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Abstract

Atomistic Study of Ternary Oxides as High-Temperature Solid Lubricants

by

Hongyu Gao

Doctor of Philosophy in Mechanical Engineering

University of California, Merced

2016

Professor Ashlie Martini, Advisor

Friction and wear are important tribological phenomena tightly associated with the perfor-
mance of tribological components/systems such as bearings and cutting machines. In the process
of contact and sliding, friction and wear lead to energy loss, and high friction and wear typically
result in shortened service lifetime. To reduce friction and wear, solid lubricants are generally used
under conditions where traditional liquid lubricants cannot be applied. However, it is challenging to
maintain the functionality of those materials when the working environment becomes severe. For
instance, at elevated temperatures (i.e., above 400 ◦C), most traditional solid lubricants, such as
MoS2 and graphite, will easily oxidize or lose lubricity due to irreversible chemical changes. For
such conditions, it is necessary to identify materials that can remain thermally stable as well as lu-
bricious over a wide range of temperatures.

Among the currently available high-temperature solid lubricants, Ag-based ternary metal ox-
ides have recently drawn attention due to their low friction and ability to resist oxidation. A recent
experimental study showed that the Ag-Ta-O ternary exhibited an extremely low coefficient of fric-
tion (∼0.06) at 750 ◦C. To fully uncover the lubricious nature of this material as a high-temperature
solid lubricant, a series of tribological investigations were carried out based on one promising can-
didate – silver tantalate (AgTaO3). The study was then extended to alternative materials, Cu-Ta-O
ternaries, to accommodate a variety of application requirements. We aimed to understand, at an
atomic level, the effects of physical and chemical properties on the thermal, mechanical and tribo-
logical behavior of these materials at high temperatures. Furthermore, we investigated potassium
chloride films on a clean iron surface as a representative boundary lubricating system in a non-
extreme environment. This investigation complemented the study of Ag/Cu-Ta-O and enhanced the
understanding of lubricious mechanisms of solid lubricants in general. Molecular dynamics (MD)
simulations was used as the primary tool in this research, complemented by density-functional the-
ory and experiments from our colleagues.

In this research, we first developed empirical potential parameters for AgTaO3 and later Cu-
Ta-O ternaries using the modified embedded-atom method (MEAM) formalism. With those pa-
rameters, we explored the sliding mechanisms of AgTaO3, CuTaO3 and CuTa2O6 at elevated tem-
peratures. Particularly on AgTaO3, we investigated the effects of applied loads as well as surface
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terminations on friction and wear as functions of temperature. In addition, to optimize the tribo-
logical performance of AgTaO3, film reconstruction mechanisms were investigated on Ta2O5/Ag
films with varying amounts of Ag. For the potassium chloride-iron system, we studied the effect
of contact pressure on interfacial structure, based on which the origin of the commonly observed
pressure-dependent shear strengths was explored. We hope this research will benefit the design and
development of solid lubricant materials for a wide range of applications.
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Chapter 1

Introduction

1.1 Solid Lubricants

1.1.1 At High Temperature

For dynamic components, working performance and stability are very important. This is a
challenge for any component, but particularly so in extreme environments. For example, satellites
in the vacuum of space are exposed to moisture during launch as well as large temperature fluctua-
tions. Under these severe conditions, material properties at the contact region are critical. In most
tribological applications, liquid or grease lubricants are used to decrease friction and wear primarily
by velocity accommodation between surfaces in relative motion by shearing of the oil molecules
across the solid-liquid-solid interface [5–7]. However, most liquid lubricants will evaporate at high
temperatures, which may lead to failure of the lubricated component since losing lubricating sub-
stance may lead to increase of friction and wear. Furthermore, decomposition products of oils at
elevated temperatures can build up at interfaces and inhibit lubrication effects in a process referred
to as coking [5]. In addition, liquid lubricants may not be appropriate in applications where the
liquid can settle due to migration from aging (dormancy) leaving some parts unprotected before
high-temperature operation.

Solid lubricants, on the other hand, can be utilized for high-temperature applications to re-
duce friction and wear where traditional liquid lubricants cannot be applied. Vapor pressure of solid
lubricants is low and, hence, sublimation does not contribute to the degradation of the system com-
ponents. However, many traditional solid lubricants will easily oxidize or lose function at elevated
temperatures (i.e., above 400 ◦C) [8]. Therefore, remaining thermally stable and lubricious over
a wide range of temperature are necessities for solid lubricants used in high-temperature environ-
ments. To qualify as an effective solid lubricant, the friction coefficient needs to be < 0.2 in most
applications. An irreversible deformation of the contact surfaces is likely to occur for friction values
in excess of 0.2. A very common application for solid lubricants is moving components that oper-
ate at high temperatures; such conditions are common in a variety applications including aerospace
equipment, tooling, materials-forming, and nuclear power industries [9–14]. Two examples of ap-
plications of particular interest to high-temperature friction reduction are: (1) air foil bearings for
high mach aerospace engines and (2) high-speed machine tools. Both applications involve different
loading profiles with times up to minutes prior to contacts for the bearings, with intermittent high
loading and high pass frequency in comparison to constant high-speed contact with relatively low
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loads for machine tools.

Solid lubricants can be classified in a number of ways in terms of their crystal structures,
chemical compositions, application scopes and etc. According to the role of working environments
in triggering lubricity, solid lubricants could be divided into [5, 15]: (1) intrinsic lubricants, which
possess an atomic structure that shears easily to facilitate interfacial sliding (e.g., MoS2 and soft
metals); and (2) extrinsic lubricants, which require the influence of an additive from the surround-
ings to activate a low shear mechanism (e.g., friction on graphite significantly decreases as it exposes
in a high-humidity environment). Most intrinsic and extrinsic solid lubricants that operate at low
temperatures (25 to 300 ◦C or so) cease to be lubricious at higher temperatures (> ∼300 ◦C) since
they oxidize and become abrasive, and hence, lose their lubricity. In general, solid lubricants can be
classified into the following sub-categories in terms of their material characteristics:

(1) lamellar solid lubricant;
(2) lubricious oxides, fluorides, and sulfates;
(3) diamond-like carbon and diamond;
(4) soft materials;
(5) polymers;
(6) composites.

Among these sub-categories, metal oxides, fluorides and soft metals plastically deform and/or form
low-shear-strength surfaces at elevated temperatures. They are, however, not lubricious at relatively
low temperatures and researchers have combined them with low-temperature lubricants to create
chameleon coatings that adapt their surface during temperature cycling from 25 to 1000 ◦C to re-
duce friction in this temperature range [5, 6, 14, 16–18]. In this chapter, we briefly introduce three
categories of these materials, i.e. lamellar solid lubricants, oxides and soft materials, since the
mechanisms by which these types of material functions are relevant to the focus of this research.

1.1.2 Lamellar Solid Lubricants

Lamellar solid materials are widely used solid lubricants in industry and well studied by sci-
entists [13]. The representative materials in this class are transition-metal dichalcogenides (e.g.
MoS2), graphite, HBN and H3BO3, which all have layer-like crystal structures. Atoms lying on
the same layer are closely packed and strongly bonded to each other. While, the layers themselves
are relatively far apart, and the forces that bond them (e.g. van der Waals) are weak. During slid-
ing, these parallel layers slide over one another with relatively low friction. In addition, strong
interatomic bonding and packing in each layer is thought to help reduce wear damage [19]. This
mechanism is largely responsible for low friction and is essential for long life. However, certain
chemical adsorbates are able to affect shear in most solids. For example, transition-metal dichalco-
genides provide low friction coefficients in dry and vacuum environments [20,21]. When sliding in
humid air, dangling or unsaturated bonds on the edge of basal planes react with moisture and oxy-
gen in the environment leading to higher friction and eventual failure [22]. In addition, the lubricity
of graphite depends strongly on the presence of certain condensable vapors since the adsorbed mass
further weakens the interlayer bonding resulting in the easy shear and transfer of the crystalline
platelets of the material onto the mating surfaces [23, 24].
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1.1.3 Soft Materials

Certain pure metals (e.g., In, Sn, Pb, Ag, Au, Pt, Sn, etc.) are soft materials that can provide
low friction on sliding surfaces because of their low shear strengths and rapid recovery from strain
hardening as well as recrystallization [13, 14, 25]. They are used mainly as solid lubricants because
of the unique properties they possess. For example, in addition to its soft nature, silver has excellent
electrical and thermal conductivity, oxidation resistance, good transfer-film-forming tendency, and
a relatively high melting point [5]. Soft metals are generally produced as thin films on surfaces
to be lubricated. Film-to-substrate adhesion is extremely critical for achieving long wear life or
durability, and the thickness of the soft metallic films also plays a major role in both friction and
wear [26]. Also, the friction coefficients of most soft metals tend to decrease as the ambient temper-
ature increases, mainly because of additional softening and rapid recovery from strain hardening.
Highly thermally conductive films like silver are able to decrease wear rate at the sliding interface
mainly because frictional heat is dissipated rapidly from the sliding interface. Silver and other soft
metallic coatings can also protect the sliding surfaces against environmental and/or tribochemical
degradation under dry and oil-lubricated sliding contact conditions [27,28]. One of the major short-
comings of metallic solid lubricants is that most of them react with sulfur and chlorine (if present in
the operating environment) and they may undergo rapid corrosive wear [29]. In addition, to avoid
immediate loss from the contact, a process such as ion-plating is necessary that ensures adequate
adhesion to the substrate surfaces [30].

1.1.4 Oxides

For applications at temperatures above 500 ◦C, it is unrealistic to expect materials to resist
oxidation for prolonged times and most of the lamellar solids lose their lubricity and become use-
less [5]. Thin oxide films that form on the sliding surfaces may, in turn, determine the fiction and
wear behavior of these interfaces. Therefore, studies of the shear rheology of lubricious oxides
have been carried out. Certain oxides (e.g., Re2O7, MoO3, PbO, B2O3, NiO, CaSO4, BaSO4, and
SrSO4) become soft and highly shearable at elevated temperatures and hence can be used as lubri-
cants [10,31]. The easy-shearing feature of those oxides can be attributed to (1) screening of cations
by surrounding anions (crystal chemical model) [32, 33], (2) material softening that occurs when
the working temperature is between 0.4 and 0.7 of the absolute melting point (Tm), which corre-
sponds to the brittle-to-ductile transition of most oxides [34], (3) melting of the oxide by exceeding
Tm [35], (4) creation of a material with a lamellar crystal structure with weak inter-planar cohe-
sive bonds (similar to the shear mechanism that occurs in graphite and molybdenum disulfide) [36],
(5) shearing in textured nanocrystalline grains due to dislocation glide resulting in intra-crystalline
slip [37, 38]. When applied as coatings, these solids can provide acceptable levels of friction coef-
ficients and long wear life. Mixed oxides (e.g., CuO-Re2O7, CuO-MoO3, PbO-B2O3, PbO-MoO3,
CoO-MoO3, Cs2O-MoO3, NiO-MoO3) can provide wider operational ranges and can be prepared
as alloys or composite structures to provide longer durability. At high temperatures, as the oxide
layer is depleted from the surface by wear, the alloying ingredients diffuse toward the surface where
the oxygen potential is higher; they oxidize again to replenish the consumed lubricious layers that
have low shear strength and/or surface energy to decrease friction [39]. On the other hand, Magnéli
phases are a homologous series of transition metal compounds with formula MenO2n−1, MenO3n−1,
or MenO3n−2 (Me–metal) that have planar lattice faults. It has been suggested that Magnéli phases
are principally the result of tribo-oxidation and that, once formed, they can dominate the tribological
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behavior of sliding ceramic interfaces, mainly because of their unique shear properties [40–43].

1.2 Ternary Metal Oxides

Oxides exhibit a full spectrum of electronic, optical, and magnetic behavior: insulating,
semiconducting, metallic, superconducting, ferroelectric, pyroelectric, piezoelectric, ferromagnetic,
multiferroic, and nonlinear optical effects [44]. The unparalleled variety of physical properties of
oxides holds great promise for many applications in optics, magnetism, and electronics. Among ox-
ides, those that possess layered crystal structure offer additional functionality since they inherently
display anisotropic properties as a result of their non-symmetrical crystal structure. A significant
number of layered oxides that have been synthesized so far belong to the ABO3 structural family
known as perovskites [44]. The perovskite structure can accommodate by substitution some 30
elements on the A site and over half the periodic table on the B site [44]. The flexibility of their
structural skeleton offers a great opportunity to create new materials with designed functionality.

The initial candidate for high-temperature applications in this research is a subset of per-
ovskites called intrinsically layered ternary metal oxides. In addition to having desirable bulk mate-
rial properties, layered ternary oxides were recently shown to exhibit superior temperature behavior
with low friction coefficients (0.1–0.3) when tested at temperatures > 400 ◦C [34, 35, 45–47]. The
target material of this research must be simple and sufficiently well defined to enable accurate and
realistic atomistic models, yet also have been shown to have potential for real high-temperature ap-
plications. Based on these criteria, we focused on silver tantalate, AgTaO3. Recently, AgTaO3 was
reported to exhibit an extremely low coefficient of friction (CoF = 0.06) at 750 ◦C [48].

1.3 Review of AgTaO3

Until recently, material studies on the tribological properties of AgTaO3 have been very lim-
ited. Previously, this was because of challenges with material synthesis and high cost [49]. Recently,
though, synthesis issues have been addressed by the development of simple processing routes in-
volving only conventional solid-state reaction and sintering in an environment with a high oxygen
pressure [50]. Also, although tantalum remains a relatively expensive material, its market price has
decreased in recent years due to competition from other materials (ceramics, aluminum, niobium)
and because device miniaturization has led to the need for less material in its most common ap-
plications [49]. The removal of these synthesis and cost barriers has lead to increased interest and
research into the properties and applications of silver tantalate.

Crystallographic measurements of AgTaO3 were reported by Francombe and Lewis in 1958
[51]; its basic crystal structure is shown in figure 1.1. Then in the 1980s, a series of studies were
performed that yielded structural parameters with more accuracy and over a wider range of tem-
peratures; two of these from 1987 are still widely cited today [1, 52] (reference to the complete
set of papers by these groups is available in a recent review [49]). These studies reported a low-
temperature rhombohedral phase with transitions to monoclinic, then tetragonal and finally cubic.
At present, it is believed that the material is rhombohedral until 685 K, monoclinic from 650 to 703
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K, tetragonal from 685 to 780 K and cubic above 780 K [50]. Note the coexistence of multiple
phases – rhombohedral and monoclinic from 650 to 685 K, and monoclinic and tetragonal from 685
to 703 K – means that exact transition temperatures are not well defined.

Figure 1.1: Cubic-like approximation to the perovskite crystal structure of AgTaO3. At low temper-
atures, the octahedron shown twists relative to its neighbors, leading to a lower-symmetry structure.
On heating, the depicted structure is recovered. (This figure was provided by our colleagues A.
Otero-de-la-Roza and E.R. Johnson)

Apart from crystal structure measurements, there have been very few experimental studies
of silver tantalate alone (although more research activity has focused on the solid solution silver
tantalate-niobate; see, for example, [53, 54]). Isolated silver tantalate studies have been centered on
the subtleties of the temperature-dependent structural phase changes and the dielectric properties
of the material. For example, application of uniaxial pressure to the crystal resulted in changes to
the material’s dielectric properties, based on which it was hypothesized that pressure decreases the
distance between ions which can shift the phase transition temperature [55]. In another example,
it was found that the phase transition from rhombohedral to monoclinic is soft-mode dependent,
which indicated that the transition involves only rotation of oxygen octahedra (shaded green region
shown in figure 1.1) [50]. However, studies on tribological properties of AgTaO3 can rarely be
found. To study this material as a high-temperature solid lubricant, computational modeling is used
in this research, and will be introduced in the following.
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1.4 Atomic-Scale Modeling

Computational modeling and simulations play an important role in the study of solid lubri-
cants because they provide a means of fundamentally understanding experimental observations and
also enable predictions to be made for properties and phenomena not easily measured experimen-
tally. Further, computational approaches offer a means of identifying trends to guide experiments,
since it is not possible or advisable to experimentally examine all potential oxide candidates and
all their crystal structures. Realistic modeling of complex materials systems is now possible due to
the rapid increase of readily-available computational power and the development of new algorithms.

Generally speaking, model-based tools for predicting friction and wear in solid-solid contacts
include finite element (see for example [56]), thermodynamic (see for example [57]), empirical (see
for example [58]) and atomistic (see for example [59]) methods. The first three of these are typically
applied at the component/interface scale and so are ideal for capturing macroscopic phenomena. The
limitation of such models is that they rely on existing knowledge of material properties and, in some
cases, parameters fit from an experiment. To our knowledge, they have not been applied specifically
to describe the sliding behavior of metal oxide solid lubricants in high-temperature environments.
An alternative is atomistic simulation, in which models explicitly describe the atomic structure of a
given material. This approach provides a fundamental understanding of how the structure/chemistry
of a material is related to its behavior in a sliding interface and so can lead to atomic-level design of
solid lubricants. Two of the mostly widely-used modeling approaches in these studies are density-
functional theory (DFT) and molecular dynamics (MD) simulation. DFT is an approach based on
quantum mechanics that is widely recognized as a powerful tool for the study of material properties
at the atomistic/electronic level. In this research, MD simulations will be the primary tool used and
discussed in detail next.

Molecular dynamics simulation describes the dynamic behaviors of moving atoms in suc-
cessive configurations of a system [60]. The trajectory of each particle varies with time according
to Newton’s laws of motion. Atomic interactions are governed by semi-empirical potential energy
functions (also called force fields) in terms of material electronic and mechanical properties that
can be obtained from first-principles calculations or experiments. Such models enable prediction
of the dynamic properties of larger (on the order of hundreds of nanometers) and more complex
systems. This provides a means of investigating many relevant tribological properties (e.g. friction
and wear) on length scales accessible to some experimental methods [61]. However, the range of
applicability of MD is restricted by the need for high quality interatomic potentials, which limits the
number of materials systems that can be explored. This issue can be partially addressed by ab initio,
or first-principles molecular dynamics, which integrates the dynamics of MD with the accuracy of
DFT [62, 63]. The other significant issue of MD in terms of tribology research is its time scale,
which, due to the femtosecond time step, limits the total simulation time to nanoseconds. As the
development of computer technology and computing algorithm, however, these issues will be re-
solved. In general, by using MD, we can obtain information about material properties and gain a
better understanding of the mechanisms underlying tribological behaviors.
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1.5 MD Modeling of Oxide Solid Lubricants

Oxides are important materials that have received a tremendous increase in interest in the
research community due to their thermal stability and inertness. In the last two decades, they have
been proposed and studied as high-temperature solid lubricants. Many oxides are abrasive at low
temperature but shear more easily at higher temperatures due to oxide softening or by control of
grain size and defect structure. Researchers have discovered new designs and mechanisms that al-
low them to create effective solid lubricants at elevated temperatures. Atomistic modeling of binary
and ternary oxides as coating materials will be reviewed in this section.

1.5.1 Binary Oxides

Binary oxide coatings can be loosely divided into two categories: lubricious materials with
low shear resistance and hard materials with high wear resistance. The most common low shear
binary oxide coatings are Magnéli phases. Most of these materials have been studied using DFT
and focused on calculation of binding energies, vibration frequency, and surface stability [40–42].
Such studies provide insights on the mechanistic relationship between the structure and the static
properties of the materials, but cannot predict their dynamic response to loading or shear. This is-
sue can be addressed by MD simulations. However, currently, MD-based studies of the response
of Magnéli phase materials to normal and shear stresses have been limited to TiO2. Simulations
of TiO2 in contact with a nanoscale probe revealed that strong adhesive forces result in the probe
snapping into contact with the surface [64]. Simulations of more severe loading during indentation
of TiO2 showed the resulting surface wear was dependent on the crystal surface orientation [65].
That model was then extended to slide the nanoscale probe laterally across the surface and predicted
that the friction coefficient, between 0.28 and 0.38, was independent of the TiO2 polymorph (note
that this range is larger than expected of low friction solid lubricants on larger length scales because
the contribution of adhesion is more significant in nano-scale contacts) [65].

