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Abstract

The topic of this PhD is to investigate materials interfageder the application of com-
pressive forces and dynamic friction. Friction studies ianmportant in applications for
high-speed machining and ballistic penetration modelling areas where it is important
to understand the behaviour of rapidly moving interfacesn(@®g insight into the velocity
dependence of thdfective tangential force, and its time-evolution, undeioas external
loads is also of particular interest. It is important to urstind on an atomic ayat molec-
ular level the fundamentals of tribological processes. &ofrihe processes investigated in
this thesis include plastic deformation due to high comgogs the response of materials
when sliding occurs in terms of temperature variation athe interface and its relation-
ship with atomic difusion. Moreover, the materials dependence on operatingjtoams of
temperature, loading and dynamic friction are factors titthately determine the design
of tribological systems.

In the last few years it has been shown that materials priegetiepend on the size,
as smaller specimens are relatively stronger than larges.ofhis thesis is aiming to em-
ploy state of the art numerical and theoretical methodschvare vital to give a significant
insight and understanding of the fundamental issues comgedynamic friction of tribo-
logical processes at the atomic scale. The mechanical lmehmas investigated in detail to
reveal an accurate theoretical description of the fricidarce at metallic surfaces. Special
consideration is taken into account for the mechanism thases dissipation in the form
of heat. The strong deformation when materials undergomyjmfiction causes energy to
dissipate away from the interface at a high rate.

Additionally, investigation of the plastic deformationdaits variation under conditions
prevalent at high speed sliding is carried out. Knowledgéhefyield point under these
conditions is important to obtain accurate constitutivedeis for the shear stresses. In-
vestigating how the material strength varies under slidiiiggion and obtaining accurate
evaluation of the stresses involved has provéifadilt and time consuming. This is primar-
ily attributed to the fact that experiments aréidult to conduct and expensive facilities are
required. This thesis focuses on aspects of this complecegsowith the aid of molecular
dynamic simulations.
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CHAPTER 1

Introduction

Materials science of experimental and theoretical tearegdchas focused attention on the
properties of materials ranging from macro- to nano- scélee outstanding possibilities
of nanocrystalline materials have been the subject of inldegsearch over the past few
years as discussed by Meyers etlal. [179]. Nanocrystalliagmnals are characterised by
large volume fraction of grain boundariefexting the mechanical, physical and chemical
properties when compared with coarse-grained polyctystal They are obtained by in-
troducing high density interfacial grain boundaries, vihig achieved if the crystal size is
typically of 10 nm. There are several names in the literatar@anocrystalline materials
such as ultra-fine grained materials, nanophase maten@gmeter-sized crystalline or
nanostructured materials. The enormous amount of res@athls area is enabled by de-
veloping and applying new methods such as transmissiotr@femicroscopy and tunnel-
ing microscopy and preparing structures with novel featared properties. Amongst other
technological developments are the advances of high textysersuperconductors, quasi-
crystals and metallic glasses as illustrated by Gleitek. [Research on nanocrystalline
materials is categorised under the field of nanotechnologyhich processes are investi-
gated at dimensions ranging from 0.1 to 100 nm [67, 59]. F&am[B9] known for many
insights and famous phrase ‘There’s plenty of room at theohdf is considered by many
to be a pioneer in the field of nanotechnology. Applicatiohthe field of nanotechnology
include the properties of nanocrystalline materials, theaselectromechanical systems,
high hardness cutting tools and bottom up fabrication tegles, materials reinforced with
nanoparticle, protein engineering and many more.

Modelling the material behaviour is an essential step fogpess in materials science
and engineering, since they help to explain the physicgoamtynamics of physical pro-



2 Introduction

cesses. Obtaining numerical simulations either at theayscale using continuum theo-
ries or at the nano-scale using atomistic theories is ass&eaicause of the fliculties of
conducting experiments at extreme conditions. Althougimdeicting experiments at the
nanoscale is highly costtective, the lack of analysis tools and the limitations of mea
ing properties of interest is more critical for these systerAtomistic techniques enable
scientists to visualise the material’s behaviour in dyr@apnocesses; they can act as input
to micro-scale systems by supplying missing experimerdabbles and possibly act as
a validating tool. Undoubtedly, the numerical simulati@me of great importance in the
engineering and scientific community.

1.1 Nanotribology: Techniques and applications

Nanotribology studies the science of adhesion, frictiobyication and wear of surfaces
in which relative motion takes place at the nanoscale. Thelwribology comes from
Greek: "rpiBw™
has been studied for several years via experimental anddtiead work in which advances
have been made revealing diverse phenomena and enormoyéegdynconfirming the
non-linear nature even for the simplest tribological psses. Scientists and engineers are
working on the development of low friction surfaces and thibricating films, which is
important in the miniaturization of moving components irvides such as micro-elecro-
mechanical systems (MEMS), computer systems, micro-mashbio-systems and many
more as highlighted by Lyshevski [168]. The empirical fioctlaws that are described in
the following sections are not ficient to analyse the tribological issues associated with
these devices. This is due to the great importance of suctaemistry.

which means rub and "1oyos™ meaning principle or logic. Friction

Within the new area of nanotribology the frictional contbehaviour and wear is stud-
ied at the nanoscale. Friction is closely associated wibhidation, adhesion and weatr;
investigation of non-equilibrium processes occurringhatatomistic scale are essential to
explain friction phenomena at the micro-scale. Thus, thieving sections address the
issues related to tribological processes from macro to+saates.
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1.2 Historical and modern views of friction, lubrication
and wear

Understanding of the friction, lubrication and wear meds@ans is highly important to the
development of nanotribology and its applications. Thegeaaf industrial applications
includes aerospace, automotive, biomedical, textilacaptmilitary, metallurgical, power
generation and many more. Friction uses up a substantiali@inod energy generated,
while a large amount of financial resources is required ttapworn components. Tri-
bology is a very old science going back to the prehistoriaccpo which tribological tools
have been used to generate fire or griding flint tools. Sewast@evements have been ob-
tained to make people’s life easier such as the stone sawkite potter’'s wheel, the blow
drill, lubricated wooden sledge to transport huge moniitones and many more appli-
cations. In Egypt, around 2400 BC, in order to facilitate tlesportation of big statues,
people would pour water in front of a sledge eliminating tthes efect of friction. Years
later Greeks and Romans were the first to develop machine ewnfm rolling bearings
and gears. Even though information on tribology has grower tlre years the existing
knowledge of most scientists, engineers and designersgnntiportant area is not it
cient to overcome fundamental tribological problems.

The review by Dowson [52] shows that modern approaches aratigs started when
Leonardo Da Vinci developed the first friction laws 500 yeag®, claiming that the fric-
tional force is directly proportional to the applied loadlaaiso independent of the contact
area. During the industrial revolution of the 16th centung dhe development of ma-
chines, the investigation of sliding friction phenomenamphe application of lubricants
was necessary to reveal their benefictééets, amongst them the reduction in friction. The
importance of rolling friction was firstly perceived by Robétook (1680) in which he
conducted frictional studies of sliding bearings. Hookmped out that elastic and plastic
deformation plays an important role in the rolling frictidn 1699 Amontons investigated
the phenomenon of sliding friction and published the mamypi laws of friction, which
had been formulated by Leonardo da Vinci approximately amedhed years earlier. Ex-
perimental observations were made by Philippe de la Hireiotidn in which Amonton’s
results were confirmed. Many of frictional studies are rdedrand many remarkable con-
tributions on the phenomenon were achieved by Leibnitz§16416), Desaguliers (1683-
1744), Leonhard Euler (1707-1783) and Isaac Newton (164241 An enormous exper-
imental work was also achieved by Charles Augustin de CouldvBg-1806), who was
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one of the biggest contributors on friction. He actually fomned Da Vinci and Amontons
laws, adding that the frictional force is also independéiihe sliding velocity. These laws
are known today as the Amonton-Coulomb laws.

Frictional applications are closely associated with the afSlubricants in order to re-
duce the friction forces and decrease the damages due timgulrfaces. Lubricants such
as animal fat, vegetable oil and solid lubricant have beailae since the 18th century,
however in the middle of the 19th century mineral oils grdlyustarted to replace them.
Nikolai Pavlovich Petrov and Beauchamp Tower made remagkdisicoveries on the be-
haviour of journal bearings lubricated with oil, provingthhe friction in bearings depends
on the viscosity of the oils. They also developed a formuihee talculate the friction of
moment bearings.

Osborn Reynolds used some of the results of Towers and dextkye basic equa-
tions of hydrodynamic lubrication (Reynolds equation), ethis a mathematical formula
describing the pressure distribution in the clearance afuanjal bearing. The develop-
ment of hydrodynamic lubrication theory was studied by amasi other researchers like
Richard Sribeck, Johannes Wilhelm Sommerfeld, Anthony Geddalden Michell and
others. Along with hydrodynamic lubrication, boundaryrightion appeared in the sci-
entific community in which the initial steps were made by With Bate Hardy in 1916.
He showed that the céiecient of friction for diferent materials can be influenced by the
molecular weight of the lubricants [52, 8].

When solids are sliding against each other there is a remdvalaterials from the
solid surfaces due to the mechanical action. Wear is a commuelinear process and is
influenced by many factors such as adhesion, abrasion,stonidatigue and many more
mechanical properties. In many applications these faeti@slominant, however they are
beyond the scope of this PhD work.

1.2.1 Temperature evaluation during friction experiments

Theories of friction were developed during the eighteemtti minetheenth centuries and
attempt to give insight into frictional behaviour in pattiar to the surface roughness and
the material interlocking of the surface asperities. In@8@ significant contributors have
appeared in the scientific community studying the physioaperties of surfaces under dy-
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namic loading, Bowden and Tabor [233]. Bowden and Tabar [24}inaed the frictional
work during and after World War Il. There are several aspetfsiction that have been
raised over the years, some of which are still unsolved. Ifathie surfaces are brought

in contact then strong adhesion is observed especiallgitthfaces are very clean. This
contributes to plastic deformation when sliding is ingi@tin which wear and friction will

be excessive. In real life this isflicult because surface contamination reduces the ad-
hesion. Low levels of adhesion are also observed on metalshwiave d-bonding and
show reduced interfacial strength. Bowden and Tabor| [23&fdnal model showed that
frictional energy is dissipated by plastic deformationia# titomic slip along certain crys-
talline planes.

The experimental work by Bowden and Ridler|[23] showed thatwheafaces are slid-
ing against each other the frictional force will be converte heat and the temperature of
the interfacial region will be raised. The local surface penature can be very high and in
some tribopairs exceeds 100D, whilst the temperature of the rest of the material remains
quite low. Several factorsfiect the temperature near the interfacial region; the Idasl, t
sliding speed, the céiécient of friction and the thermal conductivity of the magdriThis
phenomenon is also observed even on surfaces in which &silmmcwas present. Bowden
and Ridler [23] calculated the surface temperature on sktrdrapairs assuming that the
area of contact is the end of a cylinder via the following tiela

_ JouFagv 1
T-T, = Inr (ZCckR;) (1.2.1)

where T is the temperature of the surfadg,is the temperature of the surroundingf,
is the fraction of the frictional heating that will go intatleer the upper or the lower body
(typically 0.5 for materials with comparable values of that conductivity),F, is the load
applied to the sliding body is the gravitational constant,is the sliding velocityu is the
codfticient of friction, J is the mechanical equivalent of heag,is the cooling cofficient,

k is the thermal conductivity an, is the radius of the cylinder.

The early experimental work that was carried out by Bowden Emaimas [25] and
Bowden and Ridler [23] was on Cu-steel, Ga-steel, Pb-steel andt@aan(Cu-Ni alloy)-
steel tribopairs. The work showed that the local surfaceerature was very high, record-
ing values of 1273 K at low sliding speeds of up to 5Gspalthough the mass of the metal
was quite cool as mentioned above. They also showed thatithierial heat on metals
that are poor thermal conductors is not conducted away fhenstirface very rapidly, thus,
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the surface temperature is high. He mathematically pravatithe interfacial temperature
should vary inversely with the square root of thermal coniglitg.

Bowden and Freitag [21] also conducted friction experimeatgery high speeds on
balls spinning in a vacuum reaching velocities from arou@@ 20 800 njs. The results
of this investigation showed that the frictional resiseecreases as the speed increases
and low values of frictional force are achieved. At slidiqmped of 600 s the coéficient
of friction falls to a value of 0.2. There is direct evidenbatthigh surface temperatures
are achieved by melting or softening the area of contacsetiemperatures are measured
using a thermo-electric method. This area of contact dependhe velocity at which the
plastic strains are propagated in the metal. The resultseo$teel ball sliding on Cu was
obtained by varying the load from 10 to 20g and usingedent surface roughness which
both show no significant deviation from Amonton’s law. Bowderd Freitag [21] finally
showed that because of the high shear imposed on the matamglete plastic yielding is
not possible under this load conditions.

1.2.2 Frictional models

Several models have been proposed to give the origin ofdni@s described by Robbins
and Muser|[207]. Frictional models that take into accouatdhirface roughness and adhe-
sion when surfaces are brought into contact are discuss&bwyen and Tabor [24]. At
the atomic scale, Tomlinson [238] was the first to show thsterice of a mechanism asso-
ciated with the energy loss during friction, with the asstiorpthat there is a non-adiabatic
change in the atomic position. Tomlinson [238] proposednaependent oscillator to ex-
plain the energy dissipation during friction phenomenaisThodel replaces the bottom
surface of atoms with a periodic potential. This potentiattilates due to the relative mo-
tion of the interfacial atoms during sliding, as shown indg1.1(d). When the potential
reaches the local minima, atoms are sliding. However, winest@m moves slowly reach-
ing a position where the barrier between two local minimastaes, the potential reaches
the local maxima. As a result the atom rapidly jumps to thd faation of the minimum
potential. This process causes vibration to the entireesysiue to instability caused by the
jumping of the interfacial atoms. The same energy disspatiechanism was used in the
Frenkel-Kontorova model [203, 136, 243] and Frenkel-Koowa-Tomlinson as described
by Weiss and Elmer [253] and by Weiss and Elmer [253], showFigarel 1.1(0), with the
exception that there is a more in-depth consideration ofrtteraction between the sur-
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face atoms. In both cases the independent oscillator madslthe simple spring fimness,
ks, to describe the interaction between the interfacial atantsthe bulk. Additionally, it
is difficult to link the simplified models directly to complete tribgical systems because
both the elastic and thermal oscillations of the interfe@iams are required.
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(b) Independent oscillator model of Frenkel and Kontorova

Figure 1.1: Tomlinson and Frenkel-Kontorova models for interfacial slip

The work by Xu and Huang [259] proposed dfeient frictional model based on the
composite oscillator model for investigating the energsiliation mechanism of wearless
atomic scale friction. The composite model is based on a @saopic oscillator that cap-
tures the characteristics of the equilibrium stage durm@ién and a micro oscillator of
interfacial atoms that captures the non-equilibrium aredethergy dissipation process. Xu
and Huang|[259] showed that the interfacial exciting foregfiency plays a vital role dur-
ing frictional phenomena. The results of Xu’s study show the calculated frictional force
derived from the composite oscillator model is in a very gagteement with experimental
values conducted using an ultra high vacuum atomic forceaseope (AFM). The AFM
tip was covered by Cu coating which was sliding on a Cu surfa@nck, the model was
proven to describe the energy dissipation mechanism ictioinal process more accurately
than the Tomlinson or Frenkel and Kontorova models.

Hirano and Shinjol[102] studied the origin of the frictioriatce by investigating the
interaction of two clean surfaces. Atoms of the two contagsurfaces were interacting
via an interatomic potential and he identified that thereeweio origins; the atomic and
the dynamic locking. In atomistic locking atoms at the proity of the interface are ex-
posed to constant changes when sliding distance chang#s tipotential has arbitrary
strength. On the other hand, dynamic locking takes placenvettems discontinuously
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change; this is because the interatomic potential incsgasgtrength. In this study Hirano
and Shinjo|[102] showed that dynamic locking should not oacuealistic systems. In a
later study [103] were first investigated the Frenkel-Koowa model and apply it to dy-
namical simulations of sliding. They found out that whendberugation of the substrate is
small, see Figurie 1.1(b), and the sliding distance is irgingawith time, the kinetic friction
approaches zera. [103] called this phenomenon as “supariutwhich was dependent on
the corrugation threshold and the orientation of the sedacThe superlubricity appears
in both high and low sliding velocities; it occurs because kinetic energy repeatedly in-
creases and decreases with time. Additional work on lowrgjidriction is reviewed by
Robbins and Muser [207] but this is beyond the scope of thimshe

1.2.3 Lubrication and low speed sliding friction at the nanoscale

When lubricants are confined between two similar or dissimsitdid surfaces, they influ-
ence properties like the cfirient of frictionu, depending upon the load, speed and lubri-
cant viscosity. They have various applications predontlgan mechanical components
where reduction in friction and control of the interfacialating and plastic deformation is
required. Computer simulation studies attempted to giveraierstanding of tribological
processes and insights into lubrication mechanism. Antahgse the review of Robbins
and Muser|[207] presents the work that has been undertakieviiicated surfaces from
hydrodynamic studies to molecular dynamics (MD) simulagidrom 1979 up to 2000.
They showed that MD coupled with density functional thed®¥T) can be used to derive
information about the atomic and electronic microstruetirthe interface.

Continuum theories on hydrodynamics and elasto-hydrodicsado not capture the
physics as the structure approaches the atomic scale. Fhkprimoundary condition for
the fluid velocity and the solid surface assumes that the Viliocity is equal to the velocity
of the solid at the surface. MD simulations showed that tipeosglundary condition was not
dependent on the wall velocity. Therefore, both the fluid gredregion near the interface
responded linearly validating the fluctuation-dissipatibeorem as discussed by Robbins
and Muser|[207].

An MD study done by Kong et al. [142] on bilayers of dioctaddayethylammonium
chloride adsorbed between two solid surfaces showed thdtitiion codficient, u, was
calculated as a function of density of the particular ludi; the relative shearing velocity
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and the applied normal force. The main observation of thikkwas that the: decreases
with decreasing amphiphile density and increases witheg®ing shear velocity. Other
boundary lubrication studies are published.in [16, 150, 286, 237].

In slow speed sliding, in which velocity is kept constangrthis a distinct phenomenon
in which a combination of periods of rest and sliding is oliedr associated with squeaking
noises. This unsteady motion consists of a stick in whichwlwesliding surfaces are stuck
to each other followed by a sudden slip which is known as &-slip oscillation. The
nature of the transitions between stick and slip as well asteady sliding in models for
boundary lubrication was studied numerically by Batista @adson [11].

Moreover, MD simulations carried out by Landman et lal. [1d&h be applied to get
properties of interfacial junctions and to examine the ralastohydrodynamics in sheared
lubricated surfaces. Elastohydrodynamics have been sx&dy studied by Olver and
Spikes [194]. Lubricants such as hexadecane and tetraedsae been studied by Gao
et al. [72]. These lubricants form high ordered layers wisingiel in plane of surfaces.
They appear to increase in their viscosities at variousestad the sliding motion. Ac-
cording to Landman et al. [146] when lubricant is squeezéaltight spaces between two
surfaces, then the molecules act more like ’'soft solids’ebrdered layers are formed,
which significantly influence the motion of sliding surfacew the molecules of a lubri-
cant need to be arranged to obtain low friction and wear usliting conditions is a ques-
tion that needs thorough investigation. Novel simulatiogtimods are possible to achieve
this according to Hu’s work [112] and the recent work by Jabadeh et al.[[122, 123].
Nevertheless, MD studies of Atomic Force Microscopy (AFMivé been conducted to
clarify connections between order of lubricants and foictas shown by Mikulski et al.
[180], which describes an amorphous carbon tip slidingresiaa monolayer of n-alkane
chains.

There are methods to control and reduce the friction in fitimtoundary lubricated
surfaces according to Gao et al.|[71]. This study descrilbesxéensive MD simulation
which revealed the dynamics of molecular films, their sturcadt characteristics, and the
mechanism of transition under shear simulations. More@rezmical &ects at the inter-
face are of particular interest. A work done by Patrick e{E36] describes the chemical
force microscopy (CFM) using MD simulation. Study on fluidrtsport negor in con-
tact with walls are also feasible as shown by Hu et al. [113B[/ 114] that simulated the
behaviour of Poiseuille and Couette flows. Simulations wendopmed for a fluid with
spherical molecules to investigate successfully the dggohl properties in thin film lubri-
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cation.

A study by Mikulski et al.|[180] describes the amorphous oarbp sliding against a
monolayer of n-alkane chains. In this study a tightly pagkece monolayer of 14 carbon
atoms was compared to mixed monolayers of 12 and 16 carbamsatbains. Sliding in
the direction of a chain under the application of repulsiecés (positive) showed that
pure monolayers have lower friction than mixed. The distitn of forces indicated that
both pure and mixed monolayers resist tip motion, and th#t kayers exhibit friction
anisotropy. Also, the contact distribution of forces chesmgramatically with change in
direction and therefore increase in friction is obtainedhz@nho and Fujihira [191] exam-
ine the frictional properties in terms of protuberancegtbrof molecules and conditions
such as temperature and applied loads. Finally, frictiaméotropy is observed at 50 K
according to Ohzono and Fujihira [192].

1.3 Material interfaces and high speed sliding friction at
the atomic scale

The problem of high sliding friction has been extensivelydgd by various researchers
[84,85,[141]. Generally a good understanding of the scidmatend the sliding of ma-
terial interfaces at the atomistic level requires the gati@n of frictional interactions of
materials at a larger scale. There are various structueaigds, which are accompanied
by composition changes as well as materials mixing neamtieeface of these systems as
discussed by Rigney et al. [206]. Theoretically, the systeamsidered in this report are
dissipative and understanding of this mechanism is imptar{Bhe purpose of this section
is to discuss the state of the art and to address severaspegdarding materials simulations
and modelling processes involved in sliding friction. Kriedge of mechanical, chemical
and thermal properties of materials is important. In nonHdarium molecular dynamics
(NEMD) models where strongly driven interfaces exist, ¢hisra connection between the
velocity weakening and structural transformations at hglocities. This is closely asso-
ciated with plastic deformation. Thus, large-scale sittioies (1) atoms are important to
analyse this structural behaviour at velocities greatan tt0 nis, and these are considered.
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1.3.1 Applications of non-equilibrium molecular dynamics (NEMD)

One of the most diicult problems studied by NEMD is the propagation of shoclegan
solids. In explosions shock waves are caused by collisibobjects. When they are ap-
plied to solids, even perfect crystals, defects can be medlbecause of uniaxial compres-
sion. In the case of solids the sudden generation of distotahanges the microstructure
of the materials according to Holian et al. [106]. Addititipastacking faults are nucleated
by pre-existing defects within the microstructure alsoctégd by Holian and Lomdahl
[104]. When simulating a shock wave the time needed to estal@alistic results is long,
thus NEMD is expensive in proportion to the length of time dexkfor a simulation of
a propagating wave to the number of particles needed. Howstveng shockwaves can
be successfully studied by NEMD methods because strongstare quite thin (on the
order of few lattice spacings) and propagate fast. Moreavieen the strength of the shock
wave decreases (impact velocity) limitations start to appkie to the increase in shock
thickness, and defects become very important.

Processes such as annealing or solidification from meltingad undergo steady state
propagation like shockwaves because the timescales anéeagtly large, and beyond the
capabilities of MD. This creates the need to investigatenpheena at increasing timescales
as discussed by Streitz et al. [226]. Interesting phenonmemédving dry friction between
metals can be derived and plenty of examinations at bothttimistic and continuum level
were completed, showing that plastic deformation prodeggemely complex microstruc-
tures [255| 104, 105].

The speed and reliability of computers nowadays have isekdramatically and there-
fore allow investigators to initiate large-scale paralemputer simulations with a large
number of atoms. A good example of this is the simulation ofalum (Ta) BCC metal
and uranium actinide by Streitz et al. [226]. In this studgdations of 8 and 16 mil-
lion atoms were used to investigate the solidification froeiting of pure tantalum and
uranium metal. The system used is the Blue@emad is a massively parallel scientific
computing facility. The high density cellular design pr®s very high performance with
low cost, power, and cooling requirements. This system isiciered to be the one of the
five faster computers in the world and is owned by Lawrenceirmore National Labora-
tory (LLNL). The complex microstructure and phases ocagyruring the solidification
improved knowledge and understanding of metals with higimat number. Moreover, the
system size played an important role to determine not ordyptiocess of nucleation and
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growth but the resulting microstructure.

1.3.2 Dynamic friction simulations and velocity dependent frictional
force

This study investigates dynamic friction at high speedsaritiis point a short literature
review is undertaken to reveal the state of the art. In géndrascience of sliding friction
for thin films is more complex than those of bulk-elastic flaich is due to many associ-
ated factors, such as surface roughness, chemistry arcbelecstructure of the material.
Thus, understanding the non-equilibrium non-linear ptg/sif this evolution of substruc-
ture forms the basis of the understanding and modellingyofréstion. From a theoretical
point of view dry friction is an example of non-equilibriumaterial flow phenomenon. The
work by Hammerberg et al. [91] studies the atomistic simafadf sliding friction that has
been carried out in a velocity range of 10 to 1008 mm the high pressure regime of 5to
15 GPa for TeAg and CyAg tribopairs. Hammerberg et al. [91] showed that pracsoal
ulation times require the sliding velocity to be greatemti® m's so that sliding can be
initiated.

At critical speed/. of approximately 500 iis the structure of the interface changes and
greatly disordered regions appear in the weaker Al. On therdtand, Ta is only weakly
deformed at pressure of 15 GPa. A highly localized regiontrohg deformations is formed
in the Al and the tangential velocity within it is zero as auleésf strong bonding between
the Al and Ta. Ta is deformed elastically at this point. Aksle happen at relative velocity
of 732 ms.

The second example given in this work of dissimilar integfag Cu(001) sliding in
the [001] direction at a velocity of 376/s10n Ag(001) at a pressure of 5GPa. It has
been observed that vertical lines are created on both raktetiowing the idea of strain
development. In the Ag, which is the weaker, there is a maibo near the interface
consisting of a complex pattern of dislocation and stacKmgts. At this velocity the
Cu retains its original structure but develops a number dbdaion loops. This is also
shown at sliding velocity of 758 m. Thus, the structures in Cu show planar stacking
faults and dislocation loops are created at the interfadee gressure decreases for high
velocities from 1 GPa at 200 to 0.4 GPa at 750/ The number of atoms used is
55. 10° atoms interacting with EAM potentials. The deformationgedies of the weaker
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material dominate the sliding behaviour and the generaif@ubstructure in the weaker
material at high velocities results in a decrease of théidnal force.

Similar work has been performed in g also by Hammerberg et al. [90]. In this
work the same configuration has been used as shown by Hamrmgetbal. [91] but the
simulation domain contained 2.8 million atoms, and theei®yaoanged from 0 to 1000 fa
at a pressure of 5.1 GPa. Specifically, three velocities baea considered here and these
are 25, 300 and 500/ Also the densities of Cu and Ag are appropriate for suchla hig
pressure. The blocks first were equilibrated for a periocabtju1Q, at the appropriate
pressure, wherg is the characteristic time scale approximately an optibanon period.
The integration timestep is@lt,. When the system reached equilibrium at this pressure it
was then subjected to initial conditions (forces and veies) att; = 10t,. The systemt(>
t;) reached a steady state at §00'he tangential force i5; = N, - fiang (t), whereN, is the
number of atoms in the reservoir. Here Newton’s equation ation is integrated subject
only to the reservoir’'s boundary conditi@nﬁhe periodic boundary conditions (PBC) (only
applied in the directions x and z) and the interatomic pasit Rough surfaces were
tested at speeds greater that 408.rMdditionally, thefi,4(t) is a fluctuating force and the
average value is given by the following formula:

1

t
farg ) = 57 [ Fung(0) i (13.0)
t—At

The value ofF,g introduces the same averages for upper and lower reservoirshis
study results are similar to Hammerberg et lal! [91] in terrindisiocations and stacking
faults appearing in Cu and Ag, as well as the velocity wealgafririctional force at high
velocities. Finally, in this study it has been observed thatvelocity dependence of the
frictional force is presented by the power lafigng ~ v* whereg = 3/4, shown in figure
[1.2.

Another work by Hammerberg et al. [87] describes the physidsigh-speed sliding
friction by showing the importance of velocity dependentthe dfective tangential force
under various external loadings. Investigating the plsysicsliding friction, parallel com-
puters allow relative velocities of the order of 100BmThis paper refers to a 2-D simu-
lation interacting with Embedded-Atom-Method potentiafel Lennard-Jones. The long
time average over the microscopic localized stick-slipwwvés the average tangential force
which enters Amonton’s law defining the d¢beient of friction. Amonton’s law first stated

IBoundary conditions include the normal, tangential formes the thermosetting conditions.
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Figure 1.2: Velocity weakening of frictional force [90].

that frictional force is directly proportional to the norhfiarce. Deviations exist when the
normal force is applied in cases where adhesion betweenusfaces contribute to an extra
force.

The simulation discussed by Hammerberg et al. [87] is thedganeous Cu-Cu inter-
face. The outcome of this work summarizes the following:

1. At sliding velocities beyond the critical poiwt ~ 0.1¢, (¢ is the longitudinal speed
of sound) the co&cient of friction is a decreasing function of velocity.

2. The sliding is characterized by dynamic formation of ms&tructure from an initial
defect-free crystalline interface. This microstructusdine near the interface and
coarsens away from it. The grains are elongated in the dreof the plastic flow.

3. Inthe fine scale region it is observed the mechanical a&taixing. For interfaces
with atomic scale roughness cold weld interface is obseweenv < v.. If the
roughness is above about ten atomic spacings and micrdassgpare introduced the
interface retains its sliding character.



1.3 Material interfaces and high speed sliding friction at tre atomic scale 15

The dislocation along the interface initially is assodiatéth kink-antikink dynamics
in nonlinear systems found by Hammerberg [87]. A descnipwb this is the Frenkel-
Kontorova model as described by&er et al.|[209]. The 2-D simulations for the same
material interfaces are dominated at early times by dislmeaynamics, these large atom-
istic simulations discussed in this section provide vergfulsinformation regarding the
physical mechanism of dissipation at interfaces slidingdaoh other. The microstructure
of the material under strong shear forces, large plastanstrand materials mixing were
observed.

A good example of 2-D simulation of amorphous systems isgmesl interacting via
Lennard-Jones potentials by Yong |[70, 69]. Theffiomnt of friction undergoes a tran-
sient behaviour prior to steady state response. Théiceat of friction at steady state is
observed to decrease with an increase in sliding velocigtekal mixing is also observed
in the interface. The mixed layer grew at a rate that scald¢iute square root of time. The
density is decreasing in the region nearby to the slidingrfate. Fu et al. [69] conducted
experimental investigation on the tribological propest@ Zrs:,Tii38CU125NI00B&2s
bulk metallic glass alloy (BMG). Because of the amorphouscsting some experimental
techniques are not applicable to BMG. Therefore an altarmatpproach is to use molecu-
lar dynamics simulations. In some cases MD simulationsigeowseful information which
is difficult to obtain experimentally. The issue discussed by Fli §6%] was to precisely
form the interatomic potentials of the alloy system simpicéuse potentials of specific
atoms are not available. The computation@bet to produce a large scale 3-D simulation
would be enormous; therefore 2-D simulation has been cdadwsing Lennard-Jones po-
tentials. Although, embedded atom method (EAM) potentialdd be used, L-J potentials
describes the major features of the metallic interacti@ggacting many-body interactions.

Another two-dimensional MD simulation was conducted usngbedded atom meth-
ods potentials at relative sliding velocity o) < v, /¢; < 0.3 for Cu also by Hammerberg
et al. [88]. The phenomena observed associated with highciglsliding include dis-
locations parallel and normal to sliding frictions. Nudiea of the microstructure, large
plastic deformation, dliusive coarsening and materials mixing has been observed. Th
specimen was treated in two dimensions which were largegmtau accommodate dis-
location deformation and dynamics. Also micro-structugaherations which are small
enough can be achieved on reasonable simulation timesd&leselative velocity must be
significantly large, necessary for creating a dynamic stdtdecular dynamics for sliding
interfaces have minimum relative velocity below which cagtional time become very
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long. Hammerberg et al. [88] used velocity aD8c;. For Cu this velocity is of order
100m/s(= 0.03c;). Due to the fact that Cu is a ductile material, the interfates torm
are described on the atomic scale by main-body density depenteraction potentials.
This behaviour has a result that the tangential force deeeeat high velocities while the
microstucture coarsens away from the interface.

The simulation set up of Hammerberg et al.| [88] is similar emtinerberg et all [91];
the ¢ and ¢, (longitudinal and transverse speed of sound) are 5.6 ande3fiectively.
The reservoir regions consist of 20 atomic layers and thelevbomputational volume
consists of 65,256 atoms. The interfaces discussed hesea@th and a continuous wave
perturbation with single wavelength is imposed. Thefioent of friction is given by

Fag @O | (- Ziwesdy 6§ Tiresm)

I:n gnormal gnormal

where fitj""”g is the force acting on reservoir atom. The initial Cu density & 1.27 which

corresponds to a pressure of 30GPa. Above the critical wglagof orderv,/c, = 1/10
there is a decrease in dieient of friction. Forv; < u. the interface has welded together
and the two pieces have formed a single work-hardened obfesrte sliding occurs against
the upper and lower reservoirs. The behaviour of weldedfates of CyCu tribopair have
also been verified by simulations that have been obtaingdlipi Forv, > u. slip occurs at
the interface. The, = 0.49 at time 50€,.. The interface has become dynamically unstable
due to the formation of fine grained polycrystalline struetnear the interface that coarsen
with distance from the interface as a function of time. R¢adéformation is occurring at
the interface. The microscopic granularity produced idisg the original interface results
in mechanical mixing of the material. Finally the interfawéich initially has a uniform
velocity, undergoes a series of stick-slip events and fimaBults in a wave structure in the
transverse velocity field.

Another work by Hammerberg et al. [92] describes the sliditdion at compressed
Ta/Al interfaces; the pressure applied is of order of 15GPa gigpgimilar results in terms
of the velocity weakening of the frictional force. In thisge an investigation of the
minimum energy interface structures was done by annealifitg/locks containing up to
200,000 atoms. This large scale non-equilibrium molealyaamics was carried out to in-
vestigate the microstructure progression and dissipatiechanism for dry sliding friction
along two interfacial orientations of Ala which are Al(10Q)Ta(100) and Al(11Q)a(110)
configurations. The simulations were performed in scalpblallel short-scale MD code
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(SPasSM)|[251, 12].The simulation methodology here is timeesas used in various papers
described above. It consists of two metallic blocks of eqieé. The interface located
at the position ¥0 and periodic boundary conditions used in the x and z doesti Fi-
nally the dimensions of the computational box are (xy@¥2x523x132) A containing
600,000 atoms. The sliding was between Al (FCC) and Ta (BCC) forlALYTa (110)
with sliding direction at the[OIO]FCC/[OO]J scc orientation. The frictional force versus
relative velocity for the two interfaces indicates a linesgion at low velocities and highly
localized plastic deformation region at high velocitiefiene the frictional force decreases
with velocitiesv;®*, as in Figuré T]2. When high velocities occur the structuthets
strong disorder in the tangential direction and densityatations in the normal direction
are analogous to a restricted fluid of amorphous solid. Steeretical arguments for the
velocity dependence have been also discussed by Hammexterd86].

1.4 Aim and Objectives

Tribology is a multidisciplinary area that requires baakgrd knowledge in many topics
such as fluid mechanics, elasticity, plasticity, matesalence, heat transfer and dynamics.
The tribological development of formulae and accurate erpental methods for engineer-
ing design is still insfficient. This is due to the fact that the material propertieasuead
using a test apparatus are system dependent, meaningdiatrthvalid only for a partic-
ular device. Problems of friction have been studied for gltime through classical laws
such as Coulomb’s and Amonton’s laws. The understandingeottimplex response at
contact is #&ected by factors beyond those considered in classical [A%s1[74]. It has
been observed that atomic excitation modes such as vibsatiending ardr rotation,
electron-hole excitation and shear waves are presentgifiition. Consequently, the the-
ories that exist in continuum mechanics are not always egiple to analyse a system’s
response to high loading conditions. The material nearrtexface experiences micro-
cracking within the microstructure and this subsequemhdt to fractures at micro scale.
For that reason, interfaces need to be treated at atomiktMeveomputational materials
science methods.

With the advances of molecular dynamics methods scieritaste discovered for the
first time the processes involved at the sliding interfacet still the major aspect of dy-
namic friction is not completely understood, namely enalggipation. The dissipation
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mechanism is rather complex involving non-equilibrium pbo, electron-hole formation,
structural transformation, bond breaking, and electrorsgion. This energy is dissipating
by both electronic and phononic processes. The phononibamém contributes to fric-
tion since vibrations are produced when the interfacianstare imposed to mechanical
energy. As shown by Tomlinson [239] the mechanical energypiwerted to sound energy
and then into heat, which is primarily carried by electrorithin the metallic lattice. Since
MD are simulating the thermal vibration of atoms, the physce not fully captured via
this method, hence the energy dissipation is still not wedlerstood. This PhD work aims
to give an explanation and ultimately the solution of thgues.

Additionally, the aim of this work is to develop a frictionalodel in which accurate

constitutive models for shear stresses can be obtained.ideoing the aim given above
the objectives of this PhD are given in more detail:

1. Molecular Dynamics Methods

a) Implementing into the MD code tools for pressure and constocity boundary
conditions.

b) Validating the interatomic potentials for Cu and Ag metalsisasuring thermo-
dynamic and mechanical properties.

c) Simulating the dynamic friction of perfect crystal g tribopair to analyse: The
structural transformation, velocity weakening of thetfdoal force, tempera-
ture variation across the interface and yield point vasiatinder certain condi-
tions.

d) Simulating and compare results of nanocrystallingAguribopair. Examine the
grain boundary formation andftierences with the properties obtained in (c).

e) Discuss the dfusion bonding of C{Ag interfaces at pressure of 5.1 GPa.

. Continuum Methods

f) Dynamic friction simulation of C{Ag tribopairs using 1-D hydrocode.

g) Coupling the MD with two temperature model (TTM)fidision equation to re-
solve issues of energy dissipation.
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There is a considerable amount of research in dynamic detidni and thin film lu-
brication according to Robbins and Muser [207]; howeverrdteme many unanswered
guestions since the physics that control the forces actirgsa a material’s interface under
high compression is not yet clearly understood. Thus, bijiling the above objectives
this PhD programme aims to provide insight and understanidito physics of dynamics
friction under dry sliding conditions.

1.5 Publications

During the writing up process of the thesis the following @aphave been submitted:

e N. Epiphaniou, M. Kalweit, D. Drikakis, G. Ball and N. Pamdolecular Dynamics
Simulations of Dynamic Friction and Mixing at Rapidly MogiMaterial Interfaces
Journal of Computational and Theoretical Nanoscience, 2008lished).

e N. Epiphaniou, M. Kalweit and D. Drikakidylechanical Behaviour of Nanocrys-
talline Metals under High Speed Sliding Friction and Compres Forces using
Atomistic Technique2008 (in preparation).

Additionally, past conference presentations have beesepted:

e N. Epiphaniou, M. Kalweit and D. DrikakisMolecular Dynamics Simulations of
Dynamic Friction and Mixing at Rapidly Moving Material Infaces”, Conferencg
workshop in Numerical Methods for Multi-material Fluid Kls, Czech Technical
University in Prague, September 10-14, 2007.

¢ N. Epiphaniou, M. Kalweit and D. DrikakiSMechanical Behaviour of Nanocrys-
talline Metals under High Speed Sliding Friction and Compres Forces using
Atomistic Techniques™World Tribology Congress, Kyoto, Japan, September 6-11,
20009.
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1.6 Outline of this study

The thesis is organised in seven chapters and this sectwidps an overview along with a
brief description of the content of the individual chapteEhaptef Il and 7 are the introduc-
tion and conclusion to the thesis. The second chapter, "dlitde dynamics”, describes the
numerical methods and models at the atomistic level usddmiitis work. An overview of
the MD methods and the equilibrium and non-equilibrium apphes are presented. Chap-
ter[3 focuses on the materials behaviour of crystallinedsaind is divided into two parts,
covering thermodynamic and mechanical properties. A d&san of the validation cases
is given along with tests to ensure that the molecular dyoacode is giving valid results.
Chaptef # deals with the simulation tools that have been dpedl and implemented on
the molecular dynamics code. In particular, implementatibpressure and sliding desired
conditions. Chaptér 5 presents the results of the dynanaiidin simulations of metallic in-
terfaces. Finally, chaptEr 6 gives an insight on the yield{paf perfect and nanocrystalline
materials under high strain rates and pressure conditions.



CHAPTER 2

Molecular dynamics

"I've encountered a lot of people who sound like critics butygfew who have substantive
criticism. There is a lot of skepticism, but it seems to be monatter of inertia than it is
of people having some real reason for thinking somethingests

Eric Drexler

This chapter provides an overview of the Molecular DynaniidB) techniques employed
as part of this research. Over the past few years compughtieohniques havefiered
an excellent way of exploring the structures and propedfemngineering materials at an
atomic level [31, 101, 80, 1, 254, 202]. The scope of mateniatelling is to bridge
the mathematical theory with experimental observation amous complex systems and
conditions. Various computer simulation studies have iplexy reliable models that can
help the interpretation of data taken from the experimewtdditionally, they can €er
an understanding of the system that is simulated and makshp@she investigation of
material properties in cases where experiment cannot ucted. A good example of the
latter is found in the field of high shock compression and dyiadriction.

2.1 Modelling at different length-scales

The current trends in computational materials science haea investigated by scientists
in the past, and observations regarding the force thatksljpmodels at various lengths

21
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and timescales are considered.in [76, 189, 158]. When deaiihgnaterials simulations
there are four dferent characteristic length scales. These are the atoalie &0 °m) in
which electrons dominate and the quantum state deterntiedsteraction amongst other
atoms. At the nanoscale (I0m) atoms are the key players and their behaviour is described
by classical interatomic potentials, thfexts of bonding between atoms are arbitrated by
electrons so quantum mechanical theories govern the rakgesponse. According to
these theories, Schrodinger amdrelativistic Dirac equations are notfBaient to fully
give a quantum mechanical solution. The Born-Oppenheimproapnation, based on
the decoupling of the wave-function for the nucleus andtedes, significant reduces the
problem. Also the introduction of the DFT represents an adgdoward the calculation of
electronics structure of materials as discussed by Fil®is [

According to DFT the quantum mechanical state determiresgléctronic density func-
tion p(r) of a single atom rather than the atomic wave-functionshéféelectronic density
function is known, the properties of the system can be edsifined. Density functional
methods are capable of high precision first principles datmns of properties such as the
ground state, lattice parameter, cohesive, surface,istathult energies. At the nanoscale
simulations can be conducted through molecular dynamibg method enables the sim-
ulation of atoms ranging from several thousand to billioAslditionally, the electronic
degrees of freedom are condensed leading to a reduced problke classical equations
of the motion for the atoms. The interatomic potential pde& the quantum mechanical
nature of the system. Typical length scales of the MD methrecbithe order of 10’ to
10-%m and the timescale is in pico-seconds, as shown in Figure 2.1

The next stage of coarse graining is the mesoscopic scaleh\whs a range of 16m
and in this case lattice defects like dislocation and graumiolaries play an important role.
The interactions between them are derived from atomic teeao that molecular dynam-
ics are also capable of investigating these defects. Fittadl last scale is the macroscopic
10-2m where constitutive equations and laws can describe \@pbenomena andfects
since the system is considered as a continuous mediume [Elleinent method (FEM) can
be used to describe the elastic and plastic medium sinceities the response caused
by the diterence in material properties and microstructural elemeAs can be seen by
the Figurd 2.1 the first region is quantum mechanics. Thegkddi calculations are called
guantum mechanicdhbinitio) predicting interactions between atoms or molecules and
model chemical reactions on a atomic-microscopic scalealewg properties such as dis-
tribution of atoms in space, chemical bonding, and energletécts. Electronic structures
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Figure 2.1: Modelling and diferent scales and limitations of various computational techniques.

are considered vital because they include the band steuahd density of electronic states
as shown by Dronskowski [54] and Hafner [80]. Thus, in ordeunderstand and improve
the properties of mesoscopic materials, it is crucial to pahend the atomistic aspects
of these materials. Methods based on statistical and aamtinmechanics can use the
above information in order to investigate the mesoscopicraacroscopic behaviour of the
materials.

One of the strongest quantum mechanical methods to studgrthund state proper-
ties of solid states with correlated atoms and electrond@mia scale is the DFT. DFT is
based on the theorem by Hafner/[80], who showed that thedotigy of a many-electron
system in an external potential is a unique function of tleetebn density. This function
has its minimum at the ground-state density. The main assomip the Kohn-Sham (KS)
method is that for each interacting electron system witkere potentialy (r), a local po-
tentialusp (r) (Kohn-Sham potential) exists such that the density of the non-interacting
system equals the denspy(r) of the interacting system. The interaction between the elec
trons is described by an electrostatic term and the exchemgelation energ¥: [o (r)].
The latter can be obtained using the local density appraxam#&LDA) or the generalized-
gradient approximation (GGA). GGA is more accurate bec#usecounts for the depen-
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dency of the exchange-correlation function on the gradiétiie electron density.

Another method is the tight binding approach [137, 31], Wwhittegrates electronic
structure calculation into molecular dynamics through epieical tight-binding Hamil-
tonian. This bridges the gap between ab initio moleculamladyios and simulations using
empirical classical potentials. Also, tight binding hagiesed for producing interatomic
potentials for transition metals. This method will not, rew@r, work for uranium (f-orbital)
because it only includes spd orbitals. These techniquekighty efficient and accurate,
however, they restrict the simulation domain to few atoms,the computing time required
for the calculations is high.

2.2 The methodology of molecular dynamics

Molecular dynamics were first introduced in thermodynanaiod physical chemistry to
calculate the collective or average thermochemical ptogseof various physical systems
including gases, liquids, and solids as stated by variotisoasi [2, 207, 203]. The MD
method is based on the classical molecular model that gonets to the physical view of
the late nineteenth century [200, 2] 82, 53]. Rieth [203] skobthat atoms in this case are
considered to be point masses whose interactions can bexappted by analytical poten-
tial functions, so called interatomic potentials. Theantolecular interactions, by which
a group of atoms is combined to a molecule, can be accuratetieted. Initially it is
determined between which atoms chemical bonds exist arallyswnds cannot break or
fuse during the simulation. Theftkrent types of bond moving, i.e. stretch, bend, torsion,
etc., are governed by potential functions that are adamtezhth combination of atoms
by different parameters of the function. In many cases, small migledike water can
be approximated to be rigid so that no bond motion occursewige the intermolecular
interactions, such as electrostatic or London dispersiaractions are modelled by a po-
tential function. Therefore, having the classical molacuhodel as a starting point, MD
simulations turned up recently as an approach to studyfaaiaei phenomena.

Over the last few years several MD algorithms have been dpedl and the analysis
can give an insight on the physical phenomena such as dyraation, via simulation of
instantaneous atomic behaviour. In MD the system is modsl#dte atomic scale and sim-
ulation of motion of atoms is followed by integration of Nemts Second Law. In general,
the electrostatic forces trigger the interaction betwdema; this gives the conception of
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metallic, covalent, and Van Der Waals bonds and forces. Toigom of the ions, which
are the atomic nuclei together with their core electrongjeiserally slower than the mo-
tion of the electrons; this is because the nucleus is muchidre@ypically 1¢* orders of
magnitude) than the electron. The electron system hasaekaxequilibrium at each point
of motion of the ions. This is an assumption known as the Borpgbpeimer approxima-
tion which is the basis for removing the electrons from thedel@and creating féective
interatomic potential energies as given functions of thatike positions of the atoms.

Simulations can be performed using a few hours of centralgesing unit (CPU) time
depending on the size and timescale of the system on deskidstations. Modern par-
allel computers allow investigators to use MD programs foruations involving up to
several millions or billions of atoms [226, /75, 247]. Thisthned has some advantages com-
pared to alternative approaches, such as quantum mechandigect simulation Monte
Carlo methods (DSMCM), when investigating phenomena sucliséscdtions, stick-slip
etc. This is because quantum mechanical methods (ab iaroestricted to a few atoms
and DSMCM can not capture many molecular phenomena becaubkeiostatistical ap-
proach.

2.2.1 Equation of motion

The main objective of molecular dynamics is to simulate ttegrnal vibration of atoms in
a classical way by solving Newton’s equation of motidn= ma; [2, /53,1200, 68]. The
force on each particle is given as a function of the interatgrotential energy}’, which
depends on the positions of the atoms,fpy -V, 7V, hence for each atom in the system
the following equation describes the dynamics of the estystem:

dzri

m@ = _Vl’i(V (221)

wherem, andr; are the mass and position of aterandt is the time. The system’s partial
differential equations have no exact solution for a system witiotly problem (if N¢ 2),

thus, integration of the equation 2.2.1 gives the changéiseodtomic momenta and posi-
tions in time. The solution is achieved by discretizing thh@aions in time. For atomistic
simulations there is no need for spatial discretizatiorahse this is given by the atomic
distances, which is a form of spatial discretization. In MBglations each atofparticle

cannot be divided further. The accuracy of the simulatigpetiels strongly on the poten-
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tial function and the simulation domain size of the timesadliring the study. The next
section describes a brief overview of interatomic potéstaailable, methods, techniques,
and applications. The information provided in this sect®part of the feasibility study of
the uranium-niobium alloy that was conducted to inveséidhe resource requirements for
modelling the particular alloy.

2.2.2 Interatomic potentials for metals

There is a variety of potentials widely used in MD simulatonrMorse developed by
Morse [188], Lennard-Jones [2, 199], Buckingham develope®bgorodnikov and Ro-
govoi [190], Schommers developed by Schommers [218], Bi@mclair [61, 227], Terdd
developed by Tergb[235], Stillinger-Webber developed by Stillinger and Wef224] and
finally potentials using EAM. The most accurate potentialdescribing a metallic struc-
ture is the EAM as described by Daw et al.|[45]. EAM has beepresitely used in MD
studies and provides an excellent tool for modelling mietdibnding of closed-shell met-
als, which is one of the reasons used for Cu and Ag in this thédigys have also been
studied with success by Foiles et al.|[66].

Most EAM potentials produce forces that are almost radisimmetric on the atoms.
This is satisfactory when modelling materials with closkdlkconfiguration like most of
the transition and noble metals. These types have a spliesganmetric bonding. The
situation becomes more complicated for elements with giiyrtiilled d-orbital (tantalum)
andor f-orbital (uranium and most actinides). Metals with tkiisd of atomic configuration
generate angular forces on the atoms, which are importatitéstructural and mechanical
properties of metals.

Finnis and Sinclair [61] developed the Finnis-Sinclairgydtal, similar in principle to
the EAM potentials, that do not take into account the s, pnd,fesymmetries, which are
required for calculating accurately the properties ofradés and some transition metals
with semi-filled d bands. As an alternative the modified endleeldatom method poten-
tial (MEAM), that include the s, p, d, and f symmetries shownBaskes|[9] and the
model generalized pseudopotential theory (MGPT) potlsntiauld be used. The latter are
derived from the first-principles generalized pseudopwéntheory (GPT) using density
functional theory as shown by Harisan [95].
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The existing molecular dynamics code is distributed by [18ith the interatomic po-
tential for the metal of interest and models an ensemble dicpes in a liquid, solid, or
gaseous state. Interatomic potentials such as MEAM basdtieonombination of ex-
perimental data and data derived from first-principles (atio) can also be constructed.
Interatomic potentials describe the atomic interactionsdweral analytical functions. To
reduce the number of parameters produced by EAM equatiaesadeassumptions have
to be made within this analytical framework. These paramseiee usually determined by
fitting experimental data at OK with most data taken for parfaystals; such as lattice
constants, cohesive energy and elastic constants.

When constructing an empirical potential first principleséodata are usually included
along with experimental data. To obtain interatomic pasgsthe Force Matching method
developed by Ercolessi and Adams|[56], could be used toeleelistic empirical poten-
tials using the ab initio such as VASP (Vienna Ab Initio Pagpg this tool uses an accurate
force calculation. This method reproduces the first prilesijorces and the experimental
data with those calculated by empirical potentials. Gdhergotentials derived by force
matching methods successfully predict the material ptaserOne possibility for obtain-
ing interatomic potential files in appropriate format to Ised by molecular dynamics code
IS to use a fitting program in conjunction with the MEAM potaht

Baskes|[10] used MEAM potentials to reproduce the extremeandalous behaviour
of Plutonium (Pu), which undergoes six allotropic transfations. These anomalous prop-
erties are due to the rapid spatial variation of f-electrensity. A similar behaviour is
exhibited by uranium as shown by simulations obtained bgi&tet al. [226], who used
the BlueGeng. high-performance parallel facility at Lawrence Liverraddational Labo-
ratory. The interatomic potentials used by Streitz et &6]Zare MGPT potentials and are
derived from the first-principles GPT using density funotibtheory. Additionally, the ab
initio electronics structure methods including both fatiential linear mfiin-Tin Orbital
(FP-LMTO) and Pseudopotential (PP) techniques were ersgloyfhe MGPT potential
bridges ab initio electronic calculations and large-sstd¢ic and dynamic atomistic simu-
lations, which proved to be an extremely accurate tool fézudating properties occurring
during rapid solidification at the short time scale of #0to 10°®s.

In Streitz et al.|[226] work the simulations for the transitimetal tantalum and actinide
uranium were performed using atomic systems comprising & to 525,828,000 atoms.
They used the FP-LMTO method for treating broad nearly-&feetron sp bands, narrower
and more tightly bound d bands, as well as very tightly boumtgtiocore states all on the
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same footing. The FP-LMTO method can be used to study the basictural, vibrational,
elastic, and ideal-strength properties in Ta to 1000 GPsspre. The ab initio PP approach
allows greater flexibility in treating relaxed defect stures. Both the FP-LMTO and PP
methods was employed to study vacancy and self-intetgttimation and migration in Ta,
as well as high-symmetry features of generalized stackioti{y) energy surfaces. These
results have been used to develop and validate the Ta MGRTmS.

An alternative to FP-LMTO and PP methods is the full potdndfalinearized aug-
mented plane waves (FPLAPW) [20, 260]. Linearised augmepigate waves (LAPWSs)
is an dfective basis for the solution of the Kohn-Sham equation wlilee major task is
in the local spin density approximation (LSDA) to densitynétional theory. This method
accurately calculates the electronic structure and magpetperties of polyatomic sys-
tems from first principles. One successful program avaslablthe scientific community
is WIENZ2k developed by Blaha et al. [20]. Electronic structcaéculations can also pro-
vide useful information regarding the energetic propsraéchemical systems, including
molecular structures and spectroscopic features.

2.2.3 Molecular dynamics integrator

Generally, there is no analytical solution of the equatibmotion and this generates the
requirement of a numerical time integrator. The MD code usedhe current investiga-
tion is LAMMPS (Large-scale Atomjdlolecular Massively Parallel Simulator), which has
been developed at Sandia Laboratories. LAMMPS proved tapersr compared to any
other MD code because of its capabilities and ease of modjfgr extending with new
functionalities. Plimpton [197] showed that for time intagon, LAMMPS employs the
velocity/position Verlet scheme. This integrator is the engine oMiecode which gener-
ates the motion on the particles and calculates their t@jes. So knowing the velocities,
position and other dynamic properties at a certain tirtbe algorithm generates the ve-
locities, positions at later times i.e+ At; the timestepht of the integrator is usually kept
constant. The time step of a molecular dynamics simulatiastine adapted to the fastest
variation of potential energy, which is normally caused bydbstretching. The frequencies
of bond stretching vibration are in the 10fs range, in general the timestep is th&Q

of the highest-frequency vibration. There are three materza the molecular dynamics
integrator should fulfil and these are summarised here:
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Efficiency: Key for dficient algorithm lies in a low ratio of force calculations p&m-
ulation time. This is achievable if the number of force cétions per time step are min-
imised and to enable at the same time the application of a large stepit.

Stability: The algorithm has to be stable so that energy rseoved, therefore small
perturbations do not cause instabilities. Several metkgds$ and stability in each case is
a function of several parameters such as step size and ss=epithe potential gradients.

Accuracy: The algorithm has to create trajectories thamdse realistic ones; this can
be assessed on models where analytical solution is easdynable.

MD simulations in general are computationally very demaggdtaking into account
that realistic systems involve non-uniform geometries padodic boundary conditions.
Simulations can be performed using a few hours of CPU timeri#ipg on the size and
timescale of the system on desktop workstations. Moderallphcomputers have allowed
investigators to use MD programs for simulations involvimgny million of atoms as
shown in as described by Streitz et al. [226].

2.2.4 The velocity Verlet scheme

Amongst the most widely used algorithms implemented in b dynamics codes is
the velocity Verlet algorithm which is invoked for time iigg@tion and is based on the
Verlet algorithm scheme shown by Verlet [249]. This variahthe pure Verlet method
uses positions(t), velocitiesv;(t) and accelerations;(t) that are defined at the same time,
minimising the round-fi-error according to Swope and coworkers [228]. The scherae ha
the form of the following formula:

r(t+ot) = r(t) + 6t - v(t) + % -6t - aft) (2.2.2)

v(t + 6t) = v(t) + % -ot|a(t) + a(t + ot)| (2.2.3)

Efficient implementation of the scheme is obtained through tages implemented in the
following steps:
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1. Firstthe velocity is advanced by a half step using the &gjua
1 1
v(t + Edt) =V(t) + 5& -a(t) (2.2.4)

2. Then the position is advancedrif + 6t) using equation 2.21.2 and
3. Calculating the acceleratiai{t + 5t).

4. Completion of the velocity calculation is obtained by deothalf step:
1 1
v(t + 6t) = v(t + E(St) + 5ot a(t + 6t) (2.2.5)

5. Finally the kinetic energy is calculated based onvlie- 6t).

The velocity Verlet algorithm therefore propagates velesiin two stages and splits
the calculation process into the applied acceleration.term

2.2.5 Periodic boundary conditions

The boundary conditions in MD simulations aim to mimic theten@l response of the
surrounding volume and allow incorporation of the dynanasponse of non-equilibrium
processes. A good example of this is could be energy digsgpabundary conditions that
reproduce the heat conduction of solid materials. The gtéorachieve this is highlighted
in later chapters, and this section aims to emphasise tlheibhuwsapabilities of LAMMPS.

In periodic boundary conditions (BC), the simulation box jgli@ted throughout space
to form an infinite lattice, see Figure 2.2. Usually, the camagional demands are high if
simulating a large piece of metal or crystal is required. réf@e boundary conditions are
often used to help predict the properties of the materialulk,bas well as to eliminate
surface &ects from the computation.

In particular the role of BC is to prevent boundary reflectiod anaintain the external
loading, therefore reducing thdfect of finite system size. One approach would be to
fix the atoms at the boundary to certain positions. It has lprewed through several
atomistic simulations that the boundary reflection resglfrom this BC is considerable,
and the results deteriorate severely. A fairly recent s\oa various boundary conditions
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Figure 2.2: Left: Periodic boundary condition in 2-D, simulation box in the middle (basic .cell)
Atoms can leave the basic cell and enter it at any time from the opposite sitet: Riggges of
replica boxes to illustrate periodic boundary conditions in x and y directions.

for molecular dynamics simulations is given by Li and WeifiEs%] for crystalline solids at
low temperature. In general, BCs of solids are consideredtivlobjective of eliminating
the reflection of phonons. This work presents a variatiomah&lism in order to construct
boundary conditions that minimize this total phonon reftect

From Figure[2.P it can be seen that when a molecule moves icahtal box, its
periodic image, or the so called ghost atom, moves in all therdoxes having the same
orientation. Thus, as the particular molecule leaves thérakbox, one of its ghost atoms
will enter the central box through the opposite face. Theareébox does not contain any
walls and the system has no surface.

2.2.6 Molecular dynamics ensembles

Macroscopic properties such as temperature T, volume gspre P, energy E, number
of particles N, and chemical potentjal, are used to describe a large system of particles.
This system and all its thermodynamic properties is calledrssemble. There are several
ensembles that can be used, but most of the simulations nga&iwork are NVE; this

Is called micro-canonical and prescribes that constantbeurof particles, volume and
energy are satisfied. Similarly there are other ensemblgs asi the Canonical (NVT),
Grand CanonicaluV T) and finally the Isothermal-isobaric (NPT).

Most of the MD simulations of sliding friction, including ihstudy, have been carried
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out in the microcanonical ensemble along with the appropiistegration algorithm de-
scribed in Section 2.2.4. The advantage of these schemeat ey give good long-term
stability of the total energy even with quite large time ste@he NVE strictly specifies
that the energy is conserved meaning that no heat can flowghrte walls of the domain
size. This study deals with the dynamic behaviour of metalsrefore non-equilibrium
conditions, thus a mechanism is required to remove energydgh heat transfer, which
will be discussed in later chapters.

2.2.7 Equilibrium and non-equilibrium molecular dynamics

In order to investigate the microscopic properties of aesystt is necessary to bring the
system to equilibrium to ensure more realistic results. Bggithe term equilibrium it is
meant that the thermodynamic properties of the system, asitbmperature, volume and
pressure will not change when the system is left alone. Ithallsimulations conducted
equilibrium was an important step before the applicatioarof force. In addition, when a
system is at equilibrium the potential energy is at a mininfama given set of thermody-
namic properties.

Molecular dynamics simulations resemble real experimeant&hich the same ap-
proaches are used. Initially there is a sample preparatiomhich careful selection of
the model containindN number of particles is considered following the solutiomngs
Newton’s equation of motion for the system so that certagmrttodynamic properties such
as internal energy, pressure and kinetic energy do not ehaver time. This is a way of
bringing a system to its equilibrium state.

In NEMD improvement on thef@ciency of the transport céiécients is calculated via
a linear response theory and time correlation functionss fibwever induces a significant
amount of statistical error. In NEMD the system’s respossmnsidered to be highly non-
linear, thus perturbations are examined in this regime.chheulated correlation functions
during a molecular dynamic step represent the actual fltionsoccurring in the system
properties. For long simulation times the signal-to-no@&m is undesirable due to possible
contribution to the transport cigients. In non-equilibrium states much larger fluctuations
are possible, which are induced artificially, thus the sigoanoise ratio of the response
could be greatly improved.
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The measurements obtained from NEMD simulations are ircypi@the same as those
obtained in simple equilibrium averages for monitoring pinessure and temperature over
time. The idea behind the molecular dynamic method is to led as a tool of validating
experimental results or even trust it in cases where exgatiwannot easily be obtained.
Thus, the procedure used in molecular dynamics simulatongsponds closely to the ex-
perimental set-up. A good example is the calculation of lleerhal conductivity, analysed
in chaptef 3.2, in which a flow of momentum or energy flux is taddor the desired mate-
rial. The following section aims to give an introduction bétprocedure and initialisation
of a typical molecular dynamics simulation.

2.2.8 Initialisation of molecular dynamics

Prior to any molecular dynamics simulation, atoms or mdiexare generated, mean-
ing that they are each allocated memory in which positiorss \&tocities are assigned.
Molecules and complex structures require the introduabibbonds between the individ-

ual atoms. The system needs to be in equilibrium state priany dynamic conditions,

therefore the initial configuration must not be influencedtty outcome of the simula-

tion. A typical LAMMPS’ input script contains four crucialpts for setting up a realistic

simulation to study certain phenomena.

The first stage is the initialization in which various paraene such as the units, the
boundary conditions and the atomic style need to be defineshghe appropriate force
field parameters. The second stage consists of the atomtubefim which the simulation
domain size containing the atoms needs to be defined. Thigashed via a separate file
that could be invoked by LAMMPS, which includes the molecu&pology or using the
already existing commands that generate the simulatioradoand apply the appropriate
crystallographic orientation.

The third stage is then to set the appropriate force fiel¢hiooents, simulation parame-
ters and output options once the molecular topology is defiAethis stage initial veloci-
ties are also assigned to atoms and special commands aieddjopla variety of boundary
conditions. Various methods of time integration as welliagostic tools to measure sim-
ulation domain data and materials response are also implecheTemperature alteration
via velocity rescaling, adjusts the system to the requirentaage temperature. In thermal
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equilibrium velocities are given in equatibn 2]2.6:

ke T
Where<vi2> is the atomic velocity averages anglis the atom mass. Equatibn 2.2.6 is used
to define the the instantaneous temperature attjfé) given by:

N
GTM =) mv; 2.2.7)

i=0 f

The instantaneous temperatdrg) needs to be adjusted so that it matches the temperature
T required for the system of interest, this is done by scalivegvelocities by a factor of
(T/T(t))¥2. The final stage is the simulation run by specifying the timeseeded for the
study. Molecular dynamics can be used for a variety of eguilm phenomena in which
statistical mechanics are capable to cope with limitatesshown by [200]. Shifting from
and equilibrium state to study phenomena of non-equilibmature like dynamic friction
allows MD to take the role of an experimental tool.



CHAPTER 3

Face centered cubic crystals and their properties

"Employ your time in improving yourself by other men’s writing} so that you shall gain
easily what others have labored hard for.”

Socrates

This chapter presents the thermodynamic and the mechgmagadrties of nanocrystalline
FCC materials. The first part of this chapter discusses thecutdar dynamics proce-
dures to obtain the thermodynamic properties and validegenteratomic potentials used
throughout this work against experimental studies. Amobtiysse are the melting point
Tm, the heat capacit¢,, the thermal expansiam, and the thermal conductivity of both
Ag and Cu metals. Considering the importance of the structotiegjrity in many mechan-
ical components, section two is concerned with processesltalate intrinsic mechanical
properties direct from the atomistic behaviour. Amongesthare the modulus of elasticity
E, shear modulu§& and the yield stress, of Cu metal and Cu nanowire.

3.1 Simulations of melting point

This section presents a review of several methods avaifabklae calculation of thermo-
dynamic properties for copper (Cu) and silver (Ag) metalsesehmetals were used for
frictional studies under high speeds and compression aasfied in chaptél 5, therefore,
the validation of the interatomic potentials was necess@giculation of the thermody-
namic melting point is not trivial for bulk metal, as has beéopwn by various study groups

35
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[167,176, 187, 185, 125, 127], in which several methods haen published. Generally,
evaluating the melting point is not a straightforward apgtobecause it requires the cal-
culation of Gibbs free energies, which is a multi-stage pssdhat needs severaffdrent
molecular dynamics simulations. By definition the meltingnp@s where solid and liquid
phases coexist, and there are several ways of doing thisaliecolar dynamics combined
with the thermodynamics integration method as describderégkel and Smit [68]. There-
fore, this section briefly reviews the available methodsclmmputing the melting points,
as well as the results achieved in this study at standard amstandard atmospheric con-
ditions.

3.1.1 Thermodynamic integration

Thermodynamic integration is a widely known method for cotimygy the melting point of
solid materials by evaluating the Gibbs free energy of said liquid phases as obtained by
Frenkel and Smit [68]. By definition, at constant pressuraallg atmospheric conditions,
whereP = 0 bar, the thermodynamic melting poif, is at the point at which the free
energy of the solid must be equal to that of the lig@d(T) = G|(T). Additionally, by
definition the Gibbs free energy at certain conditions ofggerature and pressure (usually
at P= 0 bar) is related to internal energgyand the entropp by Gr = Ut — T - St. Using
molecular dynamics the energy of the system and other thaymamnics properties can be
determined. However, the entropy of the system cannot beatea directly in terms of
ensemble average. One approach is to obtain the Gibbs fexgiesGr, at temperature
T, of a system (I) via thermodynamic integration between tfstesn (I) and a convenient
reference system (Il) with a known value Gf, at temperaturd,. The thermodynamic
integration will be obtained using the fundamental equekoown as Gibbs-Helmholtz
below:

&_GTO_ITE(T)‘FP-V(T)C’T L @:M_fTif?dT (3.1.1)
T T, T

T T 72 To

o

where E(7) is the internal energy of the system (), V is the volume, Rhes pressure
(kept at zero bars), which can be obtained via molecular miycesimulations for a range
of temperatures. Symbols in lowercase denote thermodynproperties per atom. The
thermodynamics definition of enthalpy given bft) = e(r) + pWr) is evaluated and fitted
to a polynomial with respect td so that an analytical integration is obtained via Equation
[3.1.1. A coupling integration method is used to calculate using the system with the
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Hamiltonian as in Equatidn 3.1.2:
H=1-2) -W+a-Uy (3.1.2)

where according to Ciccotti and Hoover [39]s a coupling parameter taking values be-
tween 0 and 1U, is the potential of interest (described with EAM) and W is Hhamil-
tonian of the reference system, with known free energy ssch @erfect solid as seen by
Lutsko et al.[[166]. Equation_3.1.2 provides the total epdrgtween the two potentials W
andU,, assuming that reversible work is required to switch frora system to another. Fi-
nally, the unknown free energy of the potentikl, Gr_, can be obtained using the Equation
[3.1.3, where&sy 1, is the free energy of the reference system at temperature

oH

1 1
GT - GWT0 = f <ﬁ>d/l = GT - GWTO = f <U - W)A -da (313)
0 0

This approach has been used for calculating the meltingt pbioopper (Cu) on the
(001) crystallographic plane by Lutsko et al. [166]. In thisrk Lusko calculated the free
energy in the solid state. A harmonic reference system dépiesolid was used and for the
liquid phase the convenient reference system was an ideahggpotential for which the
free energy needed was EAM [43, 44]. Once the free energytpar #or both solid and
liquid phase was plotted, the melting point for the matesfahterest was estimated to be
at 1171+ 30 K. The calculated melting point for Cu in this case is sigatfitly lower than
in experimental studies due to the fact that the potential paaameterised for compound
copper-nickel (Cu-Ni) alloy and not for elemental Cu. Alscg thair potential functions
were shifted smoothly to zero at the cuf-pointr.. Using the above procedure to calculate
the Gibbs free energy Jeong [126] estimated the coppernggiint to be at 1246 K. A
similar approach was used by Foiles and Adams [64] for theutation of the Gibbs free
energies of Cu, Ag, Au, Ni, Pd and Pt metals. In this study tee &nergy was obtained
at an arbitrary temperature by integrating over a rangemparatures using the following

expression: 4G ’
77 (Fhe= T2 514
The enthalpyH of the system was calculated via a series of Monte Carlo stoankfor
the desired range of temperatures. The thermodynamicngegibints predicted for Ag
and Cu are 1170KK and 1340 K respectively, which proved to lgood agreement with
experiments giving relatively low error (within 5%). TalBel by Foiles and Adams [64]
gives a comparison against the experimental values ofuanwetals. Mei et al. [177] stud-
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ies thermodynamic properties of density change in meltieg fusion, thermal expansion
and heat capacities for Cu using an analytic EAM model whichaigl for any choice
of cut-of distance. Melting of pure metals using coupling constatdggration has been
also reported for other metals such as Al shown by Mei and Dyawe [176]. Lopasso
et al. [157] studied alloy compound such as Fe-Cu showingth®amelting point of Cu
is 1017 K, which is (34)T,. Additionally, Cu-Ni was investigated by Lutsko et al. [166]
Au-Cu by Han et al.[[93] and Au-Ni by Arregui et alJ [3].

Element MC (K) Experiments

Ag 1170 1230
Au 1090 1338
Cu 1340 1358
Ni 1740 1726
Pd 1390 1825
Pt 1480 2045

Table 3.1: Comparison of Monte Carlo (MC) simulations and Experimental melting paints [64]

3.1.2 Direct simulation of melting point

A different approach is to simulate a fully periodic system ofdsotaterial by heating
it above the melting point, or cooling a periodic liquid b&ldhe melting point. This
approach determines the temperature at which the lattitepses, becausg, can be
considerably lower than the temperature at which the drggantaneously melts. In this
study a crystalline bulk material was used to simulate thedgeneous melting process at
temperatures significantly higher than the equilibriumtmglpoint. The melting point will
be overestimated in the case of a heated solid and undea¢stivhen a liquid is cooled
below the melting point of the material. This is mainly duethe free energy barrier
that causes superheating of a solid, reflecting the lack afcdeation site for the liquid
phase, and supercooling of a liquid. As a result a hysteeff&st is observed on constant-
pressure molecular dynamics simulations as shown in F{fidga) an@d 3.1(b) for Cu and
Ag respectively. According to the theory of the homogeneousleation and previous
molecular dynamics studies the highest or lowest temperatwhich superheating or
supercooling occurs depends on the nucleation barrieneess [162,1161, 163] given
by:

5= 16'71")/2'
3-kg- Tm- AHZ,

(3.1.5)
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whereyyg is the surface tension of solid-liquidH, is the heat of fusionT, is the melting
temperature, andlz is the Boltzmann’s constant. The outcome of these studiesssho
that it is possible to estimate the thermodynamic meltingptploy only using the values
of superheating a solid and supercooling a liquid with terapges ofT(s9 and T(sl)
respectively by this relation:

Tm=Tss+ Te— VTss* Ty (3.1.6)

3.1.3 Molecular dynamics methodology for direct melting approach

This section discusses the methodology of the direct ngelipproach for evaluating the
melting point of Cu and Ag metals. To that means molecular dyos simulations were
conducted using a cubic cell with dimensionsxfy 2)=(5, 5, 5) A consisting of 500 atoms
with periodic boundary conditions applied in all directsdior bulk geometry. For time in-
tegration the velocity Verlet scheme as shown by Drikaki ldalweit [53] was employed
with integration timestep aft = 2.10"1°sec. The atoms interact with interatomic potentials
developed by Daw et al. [45] within the EAM framework. The giations were performed
within the NPT thermodynamic ensemble, and thermodynamapgrties, such as internal
energy, pressure, enthalpy volume and lattice parametnes elosely monitored.

The solid phase simulations began from a perfect FCC lattitengperature of 300 K.
Equilibrium was achieved at this temperature by maintgnirfor 800 ps, which is long
enough to measure the thermodynamic averages with minimal eThe system’s con-
figuration of the equilibration run was used by increasing slistem’s temperature every
100K at high heating rates, rescaling the temperature éd@yimesteps. The subsequent
step was to maintain the resulting temperature for an anhditi800 ps in which thermody-
namic values were recorded. This approach was continueéldthmtemperature reached
1900 K. The same approach was used for the liquid phase itwand-CC lattice of the
desired metal was constructed at temperatures of 1900 Kesnpletrature was decreased
every 100K at high cooling rates in a stepwise manner as éosatid phase.

The analytical EAM potential developed by Mei et al. [177¢gicted that when copper
Is superheated melting occurs at 1650K, which is the santeaaisalculated by the molec-
ular dynamics simulations in this study. The internal epgxgr atom as a function of the
temperature is shown in Figure 3.1(a), which gives the wbiairect superheating of the
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solid and supercooling of the liquid copper, indicatingues of 1650 K and 950 K respec-
tively. With regard to the Ag block, values of 1350 K and 850&vé been estimated for
superheating and supercooling a bulk lattice respectiasighown in Figurie 3.1(b). Using
Equatior 3.1.6 shown in the previous section, the meltirgtped Cu and Ag were evalu-
ated to be around 1327 K and 1128 K respectively. This is viegedo values obtained by
Foiles and Adams [64] in Table3.1.

The molecular dynamics results in this study compared fialdy agaisnt the work by
Mei et al. [177], Belonoshko et al. [14] and experimental dedan Gear [73], Hahn [E1]
and Harrison[97]. Figurés 3.2({a) dnd 3.2(b) show the engegyatom and lattice parameter
against temperature compared with Mei etlal. [177] study.

The lattice parameter was calculated from the atomic voJuvhéh was recorded from
the MD simulations along with other thermodynamic proetiThe formula for the lattice
parameter is given by = (4-9)% whereQ is the atomic volume given b = V/N, where
V is the volume of the simulatin box aridlis the number of atoms. The solid phase data
in this case was fitted to a third order polynomial giving tbkdfwing equations for energy
and lattice parameter:

T 3 T 2
Es(T) = 0.0339(—) - 0.0052(—) — 35403 (3.1.7)
Tm Tm
T\ T\ T
as(T) = 0.0252[ — | - 0.0117|=—| +0.086(— | + 3.6139 (3.1.8)
Tm Tm Tm

The liquid phase was fitted to a first order polynomial giving €quationg;(T) = E;+C,T
for energy an@y(T) = ao(1+ a; - T) for lattice parameter, whei, is the energy ireV, C,

is the specific heas, is the initial lattice parameter in A, angd is the thermal expansion
for the liquid phase in K!. Table[3.2 shows the results from the simulations conduicted
this study and compares them against results from Mei. Theesavere obtained by the
fitting of the liquid phase to a linear function as shown abovée linear cofficient of
thermal expansion for the liquid phase shows the biggéfdrdnce of around 19%, with
other properties, i.e. heat capadily, energyE, and lattice parametex, showing similar
results.

The linear coficient of thermal expansion for the liquid phagewas obtained from
the equation fitted to data (see Figlire 3.2(b)), and thatiesblid phase was calculated
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Figure 3.1: MD simulations of the hysteresis loop because of the superheating of theasalid
supercooling of the liquid phases. T(solid) and T(liquid) correspondsiperheating and super-
cooling respectively.
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Property Epiphaniou Meietal.[177]

E, (eV) -3.4838 -3.4973
a, (A)  3.6038 3.5938
Cp (JK) 3.48gs 3.8%g

a (K'Y 2.774E-5  3.414E-5

Table 3.2: Molecular dynamics results of Cu liquid phase: Comparison.

via Equatiori 3.1]9:
1 da

Y@ dr
where the derivative ala/dT was calculated numerically with a temperature step of 100K.
Table[3.8 summarises the results from this study and cordayainst others in [177, 14,
65,83, 81, 97, 17]. The Table compares the linearftment of thermal expansion at
room temperature and the results show good agreement widr otolecular dynamics

(3.1.9)

studies as well as experimental work. The calculated vadfifise thermal expansion for
a temperature range of 200K to 1400K can be observed withithefarigures 3.3(a)
and3.3(0). Figurg 3.3(ja) shows the results from this stuotggal against other molecular
dynamic simulations and figufe 3.3|(b) gives very good ageserof this data with Gear
[73], Hahn [81] and Harrison [97] experimental work. Additally, the heat capacit@,
per atom was also evaluated by taking the first derivativhefquation 3.1]7. The value
of C, was obtained for a temperature range of 200K to 1400 K andethigts show very
good agreement with experimental and MD studies, as showigure[3.4.

MD Experiments
Material Epiphaniou Mei  Foiles Hakkinen Belonoshko Han amdridon Billings
Cu 16.97 15.00 16.40 18.10 20.28 16.55 16.70

Table 3.3: Linear codficient of thermal expansioas for copper: comparison against MD and
experiments.

3.1.4 Solid-liquid interfacial method

Heating a solid system directly gives larger values of théingepoint due to solid-liquid
interfacial energy. The nucleation barrier can be overcdradree surface is generated,
however, in molecular dynamics testing a solid with a comfigjan like this would not
deliver the properties of bulk material. In this sectioriealative approaches that can be
used for the determination of melting are reviewed alond) wie selected method investi-
gated in this study. There are three methods for calcul#éti@gnelting point by generating
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Figure 3.3: Evaluation of linear coicient of thermal expansion (18K1) for Cu: Comparison
against data taken from Mei et al. [177], Belonoshko et al. [14]r@&&H, Hahn [81] and Harrison
[97].
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Figure 3.4: Heat capacityC given in units of Boltzman’s constakg against temperature for Cu.

two different phases on the same materials, solid and liquid. Theapoach is called
the "sandwich” method, in which a set-up of solid-liquididghase is achieved and its
progress is observed during annealing. This method wadedidy Hong et al.[[107] to
study the melting point of NAI alloy. If upon annealing the structure develops into a liq
uid state then the current temperature is above the melting:pon the other hand, if at a
certain temperature the structure turns into a solid stlaé®, this temperature is below the
melting point of the material. The second approach is tottoasa solid-liquid interface
and measure the moving velocity of the interface &edent temperatures [107, 165]. By
plotting the moving velocity against temperatures andagdlating it at room temperature,
the melting temperature of the material can be obtained.

Finally, the third method is based on solid-liquid constiwt arranged geometrically,
such that the interface remains constant in volume using\éa &hsemble as obtained for
binary alloys by Hong et all [107], Morris et al. [187] for alinum and Landman et al.
[145] for Si. In these studies the molecular dynamics sitmaconsists of two stages.
First is the preparation, where the two MD simulations altedi separately for solid and
liquid are brought to equilibrium in the NVE ensemble. In fseond stage the two systems
are brought together and the total system progresses tewdhgrmodynamic equilibrium
at constant volume energy ensemble. However, the drawlfabiksgrocedure is that the
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simulation is biased through an anisotropic stress teridence, the components of the
stresses in the X, y, and z-directions can be quifieidint, as seen in Morris and Song
[186]. You et al. [264] has overcome this problem by havingdsst stage pure solid
with a certain value for the lattice parameter in the NPT sride, at a temperature lower
than the melting point. When the solid phase is brought tolibgiuim the liquid phase is
generated by raising the temperature at values above thimgiemperature, followed by

a cooling to the original temperature. Using this approdcl, et al. [264] showed that the
internal local stresses,, oy, ando; for the liquid phase should have the same values
and the next stage of the coexisting phases could start iNWieensemble.

According to Foiles and Adams [64] the use of the constaniggrensemble causes the
motion of the interface to slow down due to the lack of souncgimk for the energy linked
to the latent heat that forces the transition between salidiguid phases. Thus, the use of
NVE thermodynamic ensemble may not be as accurate as theanbtemperature (NVT)
thermodynamics ensemble. In this study the solid-liquidstauction was employed as
shown by [64] for verification of the melting point of both CudbAg. Simulation of solid
and liquid phase containing the same material using the N\éfnmtodynamic ensemble
was conducted in two stages. This method has the liquid amddhd phases geometri-
cally arranged so that the interface volume remains cohatamelting or freezing occurs.
The simulation boxes werex,y, 2)=(60, 250 60) A containing approximately 69000 Cu
atoms andX, y, 2)=(80, 250 80) A containing approximately 86000 Ag atoms. Simulation
box was chosen to ensure enough atoms are present with nmmthmermal noise. The
integration timestep and algorithm is the same as discussgelctior 3.1.13.

The first stage is the preparation, and is similar to otheraaahes as mentioned above,
where the two phases were brought to equilibrium for 27 pe Jdlid was equilibriated
at room temperature while the liquid was equilibrated anaperature of 1900K under the
NPT thermodynamic ensemble where pressure was set wdid?. The second stage was
to run both solid and liquid phases at a particular tempegafor which the appropriate
lattice parameter of the material was pre-calculated veaNRT simulation discussed in
Sectior 3.1.8 and used in the first stage. The temperaturgeddrom 1000 K to 1400 K
for Cu and 800K to 1200K for Ag. Both phases were kept at the eéésemperature
constant for 270 ps within the NVT thermodynamic ensembleretthe volume of the
simulation was also kept constant.

Figureq 3.5(a), 3.5(b), 3.5(¢), 3.5(d) dnd 3.6(e) show thed tonfiguration for Cu, in
which the solid phase is coloured blue and the liquid phasednBecause of the filiculty
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of finding the exact melting point via this approach, it watineated that the melting point
of Cu is between 1250 K and 1300 K, similar to the previous EABUls of 1246 K in
[126] and 1340 K shown by Foiles and Adams|[64]. It was obsgthat at temperatures
T < 1250K the solid phase gradually grows, solidifying the ithjphase. At a temperature
of T=1250K in figurg 3.5(B) solidification of the liquid is obsedvébut very close to the
interfacial region, which indicates that the temperatgréelow the melting point of the
material. Simulation at temperature of 1300 K shows thasthgnation state is reached as
shown in figuré 3.5(¢). At temperatures at TL350K the liquid phase grows liquefying
the solid phase indicating that the particular temperatisbove the melting point, thus
continuous melting of the solid phase is observed. Simaratwere run for a long time
to ensure that either the solidification of the liquid or thelting of the solid phase reach
equilibrium positions and stop growing. Figlirel3.5 shovesghapshot of the final state of
the simulations at temperature ranging from 1100 K to 1406icbpper metal.

Simulation of the Ag two phase system was obtained usingaimesnethod as for Cu.
Figure[3.6(d) shows the materials’ response at a temperafurl 00K indicating that the
solid phase grows, solidifying the liquid phase. When thepirature is set to 1200K as
seen in Figurg 3.6(p), the liquid phase is growing and thid pblase is starting to melt. This
is also the case for a temperature of 1300K, shown in Fig@}B.Therefore the melting
point of Ag is between temperatures of 1100K and 1200K whsadh good agreement with
Foiles and Adams [64] and the value calculated via Equaiib@3Section 3.1]2).

3.1.5 Melting point at non-standard atmospheric conditions

In subsequent chapters sliding friction simulations wal discussed for the pressure of
5.1GPa, therefore for the purpose of the analysis it is lis@fueasure the melting point at
this pressure condition. The simulation method describhes#ctior 3.1J4 was used for Cu
and Ag with the same EAM potential. Results show that the mgfpioint is dramatically
increased; the melting point of copper at 5.1 GPa lies batvi&@0 K and 1600 K. This is
in a good agreement with experimental results measureceasyre conditions of 5 GPa
giving melting point of the material equal to 1547 K. On theethand, MD simulations
of Ag show a melting point between 1550 K and 1650 K, which isnalsdeviation to the
experimental value of 1523 K.
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(e) Temperature at 1400K

X

Figure 3.5: Simulations of Cu two phase system at a range of temperatures. The liqd jsha
shown in red and the solid phase of copper atoms are coloured in blue.

3.2 Various approaches to thermal conductivity

Understanding of energy transport phenomena of thin filrsslean the centre of attention
for several years, generating a new field of study calledesale heat transfer highlighted
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(a) Temperature at 1100K

(b) Temperature at 1200K (stagnated state)

(c) Temperature at 1300K (continuous melting)

-

Figure 3.6: Simulations of Ag solid-liquid phase system at a range of temperatures. Tl liq
phase is shown in red and the solid phase of copper atoms are coloutad.in b

by Bejan and Kraus [13]. Studying the heat transfer at theos@ale is simply to inves-
tigate the thermal energy tranfer in which the continuum ehdsl sometimes indticient
to explain certain phenomena. When the continuum modelifaglis the computationally
expensive molecular dynamics approach is usually adopiéden considering metallic
materials thermal and electrical conduction occurs viathetrons in which molecular dy-
namics cannot describe their role. Electrons are so fastraradh lighter than the nucleus
that their éfect is treated as a single potential energy representingrthend state. This
is a siginificant limitation when physical problems suchragibn are considered in which
thermal conduction plays a vital role. Additionally, maldéar dynamics methods account
for the contribution of phonons (atomic vibration) to therimal conductivity but do not
account for the free electrons or elecron-phonon intevacti

Molecular dynamics techniques derived from first princsplab initio) also known as
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guantum mechanics (QM), can capture the movement of efectie shown in the Car-
Parinello method by Car and Parrinello [29], however theylianged by the number of
atoms, because they are computationally more expensinéviba At the submicron scale,
classical heat transfer is restricted by QM techniquesuseethe specific hea, of the
structures should approach zero according to Prevend] [1Additionally, atoms inter-
acting in thin films are under electromagnetic confinemet @M cannot cease small
levels of thermal energy. As a result t@g in thin films tends to zero, thus any heat gained
cannot be conserved by increasing the system’s temperatysarticular, when rubbing of
crystals is initiated at the submicron level temperatueaxi high values, as discussed in
later chapters. This is due to the fact that the heat cappi@tjicted via MD simulations in
Sectior{ 3.1.8 is in a good agreement with experimental daitaer means of conservation
are required such as the quantum induced radiation (QEDpasged by Prevenslik [198].
Therefore, this section reviews the MD methods relatedeéontial conductivity issues and
investigates the possibility of using state-of-the-achtaques to overcome the limitations
associated with dynamic friction. Additionally, the autteoms to show how these tech-
nigues could be used in conjunction with the sliding frinteimulations in Chaptéid 5.

Macroscopic investigation allows modelling of the heahsfer and temperature fields,
but in simulation of the atomic scale using MD idiftiult to achieve. An important point
is that the free electrons contribute primarily to thermaductivity in metals, while lat-
tice vibration (phonons) contribute to thermal transpors@miconductors and insulators.
There are several studies describing ways of calculatieghtermal conductivity in semi-
conductors|[148, 214, 100, 240, 115, 98,266, 138, 131] usemnard-Jones or Morse
potentials. Tretiakov and Scandolo [240] estimates tharitaeconductivity of solid ar-
gon using Lennard-Jones interatomic potential and shoatstie computed values are in
a good agreement with experiments. The results also cortiatrtie Green-Kubo method
described by Allen and Tildesley [2] proved to be very powkir calculating the thermal
conductivity of crystals at high temperature, provided ttdvanced interatomic potentials
are used. This approach could predict the thermal condtyctifmore complex materials
in cases where experimental data argicllt to obtain. Additionally, Tsuji et all [241]
proposes using virtual free electrons imposed betweenezadpms to adjust the thermal
diffusivity and electrical resistivity for copper simulatedngsMorse potentials.

Thermal conduction in solid materials takes place by thdrdmrtion of both the vi-
brational energy within the lattice (phonons) and the frieeteons. Free electrons have
generally short wavelengths in the order of a few A (0.1nnh)iclv makes them major con-
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tributors to thermal conductivity, especially at low temgderes. Their scattering mecha-
nism is important in microscale heat transfer. Figuré 3aWwshthe electon-electron and
electron-phonon scattering mechanisms of free electronseitallic materials. The mean

Q000 0000

o Lattice Atom e Free electron

Figure 3.7: Free electron scattering mechanisms in metals. Left: Electron-phonon seatter
Right: Electron-electron scattering.

free path of an electroi is given by the thermal velocity, (vin = 3ﬁf) times the scat-

tering timers. and for bulk metals is typically on the order of 10to 30 nm vehelectron
lattice scattering dominates. The transport propertiesrdtuenced by the thin film size
and if the thickness is approaching the order of the meanpiadie of electrom,, bound-
ary scattering takes a crucial role. When the thin film is hetalectron system becomes
so hot that the electon-electron scattering can becomdisant. This size dependency
was observed by Heino and Ristolainen [100] who showed thanf@ll domain systems
typically less than 40 times the phonon mean free gattthe contribution by phonons to
thermal conductivity is reduced. Hence, when considerimgnoscale heat transfer it is
wise to consider the microscopic energy carriers (elesyrand the full range of possible
scattering mechanisms as shown in figure 3.7.

In this work molecular dynamics simulations were condudtedvaluate mechanical
and thermodynamic properties such as bulk modulus, theexpalnsion, melting poinig,,
and heat capacitigs, on Cu and Ag metals and results show good agreement compared to
experiments. Although the mechanical and most thermodigaproperties are consistent
with experiments, however, molecular dynamics simulaianderestimate the values of
thermal conductivities for these metals according to Haind Ristolainen [100]. Heino
and Ristolainen [100] studies the thermal conductivity otateby phonons using EAM
interatomic potentials developed by [177]. Heino provedt there is a size dependency
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of the thermal conductivitk. Considering their curves of thermal conductivity against
domain size the obtained values ar@ W/mK and 23 W/mK for Cu and Ag respectively,
for the selected domain size of 16 nm. These values are ustrealy small compared to
experimental values which are 397/WK and 420 WmK for Cu and Ag respectively.

3.2.1 Thermal conductivity simulations of Cu and Ag interatomic po-
tentials

Schelling et al.[[214] show that there are several method$taiining the thermal conduc-
tivity of metals by phonons. This section discusses the outde dynamics simulations
that were conducted on Cu and Ag metals to obtain the valudseoftal conductivities
for the domain size with distance in y dimension equal to 16 fithis value was taken
because the friction numerical simulations have domaia siz=16 nm for each material
slab. Thermal conductivity is size and temperature dep@rake discussed by Heino and
Ristolainen|[100] and Jund and Jullien [131]. Sifkeets are present when the simulation
domain is very close to or smaller than the mean free patheoptionons; this is because
at these sizes the electron contribution to the thermalwaidty dominates fully. In this
work the direct method was used for evaluating the thermatuotivity of the system
using Fourier’s law of heat flow as shown in Equafion 3.2.1:

Y
~ OT/dy

(3.2.1)

wheredT /dy is the temperature gradient adds the heat flux, which is equal tee/(2- A?-
At). Ae is the energy per time steit andA is the area of the sample perpendicular to the
heat flow. The usual approach is to impose a temperaturesgrtaaind record the resulting
heat flux as shown by Oligschleger and 8¢lj193], as in experiments where the thermal
conductivity is determined by measuring the required heatth maintain a constant tem-
perature gradient. The reverse non-equilibrium molecdjyaramics (RNEMD) approach
was employed for this study, in which a known heat flux by excfwag kinetic energy
between two particles is applied to the simulation domaihe RNEMD was developed
by Mller-Plathe and Reith [184] in which a heat flux was impoaad the system response
was the generation of a temperature gradient along theediedirection. The algorithm
is part of LAMMMPS tools and provide several features sucbha@asservation of the total
energy and the total linear momentum to avoid an artificidt df the kinetic energy at
certain conditions.
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The RNEMD divides the simulation box into layers in the des$idérection of which
heat flux will be imposed. In this study the y direction wastalas the direction of the flux
and the simulation is divided into layers along this directiThe cold layer is at ¥ 0 and
the hot layer is at the middlé, /2, whereL, is the entire length of the simulation domain.
The algorithm identifies the atom with the highest kinetierggy in the cold layer, and the
atom with the lowest kinetic energy in the hot layer. Onces¢éhatoms are identified their
velocity vectors are exchanged if the hottest atom in thd ayler holds a higher value of
kinetic energy than the coldest atom in the hot layer. The tohetic energy per timestep,
Ae, transfered by these swaps is recorded and the heat fluxtievoktan be calculated.
When the system is imposed to this procedure over time a teypergradient evolves
and the temperature profile can be analysed.

Applying the Muller-Plathe algorithm developed by Mllelathe and Reith [184] a sim-
ulation domain was constructed with, , z) = (4a, 45a, 4a) A containing approximately
2000 atoms. The values affor Cu and Ag are 3.587 and 4.0422 A respectively, with
periodic boundary conditions imposed in all directionsexperiments the heat loss to the
surroundings is an issue but molecular dynamics overcohiedy the use of boundary
conditions. The sizes in x and z directions were four timeddltice parameters, approxi-
mately three times the cutfaadii, which ensures that all atoms are used once in the force
calculation so that no image atoms are required from th@gerboundaries. Initially the
system is imposed to temperature rescaling to 300 K for D0i@fe steps until an equilib-
rium is reached, with integration timestep constant at Zliige direction of applied heat
flux is kept constant for both metals towards yhe [100] crystallographic plane. The sim-
ulation with constant heat flux was run for 200,000 time stegisg NVE thermodynamic
ensemble to evaluate the thermal conductivity at the aectieagperature of 300 K.

The temperature profiles were obtained by dividing the systgo layers and calcu-
lating the average temperature of the atoms in each layayuré{i3.8 shows the linear
temperature gradient for copper block after the simulatiath reached a steady state; simi-
lar temperature profiles obtained for Ag metal. A linear eunas fitted to the temperature
profiles, highlighted in black, as seen in Figlre] 3.8, fromohthe temperature gradient
dT/dywas calculated. The kinetic energy exchange was calcuéatddherefore the heat
flux in the system was determined to be 96.96/8Wfor Cu and 64.77 GWr? for Ag.
Hence, the system’s thermal conductivities at these congitfor Cu and Ag were cal-
culated to be 3.26 and 2.18Min respectively, which is close to the values obtained by
Heino and Ristolainen [100] and almost 10 times lower tharekperimental values.
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Figure 3.8: Dotted line: Temperature profile of Cu in the simulation cell (only one half is show
here). Solid line: linear fitting curve.

The thermal conductivity underestimation of pure MD sintiolas can be overcome by
considering the electron motion within the medium. Whenteters at low temperatures
are traveling through a hot thermal region they can remowgesof the energy introduced
by the phonon vibration and result in decreasing the tenpera Stoneham [225] de-
scribed that electrons have this interesting ability toaceither heat sink or heat bath,
removing or adding energy to the atoms. The first MD study irctvielectron-ion interac-
tions were taken into account by Flynn and Averback [63] afiaion damage in solids.
In pure metals the conductivity is predominantly carriedetgctrons than phonons, thus,
coupling between electron and phonons is required to sblweshergy dissipation issue
associated with processes like friction. The implemeaiteatif the strong coupling between
electron-phonon can be obtained by implementing heatfeaeguations to work along
with the MD code as shown by Finnis et al. [62] in simulationcetlision cascades in
Cu and Ni. Additionally, as discussed in sectlon] 3.2 therevar®us scattering mech-
anisms that occur within the lattice. When atoms collide sainthe kinetic energy is
transformed into heat in inelastic collisions which resirt excitations of bound electrons
of the medium and in excitations of the electron cloud of tre iWhen these collisions
occur electrons slow down, known as electronic stoppingo@ad Victoria [30] not only
considers the strong electron-phonon coupling but corsidiso the electronic stopping
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by introducing a frictional term as will be discussed in &a@B.2.2. Therefore, the follow-
ing section briefly discusses the thermal conductivity @dion by the implementation of
continuum thermal diusion equations coupled with MD.

3.2.2 Two temperature model for thermal conduction

Analysis of the heat propagation in metals is obtained bywlodemperature model (TTM)
equations developed by Ivanov and Zhigilei [120], in whiemperatures corresponding to
the electron and lattice system are described. Combiningl&#ssical MD methods with
the continuum description of thermalfiilision via the TTM an accurate evolution of the
temperature profiles is expected. This hybrid computatiomalel, coupling of TTM-MD,
was primarily used to study the kinetics and microscopic mesms of laser melting
shown by Ivanov and Zhigilel [121], and the high excitatiemdls corresponding to laser
ablation [33] 213].

The energy transfer between the electronic and atomic stdrsg due to electron-
phonon is coupled by the non-linearfférential equation of heat filusion as shown in
Equation 3.Z.2. Ivanov and Zhigilei [120] developed EquafB.2.2 for strong electron-
phonon non-equilibrium due to the fast electronic exatati This model can be used for
test cases where the electron and lattice temperaturesnaostaequal and in cases where
materials have undergone shock wave heating.

oT ,
Cea_te = V(keVTe) = gp(Te — Ta) + 95T, (3.2.2)

whereCe is the electronic specific hedl, is the electron’s temperature, is the elec-
tron’s thermal conductivityy, is the coupling constant for electron-phonon interactgn,
is the coupling constant that corresponds to the energpjoste atomic system because of
the electronic stopping. Finally, the paramélgris the atomic temperature of the system
andT’, (which has units of temperature) is evaluated by the eneatpnioe as described
by Dufty and Rutherford [55] and Rutherford and Du[210].

The difusion Equatiori_3.2]2 takes into account the electron teatye, which is
solved by the finite dference method on a continuum grid. This occurs simultargous
with the MD integration of the equation of motion for the awof interest. The diusion
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eqguation was recently implemented in LAMMPS to model theteten temperature, which
is coupled with the molecular dynamics to account for theegghexchange between the
atomic and electronic subsystems. In this algorithm the traasfer is conducted via an
inhomogeneous Langevin thermostat given by Equation!3.2.3

Mo = Fi) ~ % + FO) (32.3)
wherev; andm is the velocity and the mass of an aterand F; is the force acting on
that atom at time. They; denotes the friction cdBcient due to energy loss arfd is a
stochastic force term with random magnitude and oriematibich includes the energy
gain due to electron bombardment. According to Caro [30] tergy loss represented
by the second term in the right hand side of Equalion B.2.2iddp on the velocity of
the moving atom. As shown in the electron excitation thesygtems with high kinetic
energy cause movement of the electrons to higher energy #ata result the electronic
gas of valence electrons decrease the speed of atoms dedatstim collisions between the
bound electrons in the bulk matrix of the material and ther@ving trough it. This is
known as electronic stopping of ions in soli®&(E) = A, VEx. This is also shown at low
energy limits, which means lower projectile velocity thae trelevant electronic velocity
in the target, i.e. the Fermi velocity in metals, as descripeLindhard and Schér[156].
Thus, at lower velocities the atoms movement is associatddtie rate of energy loss
(dE/dt) and this energy is proportional to theffdrence between the atomic and electronic
temperature. As a result, the energy loss part in Equaiid8 & subdivided into friction
codficients due to electronic stoppingsf, and due to electron-phonon interaction)(
The evaluation of; in Equatior 3.2.13 was altered according to the dtitvelocity, u,. For
Vi > Ug theny; = yp + ys and forv; < up they; = yp.

The implementation in LAMMPS is such that the MD substitutes TTM equation
for the lattice temperature, since the equation couplds dletctronic and phonon temper-
atures. The algorithm assumes that none of the user-sdpmieameters will vary with
temperature. This assumption can be relaxed by modifyiagatgorithm to include the
desired temperature dependency and functional form fooattye parameters, if kept un-
changed a linear temperature dependence is assumed wharindgst for most metals. The
Langevin framework is applied locally on the volumes thadresent the continuum grid
points and couples the temperature of the atoms to an infiedé reservoirs representing
the local electrons. Finally, the TTM scheme allows the fpooation of two independent
codficients of friction for electron stopping and electron-pbornteraction as mentioned
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above; parameters used for MD simulations of metallic Cu ag@&we shown in table_3.4.
The values of mass enhancement parametgr for Cu and Ag are 0.14 and 0.15 £
respectively, these were evaluated from the stopping réatges SRIM by Ziegler et al.
[270]. Dufty and Rutherford [55], used the value bfo evaluate the cdicient of friction
due to electronic stopping for both metals using the Eqoatic= (A, yMe)/ V2.

Properties Copper (Cu) Silver (Ag)
Ce (MJmoleK?) 0.620[183] 0.641[183]
ke (W/mK) 401 [250] 400 [250]

s 1.4 1.12

Yp 0.3 0.19

o (A/ps) 76.02 111.08

e 1/ A3 0.0845 [250] 0.0585 [250]

Table 3.4: Constants of selected metals at room temperature used for MD simulation arhayn
friction.

In sectior 3.Z.11 the thermal conductivity of Cu and Ag metas wvaluated by using a
domain size of X, y, 7) = (4a, 45a, 4a) A; the domain size is larger than the mean free path
of both metals to avoid sizdtects in the value df. This domain was used to perform sim-
ulations activating the TTM algorithm; material propesthown in Tablé 314 were used
for re-evaluating the thermal conductivity of these metalse results show slightly larger
values compared to the values obtained in se¢fion]3.2.Xchadmie 8.74 and 8.81 YKm
for Cu and Ag respectively; however, this is still signifidgirgmaller than the experimen-
tal results. This shows that even though a more sophisticatedel is used to account
for the electron contribution to thermal conductivity, TTidquires a significant number
of experimental variables, which makes the algorithm a lotercomplicated, hence the
implementation is prone to bugs.

3.2.3 Thermal conductivity correction (TKC) scheme

Another way of tackling the under-prediction of the there@hductivity is described in this
section. In section 3.2.2 an attempt was made in order t@cbtine heat propagation by
the two temperature model. This will lead to a temperatueatidal for both the phonons
and electrons within the system. The combination of thentla¢diffusion Equation_3.212
and the classical molecular dynamics methods does notdge@n accurate value of the
thermal conductivity of both Cu and Ag metals. A new algoritivas implemented by the
author in the grid analysis module created by Kalweit [132]is schemes solves the heat
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conduction equation by correcting the thermal condugtiag shown in Equatidn 3.2.4:

1dT dT
g = k- Fm (3.2.4)

where k is the thermal conductivity given By, — kmp. The grid analysis module defines
a virtual grid of cells or grid of nodes to the molecular dymegsrdomain system as shown
in Figure[3.9. This is a three-dimensional Cartesian grid lmctv each node is defined
by indicesi, j, k and the node’s coordinates by;x. Generally, a macroscopic variable,
A; jx of the particular grid node, is calculated as an instantan@werage over N number

of atoms via the Equatidn 3.2.5:

N
Aijk= ) AuN(d, 1) (3.2.5)
a=1
where A,, is the propertyA of atomw, d is the distance of atorw to node given by
d = 1y — X, jk, and finallyl is the grid cell width. Then(d, 1) is the weighting function
evaluated for each dimensiony, andz via the Equatioh 3.2]6:

W(d, 1) = W(d, L)W(dh. [,)W(ds, 1) (3.2.6)

This function depends on the distance of the particle to tiueru, , ,, and the length of the
size celllyy,. The type of the weighting function considered in this waskhe nearest-
grid-point (NGP) in which the properties of the atoms arérelytdependent on the nearest
node, which is defined as:

|
1 dxyy <52

0 otherwise

WNGP(d(x,y,z), I(x,y,)) = { (3.2.7)

To that end, macroscopic variables like potential energgtic energy, pressure, ve-
locity and many more, are calculated and averaged in tim&éewréntre of the grid node
illustrated in Figuré 3]9.

Additionally, an energy transfer scheme was used to apgbcitg rescaling in each
layer. Velocity rescaling in MD simulations is widely usdthwever, the disadvantage is
that momentum transfers due to the change of the velocittpx&cin this application it is
advantageous to eliminate momentum transfer when tramgjexnergy. Thus, the energy
transfer scheme was adapted by first scaling the velocitipxeof the atoms belonging to
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Figure 3.9: NGP scheme assigning atoms to grid points. Atoms are the shaded circlescand gr
points are shown in small black points.

a systemS, by Equatiori 3.2]8:
VLNt — (PTEVIOUS, £y (o (3.2.8)

where £ is a scaling factor and is the additional correction vector for conserving the
overall momentum of the system. The scaling factor and cba® vector are given by
Equatiori 3.2.0 and 3.2.110 respectively, so that the eneaggfered equalyans.

fo |14 Swans (3.2.9)
Exint
c=vs(1-f) (3.2.10)

The correction factorf]) cannot be defined if the energy transfered is smaller than th
internal kinetic energyHqans < Exint). This signifies that the energy transfer is not possible
because one cannot remove more energy than what is availahke system.

The implementation of the algorithms is summarised asvialo

e The MD domain is discretised into grid nodes containing gdarumber of atoms so
that temperature will be evaluated without excessive ndike MD domain resolu-
tions contains layers, which are parallel to the slidingifzce.

e The temperature in each slice will be evaluated at regutarvals,dt.

¢ First the algorithm evaluates the heat flux fm#ent, Cs, of each atomic species as
shown in Equatiof 3.2.11:
Cs=t-(K-A (3.2.11)
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e The kinetic energy added to each layer is then correctedKkigganto account the
realistic thermal conductivity of the materials. This umdés layers in which material
mixing occurs, hence, material concentration was takem é¢onsideration during
these calculations. Thus, the change in kinetic energy at thex that passes in
and out of each layer is calculated by Equafion 3]2.12, whiatvaluated in each

direction x, y and z:

1
3= 5CaCs (3.2.12)

¢ Finally the heat conduction Equation 3J2.4 is solved udnegenergy transfer scheme
to rescale atomic velocities and as a result the temperat@ach grid node without
introducing momentum into the system.

e The algorithm was adapted so that it accounts féfiedent species present in a grid
cell by evaluating the concentration of each atom type.

The verification of the above algorithm was not possible omaio sizes with a very
small number of atoms. It was found that discretising théesgswith grid resolution of
less than 5 to 10 lattice spaces, the heat conduction equatis unstable and therefore
the solution did not converge. The simulation domain chdsenhe verification of the
algorithm was X, y, 2) = (144.6,5.784, 5.784) nm containing 409600 atoms. Figlre 8.10 is
the plot of the temperature profile across the dimension atlvtne heat flux is imposed.
Evaluation of the gradient from Figure 3110 along with thiegktion of the kinetic energy
exchange over simulation time period, which fBeetively the heat flux, gives the desired
value of thermal conductivity for Cu. This value was estindatebe 400.79 WKm and is
in a good agreement with experimental values taken from Véaag [250].

The main limitations of the MD simulations are highlightecthis section and the au-
thor is aiming to give a solution to the under prediction & thermal conductivity for Cu
and Ag metals. An investigation was conducted to resolveltitkerestimation ok, by us-
ing the TTM method however, the results are still not coesistvith experimental values.

In this study the author developed a new algorithm (TCK), inclwithe heat conduction
equation is solved considering the experimental condizf the metals. Validation was
successful resulting in values lbtonsistent with experiments. This is proved to be a major
contribution for resolving the MD limitations and it will besed in subsequent chapters for
dynamic friction numerical experiments.
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Figure 3.10: Temperature profile across x dimension for Cu domain size.

3.3 Mechanical Properties

With the rapid development of nanotechnology and nanoseiethe need to build nano-
components is high for several applications such as memayits and improvements
on CPUs. There is increasing progress towards nanotechndégces which have enor-
mous potential applications in the aerospace industry.sTREMS have a major impact
in applications such as computers, materials, sensotgtacs, avionics systems etc. They
are mechanical systems at a micro-scale that combine mieahanptical, and electro-
magnetic elements with electronics on semi-conductortsatieselectronics. They could
be used as sensors to identify physical parameters in th@ioament (pressure, acceler-
ation, etc.) angr actuators to act on this environment. Development ofeltevices is
important for future exploration of space by improving tlediability of aerospace hard-
ware and performance, while reducing the manufacturingsc@sdditionally, embedding
electromechanical components into earth-orbiting stslbr piloted vehicles and probes
could reduce the overall cost of these missions.
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Copper has received extensive mechanical testing due tacigllent electrical conduc-
tivity and other properties as shown by Heino and Ristola[8€h Copper can be used for
electrical interconnections, which are structures thqtire metals to withstand thermal
stresses when temperature changes. It can also be used énausapplications as a heat
conductor, electrical conductor, and as an alloying eldérobvarious metals for aerospace
and automotive applications etc. The stresses involvedhiglashear strained system have
been often studied by the finite element method (FEM), in Wiglasticity and plasticity
theories are taken into consideration. However, when teeesy becomes very small the
atomistic éfects from the nano-structure have to be evaluated and cechpath results
from the continuum. Therefore, Horstemeyer et al. [109hatathat a good link needs to be
built between the continuum and atomic scale in order torgete the relations between
the structure and properties for plasticity.

There is evidence that atomistic simulations obtained ateme strain rates and size
scales agree with the aspects of plasticity observed inaseaale experiments, according
to Horstemeyer et al. [110]. The plastic behaviour of naystadline metals has been ex-
tensively studied by means of molecular dynamics, thusitheoathis chapter is to give a
brief literature review on the matter and outline the resaftmolecular dynamics simula-
tions that were obtained on Cu for validating the interatopatential developed by Foiles
and Adams|[64].

3.3.1 The response of Cu in dynamic tensile deformation

An important part of this development is the investigatidbth@ mechanical properties of
small scale systems, metal nanowires, typically at sizasekceed 19 atoms to get re-
liable results. Copper has been the centre of attention folyrstudies under high strain
rates with various atomistic potential models, such as EAM efective-medium theory
(EMT) discussed by Jacobsen et al. [124]. Research into tteerdation mechanism of
Cu nanowires has been extensively carried out by computeraiions via the molecu-
lar dynamics method. The work by Wu [258] demonstrates tkaltg obtained on a Cu
nanowire at imposed tensile loading across the [001] diggtaphic direction and at strain
rates ranging from 10to 2- 10° /s. Amongst other properties Wu showed that at the above
strain rates range the yield strength of the metal nanowimeams constant. Thetect of
the strain rate is determined by the reaction of the mateitie external loading, and as
discussed in the study by Wu [258] this reaction will be fadtthe size of the specimen is
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small.

Molecular dynamics simulations of single crystal Cu nanewialso performed by
Liang and Zhou|[155], study the mechanical response undangerof strain rates and
size scales. Liang and Zhaou [155] showed that the modulukasfieity is independent of
strain rates and simulation box sizes. On the other hangj¢ie stress increases with de-
creasing specimen size, by having higher values when thspezimens were tested, and
also increases with the loading rate. Chang and Fang [33] dstnates the results on ten-
sile and fatigue behaviour of nanoscale Cu at various teripess and the work by Chang
[32] shows results on simulations of static and cyclic logdivith increasing vacancies,
also at diferent temperatures.

3.3.2 Molecular dynamics simulations of tensile loading on bulk Cu

The section describes the investigation of the deformatiody on bulk Cu under uniaxial
strain using MD method. The simulations were conducted dneetdimensional system
of FCC Cu and consisted of approximately 2000 atoms usinggierdmundary conditions

in all directions for bulk geometry. The simulation box wasy( z) =(10, 16, 3) A. The ve-
locity verlet scheme was employed with integration timpsiedt=10"1°s. To perform the
simulations two stages were used. The first stage was thébegtion in which after as-
signing the atomic positions and velocities, the systembwasgght to an equilibrium after

60 ps, time sfficiently long to relax the lattice. During equilibration etentire system is
evolved in the NPH thermodynamic ensemble based on the/Noseer pressure baro-
stat. This is &ectively an isopressufisostress and isoenthalpic ensemble, where number
of atoms (N), pressure (P) and enthalpy (H) are kept constduat purpose of applying this
thermodynamic ensemble is to relax the lattice at atmosphenditions of zero pressure
and ultimately having zero stres§ecting the system. The temperature was also controlled
at 300K by rescaling the velocities. Thermodynamic pragsrsuch as internal energy,
pressure, enthalpy, and volume were closely monitored.

The second stage involved collecting all the data which waaioned by simulation
at constant temperature and volume using the NVT thermadimansemble. The NVT
is based on the Nogdoover dynamics to appropriately control the temperatmaéng
the study of the system beyond the elastic limit. The NVT ninestat is suitable for a
simulation box that is changing size and shape with timehiststage the material is being
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deformed by applying a strain rate aB% 10°°/s in the y-direction. The velocity;, was
imposed at which the simulation box length changes; thidfecevely the engineering
strain rate given by = V,/l. The system is allowed to deform until failure, which can
be seen in Figurie 3.1 and the microscopic stress tensdcidaizd for each atom by the
stress-volume equation:

N N
1 1
(Sab)iocal = — | MVaVp + > Z(fi —rj)Fp, + > Z(fi = I)Fy, (3.3.1)
= =

where Gap)iocal IS the local per-atom stress tensor, a and b take values af foythe 6
components of the stress ten&xx Syy Szz S xy S xz Syz The first term of Equation
[3.3.1 is the kinetic energy contribution for an atomThe second term is the pairwise
energy, where atony loops over theN, neighbours of atom, r is the position, andr,

is the three components of the force on atodue to the pairwise interaction with atom
j. Finally, the third term is the bond energy contribution,aendatomj loops over theN,
bonds part of atom, andF, is also the three components of force on atodue to the
bonded interaction with atom

The stress on each atom was calculated using Equation @/8idh is the negative of
the pressure on each atom tensor. As previously mentiohedstthe stress-volume for-
mulation, which means that the calculated value for pemattress is in units of pressure-
volume. Therefore, dividing this value by per-atom volunnas of stress can be obtained.
The individual atom’s volume cannot be easily calculategeeially for solids. Hence, the
stress of the entire syster84)qi00a OF global stress is calculated at every timestep by the
eguation:

N
(Sab)global = % ) Z(Sab)local (3.3.2)
i=1

whereN is the number of atoms in the entire system &nid the volume of the simulation
box. The strain of the simulation box is calculated at evenestep from the definition
which states that strain is the change in length over thenalige = (L — L,)/Lo, Where
L; is the final box length at every timestep dnglis the original length.

Calculating the exact values of the elastic modulus or thstielaonstants without a
degree of uncertainty is fiicult. To obtain Young’s modulus for small values of strains
taken from a second degree polynomial fitted to the streasisturve, as shown in Figure
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[3.12. The constitutive relation is expressed in the fornheféquation:
o = -41439%? + 55.17% + 0.5853 (3.3.3)

Primarily, the yield stress of the material can be estimatedsing the 0.2% proof stress
by drawing a line as shown in Figure 3112 and the intercepgtdsyteld point. This value
was estimated at, = 10.88GPa The modulus of elasticity or Young’s modulus was also
estimated as £109.95 GPa as seen in Figure 3.12, which is very close to impstal
values for pure Cu. In theory the ideal strength of a crystaukhbe }10th of its modulus
according to Ju [130], which is also in good agreement withebtimated yield stress,.
Table[3.5 compares the values of Young’s modulus of Cu agathst experimental and
molecular dynamics studies. By definition, the cohesivengtieis the theoretical stress
that causes fracture in tensile test experiments if matexisbits no plastic deformation.
The cohesive strength is given by the formula shown by J.2BJf1

Ey
oo = / - (3.3.4)

whereE is Young’s modulusy is the surface energy, amglis the interatomic bond length.
For bulk Cu, with experimental values o£E229 - 10° Pa,y=1.79J/n?¥ taken by Barrigaa

et al. [5] and interatomic distaneg=3.615 A the value of cohesive strength is calculated
at 0.=12.33 GPa. The theoretical cohesive strength given by thkl [pAtential is esti-
mated at approximately 13 GPa, which is very close to theraxgatal value calculated
via Equation 3.34.

Tested by: Chang [32] Lebedev[147] Shen [220] Read [201] Epifu
Material Cu Cu Cu Cu Cu

(Thin Film)  (99.89% Purity) (Nanocrystalline) (Thin Film)(Bulk)
Experimental 122.9 100 107
MD simulations 138.8 109.9

Table 3.5: Young's modulus comparison of MD simulations and experimental. Valuesesemted
in GPa units.

3.3.3 MD simulations of tensile loading for Cu nanowire

As previously mentioned, Cu nanowires have been extensstetlied via computer simu-
lations for elastic properties, strength, and yield by masgarchers [118, 50,51, 133,134,
155, 26]. This section presents the verification of the MD els@dgainst results obtained
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Figure 3.11: Stress response of bulk Cu under tensile loading.
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Figure 3.12: Second order polynomial fitting.

by Wu [258] for uniaxial loading of Cu nanowires. The moleculignamics procedure
includes the stages as mentioned in sedtion3.3.2, wheréh@rtattice is relaxed using the
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NPH thermodynamic ensemble at a control temperature dk2@8ing periodic boundary
conditions only in z-directions at which the extension iogdwas applied in the second
phase of the simulation. Table B.6 illustrates the conalitiesed in these simulations, com-
pared to those of Wu [258].

Epiphaniou (Nanowire) Wu [258] (Nanowire)

Domain (19.8,19.8,54.2) (19.8,19.8,54.2)
Crystallographic Direction [001] [001]

Periodic z-direction z-direction
Strain Rate/5) 1.8E9 5.0E+7
Temperature (K) 300 300

Yield Strength (GPa) 7.06 7.11

Young’s Modulus (GPa) 56 62

Table 3.6: MD conditions and comparison between Epiphaniou and Wu'’s model.

According to Wu the yield stress of Cu nanowire across the][804stallographic di-
rection remains almost constant at strain rates ranging ft&+7 to 2E+9/s. This was
verified by the MD model in this study, which gives yield steslue ofoy, = 7.06 GPa,
tested at strain rates of 1.88/s, which is in good agreement with Wu. The calculated
Young’s modulus and the trend of the two lines shown in Fidide are also in good
agreement.

Stress (GPa)

Wu's data: Strain rate of 1E+7 /s
/ — — — — Author's Model: Strain rate of 1.8E+9 /s
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Figure 3.13: Comparison of tensile simulation on Cu nanowire. Wu's [258] against datimardel.
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3.3.4 Shear response in Cu thin films

There are several studies regarding the shear stress sespiometallic materials, amongst
those is the work done by Horstemeyer et al. [110],[57, 1@8jich was obtained using
EAM potentials for Cu, Ni and Al. Horstemeyer et al. [110] sedithe éfects of stress
response under several conditions by varying the crysgafzhic orientation, the temper-
ature, the specimen size and the strain rates varying frdhd 00'?/s. It also aims to
bridge the scales from continuum to atomic and the majorlasian was that yield stress
increases as the size of the simulation box decreases. TheiMlations carried out
in Horstemeyer’s study show a stress-strain response enéral stress dropforegions,
which is very similar to experiments that have been condluote Cu metal "whiskers”
shown by Yoshida et al. [263].

These simulations identify three regions of mechanicadoase, as seen in Figure 3.14
for a nickel block containing 2,242 atoms. These are defigétnécro-yield 1”, in which
the stress-strain response reaches the end of the elagtio.r&he second region is defined
as "micro-yield 2”, which is adapted from macro-scale tlyeof a 0.2% proof stress at
which yield occurs, and finally the third location defined asatro-yield”, which is the
point of maximum stress. The three regions can also be seEiyime[3.15 from Fang
et al. [58] simulating with the same procedure on nickel inedataining 2000 atoms at
strain rates of 1E8/s.

Additionally, the dfects of size and time-scale on the plastic deformation of @stal
under shear loading was also separately analysed also lsyameyer and Baskes [108].
As shown in Figuré_3.16 for small samples, there is littleatefence of the stress to failure
with strain rate. The deformation in this case is primariséic because dislocation motion
or slip cannot progress because of the size. On the other, vamarger samples with
domain systems containing larger tharf Hloms, dislocations are nucleated even at lower
strains rates, and as a result, the yield stress decreases.

The work by Horstemeyer and others used a computationalrbaich free surfaces
in the x,y-directions and periodic in z-direction were irspd. Also, the model is required
to have a large cross-sectional area, therefore four uflitlieknesses are used in the
z-direction for their simulations. Two reservoirs wereatsegl in the top and bottom, con-
taining a few lattice planes, and the remaining atoms wee fo evolve throughout the
simulation. The bottom reservoir was kept fixed by zeroing xhvelocity, and the top
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Figure 3.14: Shear deformation path for Ni, courtesy of Horstemeyer etall [110].
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Figure 3.15: Shear test of nickel box, courtesy of Fang etlall [58].

reservoir atoms imposed at constant velocity to achievelélseed strain rates.

The MD simulations conducted in this chapter are for vetiitcaof the code and the
EAM potential of Cu against previous MD studies. In these $atmons, because of restric-
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Figure 3.16: Comparison of shear simulation of Cu nanowire at strain rate ef9l€ Horste-
meyer’s against author's model.

tions in the command used to simulate Cu, a slightfiedent approach was used to achieve
the same ffect. This means that a strain rate was applied onto the blaCk by changing

its shape and size. The only restriction is that periodiaioiaumy condition had to be used in
the direction of the shear strain. The shear strains werkeapp the xy-direction and the
conditions are compared against Horstemeyer et al. [116§,vas shown in Table 3.7. The
results of this study are plotted in Figure 3.16, in which $hear modulus was evaluated

giving valus of 66.7 GPa compared to 61.6 GPa, in a good agneewith results obtained
by Horstemeyer.

Horstemeyer (Thin Film) Epiphaniou (Thin Film)

Domain (Atoms) 332 4352
Crystallographic Direction [001],[011],[0-11] [001],[@)[0-11]
Periodic z-direction X,y-direction
Strain Rate/6) 1E+9 1E+9
Temperature (K) 298 298

Yield Strength (GPa) 7.55 7.46

Shear Modulus (GPa) 61.6 66.7

Table 3.7: MD conditions and comparison between Epiphaniou and Horstemeyeéis isioglel.
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To conclude, the thermodynamic and mechanical propertiE€G metals were exten-
sively studied to verify and validate the EAM potentialsiagacomputational and experi-
mental studies. The potentials showed good agreement yp#rienental results; however,
the thermal conductivity is greatly underestimated. Thidue to the fundamental limita-
tion of the MD method, which only accounts for the phonon dbation to the thermal
conductivity and not for the free electrons or electronypio interaction. Investigation
was carried out to resolve the underestimation of the thiecoraductivity as discussed in
Sectiorl 3.2.2 with the use of TTM; however, the results d@lenstt consistent with experi-
mental values. The development of a new algorithm, as dseclism Section 3.2.3 leads to
a successful validation of the thermal conductikitgf Cu metal.
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CHAPTER 4

Methodology for molecular dynamics
simulations of sliding friction

"There is in my opinion great similarity between the problesprovided by the myste-
rious behaviour of the atoms and those provided by the préseconomic paradoxes
confronting the world.”

Paul Dirac

This chapter is concerned with the algorithms required tolyaphe desired bound-
ary conditions for friction simulations. These boundarpditions are imposed to prede-
fined reservoirs located several hundred of lattice spaamgy from the interfacial region.
There are two dierent schemes of applying the desired pressure which anessisd within
the text and distinct dlierences are highlighted. Additionally, an algorithm of lerpent-
ing constant velocity also imposed on the reservoirs to taairsliding at desired speeds.
A number of test cases have been performed to verify thatemiféspboundary conditions
the codficient of frictionu is independent of the domain size of the simulation box. Fi-
nally, a brief discussion on atomistic visualisation isgaated to describe the possibility
of observing new structures, kinetic pathways and variolgsarmechanism at the atomic
scale.

73
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4.1 Methodology, simulation setup and procedure

The MD simulations on high speed sliding have been performiéd a normal pressure
of 5.1 GPa and sliding speeds, = {25,50,100, 150 200 30Q...,1000 m/s. The setup
for the MD simulations of sliding is illustrated in Figurel4. The upper slab is made
of copper and the lower slab of silver atoms. Both slabs artegeFCC lattices with
smooth surfaces in contact on the (001) crystallograptdogs and sliding was initiated
in the [001] crystallographic direction. The lattice pargtars that were used for Cu and
Ag are 3.5786 and 4.0422 A respectively; these values wécalated from data taken by
Marsh [170] and confirmed via molecular dynamics simulaiasing an NPT ensemble.
The friction simulations have been performed for two donsazes (y, Ly, L), which are
given in Tabld 4.11. Both slabs are of identical dimension duad thickness (size in the y
direction) isL/2.

T T T T T ]
"t Ft - 4ﬁLaJsF:aprS(r)ir
Cu Slab
’ Ag Slab
e e F, Revoroir
AEEEEREEEEEE
F,

Figure 4.1: Setup configuration with two slabk,, is the normal forcel is the required frictional
force andv, vj are the velocities of the upper and lower reservoirs respectively.

Domain Ly(nm) Ly(nm) Ly(nm) N
(1) 410 320 330 3.1 million
(2) 300 300 100 1.3 million

Table 4.1: Sizes of the slabs for friction simulations.

Periodic boundary conditions are applied in the x and z toes. In the y direction,
the boundary conditions are applied to the reservoirs ompiper side of the Cu slab and
the lower side of the Ag slab (Figure 4.1). The reservoirargi(containing approximately
10° atoms) have a thickness of 10 A (corresponding roughly tddtice planes) in the y
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direction. Simulations have also been conducted on ressmuith thickness of 40 A (20
lattice planes), which showed smalli@irences in the frictional force per unit area. There
are three constraints (boundary conditions) applied togkervoirs:

1. A force,F,, is applied to the reservoir atoms in order to press bothkisléagether
with P, = 5.1 GPa. F, is constant, acts normal to the interface (y direction) and i
distributed equally to alN;r atoms in the reservoir. Thuk,, = P,L4L, and the force
on each reservoir atom { = F,/Ng. There are two algorithms developed to get the
desired pressure, which are explained in Sedtioh 4.2.

2. To keep a constant relative sliding speed, the velooitjes the upper and,; of the
lower reservoir, are kept constant by applying the schersertted in Sectioh 413.

3. The temperature inside the reservoirs is kept at 300 K alyngrthe atomic velocity
vectors,v; in the z and y dimensions. The temperature rescaling isegpd only
the translational degrees of freedom for the particles osizteration.

After the atomic positions have been assigned, the systesqusibrated at rest for
2.7 ps, which is sfliciently long to relax both blocks and the interface. Durigigébra-
tion, the temperature of the entire system is kept at 300 Kdajirgy the atomic velocity
vectors and the normal pressure df &Pa is applied, as described in boundary condition
1.

To start the actual friction simulation, the sliding speeg,is added to the velocities
of all atoms in the upper block angto the velocities of all atoms in the lower block, re-
spectively. The resulting velocity discontinuity estahks the sliding interface between the
two material slabs that would otherwise be connected bywelding. Once both material
blocks move with a speed of relative to each other, the MD simulation is performed for
270 ps with a time steft = 0.0027 ps. The time is long enough for the friction simulation
to reach a quasi steady state, which is recognised by morgttine tangential frictional
force, fiang. Beside the frictional force, the profiles of velocity, termgtere and concentra-
tion are recorded. The measurements are taken every 10§t¢ipseand averaged over 100
values.



76 Methodology for molecular dynamics simulations of slidirg friction

4.1.1 Selection of interatomic potentials for sliding friction

There is a variety of potentials commonly applied in MD siatidns, which are derived
from a range of models with fierent degrees of accuracy. First principles (ab initio) MD
is the most accurate approach, because the calculatior oftdratomic forces is obtained
directly from electronic structures. However, this methoalves extreme computational
costs. Semi-empirical pair potentials such as Morse anddmehJones potential as shown
by Allen and Tildesley! [2] are computationally much mofigaent, but they fail to capture
the physics of metallic bonding. To model interatomic iatgion in metals giciently and
accurately, potentials based on the embedded atom metAdd)(Eave been developed by
Daw et al. [45]. The EAM potential is defined as:

N N
VEAM = X1 Fi (1) +% 2, Ui (ri) (“4.1.1)
i=1 j=1j=

where "
o= ), p(ni). (4.1.2)

The termF; (o) is the required energy to embed an atomt siter; with the electron
densityp; contributed by atom, and N is the number of atoms. The paramd&lgl(rij)

is the core-core pair interaction potential between the atamsi and j separated by a
distancer;. There are several parameters required by EAM potentidiesd@ parameters
are usually determined by fitting experimental data at a egatpre of 0 K with data taken
from perfect crystals, i.e. lattice constants, cohesivergy) elastic constants and vacancy
formation energy, as described in[45| 66]. