3), cheaper data storage (bytes/dollar), and 

faster data access (bytes/second). Although magnetic tape recording has shown 

exponential improvement in storage density and cost [25], data access times are 

inherently limited for magnetic tape drives by the sequential nature of storing and 

retrieving data on spooled reels. Thus, the need for faster, and in particular, continuous 

random access to data led to the development of the HDD in 1956 with the introduction 

of the IBM RAMAC [26]. 

1.2.2 Hard disk drives  

The fundamental magnetic phenomena used for storing and retrieving data are 

similar in an HDD compared to magnetic tape recording devices, but differ primarily in 

the use of a rigid disk rather than flexible tape to which the magnetic recording layer is 

bonded and, consequently, in the mechanical components necessary for controlling the 
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motion of the disk and the magnetic read/write components when reading and writing the 

desired data. Figure 1.5 shows a schematic of an HDD, including the magnetic disks, 

spindle, suspension arm with attached read/write head, voice-coil actuator, signal 

processing and controls electronics, and enclosure. Digital data are stored in 

circumferential tracks along the top and bottom surfaces of the magnetic disk, which 

consists of a magnetic material on an aluminum or glass substrate [20]. Multiple 

magnetic disks are stacked on the spindle to increase data storage capacity. When reading 

or writing data, the spindle spins the magnetic disks at a velocity of 5,400-15,000 rpm 

[20,26], the voice-coil actuator moves the suspension arm above (below) the desired 

circumferential data track on the top (bottom) of the disk, and data is transduced using the 

read/write head as described previously for magnetic wire recording. Writing data to the 

disk is achieved by using inductive coils that magnetize distinct regions, or domains, of 

the disk. However, unlike the first magnetic recording devices, HDDs store data digitally, 

with the polarity of each magnetized domain representing one data bit, and thus, 

increasing data density of HDDs requires decreasing the size of these magnetized 

Figure 1.5 Schematic of an HDD. Modified from the public-domain image 
https://commons.wikimedia.org/wiki/File:01b-hard-drive-cover-removed.JPG. 

Magnetic disks

Suspension arm

Voice-coil actuator

Signal processing and 
controls electronics (also 
along bottom surface)

Spindle

Enclosure

Read/write head



10 
 

 
 

domains. This has dictated much of the evolution in HDD design since they were first 

introduced in 1956, in part because decreasing the size of the magnetic domain decreases 

the strength of the magnetic field it creates when it has been magnetized, and thus makes 

it increasingly difficult to read and write the data to and from the disk. Evolutionary 

developments in the inductive coil technology of read/write heads helped compensate for 

this until the early 1990s, at which point fundamental limits in the ability to inductively 

determine the polarity of the magnetic domains on the disk led to the implementation of 

MR read elements in HDDs [20]. GMR read elements and tunneling-MR (TMR) read 

elements followed in subsequent decades [19,20]. Further decreases in bit size were 

achieved in the mid-2000s by changing the orientation of the magnetic moments of the 

bits on the disk from horizontal to perpendicular with respect to the surface of the disk 

[20,27]. Challenges with the persistence of the magnetization of the domains, and thus, 

with the data stored on magnetic disks, also occur with decreasing domain size, which 

have led to the use of magnetic materials with increasing magnetic coercivity on the disk 

[20]. However, as the size of the magnetic domains on the disk decreases further, the 

materials approach the superparamagnetic limit, below which the polarity of the domains 

may spontaneously reverse, destroying the data stored in the HDD. Therefore, current 

research in HDD technology aims to push the effect of the superparamagnetic limit to 

increasingly smaller magnetic domains through the implementation of read/write heads 

that locally and temporarily heat the disk and thus lower its coercivity during writing 

(heat-assisted magnetic recording) or by physically patterning the magnetic disk with pre-

defined magnetic islands (bit-patterned media) [20,27]. 
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1.2.3 Protection of HDD recording heads 

The challenges associated with decreasing the size of magnetic domains on the 

disk have not been solved through changes in read/write head and magnetic disk 

technologies alone, but have also required decreasing the spacing between the head and 

the disk. Figure 1.6 shows a schematic of the head/disk interface (HDI) in an HDD. The 

disk is comprised of a magnetic layer on a substrate covered with a DLC layer and 

lubricant (sub)mono-layer to protect against corrosion of the delicate magnetic materials 

and against accidental contact with the recording head during read and write operations. 

The recording head is comprised of the magnetic read/write components including the 

write coils, GMR element, top pole, and magnetic NiFe shields on an alumina substrate. 

A protective DLC coating is also used on the recording head, which consists of a DLC 

layer and an amorphous Si (a-Si) layer that improves adhesion between the DLC layer 

and the magnetic materials and substrate of the recording head. The distance between the 

outermost surfaces of the head and disk is the flying height. The distance between the 

magnetic read/write components of the head and the magnetic layer of the disk is the 

magnetic spacing. Decreasing the magnetic spacing between the magnetic read/write 

components of the head and magnetic layer of the disk improves their magnetic coupling, 

Figure 1.6 Schematic of the head/disk interface in an HDD. 
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requiring less energy for the write coils on the head to magnetize the magnetic domains 

on the disk when writing data and making the read element on the head more sensitive to 

the polarity of the magnetic domains on the disk when reading data. However, decreasing 

the magnetic spacing requires decreasing both the flying height and the thickness of the 

protective DLC coatings on the head and disk. The flying height decreased from 20 μm in 

the 1956 IBM RAMAC to 1-2 nm in today’s state-of-the-art HDDs [26,28,29], and the 

protective DLC coatings, which have been used in HDDs since the 1990s, are less than 2 

nm thick in state-of-the-art HDDs [30–32]. The likelihood of contact between the head 

and the disk increases with decreasing flying height, and the likelihood of coating 

removal and thus, damage to the magnetic components of the head and disk due to wear 

or corrosion, increases with decreasing coating thickness. Experimental results show that 

damage due to contact between the head and disk occurs primarily on the recording head 

near the top pole [33,34], including the region indicated by the red box in Figure 1.6, 

thus, one focus of current HDD research is how to design increasingly thinner DLC 

coatings for the recording head that remain intact due to accidental contact with the disk 

and that are able to protect the delicate magnetic components beneath them throughout 

the lifetime of an HDD. 

1.3 DLC coatings 

1.3.1 Diamond-like carbon (DLC) 

Carbon forms multiple allotropes including diamond, graphite, fullerenes, 

nanotubes, graphene, glassy carbon, and DLC, which differ not in chemical composition 

but in their atomic structure, i.e., in the physical arrangement of their constituent carbon 

atoms and the types of carbon-carbon bonds that form between them [35]. Figure 1.7 



13 
 

 
 

shows the atomic structure of diamond and graphite, the most common allotropes of 

carbon, and DLC, the overcoat material used on HDD recording heads. Four-coordinated, 

three-coordinated, and two-coordinated carbon atoms are shown as gray, green, and tan, 

respectively. Diamond is comprised of a diamond cubic arrangement of carbon atoms 

that form sp3-hybridized bonds with the four nearest-neighbor carbon atoms (Figure 1.7 

(a)). Graphite is comprised of sheets of hexagonally-bonded carbon atoms that form sp2-

hybridized bonds with three nearest-neighbor carbon atoms (Figure 1.7 (b)). Despite their 

equivalent chemical composition, the properties of diamond and graphite such as their 

chemical, optical, mechanical, and tribological properties are different and span those of 

many common engineering materials. For example, diamond is the hardest naturally-

occurring material, displaying a hardness of approximately 100 GPa [36], whereas 

graphite has a hardness of less than 1 GPa [37]. However, when sliding over another 

material, graphite may have a lower coefficient of friction than that of diamond [38–40]. 

Alternatively, diamond-like carbon (DLC) is a form of carbon in which the atomic 

structure is amorphous and the carbon atoms form a mixture of sp, sp2, and sp3-

hybridized bonds (Figure 1.7 (c)). Its mechanical properties are intermediate between 

Figure 1.7 Atomic structure of three carbon allotropes. These include (a) diamond, (b) 
graphite, and (c) DLC. 

Gray: 4 nearest neighbors

Green: 3 nearest neighbors

Tan: 2 nearest neighbors

(a) (b) (c)



14 
 

 
 

those of diamond and graphite, and vary depending on the fraction of sp3-hybridized 

carbon-carbon bonds and the amount of hydrogen and/or other dopants in the material. 

Like diamond, DLC is chemically stable in a range of environments, although analogous 

to its mechanical properties, its chemical properties vary according to its composition, 

including sp3 fraction, hydrogen content, and other dopants. The sp3 fraction, hydrogen 

content, and other dopants in a DLC coating depend on the deposition technique and can 

be controlled by tuning the parameters of the deposition process. Many deposition 

processes have been implemented since the first DLC coatings were described in the 

1950s. DLC coatings did not gain much attention until the 1970s, and began to be used in 

large-scale industrial and manufacturing applications in the mid-1980s [35]. The 

development of DLC deposition technology led to the implementation of various physical 

vapor deposition (PVD) and chemical vapor deposition (CVD) techniques including 

plasma-enhanced CVD (PECVD) [41], ion-beam deposition [42], sputtering [43], filtered 

cathodic vacuum arc (FCVA) [44], and pulsed laser deposition (PLD) [45]. Chemical 

deposition techniques function by decomposing a hydrocarbon precursor gas, and 

typically form DLC coatings that contain hydrogen (DLC:H). Physical deposition 

techniques typically involve vaporizing material from a solid target, such as graphite, and 

can form hydrogen-free DLC films if the target material is hydrogen-free. Deposition 

parameters can be varied to control the sp3 fraction within a range that depends on the 

deposition technique. Sputtering, for example, cannot provide as high an sp3 fraction as 

FCVA or PLD, which have been used to create DLC films with greater than 80% sp3 

fraction [9]. Films with low to intermediate sp3 fraction (< 40-50%) are referred to as 

amorphous carbon (a-C) and those with a larger sp3 fraction are known as tetrahedral 
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amorphous carbon (ta-C), although no standardized usage exists, and the terms DLC, a-C, 

and ta-C are often used differently by different authors [46]. ta-C has properties that 

approach those of diamond, whereas a-C is more graphite-like. If hydrogen is present the 

films are classified as DLC:H, or a-C:H and ta-C:H depending on sp3 fraction. Other 

dopants such as Ti, B, S, Si, Cr, F, W, N, or O [1,6] can be included in the deposition 

process and change the properties of the resulting DLC film. These dopants can be used 

to decrease the friction coefficient [47], decrease the intrinsic compressive stresses [7], or 

improve adhesion between DLC and the substrate [48]. However, their inclusion can 

negate other beneficial properties of DLC coatings, including reducing the hardness of 

the DLC coating [7]. 

1.3.2 Use of DLC as a protective coating 

Because of the tunability of the mechanical and chemical properties of DLC and 

the corresponding range of tribological benefits such as low friction, low wear rates, and 

corrosion resistance that they provide in a range of environments, they are used as 

protective coatings in many engineering applications [6,35]. For example, DLC coatings 

are used to coat automobile engine components to reduce friction and increase maximum 

load carrying capacity of gears [3], in articulating knee and hip implants to reduce wear 

and corrosion in artificial joint implants [5], in beverage containers to decrease their 

permeability [46], on razor blades to decrease friction and improve their longevity [35], 

and in HDD recording heads and magnetic disks to prevent wear and corrosion as 

discussed in section 1.2.3 [49]. However, challenges exist that limit the effectiveness of 

DLC coatings or preclude their use in many applications because of high residual 

compressive stress due to the deposition process. This residual stress increases with 



16 
 

 
 

increasing sp3 fraction and increasing coating thickness, and leads to cracking, brittle 

fracture, and delamination of DLC coatings [1,6]. Furthermore, the chemical stability that 

prevents corrosion of DLC coatings in many environments also prevents strong bonding 

between DLC coatings and many substrates. Thus, an intermediate layer comprised of a 

material that bonds well to both DLC and the substrate material is often used to improve 

adhesion between a DLC coating and its substrate. However, it is difficult to predict and 

measure how multilayer DLC coatings deform under external loading and thus, how 

coating design parameters such as composition and thickness affect its resistance to 

separation from the substrate due to the external loading. These difficulties increase with 

decreasing coating thickness, particularly when the coating is less than several 

nanometers thick and deformation of the coating is dominated by atomic-scale effects. 

Hence, researchers have turned to atomic-scale modeling techniques to understand the 

behavior of ultra-thin DLC coatings under external loading. 

1.4 Molecular dynamics 

1.4.1 Overview of molecular dynamics 

Molecular dynamics (MD) is an atomic-scale, stochastic modeling technique in 

which individual atoms are represented as classical particles that behave according to 

Newton’s laws of motion. Thus, MD is used to calculate trajectories of each atom as the 

system evolves over time, and is therefore better suited for simulating dynamic events 

such as external loading of DLC coatings than are other simplified atomistic approaches 

such as Monte Carlo simulations that do not explicitly include a measure of time. 

Furthermore, the simplified classical approach used in MD simulations can be used to 

simulate larger and more complex systems than can be simulated using more accurate 
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quantum mechanical approaches such as density functional theory (DFT). Although the 

classical approximation of the atom used with MD does not account for quantum 

phenomena, many of these phenomena, such as bonding between atoms, can be 

accurately modeled through the use of appropriately-selected interatomic potentials. 

Furthermore, the discipline of statistical mechanics provides a framework for justifying 

the representation of atoms as classical particles by showing the relationship between a 

system’s available quantum states and that system’s thermodynamic properties that is 

valid for a wide range of systems (see, e.g., [50,51]). 

1.4.2 Thermodynamics and statistical mechanics 

Statistical mechanics is based on the quantum-mechanical understanding that 

energy is quantized rather than continuous, and that therefore, only certain quantum states 

are available to a given system. The total number of available states increases with 

increasing system energy and with increasing system complexity, i.e., with increasing 

number of atoms and increasing interactions between them. Owing to the difficulty in 

solving the Schrödinger equation for many-body systems, it is currently impossible to 

model or describe every quantum state for any but the simplest systems. This is 

especially true for macroscopic systems, in which the number of atoms is of the order of 

1023 and the number of interactions between them and thus, the number of quantum states 

available, is exponentially larger. Indeed, the number of states available to even a system 

of noninteracting particles for all but its lowest energy levels is on the order of 10N, 

where N is the number of particles in the system [50]. However, many macroscopic 

systems can be fully characterized with only a few thermodynamic variables such as 

temperature, pressure, and volume. The seeming discrepancy between the more than 10N 
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different quantum states available to a system and the relatively few thermodynamic 

variables necessary to characterize that system can be reconciled statistically using the 

theoretical construct of an ensemble. Just as a system is a collection of particles, an 

ensemble is a collection of systems, in which each system has identical thermodynamic 

properties but a different quantum state compared to the other systems in the ensemble. 

Figure 1.8 shows a representation of an ensemble of systems in which every system has 

equal number of atoms N, volume V, and energy ℰ (in arbitrary units) but different 

distributions of that energy within each system. The total number of systems in the 

ensemble is equal to the number of quantum states available to the original system upon 

which the ensemble is based, and each available state is represented by a different system 

within the ensemble. Using the fact that an ensemble can be made arbitrarily large by 

Figure 1.8 Ensemble of systems with equal number of atoms N, volume V, and energy 
ℰ (in arbitrary units) but different distributions of that energy within each system. 
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scaling the size of the size of its constituent systems, and the fact that certain statistical 

relations can be greatly simplified for large systems, one can calculate the distribution of 

quantum states in the ensemble, including which states are most likely and which states 

have a negligible effect on the thermodynamic properties of the system, e.g., which 

energy distributions are statistically unlikely to ever occur. The information contained in 

the probability distribution of a system’s quantum states is known as the system’s 

partition function, and provides the link between a system’s quantum states and its 

macroscopic thermodynamic properties. The partition function is directly related to a 

subset of the system’s thermodynamic properties according to the boundary conditions 

specified for the systems that comprise the ensemble, and thus, it is possible to construct 

different ensembles depending on which thermodynamic properties are most useful for a 

given application. For example, the ensemble in which the number of atoms N, volume V, 

and energy ℰ are specified is the microcanonical or NVℰ ensemble, and the ensemble in 

which the number of atoms N, volume V, and temperature T of the constituent systems 

are specified is the canonical or NVT ensemble. Furthermore, with a knowledge of the 

partition function for a given system, any mechanical or thermodynamic property of a 

system can be related to its available quantum states [50]. Hence, one can model the 

thermodynamic and mechanical properties of a system in accordance with its quantum 

behavior so long as these relationships are not violated. However, even with such a 

relationship defined between a system’s quantum states and its macroscopic properties, 

calculating the actual properties of interest requires the solution of the N-body 

Schrödinger equation of the system unless an accurate simplification of the atomic 

interactions can be found. For many atomistic simulation techniques, including MD, this 
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simplification takes the form of interatomic potentials. 

1.4.3 Interatomic potentials 

Interatomic potentials are functions that describe atoms and their interactions as 

classical particles in a potential energy field. Types of available interatomic potentials 

range from simple, two-body potentials in which the energy between two atoms depends 

only on the distance between them, to more complex many-body potentials in which the 

energy between two atoms changes as a function of distance between them, the number 

and type of additional neighboring atoms, the angles between all nearest-atom pairs, the 

rotation of the atoms about the axis between them, or their electric charge. Figure 1.9 

shows the potential energy ULJ or UMORSE between two atoms calculated using the 

Lennard-Jones potential or Morse potential, respectively, two commonly used two-body 

potentials, as a function of the distance rij between two atoms i and j. These functions 

take the following forms: 

Figure 1.9 Potential energy ULJ or UMORSE between two atoms calculated using the 
Lennard-Jones potential or Morse potential, respectively, as a function of the distance rij 
between two atoms i and j. 
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where ULJ or UMORSE is the potential energy between atoms i and j, and ε, σ, D, α, and r0 

are tunable parameters that depend on the particular material being modeled. The energy 

between two atoms is negligible at large rij, but becomes increasingly negative, or 

attractive, with decreasing rij until reaching a minimum at the equilibrium distance, which 

corresponds to the equilibrium bond length for a pair of atoms. Thus, although no 

interatomic bonds are explicitly modeled, two atoms can be considered to be bonded 

when the distance between them is approximately equal to their equilibrium bond length 

[52]. The interatomic energy increases exponentially with decreasing rij when it is less 

than the equilibrium bond length, which represents the high repulsive forces that exist 

between the nuclei of two atoms at small distances. The total pairwise potential energy 

UTOTAL in the system is a summation of the pairwise energy Uij between each pair of 

atoms i and j: 

 

1
2TOTAL ij

i j i
U U

≠

= ∑∑ , (1.3)
 

where Uij is the pairwise energy from, e.g., the Lennard-Jones or Morse potential, Uij = 

ULJ or Uij = UMORSE. Often, because the interaction energy between two atoms is 

negligible when their distance is large (e.g., rij ≈ 7σ for ULJ), the interatomic potentials 

are cut off beyond a specified value of rij to limit the number of calculations that must be 

performed in large systems. This cutoff is preferably implemented over a range of rij to 

prevent a discontinuous jump in the potential energy function caused by a simple 
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truncation of the potential energy function, as shown in the inset of Figure 1.8, and is 

implemented by multiplying the interatomic potential function ULJ or UMORSE by a cutoff 

function fC that transitions smoothly from 1 to 0 over a desired range of rij, such as: 
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where r1 and r2 are the lower and upper limits of the desired cutoff region. Two-body 

interatomic potentials such as ULJ and UMORSE are less accurate representations of the 

actual interactions between two atoms than more complex, many-body interatomic 

potentials, but are often used because of their computational simplicity and thus, their 

ability to model large systems efficiently. However, their limited accuracy, in particular 

their inability to account for an atom’s local bonding environment and their lack of 

angular forces that control bond angles, limits the types of materials and atomic 

phenomena they can model to cases such as simple gases, close-packed crystalline solids, 

or some surface phenomena. Angular forces and local bond environment are important 

for modeling open atomic structures, i.e., those with a high fraction of empty space, such 

as carbon-based or other diamond-cubic materials, including the DLC and a-Si layers that 

comprise the coating of an HDD recording head. Interatomic potentials with these bond 

environment and angular terms include the Tersoff [53], AIREBO [54], and modified 

embedded atom method (MEAM) potentials [55]. Their shape is similar to the functions 

shown in Figure 1.9 for two isolated atoms or between two atoms in equilibrium. 

However, bond-environment screening functions and angular terms affect the magnitude 

of the interaction energy between an atom and any nearby atoms such that the interaction 
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energy between an atom and its neighbors is minimized for all neighbors except the n 

closest atoms with which the atom can form the desired bond angles, where n is the 

number of bonds the atom can form. For example, the Tersoff potential is used primarily 

for modeling C, Si, and Ge, and therefore is parameterized to favor tetrahedral and 

trigonal bonding, in which each atom bonds with three or four nearest neighbors. It takes 

the following form: 

 
( )
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( ) ( ) ( ) ( ) , _TERSOFF ij C ij R ij ij A ij ij ijk

k i j
U r f r f r b f r b gζ θ

≠

 
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 
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where fR and fA are the repulsive and attractive components of the pairwise interactions, 

respectively, and fC is a cutoff function (see Equation 1.4). Like the two terms that 

comprise the Morse potential (Equation 1.2), fR and fA take the form of an exponential, 

and thus the bij term is the primary difference between the Tersoff and Morse potentials. 

bij is a function of the angles θijk formed by an atom i, its neighbor j, and each remaining 

nearby atom k, and thus, is an angular term that reduces the magnitude of the attractive 

pairwise component of the energy fA for atom pairs that do not form favorable tetrahedral 

or trigonal bond angles with other nearby atoms, i.e., unfavorable interactions have θijk ≠ 

109.5° and θijk ≠ 120°. The functional forms and parameters of ζ and g define these 

favorable bond angles, the details of which are described in [53]. Figure 1.10 shows a 

schematic of the interactions between a group of carbon atoms i, j, k, l, and m modeled 

with the Tersoff potential. Atoms i, k, l, and m represent atoms in a plane of graphite (see 

Figure 1.7 (b)) with trigonal sp2 bonding. If a fifth atom, atom j, is placed near atom i as 

shown in Figure 1.10, the term bij between them would tend towards 0 due to the angle 

θijk being far from 120° (and far from 109.5°). Note that bij is a sum over all nearby three-

body interactions (see Equation 1.5), thus also accounts for the angle between atoms j, i, 
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and l (θijl as labeled in Figure 1.10), etc. Given the unfavorable position of atom j with 

respect to atom i and its other neighboring atoms, bij and thus, the attractive term bijfA(rij) 

in Equation 1.5 would be negligible and the interaction between atoms i and j would be 

repulsive, pushing atom j away from atom i and towards a more favorable position. 

Like the Tersoff potential, the AIREBO potential was developed primarily to 

model carbon in a wide range of bonding configurations. Depending on the composition 

of the system of interest, it is more versatile and in some cases more accurate than the 

Tersoff potential, particularly when modeling C-H bonding, but is not commonly used for 

modeling Si-Si and Si-C interactions and requires more computation than the Tersoff 

potential. The AIREBO takes the following form: 

 TORSIONLJREBOAIREBO UUUU ++= , (1.6)
 

where UREBO is a Tersoff-style pair function (Equation 1.5), ULJ is a Lennard-Jones pair 

function (Equation 1.1), and UTORSION is a four-body torsional term that controls the 

rotation of atomic pairs about their bond axis. The Tersoff-style UREBO differs from the 

Tersoff potential in that the bij term of the Tersoff potential is replaced with bij¯  in UREBO, 

where bij¯  is the average of the bij terms for atom i and atom j, i.e. bij¯  = (bij+bji)/2. This 

accounts for the bonding environments of both atom i and atom j, whereas the Tersoff 

Figure 1.10 Schematic of the interactions between a group of carbon atoms i, j, k, l, and 
m modeled with the Tersoff potential. 
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potential accounts only for the environment of atom i when calculating its contribution to 

the potential energy of the system. Thus, the AIREBO potential more accurately models 

the radical orbitals that form when a 3-coordinated carbon atom bonds to a four-

coordinated carbon atom, and more accurately models the difference between conjugated 

and nonconjugated double C-C bonds compared to the Tersoff potential [54]. 

Furthermore, the functional forms and parameters of ζ (see Equation 1.5) differ in UREBO 

compared to UTERSOFF, with more information about an atom’s local bonding environment 

calculated with UREBO. Because UREBO and UTERSOFF emphasize local bonding in network 

solids such as diamond, graphite, and DLC, the cutoff function fC and the screening 

functions inherent in ζ truncate atomic interactions in most atomic structures much closer 

to each atom than is typical for nonscreened and long-range potentials, such as the 

Lennard-Jones or Morse potentials. Thus, UREBO and UTERSOFF do not accurately model 

long-range interactions, which are important for some atomic structures such as near the 

surface of bulk carbon. The AIREBO potential corrects for this by superimposing a 

longer-range Lennard-Jones potential ULJ on top of the UREBO pairwise bonding term. 

However, this ULJ term contains additional switching parameters that exclude atom pairs 

that are close together and have large interaction energy due to the UREBO term. Thus, it 

describes the long-range but not the short-range portion of the Lennard-Jones potential. 

The torsional term UTORSION is important primarily for hydrocarbon chains with C-C 

bonds that are constrained against torsional rotations by hybridized atomic orbitals, but is 

not important when modeling dense solids such as diamond, graphite, or DLC. 

The Tersoff and AIREBO potentials were designed primarily to model the many 

possible configurations of C-C, C-Si, Si-Ge, and C-H bonds, which are comprised of 
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primarily covalent bonds. Hence, they are not as commonly used for modeling materials 

in which the pairwise interactions are primarily not covalent, such as metals. The 

embedded atom method (EAM) potential is an interatomic potential developed primarily 

for modeling metals [56]. Baskes enhanced the EAM potential by adding angular 

dependence so that it can be used to model an expanded range of materials, including 

systems with both metallic and covalent materials. The resulting potential is thus known 

as the modified EAM or MEAM potential [55] and takes the following form: 

 
( ) ( )1

2MEAM i i ij ij
j i

U F rρ φ
≠

= + ∑ , (1.7)
 

where ρī is the background electron density at the location of atom i due to its neighbors, 

Fi is an embedding function that describes how much energy is required to embed atom i 

at a location with the background electron density ρī, and ϕij is the pair energy between 

atoms i and j separated by a distance rij, similar to the attractive exponential term in the 

Morse or Tersoff potential. The functional form and parameters of Fi give the MEAM 

potential its angular dependence, and are described in [55]. ρī accounts for every atom j 

that interacts with atom i, hence, the total pairwise potential energy for the MEAM 

potential is a single summation over every atom i in the system, unlike the double 

summation over atoms i and j as shown in Equation 1.3. The MEAM potential has been 

parameterized for a wide range of elements and atomic structures, including face-

centered cubic (FCC) solids, body-centered cubic solids, diamond cubic solids, and 

diatomic gases [55]. It has been parameterized to model carbon and silicon, but is not as 

accurate at describing covalent bonding as the Tersoff or AIREBO potentials, particularly 

when the atoms are far from their equilibrium lattice positions, such as in amorphous 

solids like DLC or a-Si [57]. The limitation in the number and type of materials that can 
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be accurately modeled by the Tersoff, AIREBO, and MEAM potentials is in fact inherent 

to all interatomic potentials, and is due to the intrinsic link between the functional form of 

the potential and the description of atomic behavior, and thus, a material’s bulk 

properties. Thus, it is often impossible to use a single interatomic potential to accurately 

model a multicomponent system with MD. Figure 1.11 shows two techniques to model 

the interface between materials that are each modeled most accurately using different 

interatomic potentials, such as the Tersoff and MEAM potentials for Si and Ni, 

respectively. Figure 1.11 (a) shows the simplest technique to model an interface between 

two different materials, which consists of modeling each material with the most accurate 

interatomic potential available for that material in the configuration of interest and 

calculating cross-species interactions with a simple two-body potential such as the 

Lennard-Jones or Morse potential (see, e.g., [58,59]). The primary benefit of this 

technique is that it can be used with any combination of materials and interatomic 

potentials that comprise the multicomponent system. However, although it provides 

Figure 1.11 Two techniques to model the interface between materials that are each 
modeled most accurately using different interatomic potentials, such as the Tersoff and 
MEAM potentials for Si and Ni, respectively. 
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sufficient accuracy for modeling some phenomena, use of the two-body potential suffers 

from the same limitations discussed above for systems in which angular forces and the 

effect of local bonding environment play an important role in calculating atomic 

interactions. Figure 1.11 (b) shows another approach for modeling an interface between 

materials that is possible only for some systems for which the different many-body 

interatomic potentials are parameterized to model each material in the system. Similar to 

the first approach (Figure 1.11 (a)), each material is modeled with the most accurate 

potential available for that material, but is also included in the many-body calculations of 

the other interatomic potentials used in the model. As shown in Figure 1.11 (b) when 

modeling the interface between bulk silicon and bulk nickel using the Tersoff and 

MEAM potentials, respectively, both materials are described using both potentials, 

provided that the parameters of each potential are modified such that the pair interaction 

between each pair of atoms atom is only calculated once. Thus, to ensure that the Tersoff 

potential is used to model bulk Si and the MEAM potential is used to model bulk Ni and 

the Ni-Si interactions, one must modify the parameters of fA and fR (Equation 1.4) so that 

they contribute to the system’s energy for Si-Si but not Ni-Ni and Ni-Si interactions, and 

the parameters of Fi and ϕij (Equation 1.7) so that they contribute to Ni-Ni and Ni-Si 

interactions but not Si-Si interactions. This calculates pairwise energies only once per 

pair of atoms, while correctly modeling second-neighbor interactions and angular terms 

via the bij and ρī terms. This approach has been used to overlap the AIREBO and Tersoff 

potentials and the Tersoff and MEAM potentials for modeling material interfaces in this 

study. The specific potential parameters used are included in the Appendix. 
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1.4.4 The time evolution of a system of atoms 

Determining the time evolution of an atomic system requires more than defining a 

material’s behavior via an interatomic potential, because an interatomic potential 

describes the interaction of atoms in space but not in time. Time is modeled in MD by 

determining the forces on each atom at a given time and integrating Newton’s equations 

of motion to update each atom’s position accordingly. In theory, given an initial position 

and velocity for each atom in the system and an equation(s) for the interactions between 

them, one can find an exact solution that describes the trajectory of each atom through all 

time, although in practice this is not possible due to the complexity of the coupled 

interactions between the atoms [60]. Thus, MD uses a finite difference numerical 

integration technique in which time is discretized into a series of time steps, and the 

trajectory of each atom is calculated along these discrete time steps. This integration 

algorithm typically assumes constant energy between each time step, and thus, in many 

cases the most useful ensemble for defining thermodynamic properties of the system in 

MD is the microcanonical or NVℰ ensemble, although modified algorithms exist that 

allow one to define the system in terms of a different ensemble. Hence, many numerical 

integration algorithms are possible (see, e.g., [51,60]). A commonly-used NVℰ 

integration algorithm in MD is the velocity Verlet algorithm, and is popular because it 

exhibits energy conservation, time reversibility, and is computationally efficient, all of 

which are critical for MD integration algorithms [51,60]. The velocity Verlet algorithm is 

a modification of the Verlet algorithm, which is a fourth-order integration algorithm 

based on a Taylor series expansion of an atom’s position, ri(t): 

 
( ) ( ) ( ) ( ) ( ) ( )21

2i i i it t t t t t t+ ∆ = + ∆ + ∆ +r r v a  , (1.8)
 



30 
 

 
 

where t is the current time step, Δt is the difference between time steps, t + Δt is the next 

time step to be calculated, and ri, vi, and ai are an atom’s position, velocity, and 

acceleration, respectively. By combining the equations of the Taylor expansion for t + Δt 

and t - Δt, one can cancel the third-order terms and obtain a simple, fourth-order accurate 

expression for an atom’s predicted position as a function of its position and acceleration 

only: 

 ( ) ( ) ( ) ( ) ( )22i i i it t t t t t t+ ∆ = − −∆ + ∆r r r a . (1.9) 

However, the terms with vi(t) also disappear, thus, one limitation of the Verlet algorithm 

is the need for extra calculations if one wants to determine an atom’s velocity, which is 

necessary for determining the atom’s kinetic energy and thus, the temperature of the 

system. A further drawback to the Verlet algorithm as formulated in Equation 1.9 is the 

loss of precision that can occur when adding a term with (Δt)2 to the difference between 

two much larger terms, particularly for small time steps [60]. These difficulties have been 

overcome by Swope et al. [61], who presented a modified Verlet algorithm, known as the 

velocity Verlet algorithm. In their formulation, one first calculates an atom’s position at t 

+ Δt using: 

 
( ) ( ) ( ) ( ) ( ) ( )21

2i i i it t t t t t t+ ∆ = + ∆ + ∆r r v a , (1.10)
 

assuming ri(t), vi(t), and ai(t) are known at the current time step t. Then, the velocity at 

the intermediate step t + (1/2)Δt is calculated using: 

 
( ) ( ) ( )1 1

2 2i i it t t t t + ∆ = + ∆ 
 

v v a . (1.11)
 

Finally, the atom’s velocity at t + Δt is calculated using 
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( ) ( ) ( )1 1

2 2i i it t t t t t t + ∆ = + ∆ + ∆ + ∆ 
 

v v a . (1.12)
 

This requires a knowledge of the atom’s acceleration at the next time step, ai(t + Δt), 

which is calculated using the atom’s position at the next time step t + Δt (Equation 1.10) 

and Newton’s second law: 

 
( )

ij
j

i
i

t
m

=
∑F

a , (1.13)
 

where mi is the mass of the atom and Σj(Fij) is the sum of the forces Fij on the atom due to 

each of the surrounding atoms j. The force of an atom j on atom i is determined using: 

 
,

ˆij ij
ij d

ij

U r
r d

∂ ∂
= −

∂ ∂
F d , (1.14)

 

where Uij is the potential energy function that describes the interaction between atom i 

and atom j, such as ULJ, UTersoff, etc, and d is the Cartesian direction x, y, or z. Equations 

1.10-1.14 provide r(t + Δt), v(t + Δt), and a(t + Δt) for an atom at the next desired time 

step t + Δt, and are solved simultaneously for every atom in the system, thus providing all 

the data necessary for calculating the state of the system at the time step t + Δt. The time 

step t + Δt is then taken to be the current time step, and the process is successively 

repeated until the atomic trajectories have been calculated over the desired number of 

time steps, which thus describe the evolution of the system in time. Because of the 

approximate nature of the numerical integration technique and the finite precision 

inherent when using a computer to iteratively use the velocity Verlet algorithm, errors 

propagate through the system and thus, the numerical solution increasingly deviates from 

the exact solution with increasing number of time steps. A large time step would thus be 

desirable to simulate long time scales with the fewest number of time steps possible, and 
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thus, minimize round-off error. However, the truncation error due to truncation of the 

Taylor expansion (Equation 1.8) increases with increasing time step. Thus, an optimal 

time step should balance the need to minimize these types of error, and thus, maximize 

accuracy, which must in turn be balanced with the desire to minimize the total calculation 

time. The optimal time step is usually taken to be approximately an order of magnitude 

smaller than the vibrational period of the highest-frequency atomic vibration in the 

system [60]. In practice, the round-off error is often small over the time scales simulated 

in actual MD simulations, and although it causes a system to deviate from its exact 

trajectory, these deviations have a statistically negligible effect on the thermodynamic 

properties of the system, particularly when the system is controlled through appropriate 

thermodynamic boundary conditions.  

Although the velocity Verlet algorithm updates positions and velocities of each 

atom from one time step to the next, it does not provide a description of their initial 

positions or velocities. The initial positions of each atom depend upon the material being 

modeled, e.g., they are placed at FCC lattice sites when modeling FCC metals. In many 

cases, preliminary work is required to determine the initial positions of each atom in a 

complex system. The initial velocities of each atom are typically unknown, and thus are 

randomly assigned from a Gaussian or uniform distribution. The actual distribution used 

for the initial velocity assignments is not important because the distribution of the atoms’ 

velocities rapidly approaches the Maxwell-Boltzmann distribution expected at the 

system’s specified temperature, independent of the initial velocity distribution [60]. 

Uncertainty in the initial configuration of the system and the time required for the system 

to reach equilibrium necessitate the use of an initial equilibration period during which the 
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positions, velocities, and other system properties are tightly controlled until the expected 

behavior of the system in equilibrium is observed, after which point the system will 

remain stable indefinitely or until numerical error or externally-applied changes cause the 

system to become unstable. 

1.4.5 Computational considerations 

When coupled with the processing power of a modern supercomputer, MD 

becomes a powerful tool that can simulate systems with millions of atoms for millions of 

time steps or more. Although these corresponding time and length scales are fast 

compared to many observable phenomena and small compared to macroscopic systems, 

they allow MD to simulate important but complex atomic-scale phenomena or to be used 

as a bridge that can help atomistically explain the behavior of macroscopic systems. One 

of the primary advantages in using a supercomputer is its ability to spatially partition the 

system of interest across many processors and thus, simulate a much larger simulation 

than would be possible with a single processor in a given amount of time. However, an 

inherent drawback to the numerical integration algorithm is that each time step is 

calculated for the entire system at once and depends successively upon all previous time 

steps. Thus, the use of multiple processors cannot be used to partition the simulation in 

time as it can partition it in space, and thus does not directly facilitate longer simulation 

times compared to a single processor. Furthermore, even for a modern supercomputer, it 

is not feasible to repeatedly calculate the NxN interactions between pairs of atoms in an 

N-body system when N is greater than a few hundred or thousand atoms. Hence, some 

computational simplifications must be implemented to reduce the total number of 

calculations required. This often involves calculating interactions between an atom and 



34 
 

 
 

only those within a limited distance, such as by using a cutoff for interatomic potentials 

(Equation 1.4), and by simulating only a fraction of the actual physical system of interest. 

These solutions require the use of neighbor lists that keep track of which atoms are near 

each other and well-defined boundary conditions for the simulation that represent bulk 

material around a limited simulation volume. Often, a simulation volume is a fixed 

volume in space or a periodic repetition of that volume that simulates a larger volume of 

material than would otherwise be feasible. The need to accurately model boundary 

conditions, track neighbor lists, calculate interactions between only the atoms specified 

by those neighbor lists, implement the integration algorithm, partition the simulation 

volume across many processors on a supercomputer, and ensure accurate communication 

across processors, requires software that is complex to write, debug, verify, and use. 

Furthermore, the efficiency of the algorithms becomes increasingly important with 

increasing numbers of atoms within an MD model. Thus, it is often impractical to write 

new MD code for each different MD model, and many researchers take advantage of 

available open-access MD codes that are designed such that one can specify the desired 

materials and/or phenomena to be modeled while implementing previously optimized and 

efficient MD algorithms. We use the LAMMPS code [62], which is open source and 

maintained by Sandia National Labs. LAMMPS provides efficient implementation of 

many common MD algorithms and interatomic potentials, but requires additional tools 

for pre- and postprocessing the MD simulations to create initial configurations of 

complex systems, visualize the trajectories of atoms calculated by the software, and 

compute desired system properties from the atomic trajectories. 
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1.4.6 Calculating physical properties from MD trajectories 

MD data consist of snapshots of the system at a series of discrete time steps. The 

three categories of data most useful to this study consist of global thermodynamic data, 

per-atom values, and pairwise values. Global thermodynamic data such as temperature, 

pressure, and total energy are useful for quantifying the state of the entire system and 

verifying its stability, i.e., verifying that the time step is small enough to prevent energy 

drift when no energy is being explicitly added to or removed from the simulation volume. 

Per-atom values such as position, potential energy, volume, and coordination number, 

and pairwise values such as bond length, bond energy, and bond type between atom pairs 

can be compared at different time steps of a MD simulation to determine which atoms 

have been displaced, how much their energy has changed, how much a distance between 

two atoms has changed (bond length), and how the direction of the axis between two 

atoms has changed (bond rotation) due to a specified external load. Thus, deformation 

within a material can be quantified by comparing per-atom and pairwise values at a 

desired time step to those values at a desired reference time step. For example, Figure 

1.12 shows the position of an atom ri as a function of time t at discrete time steps Δt. The 

displacement of atom i, Δri, can be determined by comparing its position at two distinct 

time steps as indicated. However, the systems modeled using MD, including those 

discussed in this study, are much smaller than the ensemble sizes used to relate a 

system’s thermodynamic properties to the motion of its constituent particles, and thus, 

there is non-negligible statistical fluctuation in the thermodynamic properties of a 

simulated system as a function of time. Furthermore, thermal vibrations occur for each 

atom when a system is at a nonzero temperature. These fluctuations affect the accuracy of 
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the calculations for the properties of interest, and thus, the displacement Δri shown in 

Figure 1.12 is much larger than it would be in the absence of these fluctuations, 

represented by the atom’s ideal trajectory. This uncertainty can be reduced by time 

averaging the properties of interest, which can reduce the uncertainty in the 

corresponding calculation, as represented by the time-averaged atomic positions in Figure 

1.12. This is possible because the phenomena of interest in a MD simulation typically 

occur over much longer time scales than the atomic vibrations that limit the maximum 

allowable time step. Indeed, it is often unnecessary to record data at every time step in a 

simulation, and only a subset of the time steps in a simulation need be recorded. 

Furthermore, for many properties of interest, spatial averaging can be used in addition to 

time averaging to reduce the uncertainty due to statistical uncertainty. For these 

properties, the per-atom or pairwise value is averaged over all nearby atoms or atom 

pairs, respectively, and thus, provides a local average of the desired property throughout 

the system. Thus, the number of time steps for which data must be computed and 

Figure 1.12 The position of an atom ri as a function of time t at discrete time steps Δt. 

Time, t

Position, ri
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recorded depends on the time scale of the phenomena of interest and of the amount of 

statistical variation in the properties being measured and thus, on the degree of time 

averaging and spatial averaging to be performed. 

1.5 Structure of the dissertation 

The remainder of the dissertation builds on the concepts introduced in this chapter 

to achieve the research objective and is organized as follows. In Chapter 2, we simulate 

nanoindentation of an ultra-thin multilayer DLC coating to determine how the 

mechanical properties of the coating and its ability to prevent plastic deformation of the 

coating and substrate change as a function of coating design parameters. In Chapter 3, we 

simulate combined normal and tangential loading of an ultra-thin multilayer DLC 

coating, representing contact between a recording head and magnetic disk in an HDD, to 

determine the effect of coating design parameters on the coating’s ability to prevent 

plastic deformation and delamination during a realistic contact event between two 

surfaces. In Chapter 4, we simulate simple shear, tension, and nanoscratch tests of an 

ultra-thin multilayer DLC coating to determine the effect of coating design parameters on 

the adhesion of the coating to the substrate and on the coating’s ability to resist plastic 

deformation due to combined normal and tangential loading that leads to future 

delamination. Finally, in Chapter 5 we summarize the conclusions of this work. 
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DLC COATINGS USING MOLECULAR 

DYNAMICS SIMULATION 

 

Modified with permission from [Price, M.R., Ovcharenko, A., Raeymaekers, B.: 

Qualitative evaluation of ultra-thin multilayer diamond-like carbon coatings using 

molecular dynamics nanoindentation simulations. Tribol. Lett. 62, 1–10 (2016)]. © 

Springer 2016  



44 
 

 
 

2.1 Background 

The mechanical properties of a DLC coating are often used to predict how the 

coating will resist plastic deformation such as wear, fracture, and delamination [1,2]. 

However, in a multilayer DLC coating, the mechanical properties depend on the 

mechanical properties of each different coating layer [3,4]. Furthermore, the amount of 

plastic deformation caused by an external load, the location of that plastic deformation 

within the coating or substrate, and the resulting mechanisms of coating failure depend on 

the thickness and composition of the coating layers [4,5]. Hence, to prevent wear and 

delamination of protective multilayer DLC coatings such as those used on HDD 

recording heads, it is important to understand how their mechanical properties change as 

a function of coating design parameters, including thickness and sp3 fraction of the DLC 

layer and the thickness of the Si layer, and to understand how the coating’s design 

parameters affect its ability to prevent plastic deformation of the coating and substrate 

due to external loading. 

Mechanical properties of thin coatings are often determined using 

nanoindentation experiments. Indenting a surface with a hard tip while monitoring the 

force as a function of indentation depth enables calculating the hardness and Young’s 

modulus of the material [6]. Several researchers have used nanoindentation to study the 

mechanical properties of DLC coatings. Sui and Cai [7] found that lowering the sp3/sp2 

ratio of the DLC coating reduces hardness, whereas Beake and Lau [8] documented that 

increasing the thickness of a DLC coating increases hardness, similar to the findings of 

Ma et al. [9]. However, the thickness of the DLC coatings evaluated in these studies is on 

the order of 80 nm, which significantly exceeds the thickness of DLC coatings currently 
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used in HDDs. Other researchers have focused specifically on evaluating the mechanical 

properties of DLC coatings used in HDDs. For instance, Lee et al. [2] measured the 

hardness and Young’s modulus of sub-10 nm DLC coatings on magnetic disks and found 

that the mechanical properties measured near the surface are significantly affected by the 

coating layers below the DLC layer. Li and Bhushan [10] also found that the mechanical 

properties of magnetic disks depend on indentation depth due to the layered structure of 

the DLC and magnetic coatings. Hence, to reliably measure nanoscale mechanical 

properties of thin coatings, the indentation depth should not exceed 10-20% of the 

coating thickness [11]. However, as the thickness of DLC coatings in state-of-the-art 

HDDs approaches one to several nanometers, it becomes increasingly difficult to 

experimentally measure their mechanical properties. Thus, simulation tools such as 

molecular dynamics (MD) have gained popularity for evaluating the mechanical and 

tribological properties of ultra-thin coatings [12,13], even though the small size and time 

scales of MD simulations in addition to simplified material models often limit MD results 

to describing qualitative behaviors and trends rather than reproducing exact experimental 

results [12]. 

Several publications document using MD to simulate nanoindentation of 

crystalline [14,15] and noncrystalline [16–19] materials, although quantifying 

deformation remains difficult in amorphous materials due to the lack of an atomistic 

model for plastic flow [12]. Slufarzka et al. [16,17] modeled nanoindentation of 

amorphous SiC and found that nanoindentation damage is less localized in amorphous 

SiC than in cubic SiC and that inception of plastic deformation during nanoindentation 

occurs closer to the surface in the former than in the latter. Sinnot [18] simulated 
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nanoindentation of DLC and found that the Young’s modulus is in good agreement with 

experimental measurements. Wang and Komvopoulos [19] also modeled nanoindentation 

of DLC, and found that for indentations of less than 1 nm, the critical coating thickness 

for avoiding substrate effects is 3.5 nm. However, no studies exist that systematically 

evaluate and describe the effect of different coating parameters on the nanoscale 

mechanical properties of an ultra-thin multilayer DLC coating such as that used in a 

magnetic recording head in an HDD. Hence, the objective of this chapter is to determine 

the effect of coating design parameters, including thickness and composition, on the 

mechanical properties of the ultra-thin multilayer DLC coating of a magnetic recording 

head using nanoindentation simulations. This knowledge enables optimizing the coating 

parameters in terms of, e.g., maximum hardness or stiffness for a given thickness budget 

of the entire multilayer coating, and it allows deriving coating design guidelines for 

minimizing plastic deformation of the coating or substrate due to accidental contact with 

the disk. Although the emphasis of this paper is on magnetic recording heads used in 

HDDs, the results are relevant for any system in which the qualitative effect of coating 

parameters on the mechanical properties of a multilayer coating must be understood. 

2.2 Methods 

2.2.1 Model 

Figure 2.1 shows the molecular dynamics model of a small section of the top pole 

of the recording head, as indicated by the red box in Figure 1.6. The MD model of the 

recording head consists of a bulk Ni substrate of thickness tsub = 70 Å, covered with a 

DLC layer of thickness 12 Å ≤ t1 ≤ 18 Å. An a-Si layer of thickness 3 Å ≤ t2 ≤ 9 Å 
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improves adhesion between the DLC layer and Ni substrate. We have used Ni as the 

shield substrate material of the recording head instead of NiFe to simplify the 

computational model. Although the magnetic properties of NiFe and Ni are different, the 

mechanical properties such as hardness, Young’s modulus, and Poisson ratio, which are 

of primary interest in this chapter, are similar [20–23]. The a-Si and DLC layers together 

comprise the protective coating, maintained at a combined thickness of t1 + t2 = 21 Å 

throughout this study. The fraction of sp3-hybridized carbon atoms in the DLC layer on a 

recording head is approximately 70% (tetrahedral amorphous carbon, ta-C) [23]. 

However, to investigate the effect of the sp3 fraction of the DLC layer on the mechanical 

properties of the protective coating, we perform the simulations for a DLC layer with 

30% (amorphous carbon, a-C), 50%, and 70% (ta-C) sp3 fraction. We model the indenter 

as a rigid spherical diamond tip with a radius of rtip = 35 Å, which is 20% of the length of 

the 176 Å x 120 Å x 176 Å simulation box, chosen after a convergence study of the effect 

of box size and tip radius on the resulting mechanical properties. The model contains 

between 250,000 and 350,000 atoms, depending on t1, t2, and sp3 fraction of the DLC 

Figure 2.1 Molecular dynamics model of a small portion of the recording head, indicated 
by the red rectangular box in Figure 1.6.  

Ni substrate – tsub

a-Si layer – t2

DLC layer – t1

Rigid spherical diamond indenter
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layer. We hold the outer three atomic layers of the Ni substrate rigid and we maintain the 

three atomic layers immediately inward from the rigid layers at 300 K using a Langevin 

thermostat to simulate the presence of bulk material around the simulation box (see 

Figure 2.1). The remaining atoms are free to move according to classical mechanics and 

the microcanonical ensemble. 

We create the MD model using a multistep annealing procedure, similar to the 

single-step annealing procedure used in other MD simulations of DLC [19,24]. We first 

create separate layers of DLC (30 Å) and a-Si (20 Å) by heating carbon and silicon atoms 

to 6000 K and 4000 K, respectively, and increasing the pressure to obtain the desired sp3 

fraction. We subsequently quench the amorphous phase to 300 K. We then place the a-Si 

layer between the DLC layer and the (100) plane of the Ni substrate and use a similar 

annealing procedure at the DLC-Si and Si-Ni interfaces. We remove the middle segments 

of the DLC and a-Si layers to decrease the thickness of each respective layer to the 

desired value of t1 and t2, and to ensure that all simulations will initiate from the same 

surface topography of the DLC coating. Finally, we bring the surfaces exposed by the 

removal of the middle of the DLC and a-Si layers into contact, and perform a final 

annealing procedure on the atomic layers nearest the exposed atoms. Using this multi-

step annealing procedure, the atomic structure of the DLC surface and the interfaces 

between the layers are the same for different coatings and thus, the simulation results are 

only dependent on t1 and t2 and not the local atomic structure of the interfaces between 

the different material layers and the DLC surface topography. 

We use the following interatomic potentials: MEAM [25,26] for Ni-Ni and Ni-Si 

interactions, Tersoff [27] for Si-Si, Si-C and C-C interactions, and 12-6 Lennard-Jones 
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potential truncated at the zero-energy distance for the interactions between the indenter 

tip and the recording head so that we only consider repulsive interactions, simulating an 

indentation that neglects adhesion [28]. We use σ = 1.5 Å for the LJ parameter that 

represents the length of a bond between sp2- and sp3-hybridized carbon atoms [29]. 

Because the LJ potential is truncated at 1.5 Å, the results from the nanoindentation 

simulations are not sensitive to the LJ energy parameter ε, which we have set ε = 1 eV. 

We use the Sandia LAMMPS code to perform the nanoindentation simulations [30]. We 

maintain a time step of 0.25 fs throughout this work and perform equilibration at 300 K 

for 10 ps prior to all simulations. 

2.2.2 Simulation procedure 

Figure 2.2 (a) shows the indentation depth h versus time t of the nanoindentation 

procedure described by Oliver and Pharr [6], applied to a picosecond time scale. The 

purpose of the multiple load-unload cycle is to ensure that the unloading data used in the 

analysis is mostly elastic. However, due to the high computational cost of MD 

simulations, we use a modified nanoindentation procedure based on a single load and 

unload cycle as shown in Figure 2.2 (b), and similar to what others have used [28,31]. We 

have determined a difference of less than 6% between the hardness and Young’s modulus 

obtained with both nanoindentation procedures, indicating that using a single-cycle 

procedure minimally affects the nanoindentation results for the coatings we have 

evaluated.  

We perform indentation simulations of 3 Å ≤ h ≤ 13 Å deep, which does not 

exceed 13% of the thickness of the multilayer coating and non-rigid substrate atoms, to 

avoid that the rigid substrate atoms influence the results [11]. However, because the 
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indentation depth significantly exceeds 10% of the thickness of the DLC layer, the results 

represent the mechanical properties of the entire multilayer coating and substrate, instead 

of the DLC layer by itself. The indenter moves with velocity vy = 50 m/s as it follows the 

prescribed loading curve (Figure 2.2(b)), which is higher than in physical 

nanoindentation experiments, but is typical of nanoindentation simulations as discussed 

by, e.g., Noreyan et al. [31] and Nair et al. [32], who showed that the indentation velocity 

has a negligible effect on the results of MD nanoindentation simulations within the range 

of velocities used in their studies (2.5 m/s to 85.7 m/s). 

Figure 2.2 Nanoindentation procedures. These include the indentation depth as a 
function of time for (a) the Oliver and Pharr method applied to a picosecond time scale 
and (b) the modified method used in this study. 
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2.2.3 Data analysis 

Figure 2.3 (a) shows a typical force P versus indentation depth h nanoindentation 

result for a coating with t1 = 15 Å (70% sp3 fraction) and t2 = 6 Å. First, we fit P = C(h-

hf)mf to the unload portion of the curve where C, hf, and mf are curve-fit parameters 

determined using the least-squares method (curve-fit shown as black solid curve). Then, 

we calculate the hardness H = Pmax/A and Young’s modulus E = S/2∙(π/A)1/2, where A is 

the projected contact area between the indenter and the coating and S = dP/dh is the 

unloading stiffness at the inception of unloading (hmax, Pmax). The dashed black line is the 

tangent line to the unloading curve at (hmax, Pmax), which we use together with an indenter 

tip geometry shape factor [6] to determine the contact depth hc and the projected contact 
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Surface Indenter tip
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Figure 2.3 Important nanoindentation parameters. (a) Typical nanoindentation force 
versus indentation depth curve for a coating with t1 = 15 Å (70% sp3 fraction) and t2 = 6 
Å. The solid black line shows the curve fit to the unloading portion of the curve. The 
dashed black line is the tangent line to the unloading curve at (hmax, Pmax) used to 
determine the contact depth hc. (b) Schematic showing contact depth, hc, indentation 
depth h, and contact radius rc. 
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area A. Figure 2.3 (b) schematically illustrates the difference between the contact depth hc 

and the indentation depth h, and defines the relationship between contact radius rc and 

contact depth hc as rc = [(rtip
2-(rtip-hc)2]1/2. Contact occurs when a coating atom 

experiences a nonzero force due to the presence of the indenter. We use the tangent line 

to the unloading curve to determine hc (see Figure 2.3) and calculate the projected contact 

area A = πrc2. This method yields similar results than determining A directly from atomic 

coordinates but allows a continuous rather than discrete possible outcome for the 

measurement of A, and avoids fitting a minimum bounding circle to the contacting atoms, 

which may be inaccurate. 

2.2.4 Deformation characterization 

We quantify deformation of the multilayer coating and substrate by measuring the 

displacement of individual atoms di, relative to their initial positions, throughout the 

nanoindentation simulation. Figure 2.4 shows the atomic displacement in a plane of 

atoms along the centerline of the indenter, for a coating with tC = 15 Å (70% sp3 fraction) 

t2

t1

tsub
<110> directions

Coating + substrate boundary
x [100]

y [010]

z [001]

Figure 2.4 Displacement di of atoms during indentation. Shown as an arrow with length 
and thickness corresponding to the magnitude of di, and shown at maximum indentation 
depth of 9 Å for a coating with t1 = 15 Å (70% sp3 fraction) and t2 = 6 Å. 
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and t2 = 6 Å, at an indentation depth of 9 Å. The displacement di of each atom is 

represented by an arrow, whose direction and length represent the direction and 

magnitude of the displacement, respectively. We observe that the displacement of the 

atoms in the DLC and a-Si layers is radially symmetric about the center axis of the 

indenter tip, whereas the displacement of the Ni atoms is preferential to the <110> 

directions because of its FCC lattice. Some of the deformation caused by indentation is 

elastic and recovered upon unloading, the remainder is plastic. We quantify the plastic 

zone size as the fraction of atoms in each material layer of the coating and substrate (fC, 

fSi, and fNi) that undergo permanent displacement due to indentation. By comparing the 

coordinates of each atom at the initial time step of the simulation with those at a later 

time step but before indentation, we determine the probability density function (PDF) of 

the atomic displacement of each atom type due only to thermal motion. By comparing the 

PDFs before and after indentation, we determine the fraction of atoms that have moved 

further than what is expected due to thermal motion. Hence, this method distinguishes 

between atomic displacement resulting from thermal motion and that caused by 

indentation, and it does not rely on a cutoff distance to determine plastic deformation as 

in, e.g., [16], which does not account for small permanent displacements of atoms. 

Furthermore, the area under the force versus indentation depth loading curve represents 

the indentation energy eind, whereas the area contained between the loading and 

unloading curves represents the portion of the indentation energy that causes plastic 

deformation epl (see Figure 2.3 (a)). Hence, epl/eind quantifies the amount of plastic 

relative to total deformation [33]. 
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2.3 Results and discussion 

We have performed nanoindentation simulations of bulk Ni, a-Si, and DLC with 

30% (a-C) and 70% (ta-C) sp3 fraction, using the procedure described in section 2.2.2. 

Table 2.1 shows the simulated hardness and Young’s modulus of the bulk materials, 

which although higher than experimental results for Ni, ta-C, and a-C, are in good 

agreement with other simulation results [17,21,34–36]. The results of MD simulations are 

limited by the accuracy of the interatomic potentials used to describe the materials, and 

by the time scale and spatial domains that can be resolved. 

We have also performed nanoindentation simulations of three different multilayer 

coatings (70% sp3 fraction DLC layer and a-Si layer) on a Ni substrate using the 

procedure described in section 2.2.2. Figure 2.5 (a) shows a schematic of the three 

coatings with varying t1 and t2 but constant total coating thickness t1 + t2 = 21 Å. Figure 

2.5 (b) shows the hardness H and Figure 2.5 (c) shows the Young’s modulus E of the 

multilayer coatings as a function of indentation depth h. The hardness and Young’s 

modulus of the multilayer coating approaches that of bulk Ni with increasing indentation 

depth because the properties of the Ni substrate increasingly dominate the measurement, 

in agreement with [3,5,10]. We also observe that hardness and Young’s modulus increase 

with increasing t1, in agreement with experimental results [7,8]. This is because the DLC 

Table 2.1 Simulated hardness and Young’s modulus of the individual materials that 
comprise the multilayer coating of the recording head in an HDD. 

Material Hardness [GPa] Young’s modulus [GPa] 
Ni (100) 20 202 

a-Si 9 157 
ta-C (70% sp3 fraction) 195 1221 
a-C (30% sp3 fraction) 120 788 
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layer has the highest hardness and Young’s modulus of the three materials (see Table 2.1) 

and, therefore, its effect on hardness and Young’s modulus of the multilayer coating 

increases with increasing thickness. Furthermore, the hardness and Young’s modulus 

decrease with increasing t2, because the a-Si layer has the lowest hardness and Young’s 

modulus of the three materials (see Table 2.1) and the increasing a-Si layer thickness 

comprises an increasing fraction of the total thickness of the multilayer coating. The 

hardness depends on t1 and t2 for all indentation depths because hardness measurements 

for hard-on-soft coatings are affected by the substrate when the indentation depth is 

greater than 10% of the thickness of the coating, or when the hardness mismatch between 

coating and substrate causes yielding of the substrate before yielding of the coating [11]. 

Figure 2.5 Hardness, Young’s modulus, and indentation energy as a function of 
indentation depth. (a) Schematic of three coatings with varying t1 and t2 and with 
constant total coating thickness, and (b) hardness H, (c) Young’s modulus E, and (d) 
indentation energy eind as a function of indentation depth for the coatings shown in (a) 
with 70% sp3 fraction DLC. 
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This is in qualitative agreement with the experimental results of Lee et al. [2] for 

nanoindentation of DLC-coated magnetic disks. 

To quantify the effect of the stochastic nature of MD simulations on the results, 

we have performed twelve separate indentations of the coating with t1 = 15 Å, t2 = 6 Å, 

hmax = 9 Å, and 70% sp3 fraction DLC layer, which is an intermediate case of the 

parameter ranges shown in Figure 2.5. We have varied the initial distribution of atomic 

positions and velocities, and re-made the multilayer coating using the procedure 

described in section 2.2.1 to vary the surface topography of the amorphous DLC coating. 

We find that the coefficient of variation of the hardness and Young’s modulus is 7.3% 

and 3.4%, respectively. In addition, we have performed a similar analysis of the same 

coating for the shallowest indentation depth hmax = 3 Å, and find a coefficient of variation 

of 15.5% and 1.7% for hardness and Young’s modulus, respectively. The increased 

coefficient of variation for the shallowest indentation is because the indentation force 

decreases with decreasing indentation depth, thus reducing the signal-to-noise ratio. From 

this analysis, we conclude that the variation of the results due to the stochastic nature of 

MD is smaller than the differences in hardness and Young’s modulus results for the 

different coatings shown in Figure 2.5 (b)-(c), except for the hardness determined for the 

shallowest indentation depths. 

Figure 2.5 (d) shows the indentation energy eind as a function of the indentation 

depth h. We observe that the indentation energy increases with increasing indentation 

depth because more material must be displaced. Additionally, the indentation energy 

increases with increasing t1 and decreasing t2 for constant indentation depth because of 

the increasing hardness of the multilayer coating. Thus, we will evaluate plastic 
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deformation of the coatings of Figure 2.5 (a) for (1) constant indentation depth, and (2) 

for constant indentation energy. We have chosen an indentation energy eind = 2700 eV, 

indicated by a horizontal line in Figure 2.5 (d), in the middle of the range we have 

investigated. 

Figure 2.6 (a)-(c) show the fraction of permanently displaced C (fC), Si (fSi), and 

Ni (fNi) atoms after indentation of the three multilayer coatings shown in Figure 2.5 (a) as 

a function of indentation depth h. Analogous to the analysis of the data in Figure 2.5, we 

compute the coefficient of variation for fC, fSi, and fNi to be 4.6%, 2.6%, and 9.6%, 

respectively. We observe that fC, fSi, and fNi increase with increasing indentation depth, fC 
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Figure 2.6 Fraction of permanently displaced atoms. Fraction of permanently displaced 
(a) C atoms fC, (b) Si atoms fSi , and (c) Ni atoms fNi after indentation as a function of 
indentation depth h for the three multilayer coatings of Figure 2.5 (a), and (d) contour 
of DLC layer after indentation with hmax = 5 Å and 13 Å. 
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increases with decreasing DLC layer thickness t1, and fSi and fNi are nearly independent of 

t1. Because the hardness of the DLC layer decreases with decreasing t1 (see Figure 2.5 

(b)), it provides less resistance to plastic deformation [4]. This is in agreement with the 

experimental results of Yasui et al. [5] that show increasing hardness and decreasing 

plastic deformation of DLC-coated magnetic media with increasing DLC layer thickness. 

Figure 2.6 (d) shows the contour of the DLC layer of the three coatings after indentation 

with hmax = 5 Å and 13 Å, respectively, illustrating that the increase in plastic 

deformation of the DLC layer fC with decreasing t1 and increasing indentation depth 

results from the indenter beginning to penetrate through the DLC layer rather than 

bending or compressing it. 

Figure 2.7 (a) shows the fraction of permanently displaced C (fC), Si (fSi), and Ni 

(fNi) atoms after indentation with a constant indentation energy eind = 2700 eV as a 

function of DLC layer thickness t1. Figure 2.7 (b) shows the contour of the DLC layer 

after indentation with eind = 2700 eV, indicating the depth of the permanent indentation 

depression dpl, and Figure 2.7 (c) shows the depth of the permanent indentation 

depression dpl and the fraction of indentation energy causing plastic deformation epl/eind 

as a function of t1 for constant indentation energy eind = 2700 eV.  

From Figure 2.7 (a) we observe that the fraction of C (fC) and Si (fSi) atoms 

permanently displaced by the indentation decreases with increasing t1. In addition, from 

Figure 2.7 (b) and (c) we observe that the fraction of the indentation energy causing 

plastic deformation decreases with increasing t1, which results in decreasing depth of the 

permanent depression after indentation dpl.  Hence, for a constant total coating thickness 

budget, increasing the fraction of the coating comprised of DLC and decreasing the 
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fraction comprised of a-Si will decrease plastic deformation in the coating resulting from 

an accidental contact between the recording head and magnetic disk, because the 

hardness of the coating increases. These results are in agreement with experimental 

results that document decreasing hardness with decreasing DLC layer thickness (e.g., 

[5]). We also observe that fNi is nearly independent of t1 because the coating thickness 

and indentation energy are constant and the indenter tip remains distant (> 8 Å, or 40% of 

the total coating thickness) from the Ni substrate for all indentations. 
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Figure 2.7 Effect of DLC layer thickness on a coating’s resistance to plastic 
deformation. (a) Fraction of permanently displaced C (fC), Si (fSi), and Ni (fNi) atoms 
after indentation, (b) the contour of the DLC layer of each coating after indentation, 
and (c) the depth of the permanent indentation depression dpl and the percent of 
indentation energy causing plastic deformation epl/eind as a function of the DLC layer 
thickness t1 for indentations with constant indentation energy eind = 2700 eV. 
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Figure 2.8 (a) and (b) show the hardness H and Young’s modulus E of the 

multilayer coating, respectively, as a function of the sp3 fraction of the DLC layer, for the 

three different multilayer coatings of Figure 2.5 (a), and for constant indentation energy 

eind = 2700 eV.  From Figure 2.8, we observe that H and E first increase and then 

decrease with increasing sp3 fraction of the DLC layer for the coatings investigated. This 

is different from the mechanical properties of DLC by itself, for which H and E increase 

monotonically with increasing sp3 fraction (see Table 2.1 and [37]). We clarify this as 

follows. H and E of the multilayer coating increase with increasing H and E of a DLC 

layer of constant thickness t1 and thus, with increasing sp3 fraction of the DLC layer. 

However, with increasing mismatch between the mechanical properties of the DLC layer 

Figure 2.8 Hardness and Young’s modulus as a function of DLC layer sp3 fraction. (a) 
Hardness and (b) Young’s modulus as a function of sp3 fraction of the DLC layer and 
coating parameter t1. Results are shown for constant indentation energy eind = 2700 eV 
and constant total coating thickness t1 + t2 = 21 Å. 
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and the material layers underneath, plastic deformation is increasingly preferential to the 

soft a-Si layer and Ni substrate, and the hard DLC layer bends into the fully plastic 

substrate [3] rather than being locally compressed under the indenter. This behavior has 

also been observed experimentally for nanoindentation [38] and scratch [39] tests, in 

which a diamond tip causes more local plastic deformation in sp2-rich than in sp3-rich 

DLC coatings of the same thickness, because plastic deformation of the substrate 

underneath the hard (sp3-rich) coating causes the coating to bend into the substrate rather 

than being deformed by the indenter [39]. Figure 2.9 substantiates these observations. 

Figure 2.9 (a)-(c) shows the local plastic strain in the multilayer coating with t1 = 

12 Å and t2 = 9 Å after indentation with eind = 2700 eV, for a DLC coating with 30% sp3 

fraction (Figure 2.9 (a)), 50% sp3 fraction (Figure 2.9 (b)), and 70% sp3 fraction (Figure 

2.9 (c)). Figure 2.9 (d) shows the fraction of permanently displaced Ni atoms after 

indentation as a function of sp3 fraction of the DLC layer. From Figure 2.9 (a) we observe 

that the plastic strain in the coating with a DLC layer of 30% sp3 fraction occurs 

primarily in the DLC and a-Si layers, directly under the indenter tip. Plastic strain in the 

a-Si layer and Ni substrate increases with increasing sp3 fraction of the DLC layer (see 

Figure 2.9 (b) and (c)). Additionally, from Figure 2.9 (d) we observe that fNi increases due 

to the increasing plastic strain in the Ni substrate with increasing sp3 fraction of the DLC 

layer (Figure 2.9 (a)-(c)). Thus, Figure 2.9 further substantiates that plastic deformation is 

increasingly preferential to the substrate with increasing sp3 fraction of the DLC coating. 

This causes the hard coating to bend into the plastically deformed substrate rather than 

being compressed by the indenter and thus, results in reduced hardness and Young’s 

modulus. These results are also in qualitative agreement with the results of Chen and 
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Vlassak [4], which show increasing plastic deformation of the substrate with increasing 

coating hardness for a two-layer, hard-on-soft continuum model. 

2.4 Conclusions 

We have simulated nanoindentation of multilayer coatings consisting of a DLC layer 

on a Ni substrate, with a thin a-Si layer to improve adhesion between the DLC layer and 

Ni substrate. These multilayer coatings are used to protect the intricate magnetic 

structures of the recording head of a hard disk drive from accidental impact with the disk.  

Figure 2.9 Local plastic strain after indentation of the multilayer coating. Shown for    
t1 = 12 Å and t2 = 9 Å and (a) 30%, (b) 50%, and (c) 70% sp3 fraction DLC, and (d) 
fraction of permanently displaced Ni atoms after indentation as a function of sp3 
fraction of the DLC layer. Constant indentation energy eind = 2700 eV is maintained. 
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We conclude that the hardness and Young’s modulus of the multilayer coating 

increase with increasing DLC layer and decreasing a-Si layer thickness, similar to 

experimental results obtained by others. DLC and a-Si are the hardest and softest 

materials of the multilayer coating, respectively, and increasing the thickness of each 

layer increases its fraction of the total thickness of the multilayer coating, which 

correspondingly affects its mechanical properties. Furthermore, the hardness and 

Young’s modulus of the multilayer coating are a function of the sp3 fraction and thus, the 

hardness of the DLC layer. However, maximizing the hardness of the multilayer coating 

is not sufficient to prevent deformation of the intricate recording structures embedded in 

the substrate of the recording head. Plastic deformation during indentation increasingly 

occurs in the a-Si layer and Ni substrate as opposed to in the DLC layer with increasing 

hardness of the DLC layer. As the plastically deformed a-Si and Ni layers are no longer 

able to support the external indentation load, the hard DLC layer bends like a plate, 

which reduces the hardness and Young’s modulus of the multilayer coating. 

Hence, to create a multilayer coating with maximum hardness and Young’s modulus 

for a given thickness budget, we recommend increasing the thickness of the DLC layer, 

decreasing the thickness of the a-Si layer, and considering the hardness mismatch 

between the substrate and DLC layer to avoid that the coating bends into the plastically 

deformed substrate. Note that this analysis does not quantify the potential reduction or 

loss of adhesion between the DLC layer and Ni substrate with decreasing a-Si layer 

thickness. Hence, for HDD design the thickness of the DLC and a-Si layers should be 

increased and decreased, respectively, until the adhesive properties of the a-Si layer are 

compromised. To minimize plastic deformation of the magnetic substrate materials, 



64 
 

 
 

plastic deformation of the coating should be increased, which can be achieved in part by 

decreasing the sp3 fraction of the DLC layer. Decreasing the sp3 fraction of the DLC layer 

may, however, decrease the hardness and Young’s modulus of the multilayer coating and 

thus, a balance should be found between obtaining the desired hardness and Young’s 

modulus to decrease wear of the coating, and minimizing the plastic deformation of the 

substrate. 
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3.1 Background 

The nanoindentation simulation results discussed in Chapter 2 describe how the 

design parameters of an ultra-thin multilayer DLC coating affect the coating’s 

mechanical properties and thus, can be used to predict the coating’s resistance to plastic 

deformation due to external loading. However, the actual loading conditions experienced 

by protective DLC coatings, such as during the accidental contact between the recording 

head and magnetic disk of an HDD, often consist of components both normal and 

tangential to the surface of the coating. In these cases, the deformation of the coating is 

more complex than the deformation caused by only normal loading, i.e., more complex 

than the deformation caused by an indentation such as in Chapter 2. Hence, it is 

important to supplement the knowledge of a coating’s mechanical properties with an 

understanding of how the coating will deform when subjected to combined normal and 

tangential loading. 

Several published studies describe the deformation of ultra-thin multilayer DLC 

coatings caused by combined normal and tangential loading [1–4]. For instance, 

Prabhakaran and Talke [1] quantified the hardness and wear of DLC coatings on 

magnetic recording heads. They found good correlation between nanoindentation test, 

nanoscratch test, and contact-stop-start (CSS) wear test results but that scratch tests are 

better than nanoindentation tests for predicting wear resistance. Lee et al. [2] performed 

nanoindentation and nanoscratch tests on magnetic disks and also saw good agreement 

between nanoindentation hardness and wear resistance measurements, and that 

nanoscratch tests were affected less by the substrate than nanoindentation tests. Zhong et 

al. [3] performed wear tests on DLC coatings and determined a critical minimum coating 
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thickness of 1.4 nm to ensure wear resistance under normal HDD operation for FCVA-

deposited DLC coatings because a coating thinner than 1.4 nm did not significantly 

reduce the depth of the wear scars compared to those on an uncoated surface. However, 

Yasui et al. [4] also characterized sub-2 nm thick DLC coatings on the recording head 

and found that the coatings enhance wear resistance for coatings as thin as 1 nm. They 

also observed that the critical normal load for wear resistance during a nanoscratch test 

depends on the substrate material and the thickness of the DLC coating and that the 

results were similar for FCVA-deposited DLC coatings compared to coatings deposited 

using ion-assisted sputtering. 

As the thickness of the ultra-thin protective DLC coatings is reduced further to 

accommodate decreasing the magnetic spacing between the recording head and the 

magnetic disk, experimental characterization becomes increasingly difficult. 

Consequently, MD has been used to study the mechanical properties of ultra-thin DLC 

coatings and their behavior under combined normal and tangential loading [5–8]. Ma et 

al. [5] used MD to investigate sliding of DLC coatings against a diamond counterface. 

They found that the low friction coefficient of the interface between DLC and diamond 

results from shear-induced graphitization of the DLC surface, migration of graphitized 

carbon layers across the sliding interface, and relative motion between the graphitized 

layers. Gao et al. [6] evaluated the tribological properties of DLC surfaces sliding against 

a diamond counterface as a function of the composition of the DLC layer and found that 

the tribological behavior is highly dependent on the sp3/sp2 ratio of the DLC layer. Wang 

and Komvopoulos [7] confirmed this observation. Additionally, Glosli et al. [8] 

emphasized, based on MD results, that for ultra-thin DLC coatings less than 5 nm thick, 
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the mechanical properties are dominated by interfacial phenomena at the surface of the 

DLC coating. However, the primary focus of these MD studies is the interaction between 

the DLC layer and a rigid diamond counterface and not the adhesion between the DLC 

coating and the substrate. 

Although minimizing wear and delamination of DLC coatings is of critical 

importance in many applications, no publications seem to exist that use MD to quantify 

the deformation and interfacial strength of the different layers of an ultra-thin multilayer 

DLC coating during combined normal and tangential loading. Several authors have used 

MD to study deformation of ultra-thin coatings and coating delamination from the 

substrate [9,10]. However, these studies do not model the materials, interfaces, or atomic 

structures of a multilayer DLC coating, such as those used in an HDD. Thus, the 

objective of this chapter is to evaluate the interfacial strength between the DLC coating, 

a-Si-layer, and Ni substrate as a function of thickness of the different coating layers and 

the contact pressure during combined normal and tangential loading of the recording 

head, and which represents accidental contact between the recording head and magnetic 

disk. We implement an MD model of a small three-dimensional portion of the HDI, 

simulating sliding contact between the DLC coating of the recording head and the disk, 

and we study the interfacial strength of the different coating layers under combined 

normal and tangential loading. Although we focus on the recording head in an HDD, this 

study also attempts to provide a general approach and framework for quantifying the 

strength of the interface between ultra-thin DLC coatings and a substrate. 
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3.2 Methods 

3.2.1 Model 

Figure 3.1 shows the MD model, which consists of a small three-dimensional 

section of a magnetic recording head, as indicated by the red rectangle in Figure 1.6, 

sliding against a hydrogen-terminated diamond counterface. The rigid hydrogen-

terminated diamond counterface is used in place of a magnetic disk to reduce the 

computational cost of the MD simulations and because we focus on deformation of the 

recording head and not of the disk. However, the shear stress between the recording head 

and the hydrogenated diamond is similar to that between the head and disk surfaces in an 

HDD. The lubricant layer on the disk (see Figure 1.6) is not included in our model and 

thus, we simulate a worst-case scenario of head/disk contact with lubricant depletion. The 

recording head substrate consists of 47 Å of FCC Ni. Although Ni has different magnetic 

Ni substrate – tsub

a-Si layer – t2

DLC layer – t1

Ni
Si
DLC
Diamond
H

Rigid diamond

42.24 Å 21.12 Åx

y

z

Rigid layer
Thermostat layer

sp

sp3

sp2

Figure 3.1 Molecular dynamics model of a small portion of the head-disk interface. This 
includes the different material layers of the recording head and the hydrogen-terminated 
diamond counterface, and their respective thickness. The magnified inset shows the 
different carbon hybridizations in the DLC layer. 



73 
 

 
 

properties than NiFe, its mechanical properties including hardness, Young’s modulus, 

Poisson ratio, and lattice structure are similar [11–14]. Hence, the amount of deformation 

that occurs in the substrate due to external loading, and consequently in the DLC and a-Si 

layers, is not significantly affected by using Ni instead of NiFe. The Ni substrate is 

covered with an a-Si layer of thickness 3 ≤ t2 ≤ 9 Å and a ta-C layer of thickness 9 ≤ t1 ≤ 

18 Å. The thickness of the a-Si and DLC layers are varied in this study by removing 

atoms from the middle of the respective layers, thereby ensuring that the DLC surface, 

and the DLC-Si and Ni-Si interfaces are consistent for coatings of different thickness. 

The sp3-content of the DLC layer is 65% and is constant throughout this chapter. The 

DLC layer is formed using a heating and quenching procedure [6,7]. This process ensures 

a uniform sp3 content throughout the DLC layer. The a-Si layer is created using a similar 

technique. The simulation box measures 42.24 x 100.00 x 21.12 Å in the x, y and z-

directions, respectively, and the model contains between 6615 and 8434 atoms, 

depending on the thickness of the different coating layers. The boundary conditions of the 

MD model are periodic in the x and z-directions. The three outermost Ni atom layers in 

the y-direction are held rigid, and the three adjacent atom layers are maintained at 300 K 

using a Langevin thermostat to mimic the presence of surrounding bulk material. The 

hydrogen-terminated diamond counterface is held rigid throughout the simulation. The 

remaining atoms are free to move according to the microcanonical ensemble. The 

interatomic interactions are implemented with the following potentials: MEAM [10,15] 

for Ni-Ni and Ni-Si interactions, Tersoff [16] for Si-Si, Si-C, and C-C interactions, and 

AIREBO [17] for C-H and H-H interactions and overlap at the respective material 

interfaces as described in Section 1.4.3. We have used the Sandia LAMMPS code to 
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perform the MD simulations [18]. A time step of 0.25 fs is used and equilibration at 300 

K for 10 ps is performed for all simulations. 

3.2.2 Simulation procedure 

Figure 3.2 shows combined normal and tangential loading of the recording head 

on the disk, which simulates accidental contact. The diamond counterface moves relative 

to the recording head, at a constant speed of 75 m/s in the x-direction (step 1), which is 

similar to the highest relative velocity observed between recording head and disk in high-

end server HDDs. The recording head is then loaded against the moving counterface until 

the desired contact pressure is reached (step 2), calculated as the ratio of the normal load 

between the recording head and the rigid counterface and the cross-sectional area of the 

simulation box (x-z plane). The moving counterface continuously slides against the head, 

resulting in combined normal and tangential loading (step 3). After sliding contact and 

combined loading, the head is separated from the moving counterface (step 4). The x-

velocity of the disk is maintained constant until complete separation of head and 

counterface is obtained (step 5). We have performed simulations at a contact pressure pc 
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Figure 3.2 Schematic of combined normal and tangential loading procedure between 
the recording head and disk. 
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between the head and the counterface of 48 or 64 GPa. The values of pc are realistic for 

typical head/disk impact and are calculated based on measured wear areas and contact 

loads [19,20]. They were also chosen to be similar in magnitude to the hardness of the 

coatings (see Figure 2.5) to give measurable deformation of the recording head in the 

short (130 ps) simulation time. 

3.2.3 Deformation analysis 

We quantify deformation of the different coating layers and their interfaces by 

evaluating the number and length of the interatomic bonds of each bond type, throughout 

the simulation, relative to their respective equilibrium bond length. A bond exists 

between two atoms when their separation is less than a cutoff distance that falls between 

their first and second nearest-neighbor distances [6]. The cutoff distance used for 

determining first-nearest neighbors and thus, bonded versus nonbonded interactions, is 

defined as the distance where the minimum between the first and second peaks of the 

radial distribution function (RDF) occurs for that bond type. Table 3.1 lists these cutoff 

values. The bond length is a function of the load, and changes in the bond length are used 

to quantify local strain in the coating. However, the bond cutoff is not affected by load, 

Table 3.1 Bond length and cohesive energy of each of the bond types in the MD model. 
The bond length and bond cutoff distance is determined from the radial distribution 
functions (RDF). The equilibrium bond length is also given for each bond type. 

Bond 
type 

Equilibrium 
structure 

Equilibrium structure 
bond length [Å] 

RDF bond 
length [Å] 

RDF bond 
cutoff [Å] 

Cohesive 
energy [eV] 

Ni-Ni FCC 2.49 [10] 2.49 3.10 4.44 [22] 
Ni-Si l12 2.41 [10] 2.40 2.77 5.51 [23] 
Si-Si diamond 2.35 [16] 2.56 2.91 4.63 [24] 
Si-C 3C-SiC 1.89 [16] 1.87 2.35 6.47 [25] 
C-C diamond 1.54 [28] 1.50 1.96 7.84 [26] 
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and remains unchanged throughout the simulation. The equilibrium bond length is 

determined as the location of the first peak in the radial distribution function when no 

load is present, i.e., when the system is in equilibrium. Figure 3.3 shows the equilibrium 

RDF, g(rij), of the C-C bond type as an example. The location of the first peaks in the 

equilibrium RDFs for all bond types in the simulation are within 1% of their respective 

equilibrium reference structures for all atomic interactions except Si-Si and C-C 

interactions. The location of the Si-Si peak results in an equilibrium bond length 8.7% 

larger than predicted by the reference structure, because the a-Si layer conforms to the Ni 

FCC lattice. The location of the C-C peak at 1.50 Å corresponds to the length of a bond 

between sp3 and sp2 hybridized C-C bonds [21], which is the prevailing structure in the 

amorphous mixture of sp3- and sp2-hybridized carbon atoms in the DLC layer. 

We define deformation on the atomic scale as a change in the number of bonds, 

with a permanent change in the number of bonds indicating plastic deformation and a 

permanent decrease in the number of bonds between two coating layers indicating 

delamination or separation between those coating layers. Strain is calculated as the ratio 

Figure 3.3 Radial distribution function for C-C interactions. Shown for a recording 
head coating with t1 = 12 Å and t2 = 3 Å. The values have been normalized with the 
value at rij = 6 Å. 
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of the change of the bond length between two atoms Δl and the equilibrium bond length 

between those atoms l0. Local strain in the MD model is determined by overlaying a grid 

in the x-y plane on the recording head and calculating the average strain of all the bonds 

with x- and y-coordinates that fall into each grid element, i.e., Σ(Δl/l0)/Nbonds for each grid 

element, where the summation is over the total number of bonds Nbonds in the grid 

element. Residual strain is quantified by calculating the strain in the coating, before 

loading has occurred. It is a measure of the strain caused by the difference in bond length 

and local structure mismatch near the Ni-Si and Si-C interfaces. Changes in the total 

bond energy throughout the recording head are also used to quantify deformation. Bond 

energy is calculated as the summation of the product of the number of bonds of a 

particular type NT multiplied with the cohesive energy of that type ET (see Table 3.1), i.e., 

Σ(NT ET). 

3.3 Results and discussion 

3.3.1 Residual strain 

Figure 3.4 shows the mean residual strain in the recording head, prior to loading, 

as a function of t2, for different values of t1. The mean residual strain decreases with 

increasing t2 but is almost independent of t1. The mean equilibrium bond length of Si-Si 

bonds, which is 8.7% larger than the theoretical value (see Table 3.1), and the local strain 

visualizations (see Figure 3.4), indicate that most of the strain is localized at the Ni-Si 

and Si-C interfaces. The a-Si layer conforms to the amorphous structure of the DLC layer 

on one side and to the FCC lattice of Ni on the other side. As the thickness of the a-Si 

layer decreases, the transition from Ni to DLC occurs over a smaller distance, increasing 

the local strain in the a-Si layer and surrounding interfaces due to the mismatch between 
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the Ni, a-Si and DLC atomic structures. 

3.3.2 Deformation during combined loading 

Figure 3.5 shows the instantaneous number of bonds for each bond type in the 

MD model, normalized with the initial number of bonds of that type, as a function of time 

during the combined loading simulation, for a DLC coating with t1 = 12 Å and t2 = 3 Å, 

and for contact pressure pc = 48 GPa (Figure 3.5 (a)) and 64 GPa (Figure 3.5 (b)). The 

five steps shown in Figure 3.2 are represented by three regions in Figure 3.5. Region I 

corresponds to the initial equilibration and normal loading steps, region II corresponds to 

the combined normal and tangential loading, and region III corresponds to the unloading 

and separation steps. We observe that deformation occurs primarily in the Ni-Ni, Ni-Si, 

Figure 3.4 Mean residual strain in the recording head as a function of t2 for different 
values of t1. The corresponding plots of local residual strain are shown for the coatings 
with t1 = 9 Å. 
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and Si-Si bonds during combined normal and tangential loading of the multilayer DLC 

coating by the moving counterface because these bond types display the lowest cohesive 

energies of the different bond types in the recording head (see Table 3.1) and thus, are 

easiest to deform. Although Ni-Ni bonds have the lowest cohesive energy, crystalline 

structures show higher intrinsic resistance to deformation compared to amorphous 

structures [27]. Hence, we observe deformation of the Ni-Si and Si-Si bonds before Ni-Ni 

bonds. As the load on the Ni substrate increases, the distance between second-nearest 

neighbor atoms is reduced such that it falls within the first-nearest neighbor atom cutoff. 

This results in the steep increase in Ni-Ni bonds in region I (Figure 3.5). The amorphous 
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Figure 3.5 Instantaneous number of bonds of each bond type. Shown for a coating with 
t1 = 12 Å and t2 = 3 Å, normalized with the initial number of bonds of that type, versus 
time, for (a) pc = 48 GPa and (b) pc = 64 GPa 
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structure of the a-Si layer results in a gradual deformation of the Ni-Si and Si-Si bond 

types that increases with increasing contact pressure, as observed in Figure 3.5 (a) and 

(b). Limited deformation is observed in the Si-C interface and negligible deformation in 

the DLC layer. However, the normalized number of Si-C bonds is less than one after the 

combined loading procedure, indicating that there is a net loss of bonds and that this 

interface has therefore been weakened by the loading. We do not observe wear or 

delamination of the DLC coating, which is likely due to the extremely short duration of 

the simulations. 

Figure 3.6 shows the instantaneous number of bonds for each bond type in the 

MD model, normalized with the initial number of bonds of that type, as a function of time 

during two combined loading and unloading cycles for a DLC coating with t1 = 12 Å and 

t2 = 3 Å, and for contact pressure pc = 48 GPa. Although the number of bonds during 

loading are similar in the first and second loading cycles for most bond types, we observe 

that the number of Si-C bonds decreases with repeated loading/unloading cycles, 

weakening the interface. The normalized number of Si-C bonds remains less than one 

Figure 3.6 Instantaneous number of bonds of each bond type, normalized with the 
initial number of bonds of that type, versus time. Shown for pc = 48 GPa during two 
cycles of combined loading and unloading 
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throughout the entire second combined loading/unloading procedure, and results in a 

further loss of nearly 1% of the Si-C bonds. Hence, this indicates that the Si-C damage is 

irreversible and may eventually lead to wear and delamination of the DLC layer. 

Figure 3.7 shows the mean strain in the recording head during combined loading, 

i.e., calculated during region II in Figure 3.5, as a function of t2 for different values of t1 

and for pc = 48 GPa (Figure 3.7 (a)) and 64 GPa (Figure 3.7 (b)), respectively. The mean 

strain is negative due to compressive normal loading, and the magnitude increases with 

increasing contact pressure. The mean strain during loading becomes increasingly 

negative with increasing t2, similar to the results for the mean residual strain, which 

decreases with increasing t2. The higher residual tensile strain in the coatings with thinner 

Figure 3.7 Mean strain in the recording head during combined loading. Shown as a 
function of t2 for different values of t1 and for (a) pc = 48 GPa and (b) pc = 64 GPa 
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t2 counteract the compressive loading, decreasing the deformation caused by compressive 

loading. Hence, coatings with higher residual tensile strain show less compressive strain 

during compressive loading. The magnitude of the mean strain during loading also 

decreases with increasing t1, indicating that a thick DLC layer prevents deformation of 

the substrate. Due to the high cohesive energy of C-C bonds (see Table 3.1), the DLC 

layer can absorb a large amount of energy compared to the rest of the coating without 

significantly deforming.  

3.3.3 Permanent deformation 

Permanent deformation of each bond type in the recording head is quantified as 

the final number of bonds after combined loading relative to the initial number of bonds 

of that type. Figure 3.8 (a), (b), and (c) shows the normalized final number of Ni-Si, Si-

Si, and Si-C bonds, respectively, as a function of t2, for different values of t1 and for pc = 

64 GPa. In each case, the final number of Ni-Si and Si-Si bonds increases by 0 - 6% 

compared to the initial number of bonds, signifying strengthening of the Ni-Si interface. 

The final number of Si-C bonds changes by ±2% compared to the initial number of bonds 

indicating that in certain cases the Si-C interface is strengthened, and, in other cases, it is 

weakened by the combined external loading. During simulations with two combined 

loading cycles, such as the results shown in Figure 3.6, we observe a decrease in the 

number of Si-C bonds after two loading cycles compared to one, indicating permanent 

deformation that accumulates each loading cycle and eventually will lead to wear and 

delamination between the Si and DLC coating layers. The permanent deformation of the 

Ni-Si, Si-Si, and Si-C bonds seems nearly independent of t1 and t2 for the cases 

investigated, especially in light of the stochastic nature of the MD simulations. The 
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remaining bond types in the model, Ni-Ni and C-C, show negligible permanent 

deformation, and are therefore not shown in Figure 3.8. The C-C bonds have the highest 

cohesive energy compared to the other bond types and thus, no permanent deformation is 

observed. The increase in the Ni-Ni bonds during loading, due to the temporary close 

proximity of second-nearest neighbor atoms, is purely elastic and fully recovered once 

the compressive loading is removed and the Ni atoms relax back into their equilibrium 
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positions in the FCC lattice. It is the amorphous structure of the Ni-Si and Si-C interfaces 

and the a-Si layer in combination with the relatively low cohesive energies of those bond 

types that cause the only significant permanent deformation to occur in the Ni-Si and Si-

Si bonds and to a lesser extent, Si-C bonds. 

Figure 3.9 shows the normalized final bond energy as a function of t2 for different 

values of t1 and for pc = 64 GPa, normalized with the initial bond energy. It is a measure 

of the total permanent deformation in the coating, i.e., the change in energy due to the 

deformation of the individual bond types shown in Figure 3.7 (a)-(c). The final bond 

energy increases with increasing t2 and decreasing t1. The increase in final bond energy 

with increasing t2 indicates that a thicker a-Si layer deforms more than a thinner a-Si 

layer at a given contact pressure. This deformation is due to the a-Si layer being the 

amorphous layer with the lowest cohesive energy. The increase in final bond energy with 

decreasing t1 agrees with the results shown in Figure 3.7 and indicates that increasing t1 

improves protection of the substrate due to the high C-C cohesive energy. The effect of t1 

increases with increasing t2, which indicates that decreasing the DLC layer thickness has 
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a bigger effect with increasing a-Si layer thickness. Thus, to optimize the strength of a 

DLC coating for a given coating thickness budget, it seems more effective to decrease t2 

before decreasing t1. 

3.4 Conclusions 

We have investigated the deformation of the ultra-thin multilayer DLC coating 

during combined normal and tangential loading against a moving, rigid hydrogen-

terminated diamond counterface, simulating accidental contact between a recording head 

and magnetic disk of an HDD. The mean residual strain in the recording head before 

loading decreases with increasing a-Si layer thickness but is independent of the DLC 

layer thickness, indicating that a thicker a-Si layer is desirable for reducing residual strain 

in the recording head. Deformation during combined loading and sliding occurs primarily 

in the Ni-Ni, Ni-Si, and Si-Si interactions, and is a function of the cohesive energy and 

atomic structure of the layers. This deformation increases with decreasing DLC layer 

thickness, indicating that a thicker DLC layer is desirable for protecting the recording 

head during combined loading and sliding contact. Permanent deformation is observed 

primarily in the Ni-Si and Si-C interfaces and in the a-Si layer and is also a function of 

the cohesive energy and atomic structure of the layers. Permanent loss of interatomic 

bonds between material layers is only observed in the Si-C interface, and increases with 

additional combined loading cycles. The total permanent deformation of the DLC coating 

increases with increasing a-Si layer thickness and decreasing DLC layer thickness. 

Hence, to minimize deformation of the DLC coating under combined loading, for a given 

coating thickness budget, it is preferable to decrease the thickness of the a-Si layer before 

decreasing the thickness of the DLC layer.  
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CHAPTER 4 

 

QUANTIFYING DELAMINATION OF ULTRA-THIN 

MULTILAYER DLC COATINGS FROM THEIR 

SUBSTRATE USING MOLECULAR 

DYNAMICS SIMULATION 

 

Modified from [Price, M. R., Raeymaekers B.: Quantifying adhesion of ultra-thin 

multilayer DLC coatings to Ni and Si substrates using shear, tension, and nanoscratch 

molecular dynamics simulations. Acta Mater. 141, 317-326 (2017)]. © Elsevier 2017  
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4.1 Introduction 

One of the primary challenges in determining the atomistic mechanisms of 

delamination of an ultra-thin DLC coating is the time and length scales over which it 

occurs. No experimental techniques exist that can directly observe the motion of atoms 

that leads to delamination, but delamination is a process that occurs over time scales that 

are not feasible to model with MD. Although simulation results such as those discussed 

in Chapters 2 and 3 provide knowledge about how ultra-thin multilayer DLC coatings 

deform due to external loading and are useful in predicting which coating parameters are 

important in preventing the plastic deformation that may lead to wear or delamination, 

they do not actually model separation of the coating from the substrate. Hence, this 

chapter builds upon the results of the previous chapters and the experimental and 

simulated methods and results of many previous studies that investigate combined normal 

and tangential loading of ultra-thin DLC coatings and attempt to extend their longevity 

by quantifying and preventing or postponing delamination of the coating from the 

substrate. 

A common experimental technique to quantify adhesion of a coating to its 

substrate is the nanoscratch test, in which a hard indenter tip is moved tangentially across 

the surface under a constant or steadily increasing load until coating failure occurs [1]. 

Coating failure may occur as radial cracking, through-thickness cracking, permanent 

deflection of the coating, delamination, or a combination of these mechanisms, depending 

on the hardness of the coating and substrate, thickness of the coating, and chemical 

adhesion between coating and substrate [1,2]. Determining the mechanisms of coating 

failure and quantifying the adhesion strength of the coating to the substrate is 
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accomplished by analyzing changes in the normal load, tangential load, indenter depth, 

and friction coefficient during the scratch, and by examining the surface of the coating 

after the scratch to determine the scratch profile and the size, shape, and composition of 

any debris generated by the scratch. Nanoscratch tests show that failure of ultra-thin DLC 

coatings is determined primarily by the amount of plastic deformation in the substrate [3], 

which may lead to cracking and delamination of the coating [4,5]. Furthermore, adhesion 

of DLC coatings to the substrate depends on external load, residual stress in the coating, 

coating and substrate composition, and coating thickness [5–7]. 

Researchers have proposed a number of techniques to prevent, reduce, or 

postpone delamination of ultra-thin DLC coatings under external loading by reducing the 

residual stress in the DLC and improving adhesion of the DLC coatings to the substrate. 

Some of these techniques, such as carbon ion implantation into the substrate before 

coating deposition [8,9], modifying coating deposition parameters [10,11], doping the 

DLC [12–14], tuning the substrate temperature during deposition [15], and thermal 

annealing of coating and substrate after coating deposition [14,16] can change the 

mechanical properties of the coating and reduce its ability to protect the substrate, or can 

directly damage the substrate through ion bombardment, melting, or increased diffusion 

between regions of different materials [8,10,11,14,16]. Thus, these techniques are 

inadequate when such damage compromises the function of delicate substrate materials 

and nanostructures. Other techniques improve adhesion without affecting the mechanical 

properties of the DLC coating material or damaging the substrate, such as including 

nanocrystals of a metallic phase within the DLC coating [17–19], deposition of an 

intermediate layer between the DLC and the substrate [20–22], deposition of multiple, 
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alternating layers of hard DLC and a softer material such as a metal or a softer DLC 

[21,23–25], or creating a composition gradient between the substrate and the DLC 

coating [21,26,27]. However, it is difficult to theoretically predict and experimentally 

determine how the different materials deform under external loading, and understand how 

that deformation leads to delamination, particularly when the coatings are several 

nanometers thick and the deformation of the coating is dominated by atomic-scale 

effects. 

Molecular dynamics (MD) simulations have been used to simulate deformation 

and adhesion of ultra-thin multilayer coatings under combined normal and tangential 

loading. MD simulations of nanoscratch tests [28,29] and other normal and tangential 

loading cases [30–33] of DLC coatings provide descriptions of the change in atomic 

structure near the surface of the coating due to loading [28–30], the adhesion between the 

DLC coating and the contacting surface [31,32], and the friction coefficient during 

sliding [33]. However, these studies model either DLC only or a single-layer DLC 

coating on a substrate, and do not investigate adhesion of the DLC coating to the 

substrate. Other MD studies quantify adhesion between different materials or multiple 

layers in a coating, and find that MD correctly predicts the qualitative trends of adhesion 

strength between different materials [34–37]. However, the materials modeled are 

typically crystalline metals rather than amorphous DLC. No studies exist that evaluate 

atomic-scale deformation of an ultra-thin multilayer DLC coating under combined 

normal and tangential loading, to provide design guidelines to minimize deformation and 

delamination of the DLC coating for a given set of loading conditions. Hence, the 

objective of this chapter is to fill this gap and determine the effect of coating design 
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parameters of an ultra-thin multilayer DLC coating, including thickness and composition 

of the layers, on the adhesion of the coating to the substrate. This will provide an 

understanding of how ultra-thin multilayer DLC coatings deform and separate from the 

substrate under external loading, and provide information on how to design DLC coatings 

to facilitate their use in engineering applications. 

4.2 Methods 

4.2.1 Model 

We model the ultra-thin DLC coating of an HDD recording head, which contains 

an sp3-fraction of approximately 70 % (i.e., tetrahedral amorphous carbon, ta-C [38]) and 

protects the magnetic read/write components from wear and delamination due to 

accidental contact with the disk [39,40]. Figure 4.1 shows the MD model of a small 

portion of the recording head, indicated by a red rectangle in Figure 1.6. The MD model 

consists of a Ni substrate of thickness tsub and a multilayer DLC coating consisting of a 

DLC layer of thickness t1 and an a-Si layer of thickness t2. We model the top pole 

permalloy substrate material as Ni to simplify the computational model. Although the 

Figure 4.1 MD model of a small portion of the recording head, indicated by the red 
rectangular box in Figure 1.6. 
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magnetic properties of permalloy and Ni are different, their mechanical properties 

including hardness, Young’s modulus, Poisson’s ratio, and lattice structure are similar 

[41–44]. We model the rigid, spherical indenter with C atoms in a diamond lattice, and 

select the indenter tip radius of r = 40 Å and simulation volume of 260 x 100 x 190 Å3 

after a convergence study to ensure that boundary effects of the simulation box are 

negligible. 

Figure 4.2 shows a schematic of the four different combinations of coating and 

substrate materials used in this study. We vary the thickness and composition of the 

coating layers t1 and t2 to systematically investigate their effect on adhesion of the coating 

to the substrate, which we measure as the force required to separate the coating from the 

substrate under tension or shear loading. Coating type I is similar to the DLC coating on a 

recording head in an HDD (Figure 4.1). We compare coating type I to type II to evaluate 

the effect of DLC sp3 fraction on adhesion to the substrate. Coating types III-A and III-B 

are ta-C coatings on Ni and crystalline Si substrates, respectively, with a-C rather than a-

Si as the material of the intermediate coating layer. We compare coating type III-A to 

type I to determine how adhesion of DLC coatings can be improved by modifying the 

properties of the DLC itself without the need for an intermediate layer of a different 

Figure 4.2 Different combinations of coating and substrate materials used in this study. 
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chemical composition, as observed by Anders et al. and Logothetidis et al. [23,25]. 

Additionally, we replace the Ni substrate (type III-A) with crystalline Si (type III-B), a 

substrate commonly used in MEMS devices, to compare the effect of substrate material 

on the adhesion of DLC coatings as a function of coating layer thickness. DLC is known 

to display strong adhesion to Si and weak adhesion to Ni [7].  

We vary the thickness of the coating layers, 12 ≤ t1 ≤ 21 Å and 0 ≤ t2 ≤ 9 Å, while 

maintaining a constant total coating thickness of t1 + t2 = 21 Å, which is similar to the 

thickness of the protective coating on the recording head of an HDD. The substrate 

thickness tsub remains 50 Å throughout this chapter. We use the following interatomic 

potentials in the MD model: MEAM [34,45,46] for Ni-Ni, Ni-Si, and Ni-C interactions 

and Tersoff [47] for Si-Si, Si-C, and C-C interactions except for the C-C interactions 

between the indenter tip and the coating, for which we use a Morse potential 

parameterization that has been used to describe the interactions between a diamond 

indenter and substrate during nanoscratch simulations, with D = 0.435 eV, α = 4.65 Å, 

and r0 = 1.95 Å [48]. We overlap the MEAM and Tersoff potentials at the corresponding 

material interfaces to account for the many-body terms of the potentials as described in 

Section 1.4.3. The model consists of approximately 330,000-450,000 atoms depending on 

coating thickness and composition. We use the Sandia LAMMPS code [49] for the MD 

simulations with a time step of 0.25 fs for all simulations. 

We use a multistep annealing procedure to create the MD model similar to the 

single-step annealing procedure used by others to create DLC [31,50]. We create a 260 x 

30 x 190 Å3 block of DLC by heating diamond to 6000 K and rapidly quenching it, while 

controlling the pressure to tune the density and thus, the sp3 fraction of the DLC. We use 
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a similar annealing procedure to create a block of a-Si. We merge the material blocks to 

create a single- or multilayer coating (t2 = 0 or t2 > 0, respectively) on a substrate of 

crystalline Ni or Si, and perform the annealing procedure at the interface between the 

different material layers. We create coatings with layers of different thickness by 

removing atoms from the middle of each coating layer and annealing the layer back 

together. This procedure ensures that the atomic structure of the DLC coating surface and 

of the interfaces between material layers, including diffusion of atomic species into 

neighboring layers, are identical for all simulations. Thus, the simulation results are only 

dependent on the change in coating design parameters (e.g., layer thickness) and not on 

stochastic variation of the atomic structure at the material interfaces or surface of the 

DLC layer. 

4.2.2 Simulation procedure 

Figure 4.3 shows the three different simulation procedures used in this work, 

including simple shear, simple tension, and nanoscratch simulations to quantify the effect 

of simple and combined normal and tangential loading on the adhesion of the coating to 

the substrate. Figure 4.3 (a) illustrates the nanoscratch simulation procedure, similar to 

that used in other studies [51,52]. We press the indenter into the coating (vy = -50 m/s) 

until reaching an indentation energy of 2700 eV, identical for all nanoscratch simulations. 

We then translate the indenter tangentially across the coating over a distance of 84.5 Å 

(vx = 50 m/s). Finally, we remove the indenter from the coating (vy = 50 m/s). 50 m/s is 

faster than what is typical for nanoindentation and nanoscratch experiments, but 

corresponds to the maximum relative velocity between the head and disk in an HDD [53] 
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and falls within the range of indenter displacement rates used in other MD nanoscratch 

simulations, 20 m/s to 500 m/s (see e.g. [52,54–56]). Throughout the nanoscratch 

simulation, we hold the outer atomic layers along the sides and bottom of the simulation 

box rigid and maintain the next atomic layers inward at 300 K using a Langevin 

thermostat to simulate the bulk material around the simulation volume. 

Figure 4.3 (b) shows the simulation procedure for simulating simple tension or  

shear loading, similar to the procedure used in other MD studies [56–58]. We hold the 

outer atomic layers in the y-direction rigid at the top and bottom of the coating and 

substrate, respectively, and maintain the next atomic layers inward at 300 K using a 

Langevin thermostat. For tension loading simulations, we move the upper rigid section of 

the coating upward (50 m/s) until the coating has fully separated from the substrate. For 

Figure 4.3 Schematic of the simulation procedures used. (a) Nanoscratch simulation 
procedure. (b) Shear and tension simulation procedure. (c) Schematic of the process for 
performing shear, tension, and nanoscratch simulations for each coating. 
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the shear loading simulations, we move the upper rigid section of the coating 20 Å in the 

x-direction (50 m/s). Because the simulation box boundaries are periodic in the x- and z-

directions, the shear loading simulations do not fully separate the coating from the 

substrate, and bonds between atoms that are broken due to shear loading can be replaced 

by bonds between different atoms. 

Figure 4.3 (c) shows a schematic of the process for performing simple shear, 

simple tension, and nanoscratch simulations for each coating of the desired coating 

composition and thickness. We perform independent shear, tension, and nanoscratch 

simulations on the coating, then perform second shear and tension simulations on the 

coating after it has undergone a nanoscratch simulation. A single scratch is insufficient to 

cause complete delamination of a DLC coating from the substrate, which typically only 

occurs after many cycles (see, e.g., [59]). Hence, we compare the shear and tension 

simulation results before and after the nanoscratch simulation to determine the damage 

and to evaluate which design parameters are most important in preventing damage that 

may lead to future delamination due to the combined normal and tangential loading 

(scratch). 

4.2.3 Data analysis 

Figure 4.4 shows a typical result of the x-force during shear loading and y-force 

during tension loading as a function of time for a ta-C and a-Si coating on a Ni substrate 

(type I) with t2 = 3 Å. Following an initial equilibration period, shear or tension of the 

coating begins at time t0. During shear simulations, the coating deforms until a maximum 

force Fmax occurs at time tmax, at which point a shear band develops near the coating-

substrate interface, the shear force decreases, and the coating begins to move in the x-
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direction. During tension simulations, the tension force decreases to zero after reaching 

Fmax due to the complete separation of the coating from the substrate. Similar behavior is 

seen for all coatings. We compare Fmax under shear and tension loading for different 

coating designs to determine the effect of coating design parameters on a coating’s 

resistance to shear and tension loading. We compare Fmax under shear and tension loading 

for the same coating, before and after a nanoscratch simulation, to determine the effect of 

coating design parameters on deformation due to combined normal and tangential 

loading. We calculate the critical mean shear strain γcrit, defined as the shear strain at the 

inception of coating separation during the shear simulations, as γcrit = vx(Δtload)/lx, where 

vx is the shear velocity, Δtload is the time between t0 and tmax, and lx is the length of the 

simulation box in the x-direction, and compare the effect of coating design parameters on 

the local displacement required for coating separation and thus, on the elasticity of the 

coating. 

We quantify local shear strain by discretizing the simulation volume into grid 

elements and calculating a local average of the atomic bond rotation angle (ABRA). 

ABRA is a measure of the angle that a bond between two atoms has been rotated when 

Figure 4.4 x-force during shear and y-force during tension as a function of time. Shown 
for a ta-C and a-Si coating on a Ni substrate (type I) with an intermediate a-Si layer of 
thickness t2 = 3 Å. 
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atoms have been displaced due to loading, and is an indication of local shear strain [57]. 

Figure 4.5 (a) shows a schematic of the three-dimensional simulation volume 

discretization technique we use to calculate the average ABRA within each grid element. 

Each bond that exists at the beginning and end of the simulation contributes to the 

average ABRA for the grid element in which the bond’s midpoint is located. Two atoms 

are considered to be bonded when the distance between them is less than a cutoff 

determined using the first minimum in the radial distribution function for the given bond 

type [31,60], including Ni-Ni, Ni-Si, Ni-C, Si-Si, Si-C, and C-C bonds. Figure 4.5 (b) 

shows a schematic of the one-dimensional simulation volume discretization technique 

that we use to quantify how properties including energy per atom, volume per atom, and 

bond length vary with coating depth and thus, due to changes in layer composition and 

Figure 4.5 Simulation volume discretization techniques. (a) Schematic of the three-
dimensional simulation volume discretization technique for calculating local averages of 
ABRA. (b) one-dimensional simulation volume discretization technique for quantifying 
how coating properties including energy per atom, volume per atom, and bond length 
vary with coating depth. 
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thickness.  

4.3 Results and discussion 

We have simulated simple shear, simple tension, and nanoscratch procedures for 

the coatings shown in Figure 4.2, to determine the effect of coating layer thickness and 

sp3 fraction on the adhesion of the coating to the substrate, and plastic deformation of the 

substrate. Although we model a particular application of ultra-thin DLC coatings for 

HDDs, the results find use in a wide range of applications in which similar protective 

coatings are used. 

We first evaluate the effect of coating composition, including thickness of an 

intermediate a-Si layer, and the sp3 fraction of the DLC layer, on the adhesion of the DLC 

coating to the substrate, by determining the maximum force required to remove the 

coating from the substrate. Figure 4.6 shows the force Fmax to separate ta-C (70% sp3, 

type I) and a-C coatings (30% sp3, type II) from a Ni substrate under shear loading 

(dashed line) and tension loading (solid line), as a function of the thickness of the 

Figure 4.6 Force to separate ta-C and a-C coatings from a Ni substrate (types I and II) 
under shear and tension loading. Shown as a function of the thickness of the 
intermediate a-Si layer, and the sp3 fraction of the DLC coating. 
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intermediate a-Si layer, t2. We observe that Fmax is independent of the sp3 fraction of the 

DLC layer over the range of parameters investigated. We also note that Fmax is greater 

with an intermediate a-Si layer than without, and that for the coatings with an 

intermediate a-Si layer, Fmax increases with decreasing intermediate layer thickness. This 

indicates that the presence of the a-Si layer improves the adhesion of DLC coatings to the 

Ni substrate, in agreement with the experimental observations by Holleck and Schier [61] 

and Li et. al. [27]. Furthermore, the results indicate that an optimum thickness of the 

intermediate a-Si layer exists. 

Figure 4.7 shows the effect of the a-Si layer on the atomic structure of the Ni 

substrate near the coating-substrate interface to explain why the intermediate a-Si layer is 

critical for improving adhesion of a DLC coating to a Ni substrate. Figure 4.7 (a) shows a 

close-up view of the coating-substrate interface for a ta-C coating (type I) without and 

with an intermediate a-Si layer (t2 = 0 Å and 3 Å, respectively). The Ni lattice is less 

apparent near the interface with ta-C than near the interface with a-Si, indicating that 

below the coating without an intermediate a-Si layer, the Ni atoms are further away from 

their equilibrium lattice positions compared to the coatings with an intermediate Si layer. 

This qualitative observation is quantified in Figure 4.7 (b), which shows the deviation 

from equilibrium of the energy per Ni atom, volume per Ni atom (estimated using the 

Voronoi algorithm [62]), and Ni-Ni bond length as a function of depth into the Ni 

substrate for the coatings shown in Figure 4.7 (a). We observe that the Ni substrate 

without an intermediate a-Si layer displays deviations from equilibrium ranging between 

-20% and 10% for energy per Ni atom, volume per Ni atom, and Ni-Ni bond length that 

penetrate > 7 Å into the substrate, whereas the Ni substrate with an intermediate a-Si 
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layer shows deviation of < 3% from equilibrium except in volume per Ni atom, which 

increases near the coating-substrate interface. This is due to the existence of a FCC phase 

of Ni3Si with a Ni-Si bond length that differs from the Ni-Ni bond length of the FCC Ni 

substrate by 3.4%, which is much less than the 18-22% difference between Ni-C and Ni-

Ni bonds in their respective equilibrium atomic structures [34,46,63,64]. Thus, the 

presence of the intermediate a-Si layer causes the Ni lattice to be less distorted than when 

Figure 4.7 The effect of the a-Si layer on the atomic structure of the Ni substrate. (a) 
Close-up view of the coating-substrate interface for a ta-C coating without Si compared 
to with Si. (b) Deviation from equilibrium of the energy per Ni atom, volume per Ni 
atom, and Ni-Ni bond length as a function of depth into the Ni substrate for the coatings 
shown in (a). (c) Locally averaged ABRA for the coatings shown in (a). 
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no intermediate a-Si layer is present. 

Figure 4.7 (c) shows the locally-averaged ABRA for the coatings shown in Figure 

4.7 (a) resulting from the shear loading described in Section 4.2.2. We observe permanent 

shear strain in the intermediate layer between Si atoms for all coatings with an 

intermediate a-Si layer, but in the substrate between Ni atoms for the coatings without an 

intermediate a-Si layer. This corresponds to the location of maximum deviation from 

equilibrium in energy per Ni atom, volume per Ni atom, and Ni-Ni bond length (see 

Figure 4.7 (b)). Therefore, coating failure without an intermediate a-Si layer occurs in the 

Ni substrate under lower shear and tensile loading than it would occur in an undistorted 

Ni lattice, or in the intermediate a-Si layer when it is present (see Figure 4.6).  

Figure 4.8 shows a cross-section of the coating and substrate of a type I coating, 

and explains why the coatings with the thinnest intermediate a-Si have the greatest 

resistance to shear and tension loading (see Figure 4.6). Figure 4.8 (a) shows a snapshot 

of a typical shear simulation before and after shearing of a type I coating with t1 = 30 Å 

and t2 = 15 Å. We show a coating with a thickness greater than 21 Å for clarity of 

describing features that are not readily visible when t2 ≤ 9 Å. Atoms are colored as 

labeled in Figure 4.1 except for a thin band of atoms colored red according to their initial 

x-coordinate, to illustrate how each layer of the coating deforms due to shear loading. We 

observe that the Ni substrate and ta-C layer are unaffected by shear loading, but that the 

intermediate a-Si layer slips near the Ni-Si interface, and that the remainder of the 

intermediate a-Si layer has also plastically deformed, as evidenced by the position of the 

red-colored atoms. Figure 4.8 (b) shows the composition of the coating, the x-

displacement of the atoms, and the normalized curvature of the x-displacement after shear 
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Figure 4.8 Shear failure region during shear loading. (a) Snapshot of shear simulation 
before and after shearing a type I coating with t1 = 30 Å and t2 = 15 Å. (b) 
Composition, x-displacement during shear, and curvature of x-displacement 
normalized by its maximum value as a function of coating depth. (c) Distance from 
coating-substrate interface of shear region and critical shear region as a function of 
intermediate a-Si layer thickness. 
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loading, as a function of coating depth. The sheared region consists of the top atomic 

layers of the Ni substrate and the entire intermediate a-Si layer apart from the upper 

portion of the layer that is strengthened by the presence of C atoms. In addition, a critical 

shear region is defined as the atomic layers of the coating that slip with respect to the 

stationary substrate due to shear loading. The corresponding displacement Δxcrit increases 

at a rate approximately equal to the shear velocity once the coating is loaded beyond Fmax. 

This critical shear region is bound by the global minimum and maximum in the 

normalized curvature of the x-displacement. 

Figure 4.8 (c) shows the distance between the coating-substrate interface and the 

top and bottom of the shear region and critical shear region as a function of the 

intermediate a-Si layer thickness. The distance between the top of the intermediate a-Si 

layer and the coating-substrate interface is also shown. We observe that the thickness of 

the shear region increases with increasing t2 and that the thickness of the critical shear 

region is constant for all coatings investigated.  Furthermore, we observe that the shear 

region and the critical shear region form increasingly deeper below the coating-substrate 

interface with decreasing t2 and thus, are comprised increasingly of Ni atoms rather than 

Si atoms. In the case of t2 = 0 Å, failure under shear loading occurs entirely in the Ni 

substrate in the region that has been distorted by the Ni-C bonds due to the lack of a 

stable FCC phase of Ni and C (see Figure 4.7). However, in the case of t2 = 3 Å, the 

presence of an intermediate a-Si layer of even minimal thickness reduces the Ni lattice 

distortion at the coating-substrate interface. Thus, the penetration of the critical shear 

region into the substrate strengthens the critical shear region compared to coatings with t2 

≥ 3 Å, and the coating with t2 = 3 Å resists shear and tension loading best of all coatings 
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we have evaluated (see Figure 4.6). The critical shear region makes up a decreasing 

portion of the total shear region with increasing t2, and the deformation of the coating 

under shear loading is increasingly dominated by the properties of a-Si itself and not by 

the surrounding materials. We observe that the location of coating separation during 

tension loading occurs at the same location within the coating in which the critical shear 

region occurs. Furthermore, imperfections in the Ni lattice before loading such as 

dislocations or grain boundaries, while not modeled in this study, reduce the stress 

necessary for plastic deformation in the Ni substrate but are not expected to have 

significant effects on the qualitative behavior of local bonding between ta-C and Ni 

compared to a-Si and Ni observed in this study. 

Continuum mechanisms, in addition to the atomistic mechanisms shown in 

Figures 4.7 and 4.8, also play a role in the deformation of ultra-thin multilayer DLC 

coatings and their ability to protect the substrate from plastic deformation. Increasing the 

thickness of an intermediate layer that has a lower hardness and stiffness than the ta-C 

layer reduces the hardness and stiffness of the entire multilayer coating, as previously 

documented via nanoindentation simulations of ultra-thin multilayer DLC coatings in 

Chapter 2 ([65]). This increases the deformation that occurs in the coating while reducing 

the deformation that occurs in the substrate and at the coating-substrate interface for a 

constant external load. Thus, increasing t2 prevents damage to the substrate caused by an 

external load. Figure 4.9 (a) shows the percent difference in critical mean shear strain γcrit 

of a type I, II, or III coating compared to the critical mean shear strain in a coating of the 

same type without an intermediate a-Si or a-C layer as a function of intermediate layer 

thickness t2. We observe that γcrit increases with increasing t2 for all coating and substrate 
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Figure 4.9 Effect of intermediate layer thickness on coating’s ability to protect the 
substrate. (a) Percent difference in critical mean shear strain of type I, II, and III 
coatings compared to the critical mean shear strain in a single-layer coating of the 
same type as a function of intermediate layer thickness. (b) Percent weakening under 
shear loading due to a scratch as a function of intermediate layer thickness. (c) 
Snapshots of three nanoscratch simulations before and after the scratch for three cases 
labeled in (b). 
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combinations evaluated. This is because the a-Si and a-C intermediate layer materials 

display lower stiffness than ta-C under shear and tension loading [66,67] and thus, the 

stiffness of the coatings decreases with increasing t2. Similar behavior is observed for all 

coatings under tension loading. Figure 4.9 (b) shows the percent weakening under shear 

loading after performing a nanoscratch simulation, as a function of intermediate layer 

thickness t2. Figure 4.9 (c) shows before and after snapshots of the nanoscratch 

simulations for the cases indicated in Figure 4.9 (b). We observe that the percent 

weakening under shear loading due to the scratch decreases with increasing t2, except for 

the type II coatings, for which a single scratch is insufficient to cause measurable damage 

with respect to separation of the coating from the substrate. Type II coatings, which 

consist of a-C and a-Si, are the softest and least stiff of the coatings evaluated and thus, 

best protect the substrate and coating-substrate interface from plastic deformation, even 

without an intermediate a-Si layer, as observed in case C of Figure 4.9 (c). This is in 

agreement with experimental results, which show that coating durability is increased with 

decreasing stiffness of the intermediate coating layer [59]. Indeed, the scratch slightly 

compresses the a-Si layer, which increases its density and results in a slight increase of 

Fmax under shear loading after the scratch. For type I coatings, the presence of even 3 Å 

of a-Si is sufficient to protect the substrate from deformation such that no dislocations are 

emitted from the coating-substrate interface due to the scratch, such as occurs without an 

intermediate a-Si layer as seen in case A of Figure 4.9 (c). With the addition of a-C rather 

than a-Si as an intermediate layer, type III coatings with Ni substrates (III-A) do not 

entirely protect the substrate or coating-substrate interface from plastic deformation over 

the range of design parameters tested, although the percent weakening due to a scratch 
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decreases with increasing thickness of the a-C layer. In nanoscratch simulations of a type 

III coating with Si substrate (III-B) we observe amorphization of the Si substrate near the 

coating-substrate interface, shown in case B of Figure 4.9 (c), which weakens the 

coatings under both shear and tension loading. The amorphization of the substrate 

decreases with increasing thickness of the intermediate a-C layer, but we observe from 

Figure 4.9 (b) that the case with t2 = 0 Å is weakened less by the scratch than the case 

with t2 = 3 Å. This cannot be explained using continuum theory, but is due to differences 

between the atomic structure of a-C and ta-C as described below. Furthermore, we note 

that while decreased hardness and stiffness of DLC coatings may help prevent or 

postpone delamination from the substrate, the wear rate and friction coefficient of DLC 

coatings increase with decreasing hardness and stiffness [68], thus a balance must be 

found based on the design requirements and expected loading conditions of a particular 

coating. Maximizing the hardness of the outmost coating layer and using intermediate 

coating layer(s) to improve its adhesion to the substrate appears to be the best way to 

protect the substrate, similar to findings by Choy and Felix [69]. 

Figure 4.10 (a) shows the difference between Fmax of a type III coating and Fmax of 

the same coating type without an intermediate a-C layer under shear and tension loading, 

as a function of the thickness of the intermediate a-C layer. We observe that the force 

required to separate the coating from the substrate under tension loading is independent 

of the thickness of the intermediate a-C layer, but that the force required to separate the 

coatings under shear loading increases with increasing t2 for type III coatings on Si 

substrates (III-B) and decreases with increasing t2 for type III coatings on Ni substrates 

(III-A). Thus, although the a-C layer increases the elasticity of the coating and prevents 
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Figure 4.10 Effect of intermediate layer composition on coating adhesion to the 
substrate. (a) Difference between Fmax of a type III coating and Fmax of the same coating 
type without an intermediate a-C layer under shear and tension loading as a function of 
the thickness of the intermediate a-C layer. (b) Bond density in type III coatings as a 
function of coating depth. (c) Deviation from equilibrium of the bond lengths for the 
interfacial and substrate bonds within 5 Å of the coating-substrate interface for type III 
coatings before any external loading has been applied. 
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damage to the substrate due to the scratch for all type III coatings (see Figure 4.9), the 

presence of the a-C layer reduces the adhesion of ta-C to the Ni substrate under shear 

loading compared to the single-layer ta-C coating. This is due to differences in the atomic 

structure of the coating and substrate materials. Figure 4.10 (b) shows the bond density in 

type III coatings as a function of coating depth. We observe that the bond density is 

greater in the ta-C layer compared to the a-C layer, due to the higher mass density and 

average coordination of C atoms in ta-C compared to a-C [38]. Furthermore, we observe 

that the bond density of ta-C is closer to that of Ni than Si and that the bond density of a-

C is closer to that of Si than Ni. Thus, the local atomic structure near the interface is 

strained more to accommodate bonding between a-C and Ni than between ta-C and Ni, 

and is strained more to accommodate bonding between ta-C and Si than between a-C and 

Si. Figure 4.10 (c) shows the deviation from equilibrium of the bond lengths for the 

interfacial (Ni-C and Si-C) and substrate (Ni-Ni and Si-Si) bonds within 5 Å of the 

coating-substrate interface for type III coatings (III-A and III-B, respectively) before any 

external loading has been applied. We observe that the Si-C bond length is independent 

of t2 and the deviation from equilibrium of the Si-Si bond length decreases with 

increasing t2 except for the case without intermediate a-C layer. In the case of t2 = 0 Å the 

interfacial strain occurs between Si-C rather than Si-Si bonds. Thus, the substrate is 

stronger than it would be if the interfacial strain occurred between Si-Si bonds rather than 

Si-C bonds, and we observe less weakening in the amorphized Si substrate due to the 

scratch (see Figure 4.9 (b)). We also observe that the Ni-Ni and Ni-C bonds show 

increasing deviation from their equilibrium bond length with increasing t2 for type III-A 

coatings. Thus, the presence of the intermediate a-C layer weakens the adhesion between 
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a ta-C coating and Ni substrate but strengthens that between a ta-C coating and Si 

substrate. Much experimental data have been obtained for coatings comprised of ta-C and 

a-C multilayers on a Si substrate, which agrees qualitatively with the behavior we have 

observed for Si substrates [10,23,25,70–72]. Some authors have studied ta-C and a-C 

multilayers on metallic substrates including stainless steel and Ti6Al4V [71,73], but a 

decrease in adhesion due to the presence of intermediate a-C layer(s) was not observed in 

these cases. However, the coatings are orders of magnitude thicker than the coatings in 

this study, thus, the inclusion of an intermediate a-C layer may improve adhesion of ta-C 

to Ni substrates by reducing the stress in the coating [10] for thicker coatings and thus 

with higher intrinsic stress than the coatings modeled in this study. 

4.4 Conclusions 

We have performed simple shear and tension loading and nanoscratch simulations 

of ultra-thin multilayer DLC coatings for a range of coating layer thicknesses and coating 

and substrate compositions including ta-C (70% sp3 fraction DLC), a-C (30% sp3 fraction 

DLC), and a-Si coating layers on crystalline Ni or Si substrates. We have determined the 

effect of the coating design parameters on the force required to separate the coating from 

the substrate under shear and tension loading both before and after a scratch and 

described the mechanisms by which different coating design parameters improve or 

degrade the adhesion between the coating and the substrate. 

We conclude that the presence of an intermediate a-Si layer is critical for 

improving adhesion of ta-C and a-C coatings to Ni substrates. The bonding between Ni 

and C atoms at the coating-substrate interface forces the Ni atoms near the interface away 

from their equilibrium lattice positions and lowers the force necessary to separate layers 
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of Ni atoms in the distorted lattice compared to an undistorted lattice when subjected to 

shear and tension loading. Thus, DLC coatings without an intermediate a-Si layer fail 

below the DLC coating in the Ni substrate under both shear and tension loading. Si and 

Ni form a stable FCC phase near the interface, and bonding of the Si and Ni atoms causes 

minimal distortion of the Ni lattice. Thus, failure occurs in the intermediate a-Si layer 

rather than a distorted Ni substrate, and the force necessary to separate the coating from 

the substrate under shear and tension loading increases when compared to coatings 

without an intermediate a-Si layer. 

Furthermore, we conclude that there is an optimal thickness of the intermediate a-

Si layer for improving adhesion of ta-C coatings on Ni substrates. The a-Si layer is softer 

than the ta-C layer and the Ni substrate, thus, plastic deformation of the a-Si layer during 

shear loading, tension loading, and scratching increases with increasing thickness of the 

intermediate a-Si layer. Minimizing the thickness of the intermediate a-Si layer 

minimizes the amount of a-Si available to plastically deform and forces the critical failure 

region under shear and tension loading further into the substrate. This increases the force 

necessary to separate the coating from the substrate, provided enough Si is present to 

bond to the substrate in place of the DLC and thus prevent distortion of the Ni lattice. 

We also conclude that decreasing the hardness and stiffness of the coating by 

increasing the fraction of the coating comprised of a-Si or a-C and decreasing the fraction 

comprised of ta-C increases the maximum strain observed in the coating during 

separation of the coating from the substrate under shear and tensile loading and protects 

the substrate from damage caused by a scratch. However, the adhesion between the 

coating and the substrate measured during shear loading as the shear force necessary to 
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separate the coating from the substrate, depends on the atomic structure of the coating 

and substrate materials. Thus, an intermediate a-C layer improves adhesion of ta-C 

coatings to Si substrates but not to Ni substrates because the bond density of FCC Ni 

more closely matches that of ta-C than a-C, and that of crystalline Si more closely 

matches that of a-C than ta-C. 
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5.1 Conclusions 

Based on the results of the MD simulations of a multilayer DLC coating 

consisting of stacked layers of DLC and a-Si on a Ni substrate documented in this 

dissertation, we draw the following conclusions: 

1. We conclude that the hardness and Young’s modulus of a multilayer DLC 

coating increases with increasing DLC layer thickness and decreasing a-Si 

layer thickness, similar to experimental results documented in the literature. 

DLC and a-Si are the hardest and softest material layers of the multilayer 

coating, respectively, and increasing the thickness of either layer increases its 

fraction of the total thickness of the multilayer coating, thus affecting its 

mechanical properties.  

2. Furthermore, we observe that external loading causes plastic deformation that 

occurs preferentially in the softest material layers. Thus, for constant coating 

thickness and external loading, plastic deformation of the Ni substrate 

increases with decreasing a-Si layer thickness because there is less a-Si 

present to plastically deform, and thus, plastic deformation of the Ni substrate 

is increasingly preferential to plastic deformation of the coating. However, the 

presence of an a-Si layer is critical for improving the adhesion of a DLC 

coating to a Ni substrate and thus, an optimum thickness of the a-Si layer 

exists. In the absence of an a-Si layer, the bonding between Ni and C atoms at 

the coating-substrate interface forces the Ni atoms near the interface away 

from their equilibrium lattice positions and lowers the force necessary to 

separate layers of Ni atoms in the distorted lattice compared to an undistorted 
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lattice when subjected to shear and tension loading. When an intermediate a-

Si layer is present, the Ni and Si atoms form a stable FCC phase near their 

interface, greatly reducing the distortion of the Ni lattice in the substrate and 

increasing the force necessary to separate neighboring atomic layers compared 

to the Ni-C interface. However, because of the low hardness of a-Si compared 

to DLC and Ni and the increase in plastic deformation due to external loading 

that occurs in the a-Si layer with increasing thickness, minimizing the 

thickness of the intermediate a-Si layer minimizes the amount of a-Si 

available to plastically deform and forces the critical failure region under 

shear and tension loading from the a-Si layer into the undistorted Ni substrate. 

This increases the force necessary to separate the coating from the substrate, 

provided enough Si is present to bond to the substrate in place of the DLC and 

thus, prevent distortion of the Ni lattice.  

3. Plastic deformation of the Ni substrate increases with increasing sp3 fraction 

of the DLC layer. Increasing hardness of the DLC layer causes plastic 

deformation to be increasingly preferential to the material layers below the 

DLC layer, and the DLC layer bends like a plate into the plastically deformed 

a-Si layer and Ni substrate. Hence, to prevent plastic deformation of the 

substrate, the fraction of the coating comprised of a-Si should be increased or 

the hardness of the DLC layer should be decreased, for instance by decreasing 

its fraction of sp3 hybridized carbon-carbon bonds. This will cause the coating 

rather than the substrate to deform plastically under mechanical loading. 
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4. Plastic deformation of the Ni substrate decreases for a coating consisting of 

stacked layers of ta-C (70% sp3 fraction DLC) and a-C (30% sp3 fraction 

DLC) compared to a single-layer coating of ta-C of the same thickness under 

identical loading. However, increasing the plastic deformation of the coating 

by decreasing its hardness may degrade its wear resistance and thus, a balance 

exists between obtaining the desired hardness and Young’s modulus to 

decrease wear of the coating, and minimizing the plastic deformation of the 

substrate under mechanical loading. 

5. Adhesion between the coating and substrate, measured as the shear force 

necessary to separate the coating from the substrate, is more significantly 

affected by the atomic structure of the materials that comprise the coating and 

substrate layers than the mechanical properties of the coating and substrate 

materials. We observe that less strain is required to compensate for bonding 

between ta-C and Ni than between a-C and Ni, and less strain is required to 

compensate for bonding between a-C and Si than between ta-C and Si. Thus, 

an intermediate a-C layer improves adhesion of ta-C coatings to Si substrates 

but not to Ni substrates because the bond density of FCC Ni more closely 

matches that of ta-C than a-C, and that of crystalline Si more closely matches 

that of a-C than ta-C. 

5.2 Future work 

Several avenues of future work may be useful for further validating and 

expanding upon the results and conclusions presented in this dissertation. These avenues 

include modeling a wider range of materials, design parameters, and loading conditions, 
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experimentally validating the behaviors predicted by the MD simulations, and expanding 

the length and time scales of the simulations. 

5.2.1 Materials, design parameters, and loading conditions 

We have investigated the effect of coating design parameters, including number 

of layers, layer thickness, layer composition, and DLC sp3 fraction on the resistance of an 

ultra-thin multilayer DLC coating to plastic deformation and delamination. However, a 

greater range over those design parameters or modeling the effect of additional design 

parameters would expand the range of coatings to which these results are applicable. For 

example, we have modeled only a small subset of materials and their combinations as 

substrate and coating layers, and a larger selection of materials used as coating layers 

would allow one to determine which design recommendations from this study are 

applicable to DLC coatings with different substrates or intermediate adhesion layers, and 

what additional deformation mechanisms might play an important role in those coatings. 

The primary challenge that must be overcome when modeling additional materials is the 

development of multicomponent interatomic potential parameters for the desired 

chemical interactions, or limiting the study to the cases for which those parameters have 

already been developed. With greater computational resources, larger volumes could be 

modeled, allowing one to model thicker coatings or the effect of additional coating 

layers. 

In addition to expanding the range of design parameters modeled, one could 

investigate the effect of crystal defects including voids, dislocations, grain boundaries, 

and impurities on a coating’s mechanical properties and deformation mechanisms. 

Modeling crystal defects such as voids, dislocations, and grain boundaries can be done 
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without the need for additional interatomic potential parameters, as has been described by 

others [1–4]; furthermore, preliminary simulations that we ran with randomly-located 

voids in the Ni substrate showed a negligible effect on the simulation results for defect 

densities similar to those reported to us experimentally by our collaborators at Western 

Digital Corp., but a more rigorous study could be implemented. However, modeling grain 

boundaries would require modeling only the region near the grain boundary, modeling 

very small grains, or would require a much larger simulation volume and thus much more 

computation (see, e.g., [5,6]). Finally, modeling impurities, as with adding layers of 

different material to the simulation, is often limited by the choice of multicomponent 

interatomic potential parameters available. 

Additionally, surface effects such as surface roughness, atomic structure of the 

outermost atomic layers near the surface, the presence of lubricant, and lubricant design 

parameters have all been shown to be significant in determining the behavior of ultra-thin 

coatings when contacting another body [7,8]. We negate these effects by ensuring the 

surfaces of the DLC coatings compared in this study are equivalent to each other, but 

have not attempted to explain their effect on the mechanical properties or behavior of the 

coating under external loading, except to quantify uncertainty in hardness and Young’s 

modulus as described in Chapter 2. These considerations would be particularly important 

if attempting to model wear mechanisms of DLC coatings. 

Furthermore, although we have simulated a range of external loading conditions 

of the DLC coating, these loading conditions were chosen to characterize the coating in a 

specific way, e.g. nanoindentation, or to represent a load experienced by a multilayer 

DLC coating in an HDD. Other loading conditions may more accurately represent loads 
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experienced by DLC coatings in different engineering applications, and thus, could be 

modeled in order to verify the applicability of the conclusions of this study for the desired 

application. 

5.2.2 Experimental validation 

Although the primary motivation for this work is the difficulty of experimentally 

obtaining the desired results, we have compared our results to similar experimental 

results where possible, as well as to previously-published MD results, and observed good 

qualitative agreement and where data are directly comparable, good quantitative 

agreement. However, the previous studies to which we have compared our results are 

often results from simulations with coatings comprised of different materials, or from 

experiments on coatings at different time and length scales compared to our simulations. 

Thus, additional experimental results from coatings equivalent to the coatings modeled in 

this study would be greatly beneficial in further validating the results and conclusions we 

have shown. Yu et al. [9] developed a load-displacement transducer with 0.5 Å 

displacement resolution and 3-nm force resolution for performing nanoindentation and 

nanoscratch tests, which has been used to perform indentations as small as 1 nm deep by 

Lee et al. [10]. They characterized multilayer DLC coatings on magnetic disks, and 

measured the mechanical properties as a function of indentation depth but not for 

different coatings to evaluate the effect of coating design parameters. Using a similar 

experimental setup, it would be possible to perform nanoindentation and nanoscratch 

experiments on coatings that match as closely as possible the coatings evaluated in this 

study, which would involve using either actual HDD recording heads or depositing 

coatings of desired composition and thickness directly on Ni and Si substrates. However, 
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although nanoindentation and nanoscratch results can indicate a coating’s wear 

resistance, wear tests should also be performed in cases for which wear is a concern [10]. 

Lee et al. [10], Miyake et al. [11], and Yasui et al. [12] describe using nanoindenter or 

AFM tools to perform wear tests of thin films, although when performing wear tests on 

hard-on-soft coatings with large hardness mismatch between material layers, such as on 

HDD recording heads, deformation may occur as wear of the coating or by bending the 

coating into a soft substrate. Thus, one must ensure that the maximum load is selected 

such that plastic deformation of the substrate is avoided. 

Finally, to validate the effect of coating design parameters on the adhesion of the 

coating to the substrate observed in this study, nanoscratch experiments could be 

performed on coatings equivalent to those modeled in this study. A relevant study was 

published by Yasui et al. [12], who performed nanoscratch experiments of ultra-thin 

single-layer DLC coatings on Ni and Si substrates. One would have to modify their 

procedure to create multilayer DLC coatings with intermediate a-Si or a-C layers. 

Additionally, they identified a critical load at coating failure, but did not characterize how 

the coatings failed, hence, additional postscratch surface characterization steps should be 

taken to determine if the coatings failed by delamination, cracking, or some other 

mechanism(s). 

5.2.3 Larger-scale simulations 

The largest simulations presented in this study had a maximum size of 26 nm or 

less in each dimension and the longest time scale simulated was approximately 1 ns. 

These are near the practical limits of MD simulation using today’s available 

supercomputer resources, although some multimillion atom MD simulations have been 
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achieved [13], and even larger simulations can be done with greatly simplified material 

models, e.g. by using short-range pairwise interatomic potentials [14]. Much longer time 

scales can be simulated using specialized hardware, software, and integration algorithms 

[15,16]. However, fully modeling deformation and delamination of ultra-thin multilayer 

DLC coatings when indented, scratched, or loaded by realistic bodies requires larger 

length scales and longer time scales than is currently feasible using MD. Multiscale 

modeling techniques, such as coarse-graining [17], extended finite-element-analysis [18], 

and internal state variable theory [19], could thus be used to model loading conditions at 

more realistic scales while still modeling important atomistic behaviors such as bond-

breaking at delaminated material interfaces, local atomic rearrangement near indenter-

coating contact, or crystal defects and dislocation motion in the crystalline substrate. 
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AIREBO 
parameter 

Original 
value 

Modified 
value 

A_CC 10953.54 0 
BIJc_CC1 12388.79 0 
BIJc_CC2 17.5674 0 
BIJc_CC3 30.7149 0 

epsilon_CC 0.0028437 0 
epsilon_CCCC 0.307885 0 
epsilon_CCCH 0.178660 0 
epsilon_HCCH 0.124975 0 

 

Table A.2 AIREBO potential parameters used in this study 
that were set to 0 to remove C-C pair interactions. All 
remaining parameter values are unchanged compared to [4] 
and as implemented in LAMMPS [3]. 
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