Next, we discuss hard coatings. To complement the studies of surface terminations of hard
coatings, MD-based simulations have been developed to explicitly model the sliding alumina inter-
face. Many of these have focused on the effect of sliding speed on friction and revealed that speed
not only affects the magnitude of friction but the mechanisms underlying sliding resistance and the
associated energy dissipation [66–69]. Other studies showed that friction of alumina is affected by
normal load [66], commensurability of the two surfaces [68, 70], surface stiffness [71], and the de-
gree of hydroxylation [69]. There are also a few other binary hard oxide coatings that have been the
subject of computational studies of note are MgO and SiO2. MD simulation of the contact between
a nanoscale probe and a MgO surface revealed strong adhesive forces leading to the characteris-
tic snap-to-contact [72] and provided insight into the relationship between adhesive hysteresis and
energy dissipation [73, 74]. Most modeling studies of SiO2 have focused on its role as a substrate
material for another coating [75] or self-assembled monolayers [76–78].

In general, computational modeling has lagged behind experimental efforts in understanding
the tribological properties of binary oxides. Many DFT-based efforts have provided new understand
of their structure and static properties, but MD studies that can capture dynamics have been more
limited. However, with the availability of more and better potentials for these materials, such as
recently-developed parameter sets for the ReaxFF force field for the vanadium [79], aluminum [80]
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and silicon [81] oxides, we anticipate that more MD-based studies will be performed in the future.

1.5.2 Ternary Oxides

Computational studies on tribological properties of ternary oxides are even less common than
those of binary oxides. This may, in part, be due to the lack of empirical potentials. The complexity
and time required to develop a new potential increases dramatically with the number of elements
in the structure so there are few potentials available for these important materials. To avoid this
issue, ab initio MD simulations were used to investigate high-temperature tribological performance
of Ag2Mo2O7 and Ag2WO4 [36]. It was found that dispersed Ag and Ag2 fragments moved closer
to each other and formed large linear clusters at temperatures near the melting point. These simula-
tions provided new understanding of the important role of silver and bond strength, but were limited
to relatively small sizes and times.

There have been no prior computational studies on the tribological properties of AgTaO3.
Investigation of silver tantalate using model-based methods has been limited to a small number of
first-principles studies used to characterize electric and optical properties [82, 83]. However, such
studies are restricted to very small-scale, static systems. To address this issue, empirical models
are often introduced so that MD simulation can be used to make predictions about the dynamic
properties and evolution of larger systems. In recent years, a number of MD-based studies have
been performed on other perovskite materials which predicted various thermophysical, thermome-
chanical and transport properties quite successful [84–88]. The ability of MD to make accurate
predictions relies on using an interatomic potential function that faithfully represents the material.
Until now, however, no such function has been available for AgTaO3.

1.6 Research Objectives

In this research, the lubricious nature of ternary oxide AgTaO3 as a high-temperature solid
lubricant is explored computationally using molecular dynamics simulation. The objective is to
understand, at an atomic level, the physical and chemical properties that influence the thermal,
mechanical and tribological behavior of this material. We carry out a systematic investigation to
provide the fundamental understanding that is needed to enable AgTaO3 to fulfill its tremendous
potential for high-temperature applications. Molecular dynamics simulation is used to explore the
physical/chemical properties of this material and understand the underlying lubricating mechanisms.
The ultimate goal of this research is to apply the newly acquired fundamental knowledge to enable
design of novel materials for high-temperature applications. Specific research objectives include:

(1) develop and validate a predictive atomic-scale model of AgTaO3;
(2) characterize the material response to thermal, mechanical and tribological stresses;
(3) investigate how the chemical and structural evolution of the material imparts its function;
(4) use this understanding to optimize the high-temperature performance of AgTaO3;
(5) explore alternative materials to accommodate various high-temperature applications;
(6) fully understand the lubricating mechanisms via complimentary study of a boundary lubri-

cating system in a non-extreme environment.
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1.7 Scope of This Dissertation

This dissertation consists of ten chapters. In Chapter 1, we generally introduced solid lu-
bricants and discussed the target material of this research in specific, followed by a review of pre-
vious modeling work on binary/tenary oxides. From Chapter 2 to Chapter 7, we summarize the
accomplished research outcomes for this project. Specifically, we (a) developed empirical potential
parameters for AgTaO3 (Chapter 2), (b) explored the sliding mechanisms for this material (Chapter
3), (c) investigated load-dependent tribological behaviors (Chapter 4), (d) characterized surface ter-
mination dependence of chemical and tribological properties (Chapter 5), (e) studied material com-
position effects (Chapter 6), and (f) explored alternative materials, i.e. Cu-Ta-O ternaries (Chapter
7). In Chapter 8 and 9, we focus on a model boundary lubricating system—potassium chloride films
on iron substrate—based on which the pressure-induced interfacial structural variation (Chapter 8),
and the effect of contact pressure and lattice structure on shear strength (Chapter 9) were explored.
Finally, in Chapter 10, several research topics are proposed as future study.
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Chapter 2

MEAM Parameter Fitting

2.1 Introduction

To computationally study AgTaO3 as a high-temperature solid lubricant, we decided to de-
velop empirical potential parameters specifically for this material in terms of the modified embedded-
atom method (MEAM) formalism [3]. It is important to note that MEAM does not explicitly include
ionic charges which implies that using it to model AgTaO3 will require ionic bonding to be captured
in an effective way through parametrization. However, there is evidence that this is possible based
on MEAM potentials successfully developed for the Si-O-Au ternary [89] and Al2O3 [90]. The
lack of explicit treatment of ionic bonding does introduce some limitations for the fitted potential.
However, as we will show in this section, the MEAM potential can be parametrized for AgTaO3 and
reproduce properties obtained from first-principles calculations and experimental measurements.

Density-functional theory calculations were performed to predict material structure and en-
ergetics, and then the MEAM parameters were fit so that the empirical potential yields match-
ing results (DFT results were provided by our colleagues A. Otero-de-la-Roza and E.R. Johnson).
We started with reference binary structures, i.e. AgO and TaO, and fit the potential parameters to
DFT-predicted lattice structure, elastic constants and cohesive energy. Then, using the fitted binary
parameters, additional parameters were adjusted for the ternary AgTaO3 to enable the empirical po-
tential to reproduce DFT-predicted lattice structure, elastic constants, cohesive energy and equation
of state. The fit potential parameters were further validated by MD prediction of thermal expansion
that was found to be consistent with experimental measurements.

2.2 Methodology

2.2.1 MEAM Potential

The modified embedded-atom method is a semi-empirical interatomic potential that incorpo-
rates angular dependency of electron density into the embedded-atom method [3]. The total energy
E of a system of atoms in the MEAM is approximated as the sum of the atomic energies

E =
∑

i

Ei, (2.1)
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where i is the ith atom in the system. The energy of atom i consists of the embedding energy and the
pair potential terms:

Ei = Fi(ρ̄i) +
1
2

∑
j,i

ϕi j(ri j). (2.2)

F is the embedding function, ρ̄i is the background electron density at the site of atom i, and ϕi j(ri j)
is the pair potential between atoms i and j separated by a distance ri j. The embedding energy Fi(ρ̄i)
represents the energy cost to insert atom i at a site where the background electron density is ρi.
MEAM has been used to describe a large number of different single element and binary systems
(for a recent summary of available parameters, see [91]) and a few ternaries [92–97]. The potential
developed in this work was based on the MEAM formulation given in [98]; the complete set of
mathematical expressions underlying this version of MEAM is reported in the appendix of refer-
ence [98].

The MEAM parameters that need to be fit for the reference (B1) binary structures are: rela-
tive density ρ0, cohesive energy Ec, nearest-neighbor distance re, and the exponential decay factor
α. The exponential decay factor α is the following function of cohesive energy, bulk modulus B and

atomic volume Ω: α =
√

9ΩB
Ec

. In this work, the cohesive energy, nearest-neighbor distance, bulk
modulus and atomic volume were obtained from DFT calculations. The only remaining parameter,
ρ0, was obtained by adjusting the ratio of the relative density of two elements, e.g. ρAg

0 /ρ
O
0 , until the

elastic constants predicted using the empirical potential were consistent with those obtained from
DFT. The parameters for AgO and TaO were fitted using this approach.

For the ternary, we could not simply combine the single element potentials as with the bi-
nary structures. To obtain the desired properties for silver tantalate, we fitted the binary parameters
for the immiscible Ag-Ta (discussed later). Also available are the ternary screening parameters
Cmin(Ag,Ta,O) and Cmax(Ag,Ta,O) which consider an O atom screening the Ag-Ta pair. These pa-
rameters were adjusted until the model could reproduce the lattice structure, elastic constants and
cohesive energy predicted for the ternary by the DFT calculations.

2.2.2 MD Simulation

The crystal structures, elastic constants and thermal expansion were computed using open
source molecular modeling software LAMMPS [99]. The initial atomic configuration of the bina-
ries was the reference B1 structure with primitive vectors A⃗1 =

1
2 ay⃗ + 1

2 a⃗z, A⃗2 =
1
2 ax⃗ + 1

2 a⃗z and A⃗3

= 1
2 ax⃗ + 1

2 ay⃗, where a is the lattice constant, and basis vectors B⃗1 = 0 and B⃗2 =
1
2 A⃗1 +

1
2 A⃗2 +

1
2 A⃗3.

Snapshots of the AgO and TaO structures are shown in figure 2.1(a) and (b), respectively. The initial
structure of the silver tantalate was obtained from DFT and contains 40 atoms (8 Ag, 8 Ta and 24 O);
the atomic configuration is shown in figure 2.1(c). Periodic boundary conditions were imposed in
all directions. The cohesive energy and lattice structure for a given set of MEAM parameters were
obtained by energy minimization using the conjugate gradient algorithm. To calculate the elastic
constants, we performed zero static internal and external stress approximations, in which the size
and shape of the system varied during the iterations such that the final configuration reached a local
potential energy minimum.
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(a) (b)

(c)

Figure 2.1: Snapshots of (a) AgO, (b) TaO, and (c) AgTaO3. Atoms are identified by color: Ag
(grey), Ta (blue), and O (red).

Properties predicted for a given set of MEAM parameters (cell length, angle, elastic constants
and cohesive energy) were compared directly with the DFT results. The error was defined by:

δi =
1
3
λ(L)

3∑
m=1

|Lc
m − Le

m| +
1
3
λ(A)

3∑
n=1

|Ac
n − Ae

n| +
1
6
λ(C)

6∑
p=1

|Cc
p −Ce

p| + λ(Ec)|Ec
c − Ee

c |, (2.3)

where δi is the ith observable error of the system where superscripts c and e denote the calculated
(i.e. from MD simulation) and expected (i.e. from DFT) values. Lm, An and Cp denote the lattice
constants (a0, b0 and c0), angles (α, β and γ) and elastic constants (C11, C12, C13, C14, C33 and C44),
respectively. For perfect fitting, δ should be equal to zero. Equation (2.3) also contains weighing
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factors for each observable, λ = λ(L) + λ(A) + λ(C) + λ(Ec) = 1, to enable more or less significance to
be placed on the accuracy of a given parameter. We found λ(L) = 0.4 for lattice constants, λ(A) = 0.1
for angles, λ(C) = 0.2 for elastic constants and λ(Ec) = 0.3 for cohesive energy to be optimal values
for guiding the fitting process toward ideal parameters.

Thermal expansion was predicted using MD simulation in the NPT (constant number of
atoms, pressure and temperature) ensemble with a time step of 1 fs. Pressure and temperature
control were maintained using a Nosé-Hoover barostat/thermostat with damping constants of 10 ps
and 0.1 ps, respectively. The pressure was held at 1 atm and the temperature was varied between 50
and 450 K. The system was allowed to equilibrate for 2 million timesteps at each temperature, with
properties averaged over the last 500,000 timesteps.

2.3 Results and Discussion

2.3.1 Parameter Fitting

The potential parameters for the pure Ag and Ta bulk phases were taken to be those reported
previously [3]. The only difference was the exponential decay constants for the oxygen which had
to be adjusted to be able to reproduce the experimental diatomic spring constant [100]. The new
MEAM parameters developed for oxygen are α = β(0) = β(1) = β(2) = 4.59, where α is the exponen-
tial decay for the universal energy function and the βs describe the exponential decay for the atomic
densities (see [3] for detailed information about these parameters). MEAM parameters for pure Ag,
Ta and O and the MEAM-predicted properties of fcc Ag and bcc Ta are provided in table A.1 and
table A.2 in Appendix A.1.

Four MEAM parameters were fit for each binary system: equilibrium distance (re), cohe-
sive energy (Ec), exponential decay constant (α) and relative density (ρ0). The reliability of the
binary potentials was evaluated by comparing the lattice constant (a), cohesive energy (Ec), bulk
modulus (B) and elastic constants (C11 and C12), with the relevant DFT data. The cut-off distance
within which pairwise interactions is computed was set to 6.2 Å, which is larger than the second
nearest-neighbor distance in AgTaO3 [94]. The fitting results are shown in table 2.1. Since we were
specifying a, Ec and B through the MEAM parameters (re, Ec and α, respectively), those parameters
were predicted exactly. The remaining parameters, the elastic constants, were fit with less than 1 %
error.

Figure 2.2 shows the equations of state for the bulk metal phases (Ag and Ta) and binary
systems (AgO and TaO) predicted by the MEAM potential and from DFT. The potential captures
the energetics of these systems quite well near the energy minimum. Since the focus on this effort
was on parameterizing MEAM for AgTaO3, we did not attempt to optimize the binary potential
parameters for cases far from equilibrium.

For AgTaO3, the existing binary parameters were fixed and parameters for the undetermined
Ag-Ta alloy system were identified by fitting the physical properties of the ternary system from
DFT. The mutual solubility of Ag and Ta in the liquid state is limited and in the solid state is neg-
ligibly small [101]. This is captured in the MEAM potential by setting the heat of formation ∆HB1
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Table 2.1: Properties of B1 structure binaries from MD simulation with fitted MEAM potential and
from DFT calculations (Details of DFT calculations are provided in Appendix A.2).

Ag-O Ta-O

MEAM DFT Diff (%) MEAM DFT Diff (%)

a (Å) 4.548 4.548 0.00 4.404 4.404 0.00

Ec (eV) -3.38 -3.38 0.00 -7.24 -7.24 0.00

C11 (GPa) 224.55 222.71 0.82 351.74 351.74 0.62

C12 (GPa) 156.80 155.39 0.90 269.56 267.75 0.67

B (GPa) 177.84 177.83 0.00 295.02 295.02 0.00

for the Ag-Ta pair to any negative number. The other parameters for Ag-Ta were adjusted to fit
the AgTaO3 properties to DFT. Specifically, ρAg

0 /ρ
Ta
0 , rAgTa

e and αAgTa were varied with no adverse
affect on the fitted binaries parameters. To extend from binaries to ternaries, MEAM also provides
ternary screening parameters Cmin and Cmax. These were set to 2.0 and 2.8, respectively, for all atom
pair combinations. The magnitude of the screening parameters was consistent with those for other
material combinations [98] and we found no additional adjustments were necessary to obtained the
desired level of fitting. The full set of MEAM parameters for Ag-O, Ta-O and Ag-Ta optimized to
describe AgTaO3 is given in table A.3 in Appendix A.1.

Table 2.2 shows the properties predicted by the fit empirical potential and DFT. Referring to
equation (2.3), the averaged differences between MD simulation and DFT are: 1.25 % for lattice
constants, 1.67 % for angles, 2.11 % for cohesive energy (magnitude difference 0.13 eV), and 10.45
% for elastic constants. Figure 2.3 shows the MD and DFT-predicted equation of state (EOS). The
potential does a good job near equilibrium. Away from equilibrium there is some deviation which
is consistent with the error in the predicted elastic constants in table 2.2. These results indicate that
care must be taken when applying this potential to nonequilibrium systems.

2.3.2 Model Predictions

To further validate the fitting parameters, we performed MD simulations on the 40-atom
AgTaO3 system at varying temperatures. Initially, the analysis was limited to the temperature range
in which the material is expected to remain in a single structural phase (i.e. 100 to 500 K where the
structure is rhombohedral) so the lattice constants will vary smoothly with temperature. As the tem-
perature increased, figure 2.4 shows that the potential energy and volume increased approximately
linearly. We also observe that the variations in volume caused by thermal effects are well within the
range where the MD and DFT data overlap in figure 2.3, i.e. ≈ 1 % deviation around the equilibrium
volume. This suggests that the fitted potential parameters should be able to capture the physics of
the material in the temperature range of interest.

To compare the model predictions to experiment, we calculated the thermal expansion at

24



(a) (b)

(c) (d)

Figure 2.2: Equation of state for (a) fcc Ag, (b) bcc Ta, (c) AgO and (d) TaO where ∆V is the energy
relative to the ground state.

constant pressure as (LT − L100K)/L100K , where T is temperature, LT is the average of the three
quasi-cubic crystal side lengths (a, b and c) at temperature T , and L100K is the average side length at
a reference temperature of 100 K. The results, shown in figure 2.5, are consistent with experimental
values [1].

2.4 Conclusions

We have developed parameters for AgTaO3 based on the MEAM empirical potential formal-
ism. First, the MEAM parameters for AgO and TaO were fitted based on the structural and elastic
properties of the materials in the B1 reference structure predicted by DFT. The empirical potential
was able to reproduce the first-principles predictions. For AgTaO3, the existing binary parameters
were fixed and parameters for the undetermined Ag-Ta alloy system were fitted based on the physi-
cal properties of the ternary system from DFT. The empirical potential predicted the crystal structure
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Table 2.2: Structural properties of AgTaO3.

Parameters MEAM DFT

Lattice Constants (Å) a 7.638 7.761

b 7.633 7.761

c 7.801 7.761

Angle (◦) α 89.90 88.75

β 90.55 88.75

γ 90.32 88.75

Cohesive Energy (eV) Ec -6.16 -6.29

Elastic Constants (GPa) C11 347.82 336.47

C12 96.10 157.48

C13 173.38 177.12

C14 35.36 35.29

C33 300.56 286.54

C44 65.51 75.43

Figure 2.3: Equation of state for AgTaO3 from MD and DFT where ∆V is the energy relative to the
ground state.
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Figure 2.4: Increase of the time-averaged potential energy (hollow squares) and volume (filled
circles) predicted by the MD simulation using fit MEAM parameters. The energy is relative to that
at 100 K.

and cohesive energy very accurately and made satisfactory predictions for the elastic constants. The
equation of state matched DFT calculations closely near the energy minimum, but some deviation
was observed away from equilibrium indicating that this potential is most appropriate for modeling
systems near equilibrium. Finally, the thermal expansion of AgTaO3 was predicted by a molecular
dynamics simulation using the newly developed potential parameters and found to be very consis-
tent with experimental measurements.

As mentioned in the Introduction, MEAM is likely to have some limitations for AgTaO3
because its functional form does not explicitly include ionic charges. Significant shortcomings of
the potential may include, for example, the inability to capture magnetic properties, polarization and
etc. We also recommend that the current model be applied only at lower pressures, specifically those
near atmospheric pressure at which it was parameterized. Regardless, as shown in this section, the
material’s major structural and thermal characteristics are described well by the developed model
and the parameter set can be used in future molecular dynamics and molecular statics simulations
of AgTaO3 within the range of conditions for which it was fit.
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Figure 2.5: Temperature dependent-strain of silver tantalate predicted using MD with the fit MEAM
potential (squares) and measured experimentally (triangles) using X-ray diffraction [1].
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Chapter 3

Investigation of Sliding Mechanism of
AgTaO3

3.1 Introduction

Silver tantalate, with melting temperature of 1172 ◦C [49], was recently shown to exhibit an
extremely low CoF of 0.06 at 750 ◦C [48]. It was suggested that the friction reduction was due to the
formation of a lubricious AgTaO3 phase that decomposed into Ta2O5 and Ag phases during interfa-
cial sliding to form a tribofilm. In this chapter, we focus on discussing the friction-induced surface
reconstruction and its role in reducing friction at high temperatures. MD results on the sliding tri-
bological properties of AgTaO3 tribofilm are reported. With the help of experimental observations
(the experimental results are provided by our colleagues D.S. Stone, H. Mohseni, S.M. Aouadi and
T.W. Scharf ), we try to explain the sliding mechanisms for this material.

3.2 Methodology – Sliding Model

MD simulation was used to model a rigid plate sliding against a silver tantalate (AgTaO3
perovskite crystal structure) film (shown as figure 3.1). The dimensions of the film were 6 × 4
× 15.5 nm3 and it contained 32400 atoms. A normal load of 451.9 nN was uniformly distributed
on the plate. The bottommost atomic layer of the film was fixed throughout the simulation. The
motion of the atoms in the four layers immediately above the fixed bottom layer was damped to
ensure a smooth transition from the large shear at the top to the stationary bottom of the simulation
cell. The magnitude of the damping was decreased with increasing distance from the bottom layer
(damping coefficients decreased from 0.0064 to 0.0016 nN·s·m−1). Periodic boundary conditions
were applied in the plane of sliding. Simulations were performed at four different temperatures (27,
350, 500, and 750 ◦C) where the temperature was maintained using a Langevin thermostat. The top
plate moved laterally at a constant speed of 5 m/s with timestep of 1 fs. The simulation was run for
16 ns such that the total displacement of the top plate in the sliding direction was 80 nm. The onset
of motion was followed by instability and the high sliding resistance characteristic of static friction.
Therefore, reported friction values were obtained by averaging the simulation data from the last
40 nm of sliding. All atomic interactions were described by the MEAM with potential parameters
developed specifically for AgTaO3 in Chapter 2.
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Figure 3.1: Snapshot of AgTaO3 tribofilm setup.

3.3 Results and Discussion – Friction & Sliding Mechanism

Figure 3.2 shows experimentally-measured and simulation-predicted frictional forces as func-
tions of temperature ranging from 27 to 750 ◦C. Both model and experiment show that friction de-
creases with temperature, and that minimum friction is observed at the highest temperature of 750
◦C. The discrepancy in the magnitude of the frictional force is due to the inherent size-scale differ-
ence between the two techniques. Specifically, the model contact area is nanoscale while the contact
area in the experiment is on the order of tens to hundreds of microns. The model and experimental
applied loads differ by orders of magnitude as well which is indirectly due to size since Newton-
scale loads cannot be applied to a nanometer-scale contact. Regardless, the similarity of the friction
trends and the evolution of the tribofilm (discussed next) indicate that the simulation is indeed cap-
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turing the dominant mechanisms underlying the temperature-dependent friction of AgTaO3.

Figure 3.2: Model-predicted (black squares; left y-axis) and experimentally-measured (red circles;
right y-axis) friction forces on AgTaO3. Note that the units of force on the two y-axes differ by
several orders of magnitude.

To understand the mechanisms of high-temperature friction, bright field transmission electron
microscope (BFTEM) was used to analyze the structural and tribochemical (chemistry induced by
sliding) changes in the surface and sub-surface regions. It was previously suggested that reduced
friction may be due to the existence of a tribofilm that forms during sliding with the potential for
reconstruction of AgTaO3 through the friction process [48]. Figure 3.3(a) shows a cross-sectional
BFTEM image taken inside the wear surface. An electron beam Pt (e-Pt) layer was deposited on the
surface prior to forced ion beam (FIB)-milling to protect against Ga ion beam damage. From this
image, we can clearly identify structural and tribochemical changes that occurred in this tribofilm
during sliding at 750 ◦C; near the surface, there are Ag clusters surrounded by Ta2O5 while the
AgTaO3 remains intact further away from the sliding interface. The segregation of silver is reason-
able since the Ta-O bond is much stronger than the Ag-O bond [5,82] and the latter can easily break
at high temperatures [5]. In addition, based on the image in figure 3.3(a), and others not shown,
the residual coating thickness after sliding, including the tribofilm, is ∼ 440 nm (from an original
coating thickness of ∼ 2 µm). Figure 3.3(b) is a snapshot of a simulation of AgTaO3 at 12 ns and
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750 ◦C. The image reveals that silver atoms (in grey) are not distributed uniformly; instead, they
group together to form clusters (circled in yellow) and are predominately surrounded by tantalum
and oxygen, both of which corroborate the aforementioned experimental observations. Far from
the surface, the AgTaO3 structure is more predominant, also in agreement with figure 3.3(a). These
findings from both experiments and simulations suggest surface reconstruction leading to formation
of Ag and Ta2O5 phases plays a significant role in reducing friction at high temperatures.

Figure 3.3: Cross-sectional BFTEM image of various chemical phases taken inside the center of
wear surface after 750 ◦C. (b) Snapshot from a simulation at the same temperature after 12 ns of
sliding (Ag – grey, Ta – pink, and O – white). Snapshots on the right highlight the tribofilm near the
sliding interface that exhibits silver clusters encircled in yellow (top) and predominantly unchanged
material far from the surface (bottom).

To provide further evidence of the connection between the observed surface reconstruction in
the tribofilm and low friction, we calculate the local density distribution in the simulation to quantify
the presence and evolution of silver clusters during sliding. Specifically, we divide the model film
into cubes with side length of 0.5 nm (3262 cubes in total). By calculating the number and type of
atoms in each cube, we can determine the quantity of high-density silver cubes (identified as cubes
with at least 70 % silver) at each simulation timestep. This approach also allows us to calculate the
average size of silver clusters (regions with multiple adjacent high silver density cubes). The results
are shown in figure 3.4. At the beginning of each test, no high-density cubes exist because the entire
film is crystalline AgTaO3 (in which the silver density is 20 %). As the top plate moves laterally and
the normal load is applied, the number of high silver density cubes gradually increases. Although
this trend is observed at both 27 and 750 ◦C, it is more significant at the higher temperature. This is
consistent with the images in figure 3.3 where identifiable Ag clusters are observed for sliding tests
at 750 ◦C. We also measure the average volume of each silver cluster and, as shown in figure 3.4,
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the silver clusters in the 750 ◦C case are consistently larger (approximately two times larger) than
those in the simulation at 27 ◦C.

Figure 3.4: Number of high-density Ag cubes (black circles) and the average volume of multi-cube
clusters (red triangles) at different temperatures (solid – 750 ◦C and hollow – 27 ◦C) obtained from
MD simulations.

The results presented thus far show that friction decreases with increasing temperature (simu-
lation and sliding experiments), silver clustering with surrounding Ta2O5 is present near the sliding
surface (simulation and BFTEM image), and the number and volume of silver clusters increase with
sliding distance at higher temperature (simulation). Collectively, these results suggest that there is
a connection between the presence of the tribofilm and low friction at high temperatures observed
for AgTaO3. We next consider the mechanisms underlying this connection. It has long been known
that elemental silver can act as a low interfacial shear film over a range of temperatures [102]. In
addition, Ag has proven useful as a low-to-moderate-temperature solid lubricant phase in composite
coatings [45, 102, 103]. Further, previous MD simulations have shown that soft nanoparticles in a
harder matrix are deformed easily under sliding conditions [104]. It is reasonable that the silver clus-
ters observed in the tribofilm are facilitating sliding at high temperatures. The aggregation of these
silver clusters in the tribofilm may be driven by several different mechanisms. It has been suggested
that coarsening of Au nanoparticles in the subsurface worn regions of MoS2 nanocomposite coatings
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is related to phenomena such as mechanical mixing [105], the motion of vortices [104, 106, 107],
and diffusion-driven Ostwald ripening [108]. Similar mechanisms may underlie our observations
of the growth of soft Ag nanoparticles (similar structure and hardness to Au). Although we cannot
at this point determine the exact nature of the process, our findings suggest that a combination of
thermal and tribomechanical stresses are required.

While the silver appears to be a key feature of the near-surface material enabling low friction
sliding, we believe that the Ta2O5 and AgTaO3 phases observed in figure 3.3(a) contribute to the
overall performance of the coating as well. The limitation of using elemental silver on its own is
that its relatively low hardness (on the order of 0.5 GPa from reference [109]) allows ploughing and
excessive material transfer to the counterface [102]. The hardness of Ta2O5 is on the order of 10
GPa [110], suggesting the material can provide structural rigidity and wear-resistance. In addition,
AgTaO3 has a stable structure formed by the oxygen octahedra in its crystal structure, which is
likely to contribute to the overall structural rigidity of the coating. Therefore, our findings indicate
that the constituents of the tribofilm work together such that Ta2O5 and AgTaO3 provide structure
and resistance to deformation-induced friction while Ag clusters act as a lubricious phase that yields
low interfacial friction.

3.4 Conclusions

In conclusion, the sliding resistance of AgTaO3 at different temperatures was investigated
by both MD simulation and experimental methods. Both methods showed the lowest friction forces
were achieved at 750 ◦C. Excellent agreement was also observed with the formation of a tribofilm of
Ag clusters and surrounding Ta2O5 during high-temperature sliding. As the temperature increased,
more Ag clusters were formed in the tribofilm, also the average volume of these clusters became
larger. These findings appear to be correlated to the friction behavior of AgTaO3. In this chapter,
the study of sliding behavior of AgTaO3 tribofilm could be helpful to the understanding of high-
temperature sliding mechanisms of this material.
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Chapter 4

Load Dependence of Friction

4.1 Introduction

Applied load plays an important role in determining tribological behavior of materials in
sliding contact. According to the classic Amontons’ 1st Law, friction is found to change linearly
with the applied load. As load increases, the rise of friction and wear can be attributed to larger
contact area induced adhesive force increase. Later on, Bowden and Tabor proposed a non-linear
friction-load dependence (i.e. F = L2/3) for single asperity contact model based on Hertzian elastic
theory [111]. From macro to nano, load effect tends to be increasingly rely on the mechanical and
chemical characteristic of the contact counterfaces [112, 113]. The objective of this research is to
investigate the effect of load on the tribological properties of AgTaO3 coatings. More specifically,
the elemental and phase composition and the crystal structure are investigated to understand the
changes that occur in these coatings as a result of the application of various loads during the slid-
ing process. This study significantly extends previous work on a promising high-temperature solid
lubricant by characterizing and providing mechanistic insight into its behavior under different oper-
ating conditions. In this chapter, experimental results are provided by our colleagues D.S. Stone, C.
Chantharangsi, C. Paksunchai, M. Bischof, D. Jaeger, T.W. Scharf and S.M. Aouadi.

4.2 Methodology – Load Dependence of Sliding Model

The simulation process was similar to that in Chapter 3 and can be simply described as a
rigid plate sliding over a AgTaO3 tribofilm. This rigidity assumption means that the plate does not
represent a real material and we found that model-predicted trends were unaffected by its atomic
composition. The dimensions of the film were 9.7 × 1.94 × 15.52 nm3 and it contained 25375
atoms. The top rigid plate moved laterally at a constant speed of 5 m/s for 8 ns with a timestep of
1 fs. A schematic of the simulation setup is shown in figure 3.1. Normal loads ranging from 500 to
3000 nN (with an interval of 500 nN) were uniformly distributed on the top plate. The sliding tests
were performed at two different temperatures, 27 and 750 ◦C. Results were obtained by averaging
the data from the last 20 nm of sliding, excluding data during the initial, unstable stages of sliding.
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4.3 Results and Discussion – Friction, Clustering & Film Density

MD simulations predicted that friction force increases with normal load at 750 ◦C as shown
in figure 4.1. Here we show friction force instead of CoF because the simulations only capture part
of the wear process at the higher loads. Specifically, the model atoms redistribute but cannot leave
the periodic simulation cell such that removal of Ag from the wear track observed experimentally
(and the likely source of the increasing CoF with load as shown in figure 4.2) does not occur in
the model. The simulations also provided information at 27 ◦C which can be used for comparison
and so facilitates understanding of the high-temperature measurements. We observe in figure 4.1
that both the friction force and the average friction coefficient (slope of a linear fit) at 750 ◦C are
much smaller than those at 27 ◦C for all loads. In the case of nanoscale interactions, the relationship
between friction force and normal load cannot be simply described by Amontons’ Law due to the
significant effect of adhesion. By extrapolating the data, we find that the friction force at zero load
(and therefore the adhesion) is smaller at the higher temperature.

Figure 4.1: Model-predicted friction force as a function of normal load at 27 and 750 ◦C. The
straight lines represent linear fits to the data at each temperature.

We previously suggested that the temperature dependence of AgTaO3 is due to sliding- and
temperature-induced structural change that provides the tribofilm with low shear resistance [48].
Specifically, experiments and simulations showed that groups of silver atoms formed at the sliding
interface. Note that the number of Ag atoms in the simulation does not change, i.e. the clusters
are formed from the Ag atoms initially present in the AgTaO3 film. As described in the previous
section, we divided the film into identical cubes with side length of 0.5 nm and identified high-
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Figure 4.2: Experimentally-predicted steady-state CoF for silver tantalate as a function of load
tested at 750 ◦C (this result is provided by our colleagues D.S. Stone, C. Chantharangsi, C. Paksun-
chai, M. Bischof, D. Jaeger, T.W. Scharf and S.M. Aouadi).

density Ag cubes, N, as cubes consisting of more than 70 % Ag atoms. Figure 4.3 shows that N
increases with time and temperature at all loads. In addition, the results indicate that, in general, N
decreases with normal load; this trend is particularly evident at the end of the simulation (8 ns) and
more pronounced at the higher temperature. To correlate the silver clustering with friction force,
we measured the shear stress for each cube. The distribution of high-density silver cubes at 1000
nN load and 750 ◦C is shown in figure 4.4 as a function of normalized stress, where stress is nor-
malized by the maximum value. This shows that highest density silver regions correspond to the
lowest shear stress in the simulation cell which supports the suggestion that silver segregation and
clustering plays a role in enabling low friction. The results shown in figure 4.4 are representative of
our observations for other loads and temperatures.

The results we have shown here (and in Section 3.3) strongly support the hypothesis that in-
creasing temperature results in decreased friction due to the increased segregation of silver atoms
and the low shear resistance those atoms provide. However, looking more closely at figure 4.3, this
does not appear to be the only mechanism for load dependence. Especially at the lower temper-
ature, the number of silver clusters is not significantly lower at the higher load where we observe
higher friction. To explain the load dependence, we instead consider the porosity of the film. This is
suggested by our TEM results that increasing load resulted in less silver and lower porosity [114].
Although the relationship between load and porosity is not direct, we can correlate a decrease of the
model-predicted average density to an increase in porosity. We quantify porosity as the average den-
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Figure 4.3: Number of high-density Ag cubes as a function of normal load (black squares – 1000
nN, red circles – 2000 nN and blue triangles – 3000 nN) and temperature (solid – 750 ◦C and hollow
– 27 ◦C).

sity of the model film as a function of load. As shown in figure 4.5, the density of the film increases
with increasing load, but the effect of temperature is negligible. When normal load large enough,
temperature-induced thermal activation becomes trivial and more atoms are squeezed into each unit
volume. Therefore, although silver clusters may dominate the effect of temperature on friction, load
affects friction through the combined effects of decreasing sliver and resulting decreased porosity.

4.4 Conclusions

MD simulations predicted an increase of friction with load consistent with experiment. Taken
together, the experiments and simulations indicate that the increase in friction with load is due
to the combined effects of decreasing presence of silver clusters in the wear track (silver being
sheared/extruded from the wear track) and corresponding decreasing porosity, both of which result
in the material being less able to accommodate interfacial shear.
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Figure 4.4: Percent of high-density Ag cubes as a function of normalized stress in the case of 8 ns
after initial sliding at 750 ◦C with 1000 nN normal load.
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Figure 4.5: Average simulation-predicted density of the film as a function of load at 27 ◦C (black
squares) and 750 ◦C (red circles).
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Chapter 5

Effect of Surface Termination

Friction is an important aspect of materials science for which the atomic nature and the chem-
ical interactions at the material surface play vital roles [115–117]. Research performed so far on
AgTaO3 suggests that its functionality depends significantly on phenomena that occur at the mate-
rial surface during sliding. However, there has not yet been a study focused specifically on surface
properties. Here we directly address this issue through a model-based investigation of AgTaO3 sur-
face terminations.

5.1 Introduction

The surface terminations of perovskite materials have been studied before, but rarely in
the context of friction or sliding behavior. Perovskite materials with formula ABO3 are gen-
erally formed by stacking AO and BO2 monatomic layers alternately along the ⟨001⟩ direction.
All ABO3(001) surfaces have two possible terminations: AO and BO2. However, previous first-
principles calculations of these two terminations showed that their behavior is material depen-
dent [118, 119]. For example, a comparative study of SrTiO3, BaTiO3 and CaTiO3 revealed that
CaTiO3 is unique in that it exhibited the most surface reconstruction and, for the TiO2 termina-
tion, was characterized by significant relaxation in the second layer of atoms which in turn affected
the band structure [118]. In another study of the same three materials, it was found that the TiO2-
terminated surface was energetically favorable for BaTiO3 and SrTiO3 (the latter was consistent with
previous experimental findings), while the CaO-terminated surface was preferred for CaTiO3 [119].
The difference was attributed to cation size, where Ca2+ is the smallest cation among the titanates
compared. Other first-principles calculation-based studies focused specifically on SrTiO3, reporting
surface energies, near-surface atomic displacements, atomic charges and dipole moments of atoms,
and the atomic bond populations of various surface terminations [120], and that the TiO2-terminated
surface is more favorable for epitaxial growth of (100) oriented Pt films than the SrO-terminated
surface [121]. In the only previous study of the effect of perovskite surface termination on fric-
tion, atomic force microscope measurements showed that the friction on SrO-terminated surface of
SrTiO3 was larger than that on the TiO2-terminated surface [122]. This observation was attributed
to the higher bonding energy between the TiO2 coated probe and SrO-terminated surface.

More studies have been reported highlighting the important role of surface termination on
tribological behavior for other materials (i.e. not perovskites). For example, MD simulations of di-

41



amond surfaces showed that hydrogenation increased friction [123,124]. This observation has been
attributed to decreased interfacial bonding [124] and the resulting effect on adhesion [123]. The sig-
nificant effect of surface termination on adhesion was corroborated by first-principles calculations
of the Al2-, O- and Al-terminated surfaces of Al2O3 [125]. Friction can also be affected by sur-
face properties such as hardness and Young’s modulus, both of which were shown to be affected by
surface termination by density-functional theory calculations of Si [126]. Finally, termination can
affect the mobility of atoms on a surface. For example, first-principles calculations showed that Ag
diffuses more rapidly on the Al-terminated surface than the O-terminated surface of α-Al2O3(0001)
due to weaker binding energy on the former surface [127]. This observation is particularly important
for our study of AgTaO3 since its low friction is believed to be partially attributable to clustering of
Ag which provides a low shear stress sliding interface [11, 48, 128].

This review of the literature has shown that there are previous studies focusing on (1) the dif-
ferent surface terminations of perovskite materials that highlight material-specific behavior of AO
and BO2 terminations, and (2) the important role of surface termination on material and tribolog-
ical properties of materials in general. Here we report an atomic level investigation of the AgO-
and TaO2-terminated surfaces of AgTaO3, with specific focus on how they affect friction and wear.
Using MD simulations, we characterize the surfaces in terms of friction, wear, adhesion and the
ease with which atoms are removed from a stable surface. It is shown that Ag clusters are formed
at high temperatures as a result of wear in the MD simulations, in agreement with experimental
observations [128]. This behavior is explained by the DFT calculations, which predict low barriers
to Ag migration and greater binding affinity of Ag on the AgO- versus the TaO2-terminated surface,
ultimately justifying the tendency of silver atoms torn from the surface to form the metallic aggre-
gates observed in the MD simulations and in experiments.

5.2 Methodology – AgO- & TaO2-Terminated Surfaces

Figure 5.1 illustrates the model AgO- and TaO2-terminated AgTaO3(001) surfaces used in the
MD runs. During the simulation, the bottommost atomic layers were held fixed. A thermostat was
applied to remove the generated heat in order to maintain the systems average temperature around
either 0.1 or 1023 K. For brevity, we will refer to the lower temperature as “0 K” in the rest of the
article. The 0 K simulation captures the dynamics of the system in response to only the interatomic
interactions. This is unphysical but provides us with the limiting behavior of the system at low tem-
perature. The higher temperature was chosen to match the experimental conditions in a previous
work [114].

Periodic boundary conditions were applied in the plane parallel to the surface, and simulation
time step was 1 fs. The MEAM [3] was used to describe atomic interactions in our models using
potential parameters developed earlier (in Chapter 2). We performed four types of simulations to
characterize the behavior of the AgO- and TaO2-terminated surfaces: sliding friction and wear, work
of adhesion, surface atom displacement, and surface energy calculation.

Quantifying friction, wear, and adhesion required that we also introduce a probe into the sim-
ulations to interact with the surface. The model probe had a radius of 2.97 nm, was constructed
of atoms in a Si3N4 lattice, and was treated as a rigid body throughout the simulations. In all
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Figure 5.1: The AgO- (left) and TaO2-terminated (right) surfaces; only half of each model surface
is shown. The atoms are represented by blue (Ta), silver (Ag), and red (O) spheres.

cases, the AgTaO3 system was equilibrated for 0.1 ns before bringing the probe into contact with
it. The probe-surface interactions were described using an artificially constructed Lennard-Jones
type potential. Note that we do not expect this potential to describe the probe-surface interactions
accurately. However, since the interaction is the same for both surface terminations, we assume that
most of the errors in the description of the surface-probe interaction will cancel out and that the
potential will give a faithful qualitative picture of the underlying physics.

To study friction and wear, the model probe was slid over the surfaces. First, a normal load
of 881 nN was applied to the probe (the load was chosen such that the pressure was consistent with
previous simulation studies of sliding between two flat surfaces [114]), and the system equilibrated
again for 0.1 ns. Then, the probe was slid at a constant velocity of 20 m/s in the x-direction for 2
ns. This high speed is necessitated by the time scale limitation in MD simulations, particularly for
the relatively large number of atoms in this model. The friction force was measured as the average
lateral force on the rigid probe during each cycle, where a cycle is defined by the probe crossing the
periodic boundary of the simulation cell. To quantify the evolution of the material in response to
sliding, as suggested the results in Chapter 3 and 4, we identified Ag clusters and characterized their
size. Clusters were identified as groups of neighboring Ag atoms, where two atoms within 0.25 nm
were considered neighbors and a cluster was assumed to consist of at least four atoms. Both the
number and size of these clusters may affect friction, so their collective contribution was quantified
as the integral of the probability distribution of cluster sizes.

The work of adhesion was calculated to assess the strength of adhesion between the probe
and the material surface. The ideal work of adhesion is defined as [70, 129]:

Wadh =
Ep + Es − Eps

A
, (5.1)

where A is the contact area, Eps is the total energy of the probe-surface contact at equilibrium, and
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Ep and Es are the total energies of the probe and the surface at equilibrium, respectively. The en-
ergies in equation (5.1) were obtained by minimization after the system was equilibrated for 1 ns
with zero external normal load applied to the probe. The contact area is defined as the area (pro-
jected in the xy-plane) of the atoms in the probe apex that were within 0.5 nm of the material surface.

In addition to probe-surface interactions, we studied the force required to displace atoms away
from the two surfaces. Different groups of atomic clusters were identified on each surface, namely,
AgOx (x = 0,1,...,4) on the AgO-terminated surface and TaOy (y = 0,1,...,5) on the TaO2-terminated
surface. After the material was equilibrated for 0.1 ns, each atomic cluster was displaced straight
upward (in the z-direction), away from the surface. To match the sliding velocity in our friction and
wear simulations, the atoms were displaced with a constant velocity of 20 m/s. The vertical force
on each atom group was measured as they were pulled away, where the peak value was identified as
the threshold for detaching the atoms from the surface.

5.3 Results and Discussion

5.3.1 Tribological Behavior

The average friction force per cycle predicted by MD simulations of a probe sliding on the
AgTaO3 surfaces is shown in figure 5.2. The results demonstrate that friction initially decreases
and then reaches a relatively stable value on both the AgO- and TaO2-terminated surfaces. At 0
K, the friction on the TaO2-terminated surface is larger than that on the AgO-terminated surface
throughout the simulation. However, the differences in friction between both surfaces are negligible
at higher temperatures and, at 1023 K, the average force on both surfaces is essentially equal. The
observation that friction decreases with temperature is consistent with the experimental measure-
ments, which showed that friction decreases, on average, by 36.5 % as the temperature increases
from room temperature to 1023 K. Details of the complementary experimental results for this re-
search are provided in Appendix A.3.

From our MD simulations, visual analyses of the model surfaces after sliding, shown in figure
5.3, reveal a buildup of silver on the edges of the wear track similar to that observed experimen-
tally. The buildup is more pronounced on the AgO-terminated surface and at the higher temperature.
Since AgO termination and higher temperature are also associated with lower friction, these results
suggest that the redistribution of silver plays an important role in the friction characteristics of this
material.

To investigate this further, we analyzed the wear tracks generated in the sliding simulations.
Figure 5.4(a) shows representative cross-sectional profiles of the wear tracks (z-coordinates of the
topmost atoms are averaged along the x-direction) in terms of element type at the end of the fifth
cycle. Figure 5.4(b) shows the evolution of the wear-track depth for the AgO- and TaO2-terminated
surfaces at 0 and 1023 K. We observe that the wear depth increases with cycle and is larger at the
higher temperature for either surface. Also, at 1023 K, the wear track is deeper on the AgO surface
than the TaO2 surface.

To quantify the material evolution due to wear, we characterized the composition of the sur-
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Figure 5.2: Friction force on the AgO- (circles) and TaO2-terminated (triangles) surfaces at 0 K
(filled symbols) and 1023 K (hollow symbols) as a function of cycle number.

faces before and after sliding, focusing on Ag segregation and clustering based on the experimental
clues [48, 128].

Figure 5.5 quantifies the Ag clustering on the AgO- and TaO2-terminated surfaces after the
first and last sliding cycles at the two temperatures. Silver clustering is negligible before sliding in
any case. The number of Ag clusters increases with sliding cycles and is always larger at 1023 K.
The inset of figure 5.5 facilitates comparison of clustering on the two surfaces. First, we observe
that, at any temperature, there are more Ag clusters on the AgO surface at any cycle. However,
at 1023 K, the magnitude of this difference decreases rapidly with number of cycles. At the first
sliding cycle, there are more clusters on the AgO surface, corresponding to the lower friction at that
cycle in figure 5.2. This is explained by the lower migration barrier of Ag on the AgO surface, as
shown later. However, after several sliding cycles, the number of Ag clusters is effectively the same
on either surface, corresponding to the similar friction exhibited in figure 5.2.

5.3.2 Adhesive Strength

The adhesive strength on a surface often plays a major role in determining its friction and
wear behavior. The work of adhesion calculated from MD simulations of probe-surface interactions
is 0.56 J/m2 for the AgO surface and 3.21 J/m2 for the TaO2 surface. The smaller adhesive strength
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Figure 5.3: Top view of surfaces after 5 cycles of sliding: (a) AgO surface at 1023 K and (b) TaO2
at 0 K. A close up of the wear track (identified by the dashed line in (a)) is shown in (c). Atom
colors ar the same as those in figure 5.1.

of the AgO surface is consistent with the lower friction observed at either temperature in the first
cycle and at 0 K during all cycles in figure 5.2.

The adhesion results can be interpreted in terms of the relative reactivities of the two surfaces,
based on the relaxation energies calculated from density-functional theory. The relaxation energies
are 0.86 and 2.88 eV for the AgO and TaO2 surfaces, respectively. Thus, the AgO surface is rela-
tively stable as cleaved, whereas the TaO2 surface undergoes a comparatively strong reconstruction.
Chemically, this means that complete octahedra, present in the AgO surface, are more stable than
cleaved octahedra, as on the TaO2 surface. The cleaved octahedra deform to compensate for the
missing oxygen giving a larger surface relaxation energy. We speculate that the higher adhesive
energy for the probe on the TaO2 surface is caused by the greater reactivity of the cleaved octahedra.

The reduced reactivity of AgO and the stability of complete octahedra can also be demon-
strated by the ease with which atoms can be removed from the surface. To quantify this, we consid-
ered different groups of atoms on the top layer and measured the maximum force required to sepa-
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(a)

(b)

Figure 5.4: (a) Representative cross-sectional profiles of the wear track on the AgO- and TaO2-
terminated surfaces after the fifth cycle of sliding. (b) Increase of wear depth with cycle on the AgO
(circles) and TaO2 (triangles) surfaces at 0 K (filled symbols) and 1023 K (hollow symbols). Error
bars reflect the variation of depth along the length of the wear track.
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Figure 5.5: Variation of silver clusters with cycle and temperature for the two surfaces. The inset
shows that the difference between the silver clustering on the AgO surface and that on the TaO2
surface decreases with cycle and is smaller at the higher temperature.

rate them from the surface in our MD simulations. Figure 5.6 shows the force required to remove
atoms from the AgO- and TaO2-terminated surfaces. Figure 5.6(a) shows that a very small force is
required to remove a single Ag from its lattice position on the AgO-terminated surface. This force
increases rapidly as more oxygen atoms are removed along with the Ag. Consequently, external
forces are more likely to result in the removal of individual Ag atoms from an AgO-terminated sur-
face rather than cleaving the relatively stable TaO6 octahedra. In contrast, on the TaO2-terminated
surface, as shown in figure 5.6(b), approximately equal forces are required to pull away either a
single Ta or a Ta with multiple coordinated oxygens. This is also consistent with the observation
from the simulations that individual silver atoms segregate easily on the AgO-terminated surface.
The relative ease with which a silver atom is removed from the surface permits the formation of Ag
clusters, as observed in both the MD simulation and the experimental wear track. We focus on the
energetics of Ag migration in the next section.

5.3.3 Ag Migration

The ability of silver atoms to migrate on a surface is related to the potential energy barrier
for a single Ag atom moving over the surface. Contour plots of the energy landscape obtained from
the MEAM potential used in the MD simulations are shown in figure 5.7. The plots show that the
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Figure 5.6: Force required to displace atoms from the (a) AgO- and (b) TaO2-terminated surfaces.
Error bars represent the variation in force when displacing the same atoms from five different posi-
tions on the surface.

single Ag atom prefers to bind on top of the O atoms on the AgO surface and over the Ta atoms
on the TaO2 surface. The minimum energy path on the AgO surface involves a migration from the
basin at (1,1/2) to (1/2,0). Along this path, the energy barrier is 0.024 eV. On the TaO2 surface, the
lowest energy path is from (1/4,1/4) to (1/4,3/4) and the energy barrier is 0.052 eV. We too obtained
potential energy surfaces for Ag migration as well as binding energy from DFT calculations. Those
results are discussed in Appendix A.4.

5.4 Conclusions

The AgTaO3(001) surface presents two common terminations: AgO and TaO2. In this chap-
ter, we analyzed these surfaces by performing sliding simulations of friction and wear and by calcu-
lating the work of adhesion, the forces required to displace atoms from the surface, and the energetic
barriers to silver migration.

Our results show that at low temperature, friction is influenced by the chemical nature of the
surface. TaO2-terminated surfaces present a higher work of adhesion as well as larger relaxation
energies than AgO-terminated surfaces, which are caused by the existence of (relatively unstable
and reactive) cleaved TaO6 octahedra on the former. This causes sliding on the TaO2 to be harder
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(a)

(b)

Figure 5.7: Potential energy surfaces calculated using the MD potential for the migration of a Ag
atom over the (a) AgO- and (b) TaO2-terminated surfaces. The energy units are eV, and the x and y
coordinates are fractions of a cell length.
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at low temperature and results in a higher friction force. At high temperature, the dominant friction
mechanism is the formation of silver aggregates, which were observed both in our sliding simula-
tions and at the edges of the experimental wear tracks, and both surfaces present equivalent friction
characteristics.

We also probed the chemical nature of the surface by pulling different atomic clusters from
the surface. We showed that pulling a single atom from the AgO surface is relatively easy, whereas
removing oxygens requires more force, which is indicative of the aforementioned stability of the
TaO6 moiety. In consequence, it is reasonable to assume that the silver atoms are relatively free
to move on the surface provided there is enough energy (thermal or mechanical) to enable them to
overcome the energy barriers associated with such motions.

The last piece of the study in this chapter is the calculation of energy barriers to migration of
silver on both surface terminations, predicted by DFT to be in the range of 0.1-0.2 eV, with a higher
barrier for the TaO2 surface. This is equivalent to a thermal energy that is in the range of 1000-
2000 K, consistent with the experimental findings and the MD simulations presented. MD potential
energy surfaces for silver migration agree with DFT results, although the barriers are smaller. The
DFT binding energies for Ag are 4.14 eV on the AgO-terminated surface and 2.75 eV on the TaO2
termination, showing the greater affinity of silver for the former than the latter.

In summary, our results provide a thorough understanding of the mechanisms that enable
the excellent friction characteristics of AgTaO3 in different temperature regimes. In addition, these
calculations provide direct atomic-scale evidence supporting the Ag-facilitated sliding mechanism
previously suggested to explain experimental observations.
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Chapter 6

Film Reconstruction Due to Sliding and
Role of Ag Content

6.1 Introduction

Previous experimental study showed that AgTaO3 exhibited CoF as low as 0.06 at 750 ◦C
[48]. The transmission electron microscopy observations indicated that the lubricious nature of
AgTaO3 at high temperatures was enabled by the joint contributions of the hard Ta2O5 phase and
lubricious silver clusters in the shear- and temperature-induced surface layer. Theoretical and ex-
perimental cross-sectional images of the coatings in the wear track revealed that the presence of
Ta2O5 and silver increased dramatically closer to the interface whereas the remainder of the coating
consisted primarily of AgTaO3 with a very small amount of finely dispersed silver. Reconstruction
of AgTaO3 from the silver and Ta2O5 phases from mechanical mixing during wear testing has also
been hypothesized [48]. With increased normal force during testing, the diffusion and plowing of
the silver from the surface increased, causing the coating to decrease in density and increase in
porosity. MD modeling complemented the experimental results and supported the hypothesis that
friction increased with load due to changes in the silver distribution and near-surface density [114].
In the present study, we further investigate the suggestion that low friction in AgTaO3 is enabled by
the reconstruction of the material into silver and Ta2O5 by studying the tribological properties of
Ag/Ta2O5 nanocomposite coatings using MD.

6.2 Methodology – Ta2O5/Ag Films

We modeled a rigid hemispherical probe slid over a tribofilm consisting of Ta2O5, Ta2O5/M
at.% Ag (M=6.3, 14.3, 20.0 and 26.0) or AgTaO3. The Ta2O5/Ag films were created by embedding
8 nm3 regions of silver atoms into the Ta2O5 film, where the percent silver was adjusted by increas-
ing the number of these silver regions. All films had dimensions of 16.30 (in sliding direction) ×
11.44 × 3.88 nm3. To mimic the near-surface reconstruction observed in the experiment [130], a
mechanically-mixed tribofilm was created by first sliding a rigid plate (same cross-sectional area
as the film) over the material surface. Then a probe was introduced into the model and slid on the
resultant tribofilm. During the simulation, the bottom layer of the tribofilm was held fixed, and the
probe with 2.72 nm radius moved laterally at a constant speed of 100 m/s for 1 ns with a timestep of
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1 fs. The high sliding speed is necessitated by the timescale limitation in MD simulations, particu-
larly for the relatively large number of atoms in this model. A normal load of 300 nN was uniformly
distributed on the probe. The temperature of the system was maintained at 750 ◦C throughout the
simulation using a Langevin thermostat. Periodic boundary conditions were applied in the sliding
plane (otherwise, atoms were confined by the rigid boundaries). The friction force was measured as
the average lateral force on the rigid probe during each cycle, where a cycle is defined by the probe
crossing the periodic boundary of the simulation cell. Wear depth was defined as a vertical distance
between the equilibrated film surface and the bottom of the wear track. To quantify the evolution
of the films in response to sliding, as suggested by the previous results in Chapter 3, 4, and 5, we
identified silver clusters and characterized their size. The MEAM was used to describe the atomic
interactions.

6.3 Results and Discussion – Friction, Wear & Film Evolution

Figure 6.1 shows the friction force for each model film. In general, the friction initially in-
creased (consistent with a run-in process) and then approached a steady state around the fifth cycle.
In the steady state, the Ta2O5 exhibited the highest friction, and then friction decreased with in-
creasing silver content. This is consistent with trends reported in previous experimental work where
adding/increasing silver decreased friction in Mo2N/MoS2/Ag [35] and YSZ-Ag-Mo nanocompos-
ites [103], as well as other coating materials (such as TiN, CrN, ZrN, DLC and TaN) [131–135].
This correlation between friction and silver content can be attributed to the fact that silver facilitates
sliding over a range of temperatures due to its low shear strength [136]. We also observed that
AgTaO3 exhibited the lowest friction, slightly lower even that the Ta2O5/Ag film with similar silver
content (i.e. 20 %), which is consistent with our experimental results [130].

The various model films were also characterized in terms of their wear resistance, as shown
in figure 6.2. We observe that the wear rate (slope of the depth vs cycle plot) reached approxi-
mately a constant value in steady state. Also, for each cycle, the wear depth increased with in-
creasing silver content, with Ta2O5 exhibiting the best wear performance. We also observed less
wear on the AgTaO3 film than the Ta2O5/Ag films. This is inconsistent with the experimental re-
sult that Ta2O5/Ag exhibited less wear than AgTaO3. However, it has been reported that the effect
of incorporating of silver into a coating is non-monotonic. Specifically, the wear performance of
a coating material improves with a small amount of silver, but may deteriorate as more silver is
added [131–134]. The experimental results are consistent with the former trend while the simu-
lation results reflect the latter. The discrepancy is likely related to relative sizes of the model and
experiment. Specifically, in the 14 at.% silver model film, all the silver atoms are localized at the
sliding interface, whereas, in the experiment, the silver is likely not distributed evenly within the
film and the actual amount of silver in the material at the sliding interface may be less than 14 at.%.
The simulation results in figure 6.3 suggest that the actual percent silver in the interface during ex-
periment is likely less than 6 at.%.

To understand the friction and wear trends, we analyzed the evolution of the silver content
during sliding. Since both the number and size of silver clusters may affect friction, the overall con-
tribution was quantified as the integral of the probability distribution of cluster sizes. In this study,
we focused on the wear track and the silver clusters in that region. Figure 6.3 shows that silver
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Figure 6.1: Model-predicted friction forces for tribofilms with different compositions.

clustering in all Ta2O5/Ag films increased with silver content. This trend can be directly correlated
to the decreasing friction with silver shown in figure 6.1. However, the fact that the friction for the
Ta2O5/20 at.% Ag and Ta2O5/26 at.% Ag was similar indicates that there is a limit to the friction
reducing effect of silver. That is, once the silver content reaches some critical value (20 % per the
results in this simulation) the friction will no longer increase with increasing silver content. As sug-
gested by previous experimental results on WS2-Ag [137], this behavior might be attributed to the
depth of penetration of the probe, which gradually increases with silver content due to the softness
of silver, leading to increased plowing stress in front of the counterface. This affects the wear be-
havior and is consistent with the wear results shown in figure 6.2. The trends exhibited by the silver
clustering in the AgTaO3 suggests that the silver that is initially evenly distributed in the film grad-
ually forms silver clusters that continue to provide low shear resistance as sliding progresses. The
behavior of silver clusters in AgTaO3 is further supported by a calculation of the average vertical
displacement (towards the surface) of silver during sliding, which we found to be 0.09 nm and 0.24
nm for the AgTaO3 and Ta2O5/20 at.% Ag films, respectively. This, along with the silver cluster
results, indicates that silver clusters form and migrate to the surface more gradually on the AgTaO3
films than the Ta2O5/Ag films, leading to both lower friction and wear.
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Figure 6.2: Model-predicted wear depths for tribofilms with different compositions.

6.4 Conclusions

In summary, molecular dynamics simulations were performed to study the tribological prop-
erties for the films with different compositions. The results showed that the surface of the coating
was changed over time as a result of the migration of silver to the surface. These changes affected
friction and wear of the sliding interface. Those results also revealed that friction decreased while
wear increased with increasing silver content in Ta2O5/Ag films. However, the lowest friction was
always observed on AgTaO3. The lower CoF values for AgTaO3 are probably due to the even dis-
tribution of the silver in this system and the gradual formation and migration of silver clusters to
the interface. The wear performance was less straightforward since the experimentally-measured
wear was smaller on the Ta2O5/Ag films than the AgTaO3, while simulations predicted the opposite
trend. This difference was attributed to localization of silver in the interface in a simulation that is
unlikely to occur in the experiment. Overall, the results suggest that it is possible to tune the friction
and wear performance of Ag-Ta-O films by tuning the amount of embedded silver for a given set of
operating conditions.
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Chapter 7

Cu-Ta-O Ternary Oxides

7.1 Introduction

High-temperature induced oxidation and the resulting irreversible chemical changes result in
a failure of conventional solid lubricants to provide the desired lubricity [5, 15, 138]. Considering
the shortage of available candidates for high-temperature applications, developing effective solid lu-
bricants that remain thermally stable and lubricious over a wide range of temperatures is imperative.

Oxide-based materials are promising lubricants for high-temperature applications due to their
structural and chemical inertness [139]. Ternary metal oxides, including Zn(Pb)-W(Mo,Ti)-O,
Ca(Ba,Sr)-S-O, and Ag-Ta(V,Mo)-O, have been explored recently due to their low friction at high
temperature [35, 48, 139–143]. Previous experimental work focused on silver tantalate (AgTaO3),
which possesses a layer-like structure, can form a soft, metallic (silver) phase when subjected to
sliding, and is highly resistant to oxidation [36, 48]. The CoF for AgTaO3 was reported to decrease
with temperature down to 0.06 at 750 ◦C [48, 128].

Given the relatively poor wear performance of AgTaO3 and the issues associated with Ag
particle migration, we have been exploring alternatives to obtain both low friction and high wear
resistance. A potential candidate is a Cu-Ta-O ternary oxide because: (1) both Cu and Ag are soft
metals that have been used as dopants to improve tribological performance of various coating mate-
rials [34,144–147]; (2) Cu-based oxides have been used as high-temperature solid lubricants [141];
and (3) Cu and Ag belong to the same group of elements, so similar material properties are expected
(e.g., the substitution of Cu in Ag(NbxTa1−x)O3 has been performed to study the composition de-
pendence of dielectric properties [148]). From a practical perspective, the fairly reasonable market
price of Cu could render it more competitive for potential industrial applications [49].

In this chapter, we focus on two Cu-Ta-O ternaries, CuTaO3 and CuTa2O6, and contrast their
performance with AgTaO3. The structures of AgTaO3, CuTaO3, and CuTa2O6 are shown in figure
7.1. CuTaO3 was considered because it shares the same perovskite structure with AgTaO3. The
comparison between CuTaO3 and AgTaO3 will allow us to isolate the effect of the metal on the
tribological performance. However, from an experimental perspective, CuTaO3 is not practical be-
cause it cannot be synthesized at atmospheric pressure [149]. Therefore, CuTaO3 is studied using
only simulations in this work. The experiments focus on CuTa2O6, which can be prepared relatively
easy. This material also has a perovskite-like structure, but with alternating vacancies in the Cu sites.
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Additionally, a recent study showed that the frictional properties of Ag2Ta4O11 differed from those
of AgTaO3 [48], which suggests that CuTa2O6 and CuTaO3 may also have significantly different
tribological properties and that tuning of coating performance may be achieved by controlling the
noble-metal content of the coating during deposition.

Figure 7.1: Structures of the AgTaO3 (left), CuTaO3 (middle), and CuTa2O6 (right) perovskite-like
crystals. Sphere colors represent: Ta – Blue, O – Red, Cu – Yellow, Ag – Grey.

In this work, the tribological performance of (Ag,Cu)-Ta-O materials was explored and com-
pared. MD simulations were performed using newly-developed empirical potential parameters fit
to DFT results for each Cu-Ta-O ternary oxide (DFT results were provided by our colleagues A.
Otero-de-la-Roza and E.R. Johnson). The friction and wear properties were compared with those
of AgTaO3. Results were analyzed in terms of the underlying sliding mechanisms with a focus on
the formation of Ag/Cu clusters at the interface that can facilitate sliding.

7.2 Methodology

7.2.1 Potential Parameter Fitting

Potential parameters for the ternary Cu-Ta-O oxide were developed based on the modified
embedded-atom method formalism [3], which has been successfully used to reproduce material
properties of AgTaO3 (see Chapter 2). MEAM parameters for pure Cu, Ta, and O were taken from
reference [3] and are given in table A.4 of the Appendix A.5. For the binary oxides, parameters were
fitted based on a B1 structure, consistent with our previous fitting of the Ag-O and Ta-O binaries
in Chapter 2. The relative density (ρ0), exponential decay factor (αedf), and screening parameters
(Cmin and Cmax) for Cu-O were determined based on the structural and elastic properties predicted
by DFT calculations. Next, the binary parameters were used in the fitting process for the ternary
oxide, where additional potential parameters (i.e. parameters for the immiscible binary Cu-Ta and
ternary Cu-Ta-O) were adjusted by making the empirical potential reproduce the DFT-predicted lat-
tice constants, angles, elastic constants, and cohesive energy of the Cu-Ta-O compounds. Due to
the differences in the chemical and mechanical properties of CuTaO3 and CuTa2O6, two separate
sets of potential parameters were fitted to better describe these two materials. Detailed information
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about the fitting process can be found in Chapter 2.

Table 7.1 shows the MD- and DFT-predicted structural and elastic properties of CuTaO3 and
CuTa2O6. The mean absolute percent differences between MD and DFT results (assigning equiva-
lent weighting factors to each property) were 1.32 % and 4.11 % for CuTaO3 and CuTa2O6, respec-
tively. The final potential parameters for the two materials are given in table A.5 of the Appendix
A.5.

Table 7.1: MD- and DFT-predicted structural properties of CuTaO3 and CuTa2O6.

Property CuTaO3 CuTa2O6

MEAM DFT MEAM DFT

Cell Lengths (Å) a/b/c 3.90 3.90 7.61 7.45

Cell Angles (◦) α/β/γ 90.00 90.00 90.00 90.00

Cohesive Energy (eV) Ec 6.20 6.20 6.97 6.73

Elastic Constants (GPa) C11 450.83 503.49 426.32 431.43

C12 104.48 104.47 75.04 79.20

To verify the validity of those parameters, we compared the energy-volume curve obtained
using MD with our DFT calculations (see figure 7.2). The results show that, within 20 % of the
equilibrium volume, the relative energies of both CuTaO3 and CuTa2O6 are well-captured by the po-
tentials. In addition, the MD-predicted thermal expansion coefficient for CuTa2O6 at temperatures
between 200 and 1200 K is 3.73×10−6 K−1, which is comparable to the experimental measurement
of 8.0 × 10−6 K−1 [150].

7.2.2 Sliding Models

Using the newly fitted MEAM parameters reported in the previous section, two sliding mod-
els were created to study the friction and wear behavior of Cu-Ta-O: (1) plate-on-plate and (2)
ball-on-plate. These models are shown in figure 7.3. Model 1 facilitates calculation of the average
friction force and analysis of the film reconstruction during sliding, while model 2 allows character-
ization of material transfer and wear. Simulations with these two models were performed for each
of the three materials: AgTaO3, CuTaO3 and CuTa2O6.

The dimensions of the tribofilms (i.e. the bottom plate) for all three materials were 9.7 ×
2.2 × 11.9 and 16.4 × 11.9 × 3.7 nm3 for Models 1 and 2, respectively. In Model 2, the ball was
assigned a radius of 2.5 nm. In each model, the top plate/ball was kept rigid during sliding, and the
positions of the atoms in the bottommost layer of the film were fixed. The plate/ball slid laterally
at a constant speed of 10 m/s with a timestep of 0.5 fs. Periodic boundary conditions were applied
in the sliding plane; in the direction perpendicular to that plane, atoms were confined by the rigid
boundaries. Normal loads of 1000 and 300 nN were uniformly distributed on the rigid plate (in
Model 1) and ball (in Model 2), respectively. Tribological simulations with the two models were
performed at room temperature (RT, 27 ◦C) and 750 ◦C. The temperature was maintained using a
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Figure 7.2: Volume-dependence of the energy for (a) CuTaO3 and (b) CuTa2O6 from MD and DFT.
∆E is the energy relative to the equilibrium structure, with volume V0.
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Figure 7.3: Initial configurations of the two MD simulation models, shown here for CuTa2O6.
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Langevin thermostat in the canonical ensemble. The friction force was defined as the average lateral
force on the plate from Model 1. The wear depth, in Model 2, was defined as the vertical distance
between the equilibrated film surface and the bottom of the wear track. To quantify the evolution of
the films in response to sliding, we identified Ag/Cu clusters and characterized their sizes. A cluster
was identified as a group of Ag/Cu atoms consisting of at least four atoms with each neighboring
distance less than 0.25/0.20 nm, where a smaller neighbor distance criterion was used for Cu to
reflect its smaller atomic radius.

7.3 Results

7.3.1 Friction

Figure 7.4(a) shows the average friction force from MD (Model 1) for AgTaO3, CuTaO3
and CuTa2O6 films, and the experimental coefficients of friction for AgTaO3 and CuTa2O6 films,
measured at 750 ◦C. The friction trends from MD and experiment are in agreement: f MD & Exp.

AgTaO3
<

f MD
CuTaO3

< f MD & Exp.
CuTa2O6

. Note that the friction results from MD and experiment can not be quantita-
tively compared due to the inherent size-scale difference between the two techniques, where contact
area and applied load in MD are orders of magnitude smaller than those in experiment. Also, in MD,
strong surface adhesion at the nanoscale tends to result in larger CoF at the sliding interface [151].
However, the ratios of the friction forces and CoFs for AgTaO3 and CuTa2O6 can be directly com-
pared, and both experiment and simulation yield 3 < fCuTa2O6/ fAgTaO3

< 4.5.

It was previously shown that the CoF of AgTaO3 decreases with temperature (Chapter 3, 4
and 5). Here we investigated the effect of temperature on friction for CuTa2O6 with both MD and
experiment. As shown in figure 7.4(b), the friction decreases with increasing temperature, exhibit-
ing the same trend as AgTaO3.

7.3.2 Wear

To quantify the wear performance of these materials, the MD ball-on-plate model (Model
2) was used since it allows the removal of atoms from the wear track so wear depth can be mea-
sured. Figure 7.5(a) shows that the wear depth for each material at 750 ◦C increases significantly
at the beginning of sliding (run-in) and then approaches a steady state. The wear depth varies as
dAgTaO3

> dCuTaO3 > dCuTa2O6 , opposite to the friction trend. The experimentally-measured wear
rates at the same temperature, shown in figure 7.5(b), exhibit the same trend as that from MD, indi-
cating that AgTaO3 is more easily removed from the wear track than CuTa2O6.

7.4 Discussion

The MD and experimental observations of opposing friction and wear trends suggest that all
three materials share similar sliding mechanisms. In Chapter 3, 4, 5 and 6, we proposed that the
CoF and the wear rate are determined by the ability of the monovalent metal (in this case Ag or Cu)
to migrate to the surface and agglomerate into soft metallic clusters. In this section, we investigate
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Figure 7.4: Friction from MD and experiment as functions of (a) material (i.e. AgTaO3, CuTaO3
and CuTa2O6 in MD; and AgTaO3 and CuTa2O6 in experiment), and (b) temperature (i.e. RT, 350,
500 and 750 ◦C).
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Figure 7.5: Wear performance of (Ag/Cu)-Ta-O at 750 ◦C: (a) MD-predicted wear depth and (b)
experimentally-measured wear rate.

the ability of this mechanism to explain the observed trends. Analyses of the results of (1) surface
elemental mapping from experiment (see Appendix A.6), (2) Ag/Cu clustering at the interface in
MD, and (3) Ag/Cu migration on the film surface using DFT (see Appendix A.7), were conducted.
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7.4.1 Ag/Cu Clustering

We quantified the evolution of the materials in response to sliding with particular focus on
formation of Ag and Cu clusters. In Chapter 3, 4, and 5, we showed that Ag clusters were formed
in the process of AgTaO3 film restructuring. Figure 7.6 shows the number of Ag and Cu clusters
formed in the AgTaO3 and CuTaO3 films from Model 1 at 750 ◦C. The two curves increase at the
beginning of sliding, typical of a run-in process, and both reach a steady state after ∼ 1 ns. At
this steady state, the number of Cu clusters was about half of that of Ag, even though the initial
amount of Ag and Cu in each film was equivalent. This result indicates that, under the same sliding
conditions, Cu is less likely to segregate and form clusters than Ag. Since the film lubricity largely
depends on the presence of the metallic Ag/Cu phase on the surface, the formation of clusters relates
to the friction result shown in figure 7.4(a), where CuTaO3 exhibits higher friction than AgTaO3.
However, Ag clusters with high mobility have low wear resistance, which results in more significant
wear on AgTaO3 compared to CuTaO3.
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Figure 7.6: The number of Ag/Cu clusters at the sliding interface of AgTaO3 and CuTaO3 at 750 ◦C
as a function time.

For CuTa2O6, the same criteria was applied to measure the number of Cu clusters. However,
only a few Cu clusters were found even after the system reached a steady state (not shown). One
likely reason is that the initial Cu content in CuTa2O6 is half that of Ag or Cu in the ABO3 per-
ovskites for the same model size. Regardless, the simulations show that Cu is less likely to form
clusters in the interface than Ag. This is consistent with the experimental observation that Cu is
more uniformly distributed in the wear track on CuTa2O6 than was found in a previous analysis of
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Ag in the wear track on AgTaO3 [2].

7.5 Conclusions

In this work, we studied the tribological performance of three ternary oxide materials: AgTaO3,
CuTaO3 and CuTa2O6. MEAM potential parameters for Cu-Ta-O were obtained by fitting to DFT
calculations of structural and elastic properties. These potentials were then used in subsequent MD
sliding simulations of AgTaO3, CuTaO3 and CuTa2O6. The MD predictions of friction and wear
properties were compared with results of experimental tribotests on AgTaO3 and CuTa2O6 films
at elevated temperatures up to 750 ◦C. The MD and experimental trends were consistent for both
friction (AgTaO3 < CuTaO3 < CuTa2O6) and wear (AgTaO3 > CuTaO3 > CuTa2O6). The wear per-
formance was significantly improved when Ag was substituted by Cu, but at the expense of higher
friction. Further analysis of the sliding mechanisms revealed that the friction increase and wear
decrease could be attributed to the formation of fewer Cu clusters at the sliding interface, relative to
Ag. This was corroborated by DFT calculations, which showed that energetic barrier for migration
of Cu atoms on the CuO-terminated surface of CuTaO3 is considerably higher than for the equiva-
lent sliding of Ag on AgTaO3. This observation supports the hypothesis that the same friction and
wear mechanisms reported for AgTaO3 apply to CuTaO3 and CuTa2O6, and explains the opposing
friction and wear trends. Comparison of the three ternary materials enabled us to identify the key
effects of the identity and relative concentration of the noble metal on tribological performance.
These observations provide insights useful for developing new solid lubricants for high-temperature
applications.
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Chapter 8

Pressure Dependence of the Interfacial
Structure of Potassium Chloride Films
on Iron

8.1 Introduction

The registry between a film and substrate has a profound influence on interfacial shear. A film
that is in registry with the substrate will result in the largest friction force since all the atoms at the
interface will simultaneously surmount the sliding potentials. Conversely, a lack of commensura-
bility between the atoms in the contacting interface would lead to a lower shear strength which does
not scale linearly with contact area [152–156]. For thin films, commensurability may be dependent
on the thickness of the film and, in the case of confined films, pressure. Therefore, understanding
the friction properties of an interface requires first understanding the dependence of film structure
on thickness and pressure.

This complex relationship has been explored using a simple alkali halide as a model boundary
lubricating film. While alkali halides are not used as commercial boundary films, their structural
simplicity and the availability of a wide range of alkali halides with varying lattice constant, along
with their chemical inertness make them attractive candidates for fundamental study [157]. In par-
ticular, the shear strength S of KCl films has been measured experimentally in ultrahigh vacuum
(UHV) where it is found that S varies linearly with contact pressure P:

S = S 0 + αP, (8.1)

where S 0 is the shear strength at zero pressure and α is typically assumed to be a constant [158–161].
Such linear variations in interfacial shear strength as a function of contact pressure are relatively
common in tribological systems [158, 160, 161]. The specific system explored in the current study
is KCl on Fe(100), which is particularly well suited for such research since precise interaction po-
tentials for computational models are already available for alkali halide films and it is relatively
straightforward to prepare well-defined films in ultrahigh vacuum by KCl evaporation.

This model system has previously been investigated using DFT calculations of KCl films on
an Fe(100) substrate [162]. However, the requirements of using periodic boundary conditions for
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the calculations necessitated modeling KCl films that were in registry with the iron substrate. Since
the lattice mismatch between KCl and the 100 face of iron is significant (∼7 %), the resulting KCl
film is strained. Nevertheless, these calculations revealed a relatively low barrier in sliding the KCl
film against Fe(100) of 0.7 kJ/mol that yielded a calculated shear strength that was in good agree-
ment with experiment. In this case, it was proposed that the pressure-dependent shear strength arose
because of the vertical motion of the atoms in the contact as they slid from one stable site to the next
over an energy barrier, analogous to the barrier height in the Prandtl-Tomlinson (PT) model (an brief
description of PT model can be found in Section 10.2) for sliding friction [163–168]. However, the
low value of the sliding potential implies that the KCl film does not have a strong site preference on
the Fe(100) substrate suggesting that KCl might not, in fact, be in registry with the Fe substrate and
also emphasizes the need for accurate potentials to describe sliding friction.

Although these results show that the previous DFT calculations yield a potential barrier that
is in good agreement with the experimentally measured shear strength for KCl films, there are
limitations to the predictions that can be made using this approach given the relatively small sim-
ulation size and required periodic boundary conditions which force registry. This suggests the use
of molecular dynamics simulations, which have been extensively used to explore the structural and
tribological properties of sliding solid-solid interfaces [61, 123, 169–174]. Such simulations have
proven extremely useful in helping to understand the behavior of buried interfaces that, in most cases
cannot be interrogated directly. However, MD simulations often use generic interface potentials that
have been optimized to provide reasonable agreement with the experimental results for a wide range
of materials, rather than precisely mimicking the behavior of a specific material. When the interfa-
cial structure is controlled by small energy differences, as is the case in the KCl-Fe system, this may
result in the prediction of erroneous structures and the resulting properties. Since it is not generally
possible to experimentally interrogate the buried sliding interface, the results of such simulations
cannot be directly compared with experiment except to compare predicted parameters such as fric-
tion force with the experimental value. It is therefore desirable to tune the interaction parameters in
the MD simulation to reproduce experimentally measurable film properties measured for the film-
surface interface and then use the tuned simulation to provide information about that interface not
available via experiment. This is the approach taken in this work. We adjust the interaction poten-
tials between a model alkali halide boundary film on an Fe(100) substrate by comparison with the
results of temperature-programmed desorption (TPD) experiments of the desorption behavior of the
films. The structure of thin KCl films is then further characterized experimentally using low-energy
electron diffraction (LEED) [175] measurements. Finally, the MD simulations,with interaction po-
tentials fitted to the TPD data, are used to explore the influence of contact pressure on the interfacial
structure. (All the experimental results in this chapter are provided by our colleagues D. Olson and
W.T. Tysoe.)

8.2 Methodology – Two Fe-KCl Model Systems

Two computational models were created as shown in figure 8.1. Both models contain an Fe
substrate with dimensions of 12.0 × 12.0 × 0.6 nm3. A small slab of an m-layer (m = 1, 2, ... ,14)
KCl film with in-plane dimensions of 4.72 × 4.72 nm2 was placed in the center of the Fe. In Model
1, shown in figure 8.1(a), the top surface of the KCl was free. In Model 2, shown in figure 8.1(b), a
rigid Fe plate, with the same orientation as the bottom Fe surface, was placed on top of the KCl film.

68



During the simulation, the outermost atomic layer of Fe was held fixed. In both models, periodic
boundary conditions were applied in the plane parallel to the Fe-KCl interface. Both models were
equilibrated by running dynamics for 0.5 ns until the potential energy of the system reached a con-
stant value. Then, the KCl lattice was characterized throughout the film by measuring the distance
between all adjacent K (or Cl) atoms in each KCl layer, and then fitting the distribution of the data to
a Gaussian function to obtain the mean lattice constant (for the standard unit cell of the NaCl (B1)
structure) and its standard deviation. Model 2 was used to investigate the effect of pressure with
normal loads of 0.014, 0.14, 1.41 and 14.1 nN applied to the top plate, corresponding to contact
pressures of 0.63, 6.30, 63.0 and 630 MPa. The system was equilibrated for 1 ns after each load was
applied. We partially validated this model by calculating the Poisson’s ratio and elastic modulus
from the change in the normal and in-plane dimensions of the innermost four layers of the 8-layer
KCl model due to an increase in pressure from 6.3 to 630 MPa. The model predicted a Poisson’s
ratio of 0.194 and an elastic modulus of 44.8 GPa, which are reasonably consistent with the bulk
properties of KCl (Poisson ratio= 0.216; elastic modulus = 38.2 GPa).

Figure 8.1: Snapshots of the two MD models. (a) In Model 1, the top surface of the KCl is free.
White dashed circles identify representative positions (i.e. film center, edge center, K- and Cl-
terminated corners) from which KCl was removed to calculate activation energy. (b) The KCl film
is confined between two Fe plates in Model 2 with varying normal loads applied to the upper plate.

The desorption activation energy (Ea) was calculated using Model 1 from the difference in
potential energy of the system before and after removing a single KCl pair. Ea was calculated using
the equation [176]: Ea = EN−1,KCl−Fe + E1,KCl - EN,KCl−Fe, where EN,KCl−Fe and EN−1,KCl−Fe are
the potential energies of the system before and after the removal of KCl, respectively, and E1,KCl is
the energy of one KCl at equilibrium. The values of EN,KCl−Fe and EN−1,KCl−Fe were calculated di-
rectly from the simulation after energy minimization. However, this approach could not be applied
to E1,KCl because the empirical potential was fit to crystalline KCl and therefore not expected to be
able to predict gas-phase energies, which is the state of the KCl as it is desorbed in the experiment.
To address this, we assumed that Ea from MD and experiment should be the same for sufficiently
large films, i.e. where the Fe interaction has no effect on activation energy, and the value of the
calculated E1,KCl was adjusted such that the activation energy of the 2.5 nm thick film was the same
in the experiment and simulation. We initially tested removing KCl from four different positions on

69



the film, i.e. film center, edge center, and the K- and Cl-terminated corners; see figure 8.1(a). The
results showed that, for any film thickness, the smallest Ea was always calculated from the model
where we removed KCl from one of the two corners. This is consistent with 1/2 order dependence
of the activation energy from the TPD experiment (see Appendix A.8) which suggested atoms were
removed from the edge of the KCl slab. Therefore, in subsequent calculations, Ea was identified as
the smaller of the values calculated from the two corner positions.

Multiple empirical potentials were used to describe the atomic interactions for the system.
The Born-Mayer-Huggins (BMH) [177] potential was used to model interactions within the KCl,
with potential parameters from Ref. [178]. The Embedded-Atom Method (EAM) [179, 180] was
used to describe Fe, with potential parameters from Ref. [181]. Interactions between KCl and Fe
were modeled using the Morse potential: E = D0[e−2α(r−r0) − 2e−α(r−r0)], where D0 is the potential
well depth, r is the distance between each atom pair, r0 is the equilibrium distance, and α is the
exponential parameter that controls the width of the potential well. The potential parameters were
tuned by matching the MD-predicted activation energies with the corresponding experimental re-
sults.

8.3 Results and Discussion

8.3.1 KCl-Fe Pair Potential Fitting

The experimentally-measured activation energy (see Appendix A.8) was used to tune the
Morse potential parameters that describe the interactions between KCl and Fe in the MD simu-
lations. We started with thick films, for which the activation energy was unaffected by the iron
substrate and therefore determined only by the KCl potential. As shown in figure 8.2, the activation
energy of the simulation and experiment are the same for the thickest films (∼2.5 nm). As the film
thickness decreased, the activation energy decreased and the rate of this decrease was determined in
the simulation by the KCl-Fe potential. The initial Morse parameters (D0, α and r0) were obtained
by reproducing the change of energy with distance between KCl and Fe slabs from the previous DFT
calculations [162,182,183]. We then tuned the minimum energy for the K-Fe and Cl-Fe interactions
(D0,K−Fe and D0,Cl−Fe) to match the experimentally measured activation energy for films between
0.3 and 1.2 nm thick. The other two parameters (α and r0) were unchanged from their initial values
(αK−Fe = 9.8 nm−1, r0,K−Fe = 0.421 nm, αCl−Fe = 14.0 nm−1 and r0,Cl−Fe = 0.270 nm). We observed
that activation energy increased monotonically with increasing KCl-Fe interaction strength and that
the rate of that increase was faster for thinner films and for stronger interactions. The best fit values
of the minimum energy parameter were found to be: D0,K−Fe = 0.67 kJ/mol and D0,Cl−Fe = 8.74
kJ/mol. Note that we did not model films with thicknesses smaller than the lattice constant of a
single layer since those corresponded to experimental measurements of partial films which could
not be reproduced reliably in the simulations. Figure 8.2 shows that the activation energy predicted
from MD using the best fit Morse parameters for films at least one layer thick was in good agree-
ment with the values obtained from TPD.
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Figure 8.2: MD-predicted and experimentally-measured activation energies as functions of film
thickness.

8.3.2 KCl Film with A Free Surface

In the simulations, Model 1 was used to study the equilibrium structure of KCl films between
1 and 14 layers thick. Because of the atomic level detail available in the simulation, we were able
to observe the variation of this structure, both between and within the KCl layers in a given film.
Therefore, we characterized the distribution of in-plane lattice constants for each film, using a Gaus-
sian fit to estimate mean values and their standard deviations. Figure 8.3(a) shows a representative
distribution and fit for eight-layer KCl. In this case, the mean lattice constant is comparable to the
value predicted for the bulk material using the BMH potential (0.625 nm) and the standard deviation
is small, indicating that most of the film conforms to the bulk material structure. The mean of the
lattice constant for films between 1 and 14 layers thick is shown in figure 8.3(b). The mean lattice
constants of the thicker model films are comparable to that of bulk KCl, consistent with the LEED
(see Appendix A.9) pattern for KCl films of two monolayers and thicker. Note that the mean values
reported here were calculated from Gaussian fits to atom positions throughout the film, including
the edges of the film where variation from bulk structure is expected. Recalculation using only the
middle 75 % of the films yielded slightly smaller error bars, but similar mean values and the same
trends.

Figure 8.3(b) also shows that, as the film thickness decreases, so too does the mean lattice
constant of the film. For the two-layer film, the mean lattice constant is 0.611 nm, which is between
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Figure 8.3: (a) Distribution of in-plane lattice constants within an eight-layer KCl film, fit to a
Gaussian function to enable calculation of the mean and standard deviation. (b) Mean in-plane
lattice constant for KCl films of varying thickness.
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that of bulk KCl and bulk Fe. This result differs from the LEED pattern which indicated that the
two-layer film exhibited the bulk KCl lattice. Also, there is significant variation of the structure
within and between the two layers of KCl. This is reflected by the large error bar for this case in
figure 8.3(b). It can also be observed from the distribution of the lattice constants in each layer of
the model film, which is shown as a contour plot in figure 8.4 for a smaller KCl patch (2.2 nm ×
2.2 nm) to highlight key trends. The contour plot for each layer was generated by calculating the
in-plane mid-point position and the in-plane distance between each pair of adjacent K (or Cl) atoms.
The color on the plots represents the magnitude of the distance (lattice) at each mid-point position,
with color between the calculated values obtained using interpolation.

Figure 8.4: Contour plots of the in-plane lattice in each of the two layers of two-layer KCl illustrat-
ing the variation of the structure of the film, both within and between the layers.

Figure 8.4 shows that the first KCl layer (adjacent to the Fe) is predominantly in registry with
the Fe, particularly near the center of the film, while the second layer largely reflects the KCl lattice.
It is noted that the escape depth for 50-eV electrons used for the LEED measurements is ∼0.4 nm
and thus predominantly probes just the outermost layer of the KCl film. The difference between
the structure of thin films in the experiment and simulation is even more obvious in the single-layer
film. In the simulations, the single layer KCl mean lattice constant was found to be 0.572 nm, i.e.
similar to bulk Fe, indicating that the KCl is in registry with the Fe substrate. This contrasts with
the LEED results which suggest that the single layer KCl lattice is larger than that of both bulk
Fe and KCl. We were unable to reproduce this observation with any values of the Morse parame-
ters: with strong interactions, the KCl was in registry with the Fe as expected for the Morse pair
potential; but with weak interactions, the BMH potential that was fitted to bulk KCl was unable to
maintain the single layer structure resulting in a buckling of the film. This issue might be addressed
by using a non-pairwise, or location dependent KCl-Fe potential, but is out of the scope of this study.
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8.3.3 Effect of Pressure on Interfacial Structure

Next we used the simulations to explore the effect of pressure on the structure of KCl con-
fined between two Fe surfaces (Model 2). We analyzed only films with four layers or more since,
as shown in Section 8.3.2, thinner model films exhibited structures that differed from the LEED
measurements. First we analyzed the variation of structure across the film. The mean in-plane lat-
tice in each layer of an eight-layer KCl slab as a function of load is shown in figure 8.5. At any
load, the smallest lattice is observed in layers adjacent to the Fe and the largest in the middle of the
film. Comparing the structure of the film at the two loads, we observe that the mean lattice constant
of the outermost layers decreases with load while that of the innermost layers increase with load.
This suggests that, as load increases, the outermost KCl layers are forced into registry with the
Fe, and that the inner KCl layers respond to this strain by expanding. The net effect is that there is
a slight increase in the overall lattice of the film as the load increases (see dashed lines in figure 8.5).
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Figure 8.5: Structure of the eight-layer confined KCl film at two different normal loads. Points
represent the mean in-plane lattice constant in each layer of the film where layers 1 and 8 are
adjacent to the Fe, and dashed lines represent the overall mean in-plane lattice of the confined film
(Model 2) subject to load and with one free surface (Model 1).

These trends are illustrated in another way in figure 8.6, which plots the effect of load on
the in-plane lattice averaged over the entire eight-layer film, and only the innermost two layers or
only the outermost two layers; the mean lattice constant of the free surface film is also shown for
reference. Consistent with the trends shown in figure 8.5, we observe that the overall mean lattice
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constant of the confined film is larger than that of the free surface film at any load, and increases
slightly with increasing load. This trend is attributable to combined effects of the load-induced
increase in the lattice constant of the inner layers and decrease of the lattice constant in the outer
layers.
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Figure 8.6: Variation of the mean in-plane lattice constant of the KCl films due to load. The mean
in-plane lattice constant is reported for the entire film and for the innermost and outermost layers of
that film. The free surface film (Model 1) in-plane lattice constant is shown for reference.

The trends observed for the eight-layer case are also exhibited by the other films. The per-
cent change in the in-plane lattice due to confinement and due to an increase in load by a factor of
1,000 for films up to fourteen layers thick is shown in figure 8.7. The hollow symbols represent the
change in the lattice of just the outermost layers, which is negative (smaller lattice) for all films and
is relatively constant with varying film thickness. The effect of confinement and load on the overall
mean lattice, however, is affected by film thickness. Except for the four-layer film, the change in
mean lattice is positive (larger lattice) due to both confinement and load, and these effects increase
with film thickness, approaching a constant value above approximately ten layers. Although all of
these changes are very small (< 1 %), since the thicker films have more inner layers, the trends are
consistent with the suggestion that load is partially accommodated by expansion of the inner layers
of a confined film.
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Figure 8.7: Change in the mean in-plane lattice constant of a film (solid symbols) and outermost
layers (hollow symbols) of that film due to confinement (blue triangles) and a 1,000 fold increase in
load (red circles).

8.4 Conclusions

A simple model system consisting of KCl films on a clean iron surface was used to inves-
tigate the effects of thickness and pressure on film structure. The study was performed with both
experiments (conducted by our colleagues D. Olson and W.T. Tysoe) and molecular dynamic simu-
lations. The simulations used existing empirical potentials to describe the KCl film and Fe substrate,
but the critical interactions between the film and substrate were tuned to match the corresponding
experimental system. This was accomplished by performing TPD measurements and fitting that
data to a rate equation to yield film thickness-dependent desorption activation energy (conducted by
our colleagues D. Olson and W.T. Tysoe). The desorption activation energy was then predicted by
the simulations, and the minimum energy in the pair potential that was used to describe the KCl-Fe
interactions was tuned such that the model predictions were consistent with the data obtained from
experiment.

Simulations of films at least four layers thick were then used to investigate the effect of
pressure on film and interface structure. Pressure was found to decrease the lattice constant of
the outermost layers of the film while increasing the lattice constant of the film’s inner layers.
These trends were observed for all films, where the effect of pressure on the inner layer was more
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significant for thicker films. These results suggest an additional possible origin for the pressure-
dependence of shear strength. It was previously suggested that the vertical motion associated with
sliding from one potential minimum to the next on the surface resulted in additional external work
being carried out on the system, thereby yielding a pressure-dependent shear strength. However, the
above simulations, combined with the experimental results for the film-vacuum interface, suggest
an additional possibility, that of a change in interfacial registry at higher contact pressures. Since the
shear strength has been found to increase when the boundary film and the substrate are in registry,
the increasing registry between the film and substrate at higher pressure can also be expected to
result in an increase in shear strength with pressure. Clearly, both effects can occur simultaneously
and MD simulations of sliding are currently being carried out to explore these effects as well as the
influence of interfacial dynamics on the registry between the film and substrate.
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Chapter 9

Identification of the Shear Plane during
Sliding of Solid Boundary Films

9.1 Introduction

The friction force of a sliding interface is dominated by the properties of the shear plane.
Shear in sliding contacts can occur either at the interface between the two contacting materials or
within one of the materials. The location of the shear plane is determined by the strength of the
possible sliding interfaces, where sliding will occur at the weakest interface [184]. In many sliding
systems, the shear plane is unambiguous since the weakest interface is that with the smallest contact
area, which is often at the interface between the two materials. However, in thin films grown on a
substrate, the contact size is effectively the same within the film as between the film and substrate.
In such cases, the shear strength of the interfaces is primarily dependent on the strength of the in-
teractions between atomic layers. Unfortunately, it is generally impossible to directly interrogate
thin boundary films located between two sliding solids in situ, although shear within the film can
be expected to result in transfer of material from one counterface to the other. This implies that
theoretical strategies must be used to model the sliding interface and to identify where shear occurs;
this is the approach adopted in the following, where sliding is modeled using molecular dynamic
simulations.

Generally, the shear strength of an interface is found to obey equation 8.1. The friction coef-
ficient µ is then given by µ = S/P, where S is the shear strength and P is the contact pressure. This
leads to the following formula: µ = S 0/P + α and, depending on the relative values of S 0 and α,
can lead to friction coefficients that are relatively independent of contact pressure. Equation 8.1 can
be interpreted in terms of a Prandtl-Tomlinson model and this is discussed in greater detail below.
However, other effects could produce pressure-dependent shear strengths, particularly those arising
from structural changes caused by high contact pressures that influence the registry between the
atoms at the shearing interface [185,186]. This will influence the shear strength since, if the atomic
lattices on either side of the shear plane have similar periodicities (that is, they are commensurate or
in-registry), the shear strength will be larger than if the atomic lattices on either side of the interface
have dissimilar structures (that is, they are incommensurate or out-of-registry) [152–156].

Here we explore this effect using MD simulations of a simple model boundary film consisting
of KCl on Fe. As described in Chapter 8, this system can be evaporated in a controlled manner onto
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clean metal substrates in ultrahigh vacuum (UHV) allowing the structure, energies and tribologi-
cal properties to be studied on simple model systems [157, 159, 187–192]. The frictional behavior
of KCl-Fe systems has been previously studied both experimentally and computationally. Exper-
iments in UHV showed that the shear strength of thin KCl films obeys equation 8.1 with a value
of α = 0.14 ± 0.02 [159]. First-principles density-functional theory calculations indicated that the
lowest-energy barrier to sliding will occur at the KCl-Fe interface and that the shear strength of that
interface will increase linearly with pressure, consistent with equation 8.1 [162, 182]. In Chapter 8,
MD simulations were performed to avoid the limitations from the periodic nature in DFT using
potentials for the interaction between the KCl films and substrate that were specifically tuned to
experimental measurements of the film structure and sublimation energies measured in UHV, rather
than using generic potentials. Those simulations showed that the in-plane structure of thin KCl films
on Fe surfaces is affected by the magnitude of the applied load.

Based on this, load-induced structural variations in the KCl film could have an effect on the
strength of shear planes within the film, and between the film and substrate. This then will influence
the location of the sliding plane and the magnitude of the friction during sliding. Here we use MD
simulations of a KCl film confined between Fe plates to investigate the role that these effects play
on the origin of the commonly observed pressure-dependent shear strengths. To explore this, first
we artificially vary the in-plane lattice constant of the KCl as well as the applied load to explore the
influence of film structure on friction. We find that sliding can occur either within the KCl film or at
the KCl-Fe interface and that the location of the sliding plane is dependent on the load and the KCl
lattice structure. These effects are interpreted in terms of the contributions of interlayer distance and
interface registry. The findings have important implications for understanding the location of the
shear plane and how that changes with load, and on the influence of pressure on the shear strength
and corresponding friction of thin boundary lubricating films. We then study the properties of the
equilibrium structures of a KCl film to explore how well the simulations parameters reproduce the
experimental data and calculate a value of α in equation 8.1 in excellent agreement with previous
experiments [159]. This allows the origin of the pressure-dependent shear strength to be analyzed
in the framework of the PT model.

9.2 Methodology – Fe-KCl Sliding Model

Figure 9.1 shows the Fe-KCl model system used in the simulations. It consists of a KCl
film with three atomic layers confined between two Fe(100) slabs. The in-plane dimensions of the
system are 4.72 nm × 4.72 nm and the initial height of the system is 1.67 nm. In the first set of
simulations, the three KCl layers and the two Fe plates are treated as rigid bodies, i.e. the atoms do
not move relative to one another. Note that, although this is a dynamics simulation, the fact that the
movement of all of the atoms is constrained means that the temperature is effectively zero. Based
on our observation that the in-plane lattice constant of KCl layers adjacent to Fe will decrease with
pressure [193], we artificially varied the lattice constant of the outermost KCl layers in the model be-
tween 0.573 and 0.590 nm while keeping the inner KCl layer lattice constant at its bulk value (0.63
nm). In a second set of simulation, the KCl atoms were allowed to move relative to one another, but
the temperature was constrained to near zero to be consistent with the rigid KCl simulation. In all
simulations, the lower Fe plate was held fixed and the upper Fe plate was subjected to normal loads
between 0.14 and 14 nN. The simulation was equilibrated for 0.5 ns and then the upper Fe plate
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was moved laterally at a speed of 5 m/s. The lateral force on the upper Fe plate (friction force) was
calculated throughout the simulation. Empirical potentials used in the Chapter are from Chapter 8.

Figure 9.1: Cross-sectional image of the Fe-KCl model system.

9.3 Results and Discussion

9.3.1 Effect of Film Structure on the Shear Plane

We first explore the effect of KCl lattice spacing on friction. Figure 9.2 shows the effect of
changing the lattice constant of the outer KCl layers on the maximum (static) friction force at three
different loads. We observe three key features: (1) At a given lattice constant, friction increases with
load; (2) The friction initially increases and then decreases with increasing lattice constant; and (3)
The transition (identified by arrows in figure 9.2) between an increasing and decreasing friction
force shifts to smaller values of lattice constant as the load increases.

First, a monotonic increase of friction with load is observed in figure 9.2 at all lattice con-
stants except those near the transition points, where the location of the sliding plane changes, as
discussed next. The trend of a friction increase with load is in accord with equation 8.1 and the ori-
gin of this effect will be discussed in the next section in terms of the P-T model [163,164,194,195].

The second trend, that friction increases and then decreases with lattice spacing, is directly
related to a change in the location of the shear plane with applied load. Sliding could occur either
between the inner and outer KCl layers (within the KCl film) or between the outer KCl layers and
Fe. Figure 9.3 shows the position of the shear plane as a function of lattice constant where the two
possible shear planes are highlighted in the inset images. At small lattice constants, shear occurs
within the KCl film, corresponding to the region where the maximum friction is increasing with lat-
tice spacing in figure 9.2. However, at large lattice constants, shear occurs between the KCl and Fe,
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Figure 9.2: Maximum friction as a function of the in-plane lattice constant of the outer KCl layers
for three different loads. Arrows indicate the transition from sliding within the KCl to between the
KCl and Fe.

corresponding to the region where the maximum friction decreases with lattice spacing in figure 9.2.

The transition from shear within the KCl film to shear at the KCl-Fe interface must be due to
a strengthening of the KCl-KCl interface and/or a corresponding weakening of the KCl-Fe interface
with increasing outer KCl lattice constant. This can be explained by an increase in registry at the
KCl-KCl interface or a decrease in registry at the Fe-KCl interface since, as the outer-layer KCl
lattice spacing increases, it becomes closer to that of bulk KCl (and of the inner layers of the KCl
film) and further from that of Fe. This change is quantified by comparing the lattice mismatch, the
percent difference between the in-plane lattice constants of two adjacent atomic layers. It is known
that even small deviations from perfect registry (zero lattice mismatch) can significantly decrease
friction [172]. As shown in figure 9.4(a), the mismatch within the KCl decreases with increasing
outer KCl lattice constant, while that between the KCl and Fe increases. This is consistent with
the friction increasing with outer KCl lattice constant when shear occurs within the KCl film, but
decreasing when shear occurs between the KCl film and Fe.

However, if the lattice mismatch were the only effect that influenced the friction force, a shift
of the location of the shear plane from within the KCl to between the KCl and Fe would be expected
at a much larger lattice spacing than observed in figure 9.2. That is, if only the lattice mismatch
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Figure 9.3: Location of the shear plane as a function of the outer KCl lattice constant for three loads.
At small lattice constants, shear occurs within the KCl film but, at larger lattice constants, the shear
plane moves to between the KCl and Fe. The maximum lattice constant at which sliding occurs
within the KCl film at each load is identified by an arrow. Insets show cross-sectional images of the
model with the sliding plane highlighted for each case (atom type and color are the same as those
in figure 9.1).

alone determined shear strength, we would expect the shift of the position of the shear plane at the
outer KCl lattice constant where the two lines in figure 9.4(a) cross one another (which occurs at
0.6 nm). The fact that the transition occurs around 0.578 nm instead means that shear strength of
the interfaces is not just a function of registry. A likely contributing factor is the interlayer distance.
Figure 9.4(b) shows that the interlayer distance within the KCl film decreases with increasing lat-
tice spacing, while the KCl-Fe interface shows the opposite trend. The interlayer distance affects
interface strength, as discussed in more detail in the next section. Therefore, the KCl-KCl interface
strengthens as the lattice constant increases, both due to an increase in registry between the layers
and a decrease interlayer distance (and vice-versa for the KCl-Fe interface). This is consistent with
the observed shift in the sliding plane from within the KCl film to the KCl-Fe interface.

The final trend observed in figure 9.2 is that the KCl lattice spacing at which the friction starts
decreasing (due to the transition from sliding occurring within the KCl film to between the KCl and
Fe) takes place at smaller lattice constants under larger loads. To explore this effect, we performed
additional simulations as a function of load for the case of a small lattice constant (0.576 nm),
where sliding occurs within the KCl film under all loads, and for a large lattice constant (0.586 nm),
where sliding always occurs at the KCl-Fe interface. Figure 9.5 shows the variation in maximum
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Figure 9.4: Effect of the in-plane lattice of the outer KCl layers on the (a) lattice mismatch and (b)
interlayer distance between the outer KCl layers and the inner KCl layer (black squares) and the
Fe (red circles). The interlayer distance shown here is at a load of 14 nN, but similar trends are
observed at all loads.
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friction for these two cases as a function of load. In both cases, friction increases approximately
linearly with load. Linear fits of the data to equation 8.1 are also shown in figure 9.5. Note that,
although a linear fit is a reasonable first approximation, it may not fully capture the friction-load
relationship [184] and there is evidence for this in figure 9.5 where the friction force for a lattice
spacing of 0.576 nm shows deviations from linearity at lower loads. However, assuming a linear
relationship enables the two situations to be compared. The fits yield values of α in equation 8.1 of
0.25 and 0.20, for lattice constants of 0.576 and 0.586 nm, respectively. This reveals that the effect
of pressure on shear strength is larger when sliding occurs within the KCl than when sliding occurs
between the KCl and Fe. This explains the trend found in figure 9.2: as the normal load increases,
the shear strength of the KCl-KCl interface increases more rapidly than that of the KCl-Fe interface,
and therefore changes the location of the shear plane.
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Figure 9.5: Maximum friction as a function of load for models with two different outer KCl lattice
constants: 0.576 nm for which sliding always occurs within the KCl film (purple diamonds) and
0.586 nm for which sliding always occurs at the KCl-Fe interface (blue squares). Linear fits of the
data to equation 8.1 are shown as dashed lines.

9.3.2 Equilibrium KCl Frictional Load Dependence

The above analyses were carried out for systems in which the lattice constants of the KCl
film were constrained to explore their effect on the location of the shear plane. However, under

84



real conditions, the equilibrium lattice constant of the outer layers of the film is determined by the
film thickness and load. To explore the implications of the results from our rigid-layer model, we
performed a set of simulations with equilibrium KCl structure, i.e. with all atoms in the KCl film
allowed to move relative to one another. The results, shown in figure 9.6, indicate that the outer
KCl lattice constant decreases monotonically with load, consistent with the findings in Chapter 8.
Sliding occurred at the KCl-Fe interface at all loads. This is consistent with results for the rigid KCl
layer model which indicated that shear should occur at the KCl-Fe plane for KCl lattice constants
larger than ∼0.579 nm, depending on the load (figure 9.3). The maximum rigid KCl lattice constants
for which shear occurred within the KCl film at three different loads are shown as dashed lines in
figure 9.6. Clearly, in the unconstrained KCl model, the equilibrium lattice constant is much larger
than these values, consistent with our observation that shear occurs at the KCl-Fe interface. This
also agrees with the experimental results that show no material transfer when sliding on a KCl film,
in contrast to sliding on FeCl2, where material transfer does occur [187].
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Figure 9.6: Change in the lattice constant of the outer KCl layers (black squares) with increasing
load for the unconstrained KCl model. The maximum lattice constants at which shear occurred
within the KCl film obtained from the rigid-layer model at three loads are shown as dashed lines.

The maximum friction force for the unconstrained KCl film is shown in figure 9.7. We ob-
serve that the friction increases approximately linearly with load, as predicted by equation 8.1. The
slope of a linear fit to the simulation results gives a value of α equal to 0.115 ± 0.004, in excellent
agreement with the experimental value for a model KCl boundary film measured in UHV of 0.14 ±
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0.02 [159], suggesting that the model accurately describes the experiment.
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Figure 9.7: Friction increasing with load for sliding at the KCl-Fe interface in simulations with un-
constrained KCl (red triangles, left axis). The distance between the maximum (dmax) and minimum
(dmin) vertical position of the Fe during sliding is plotted on the right axis (blue circles). The dashed
lines are linear fits to the data.

Since the change in the lattice constant is small as shown in figure 9.6, this is unlikely to be
the origin of observed increase of friction with load. Therefore, to understand this trend, we con-
sider a P-T model where there is a periodic potential at the shear plane. The energy of the potential
minimum is E0

min at separation d0
min at zero normal force. The corresponding values at the energy

maximum of the potential energy corrugation are E0
max at separation d0

max. Under the influence of a
normal force, F, the separation will be changed by the external force. Assuming that the curvatures
(force constants) of the potentials normal to the surface at the sliding interface are kmin and kmax,
then both the values of E0

min and E0
max will change. Then, dmax = d0

max − F
kmax

and dmin = d0
min −

F
kmin

.
Similarly, Emin = E0

min +
1
2 kmin(dmin − d0

min)2 and Emax = E0
max +

1
2 kmax(dmax − d0

max)2.

The total energy barrier during sliding consists of two components: the intrinsic energy bar-
rier and the external work done on the system. First, we consider the intrinsic energy barrier, ∆E.
From above, dmax − d0

max = − F
kmax

and dmin − d0
min = −

F
kmin

, and writing ∆E = Emax − Emin and
substituting gives:
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∆E = E0
max − E0

min +
1
2

(
1

kmax
− 1

kmin
)F2. (9.1)

The second contribution is the external work done as the system slides, ∆W, and is given by
∆W = F(dmax − dmin). Substituting from above gives:

∆W = F(d0
max − d0

min) + (
1

kmin
− 1

kmax
)F2. (9.2)

The total energy change ∆Etot = ∆W + ∆E and is then the sum of equation 9.1 and equa-
tion 9.2:

∆Etot = E0
max − E0

min + F(d0
max − d0

min) +
1
2

(
1

kmin
− 1

kmax
)F2. (9.3)

This gives a S 0 term, a term proportional to F, corresponding to α and a second-order term.
From the simulations, we calculate the change in total potential energy of the system during sliding
and observed an approximately linear decrease with load (not shown). Therefore, we do not observe
the second-order dependence predicted by equation 9.3, either in the total energy or in the friction
shown in figure 9.7, presumably because the k values for this system are large. However, variations
from linearity are seen in the friction for the constrained sliding of the KCl-KCl interface, while a
linear variation is seen for the Fe-KCl interface (figure 9.5). This implies that the repulsive potential
between adjacent KCl layers is more compliant than for the Fe-KCl interface.

Next we relate the total energy change to friction force, FL. This is done by taking F∗

in the P-T model for a sinusoidal sliding potential as the relevant force [194–196]. This gives:
FL = F∗ = π∆Etot

a , where a is the periodicity. Substituting from above gives a value of α of:

α =
π(d0

max − d0
min)

a
. (9.4)

The difference between the maximum and minimum distance at zero load (d0
max−d0

min) can be
obtained from the intercept of a linear fit to the load-dependent difference between those distances
in the simulations. Figure 9.7 shows dmax−dmin versus load and a linear fit to the data. The intercept
of the fit line is 0.0174 nm and the slope is - 5.4 ± 0.2 × 10−5 m/N. Substituting the intercept and
equilibrium lattice spacing (a = 0.5895 nm) into equation 9.4 gives α = 0.093. This value is some-
what less than, but of the same order as that obtained from the linear fit of the simulated friction vs.
load data to equation 8.1 of 0.115.

This analysis applies to a perfectly sinusoidal potential, while the value of F∗ has been found
to depend on the shape of the potential, where the influence of potential shape has been modeled
using a function of the form sinn(πx

a ) [197]. A fit to the sliding potential obtained from the sim-
ulations of the unconstrained KCl film yields a good fit with n = 3 to 4. The equation for F∗ is
modified as F∗ = nπ∆Etot

a ( n−1
n )

n
2 ( 1

n−1 )
1
2 , which yields α = 0.107 for n = 3 and 0.121 for n = 4, now in

excellent agreement with the simulated value, and experiment [159]. The implication of this finding
is that, for a film where the structural change with load is negligible, the pressure-dependent shear
strengths can be interpreted within the framework of the P-T model, where S 0 is due to the potential
energy corrugation at the sliding interface, while the pressure dependence arises from the external
work done on the system as the interlayer spacing changes during sliding. Quadratic terms are, in
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principle, possible but are not seen for the unconstrained film since the compressive stiffness of the
KCl-Fe interface is high. However, deviations in linearity are seen for the sliding of the constrained
film where shear occurs at the KCl-KCl interface.

9.4 Conclusions

The origin of the commonly observed variation in shear strength with pressure that has been
found experimentally for boundary films is explored using a model system consisting of KCl on
iron. The simulation parameters to describe interactions between the iron and KCl were previously
calibrated using experiments carried out in UHV to ensure the validity of the model. It is found that
the structure of the film is influenced by the normal load and, in particular, can change the location
of the shear plane, whether it occurs within the film or between the film and substrate, depending
on the KCl lattice spacing. Simulations with rigid KCl layers, where the lattice constant could be
varied independently of the load, revealed that increasing load can affect both the registry of the
film and the interlayer spacing, and that both of these factors can affect friction leading to both
an increase or a decrease in friction force with outer KCl lattice depending on the location of the
shear plane. Carrying out the MD simulation of sliding for the equilibrium KCl structure shows
that the shear strength depends approximately linearly on contact pressure with a calculated slope
of 0.115 ± 0.004, in good agreement with the experimental value of 0.14 ± 0.02. For this case,
shear is found to occur at the Fe-KCl interface at any load, so that no transfer of KCl is expected,
as found experimentally. However, the rigid KCl layer results suggest that this is not universally the
case and that the location of the shear plane could occur within the film in cases where the lattice
constant of the outermost layer of the film is closer to that of the adjacent substrate. The pressure-
dependent shear strength is interpreted using the P-T model where it is found that the constant term
S 0 arises from the potential corrugation at the sliding interface, while the pressure-dependent term
α originates from the external work carried out on the system due to the change in interlayer spacing
at the sliding interface. While the results were obtained for a simple model system consisting of
KCl on iron, it is anticipated that the general conclusions will apply equally well to more realistic
boundary films.
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Chapter 10

Recommendations for Future Research

In this chapter, to further explore the tribological properties of AgTaO3 and its alternatives as
high-temperature solid lubricants, we propose several research activities that could be performed in
the future. Specifically, this research includes: (a) predicting the mechanical properties of AgTaO3,
(b) studying the velocity dependence of tribological behavior, and (c) exploring self-healing mecha-
nisms of a Ta2O5+Ag/Ag2O tribofilm. Each topic will be discussed in one of the following sections.

10.1 Modeling Mechanical Properties

Until recently, studies on the material properties of AgTaO3 have been very limited. Me-
chanical properties of AgTaO3, such as elastic modulus, shear modulus and hardness, are important
but have not been explored systematically. These properties are important since they are closely
related to the tribological performance of solid lubricant materials. In addition, quantitative char-
acterization of those properties could be helpful in understanding the effects of, for instance, film
composition and working environment on friction and wear. The research proposed in this section
is discussed from a modeling perspective, in which the responses of material to external forces can
be modeled via (i) nano-indentation and (ii) tensile strain simulations. These approaches have been
extensively used on characterizing material properties for solids [198,199]. As a result, elastic mod-
ulus, hardness and yield/tensile/compressive strength for AgTaO3 tribofilm can be obtained. Those
material properties can be characterized before and after sliding as well as at different temperatures
to identify the effects of film evolution and working environments.

The indentation simulation on an ideal crystal structure can be described as a hemispherical
indenter moving towards and then away from a substrate material with a constant speed (see fig-
ure 10.1). The interaction strength between the substrate and the indenter is determined by a force
constant K. Therefore, the normal force can be obtained by F(r) = −K(r − R)2, where r is the dis-
tance from an atom in the substrate to the center of the indenter, and R is the radius of the indenter.
By using the method presented by Oliver and Pharr [200], the force-distance curve can be fit to

F = a(d − d f )3/2, (10.1)

where a and d f are fitting parameters. To avoid the effect of plastic deformation on the calculation
of material properties, a small indent depth is recommended (≤10 % of the film thickness). Also,
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the unloading curve should be used in those calculations for the same reason. A reduced modulus

(Er) and hardness (H) of a tribofilm can therefore be calculated via expressions of Er =
S
2

√
π
A and

H = F0
A , respectively, where S is the contact stiffness, A is the projected contact area and F0 is the

maximum force. In the same fashion, Er and H of a restructured film or a film with varied compo-
sitions can be obtained.

Figure 10.1: A snapshot of a possible configuration for the proposed indentation simulation. (Ag –
grey, Ta – pink, and O – white)

Figure 10.2 shows a model system that can be potentially used to study effects of tension and
compression on material properties. Atoms in the top and bottom layers are held rigid throughout
the simulation, while atoms between the two layers are free to move. After equilibration of the
system, external forces are applied on both of the rigid layers. Under those forces, the top layer
will be moved gradually toward or away from the bottom layer in order to compress or stretch the

structure. The uniaxial stress is then given as σ = NkBT
V +

∑N
i ri· fi
dV , where N is the number of atoms

in the system, kB is the Boltzmann constant, T is temperature, d is the dimensionality of the sys-
tem, V is system volume, r is distance and f is interaction force. The strain rate (ε) is determined
by calculating the average axial length, given ε(t)z =

Lz(t)−Lz(0)
Lz(t)

, where Lz(0) is the initial length
of the model material and Lz(t) is the mean length in the z direction. Then, the yield strength and
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compressive/tensile strength can be obtained from the stress-strain curve. Specifically, the yield
strength is the maximum stress before plastic deformation, and the compressive/tensile strength is
the maximum stress before the material fails completely. The elastic modulus will be calculated as
the slope of stress-strain curve, which can be compared with those calculated from the indentation
simulations. Figure 10.3 shows a representative stress-strain relationship based on the model system
shown in figure 10.2, from which the elastic modulus and yield strength of AgTaO3 can be obtained.

Figure 10.2: Snapshot of the proposed tension and compression simulation. The bottom layer is
fixed, and top layer is rigid. (Atom colors are the same as those in figure 10.1)

To sum up, two model systems (i.e. nano-indentation and tensile strain) are proposed to use
in the calculation of material and mechanical properties (elastic modulus, hardness, yield / tensile /
compressive strength) of AgTaO3 tribofilm. These properties are expected to be explored in terms
of working environments, material evolution and film composition in order to fully characterize
AgTaO3. This study can be also applied on other materials such as Cu-Ta-O, which is valuable in
the understanding of the lubricating mechanisms of solid lubricants for high temperature applica-
tions.
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Figure 10.3: An example of stress-strain relationship from the model shown in figure 10.2.

10.2 Velocity Dependence of Solid Lubricant Friction

Velocity plays an important role in sliding contact problems [61, 201, 202]. Velocity depen-
dence of friction has been reported on a variety of materials. In most cases, friction increases with
velocity [196, 202–204] because the sliding time is insufficient for thermal activation occurring be-
tween tip and substrate at high speed. However, opposite trends have been also observed at some
temperatures [205]. So far, the effect of sliding speed on the tribological behavior of AgTaO3 still
remains unclear. Given the importance of exploring this effect on the tribological performance of
AgTaO3 at elevated temperatures, we propose to use MD simulations and theoretical models to ob-
tain details of frictional behavior of atoms in the interfacial contact during sliding process.

The MD model can be similar to the model system described in Chapter 5: a model tip apex
slid against a AgTaO3 tribofilm. The bottom layer of the tribofilm is fixed, and the tip apex slides
at a constant speed. The sliding speed could be varied in a range from 0.1 to 100 m/s, and multiple
temperatures could be applied. In each case, friction can be obtained by averaging the friction forces
during the steady state. The shear stress distribution at the interfacial region can be also captured
throughout the sliding process.
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Contact between two surfaces could be formed at atomic level, referring to as single asperity
contact. This contact mode has been recognized in many tribological systems and is applicable
in the present work to describe the interactive behavior between tip apex and substrate. During
sliding, dynamic behavior between the two contacting objects can be mathematically described in
the framework of a simple yet robust model, the Prandtl-Tomlinson (PT) model [163, 164], which
has been successfully used to address velocity dependence of friction originated from single asperity
contact. The PT model simplifies the atomic force microscope tip-substrate system into a spring-
mass system, whose total energy can be formulated as,

V(x, S ) = U(x) +
1
2

k(S − x)2. (10.2)

The first term U(x) on the right-hand side of this expression describes the corrugation potential. In
most cases, it is assumed to have a sinusoidal form, U(x) = −U0

2 cos( 2πx
a ), where U0 is the amplitude,

x is the tip position, and a is the lattice spacing of the substrate. The second term in equation 10.2
is the elastic potential resulting from the interaction between the tip and support, where k is the
spring stiffness (or physically speaking the combined stiffness of the cantilever and tip) and S is the
position of a support moving at a constant velocity. Therefore, lateral force can be expressed as a
function of the velocity of the tip apex (v).

The sliding process of single asperity contact can be further quantified using harmonic tran-
sition state theory (HTST), which is primarily used to quantify the reaction rates of elementary
chemical reactions. Within HTST, the probability p that the tip resides in the initial local minimum
(in the absence of back slips) can be obtained by solving:

dp
dt
= − f0exp(

−∆V
kBT

)p, (10.3)

where f0 is the attempt frequency, ∆V is the energy barrier, kB is the Boltzmann constant and T
is the temperature. Both the energy barrier and attempt frequency are functions of friction force
F, which can be further expressed as a function of velocity v. By substituting ∆V(F) and f0(F)
into equation 10.3, the velocity dependence of friction can be obtained. This theoretical approach,
involving both PT model and HTST, can be an ideal framework to characterize atomic single asper-
ity contact sliding behavior. Complementing the MD study, this approach can be beneficial in the
understanding of sliding mechanisms of AgTaO3 tribofilm.

10.3 Self-Healing Behavior of a Ta2O5+Ag/Ag2O Tribofilm

Material failure due to crack propagation and fracture is commonly observed in engineer-
ing practice. As one potential solution, certain ceramic oxides have been reported recently that
exhibited the ability to restore and retain their intrinsic mechanical properties via repairing their
inherent flaws and cracks, namely self-healing [206]. Given the observation of restructuring of the
Ta2O5+Ag/AgTaO3 tribofilm and Ag cluster migration during high-temperature sliding [130], self-
healing mechanisms could be applicable to explain behavior of this type of materials. Therefore,
in this section, the proposed research aims to explore and understand self-healing mechanisms in a
model binary oxide / silver (or silver oxide) system using atomistic modeling.
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The simulation model could be designed as a tribofilm with a notch/crack on its edge or in the
center (figure 10.4 shows a representative tribofilm with a notch on its edge). In a high-temperature
environment, pressure from different directions could be applied on the film surface to mimic exter-
nal forces. Tribofilm with various of compositions (Ta2O5, Ag and Ag2O) should be investigated.
Self-healing behavior is expected to be largely attributed to the high-temperature induced enhanced
Ag diffusion to the crack. Therefore, quantification of the evolution of Ag clusters should be a key,
and this can be accomplished by following the method discussed in the previous sections. In ad-
dition, the effects of dislocation activity and grain boundary sliding should be examined since they
may contribute to the tribofilm deformation. Eventually, mechanical and tribological properties of
the healed material should be compared with those from tribofilms with defects.

Figure 10.4: A snapshot of a tribofilm with an edge notch. (Atom colors are the same as those in
figure 10.1)

10.4 Summary

In this work, we focused on investigating the tribological properties of solid lubricant materi-
als, in which molecular dynamics simulation was used as the primary research tool. The lubricating
mechanisms of high-temperature solid lubricant candidates, ternary oxides Ag/Cu-Ta-O, have been
extensively explored in terms of intrinsic (surface termination and composition) and extrinsic (nor-
mal load and temperature) influences. All the MD simulations were performed based on newly de-
veloped interatomic potential parameters in the formalism of the modified embedded-atom method.
To investigate lubricating solids in general, a model boundary lubricating system—potassium chlo-
ride and iron—was studied in a non-extreme environment, where both computational and theoretical
models were applied. In this last chapter, potential research activities were proposed to complement
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the studies carried out in this research. Specifically, the future work includes exploring the mechani-
cal properties of AgTaO3, studying the velocity dependence of friction, and quantifying self-healing
behavior. We hope the accomplished and proposed research can provide insight into the lubricious
nature of solid lubricant materials and benefit the development as well as design of novel lubricant
materials in the future.
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Appendix A

Appendices

A.1 AgTaO3 MEAM Parameters

Table A.1: MEAM parameters Ag, Ta and O. All values are taken from previous work [3] except
α, β(0), β(1) and β(2) for Oxygen.

Ec(eV) a0(Å) A α β(0) β(1) β(2) β(3) t(0) t(1) t(2) t(3)

Ag 2.850 2.88 1.06 5.89 4.46 2.2 6.0 2.2 1 5.54 2.45 1.29

Ta 8.089 2.86 0.99 4.90 3.71 1.0 1.0 1.0 1 4.69 3.35 -1.50

O 2.558 1.21 1.50 6.49 4.59 4.59 4.59 - 1 0.09 0.10 0.00

Table A.2: Properties of FCC Ag and BCC Ta predicted using MEAM parameters in table A.1 and
compared to experimental values [4].

FCC Ag BCC Ta

MEAM Expt. MEAM Expt.

a (Å) 4.09 4.09 3.31 3.31

Ec (eV) -2.85 -2.95 -8.09 -8.10

C11 (GPa) 124.17 131.50 262.30 266.30

C12 (GPa) 93.53 97.30 156.18 158.20

B (GPa) 103.74 108.70 191.55 194.23
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Table A.3: MEAM parameters for the binaries optimized to describe AgTaO3. For all binaries, the
structure is B1 and the cut off distance is 6.2 Å. The ternary screening parameters for all combina-
tions of elements are Cmin=2.0 and Cmax=2.8. For the ratio ρ1

0/ρ
2
0, superscripts 1 and 2 indicate the

first and second element listed in the binary pair, respectively.

Ag-O Ta-O Ag-Ta

ρ1
0/ρ

2
0

0.14 0.26 0.54

Ec 2.985 6.845 -

re 2.274 2.202 2.660

α 6.274 5.085 5.060

∆HB1 - - -0.100
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A.2 DFT-Calculated Material Properties for AgTaO3

The research reported in this section was performed by our colleagues A. Otero-de-la-Roza
and E.R. Johnson. The equilibrium lattice parameters and elastic constants of AgO and TaO (in
their cubic B1 structures) are shown in table 2.1. To our knowledge, no experimental data exists on
the B1 phase of AgO, but calculations indicate that it is a (meta)stable phase. In the case of TaO,
the B1 phase has been observed experimentally [207, 208] and our cubic lattice constant (4.404 Å)
agrees with experiment (4.42 Å), although the calculated C44 elastic constant (83.8 GPa) shows that
it is predicted to be unstable to a rhombohedral deformation. The PBE cohesive energies per atom
are also shown in table 2.1.

The equilibrium structure of the ternary system (AgTaO3) is in very close agreement with
experimental results. The structure is correctly predicted to be rhombohedral with only a slight de-
viation from the cubic symmetry. The primitive (rhombohedral) cell parameters are a = 5.55 Å and
= 58.58◦, to be compared to the experimental values [82] a = 5.58 Å and α = 59.43◦. The structural
properties in the cubic-like conventional cell are shown in table 2.2. The reason for the deviation
from the cubic setting is a relative rotation of the octahedra, common to many perovskites, and is
depicted in figure 2.1(c). Rotation of octahedra also explains the experimentally observed increase
in symmetry at higher temperatures. The cohesive energy is 6.29 eV per atom, intermediate between
AgO and TaO.

113



A.3 Complementary Experimental Results on Surface Termination
Study

The research reported in this section was performed by our colleagues S.M. Aouadi et al..
Experimentally, a Model 670xi Scanning Auger Nanoprobe was subsequently used to determine the
elemental composition inside and outside the wear track (the region of the surface worn away due
to sliding). Figure A.1 shows the elemental composition scans for a sample tested under a 10 N load
at 1023 K. Elemental maps measured using Auger electron spectroscopy (AES) in selected regions
are shown as insets (a) and (b) in figure A.1. The corresponding measured elemental compositions
are given next to the AES maps (insets (c) and (d)). These results reveal an increase in silver content
closer to the edge of the track and a decrease in the amount of silver observed in the middle of the
track. This suggests that friction is closely related to the wear of the materials surface and that wear
results in a redistribution of silver. Our calculations, discussed in Section 5.3.1, confirm the picture
of soft silver aggregates being formed by the additional mechanical energy and pushed by the probe
to the edges of the wear track [48, 128].

Figure A.1: Scanning Auger Nanoprobe images taken after sliding; wear tests were performed at
1023 K with a load of 10 N. Insets (a) and (b) are elemental maps measured by Auger electron
spectroscopy in regions 1 and 2; insets (c) and (d) show percentage elemental compositions corre-
sponding to the selected regions.
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A.4 DFT-Calculated Potential Energy Surface and Binding Energy
for AgO- and TaO2-Terminated Surfaces

The research reported in this section was performed by our colleagues A. Otero-de-la-Roza
and E.R. Johnson. Potential energy surfaces for migration of Ag on the AgO and TaO2 surfaces
from DFT are shown in figure A.2. The minimum energy configurations and shapes of the potential
energy surfaces agree with those obtained using MD, except in that the Ag atom prefers being close,
but not on top of, the O on the AgO surface. The results demonstrate that Ag migration on either
surface is relatively facile, with barriers equal to 0.13 eV (AgO) and 0.17 eV (TaO2). Sliding of Ag
on AgO is easier than on TaO2, which is consistent with the discussion in Section 5.3.3 and the ob-
served frictional behavior of both surfaces. These results are in fair agreement with the MD energy
landscapes in figure 5.7, although the barriers are significantly higher. The consistency is reassuring
regarding the soundness of the potential used in the MD simulations. The calculated DFT barriers
correspond to thermal energies in the range 1150-2300 K, which is consistent with experiment. Ag
migration is also expected to be facilitated when the surface is subject to mechanical wear. There-
fore, the barriers predicted by DFT and MD are in agreement with the observed formation of Ag
clusters in the wear track from both experiment and MD. The ability of Ag to slide on both surfaces
is not surprising, given the stability of the Ta octahedral motif, and the low formal charge on the Ag
cation in the perovskite, which can also explain its tendency to aggregate.

DFT calculations of the binding energies show that a silver atom binds more strongly to the
AgO surface than to the TaO2 surface, although both adsorptions are favorable. The binding ener-
gies for Ag are 4.14 eV on AgO and 2.75 eV on TaO2. Thus, Ag prefers to bind anywhere on the
AgO surface (even at the least favorable site, directly on top of the surface Ag) than to the most
favorable sites on the TaO2 surface. This is consistent with the observed formation of Ag clusters.
Silver aggregation is favored by the formation of metallic silver on the surface, which in turn is
aided by the low formal charge of the silver atoms in AgTaO3.
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(a)

(b)

Figure A.2: Potential energy surfaces for Ag migration on AgO (left) and TaO2 (right) surfaces.
Energy are in eV and the scales are the same as those in figure 5.7.
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A.5 Cu-Ta-O MEAM Parameters

Table A.4: MEAM parameters for Cu, Ta and O were taken from previous work [3].

Ec(eV) a0(Å) A αed f β(0) β(1) β(2) β(3) t(0) t(1) t(2) t(3)

Cu 3.54 3.62 1.07 5.11 3.63 2.20 6.00 2.20 1.00 4.37 2.49 2.95

Ta 8.09 3.30 0.99 4.90 3.71 1.00 1.00 1.00 1.00 6.09 3.35 -2.90

O 2.56 1.21 1.50 4.59 4.59 4.59 4.59 4.59 1.00 0.09 0.10 0.00

Table A.5: MEAM parameters for the binaries optimized to describe CuTaO3 and CuTa2O6. For all
binaries, the structure is B1 and the cut off distance is 6.2 Å. For the ratio ρ1

0/ρ
2
0, superscripts 1 and

2 indicate the first and second element listed in the binary pair, respectively.

Parameter Cu-O Ta-O Cu-Ta Cu-Ta

(CuTaO3) (CuTa2O6)

ρ1
0/ρ

2
0 0.025 0.704 0.035 0.035

Ec 4.530 8.650 - -

re 2.064 2.205 5.895 7.189

αed f 4.992 4.415 4.448 2.663

rc - - 6.200 6.200

Cmax - - 2.8 0.6

Cmin - - 0.0 0.0
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A.6 Experimental Characterization on CuTa2O6 Surface

The research reported in this section was performed by our colleagues J. Gu, D.S. Stone and
S.M. Aouadi. The composition of the tribofilm is altered by the process of surface restructuring
during contact sliding, which results in a change of the tribological performance of the lubricant
material with increasing wear. To investigate this effect, figure A.3(a) shows the elemental mapping
in the vicinity of the wear track in addition to a scanning electron microscope (SEM) micrograph of
the selected region. The Cu content, shown in figure A.3(b), was found to decrease dramatically in
the wear track as a result of the sliding process; the Ta content, shown in figure A.3(c), accumulated
at the edges of the wear track. The observed elemental mapping is likely caused by formation of Cu
or copper oxide clusters due to the dissociation of the CuTa2O6 phase in the wear track, in agree-
ment with the simulations discussed in the following section. This ternary phase dissociation was
less pronounced than in the AgTaO3 coatings [2], since the Cu-O bonds are stronger than the Ag-O
bonds and the energy that is required to decompose CuTa2O6 into binary oxides is much higher.
Finally, the presence of a transfer film was confirmed by Raman spectroscopy, which was carried
out on the Si3O4 ball after high-temperature sliding tests. This material transfer is consistent with
observations on other ternary oxide materials that we and other authors have studied [139,142,209].

(a) (b)

(c) (d)

Figure A.3: Characterization of a selected area of the wear track after tribotesting at 750 ◦C. (a)
SEM image and elemental mapping of (b) Copper, (c) Tantalum, and (d) Oxygen.
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A.7 DFT-Calculated Ag/Cu Migration Energy

The research reported in this section was performed by our colleagues A. Otero-de-la-Roza
and E.R. Johnson. Our DFT calculations indicate that the sliding of Cu on CuTaO3 is more difficult
than Ag on AgTaO3. Figure A.4 shows the potential energy surfaces (PES) for the sliding of Cu
on CuO-terminated CuTaO3 and Ag on AgO-terminated AgTaO3. The features of both PES are
essentially the same: the energy minimum is located at the voids along the edges of the cell and
the least-stable configuration is located above the underlying metal atoms. However, the energy
barriers for the migration of Cu between minima are much higher than for Ag (by roughly a factor
of 3), which suggests that the formation of metal aggregates responsible for lowering friction is not
as facile as for AgTaO3. This explains both its higher friction and its increased resistance to wear.
Since CuTa2O6 is essentially isostructural to CuTaO3 but with a lower Cu content, the difficulty in
forming the metallic aggregates is increased by the lower availability of Cu at the surface.

(a) (b)

Figure A.4: Potential energy surfaces for sliding Ag on a AgO-terminated AgTaO3 surface (left) and
of Cu on a CuO-terminated CuTaO3 surface (right). The surface metal atom (Ag or Cu) occupies
the center of the square. The energy scale for the colormap is the same; the units are eV. The data
for AgTaO3 is the same as in our previous work [2], but on a different energy scale.
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A.8 Temperature-Programmed Desorption (TPD) Experiments in the
Activation Energy Calculation

The research reported in this section was performed by our colleagues D. Olson and W.T.
Tysoe. A series of temperature-programmed desorption data for KCl evaporated onto Fe(100) at
300 K collected using a heating rate of 5 K/s are displayed in figure A.5(a) while monitoring 39
amu. The desorption profiles are asymmetric indicating a desorption order of unity or less [210]
and show a peak temperature that increases as a function of film thickness from ∼639 K for the
thinnest films up to ∼690 K for a thick KCl layer. The inset to figure A.5(a) shows the integrated
peak areas for each of the desorption profiles plotted versus the initial film thickness. The linearity
of the plot indicates that KCl adsorbs with a constant sticking probability and that a constant flux is
provided by the KCl dosing source.

(a) (b)

Figure A.5: (a): Temperature-programmed desorption data collected by monitoring 39 amu for KCl
adsorbed on a Fe(100) surface at 300 K collected using a heating rate of 5 K/s as a function of KCl
film thickness. The inset shows a plot of the integrated peak area as a function of film thickness. (b)
Plot of desorption activation energy as a function of films thickness obtained by fitting the desorption
profiles shown in figure A.5(a).

The TPD data were fit by numerically integrating the rate equation:

−dθ
dt
= Aθnexp(−Eact(θ)

kBT
) (A.1)

where A is a pre-exponential factor, θ the coverage, n the reaction order, Eact(θ) the coverage-
dependent desorption activation energy, kB the Boltzmann constant and T , the temperature. The fit
was carried out over small temperature steps using the measured linear heating rate, β = 5 K/s to
yield:

− dθ
dT
=

A
β
θnexp(−Eact(θ)

kBT
) (A.2)

The size of the temperature step was decreased until no changes in the fitting parameters
were observed to ensure that the numerical integration of equation A.2 was accurate. The values
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of A, n and Eact(θ) were systematically adjusted to provide the best fit to each desorption profile
by minimizing the standard deviation between the theoretical fit and the experimental data. The
reaction order n was found to be 0.5 ± 0.1 suggesting that desorption takes place on the perimeters of
KCl patches on the surface. The resulting values of the desorption activation energies as a function
of film thickness are displayed in figure A.5(b). This initially increases rapidly from a value of
∼130 kJ/mol for the thinnest films, rising rapidly with increasing film thickness to reach an almost
constant value of ∼230 kJ/mol for films thicker than ∼0.8 nm, in reasonable agreement with the heat
of sublimation of KCl [211].
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A.9 Low-Energy Electron Diffraction (LEED) Patterns

The research reported in this section was performed by our colleagues D. Olson and W.T.
Tysoe. Low-energy electron diffraction images were obtained for thin KCl films to avoid sample
charging, which was further minimized by keeping the beam current as low as possible. Fig-
ure A.6(a) shows the LEED pattern for clean Fe(100) collected using a beam energy of ∼50 eV.
This displays a square pattern expected of the Fe(100) face and is used to calibrate the spacing of
KCl films using the standard lattice constant for Fe of 0.287 nm [4].

Figure A.6: LEED patterns collected using a beam energy of 50 eV for (a): a clean Fe(100) surface,
(b) 1 ML of KCl on Fe(100). The spots due to the Fe(100) substrate are circled in red, while the
additional features are due to KCl. (c) 2 ML of KCl of Fe(100) (d) 3 ML of KCl on Fe(100) and
(e) 4 ML of KCl on Fe(100). The substrate spots are no longer visible in the last three diffraction
patterns and the spots are due only to the KCl film.
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Figure A.6(b) shows the corresponding LEED pattern for 1 monolayer (ML) of KCl deposited
onto iron at ∼500 K, also collected using the same beam energy of 50 eV, showing both the Fe(100)
substrate spots and those due to KCl. Here the substrate spots are circled in red and yield the same
spot spacing as in figure A.5(a) confirming that identical electron beam energies were used in both
cases. The additional spots due to KCl are aligned with the Fe(100) substrate. Comparing the
spot spacings with those of the underlying Fe(100) substrate gives the lattice constant for the KCl
monolayer to yield a K-K (or Cl-Cl) distance of 0.48 ± 0.01 nm (compared with 0.4449 nm for pure
KCl) [4]. This suggests that the first layer KCl is slightly expanded compared to the bulk KCl lattice.

Figure A.6(c-e) display the LEED pattern from two, three and four monolayers of KCl on
Fe(100), again collected using a beam energy of 50 eV, where now the Fe(100) substrate diffraction
spots are obscured. The LEED patterns are slightly distorted since the electron beam is not normal
to the surface. However, the spacings between the diffraction spots are identical for all three films
indicating that a bulk-like KCl film is formed when the film thickness is greater than or equal to two
monolayers. In addition, the measured spot spacings are consistent with the bulk lattice structure of
KCl. This implies that the interaction potential between the KCl film and the underlying Fe(100)
lattice is small since a two-layer film of KCl provides sufficient elastic energy to overcome the
small lattice distortion (of ∼7 %) found for the first monolayer. Note that even the distorted first-
monolayer film is not in registry with the substrate.
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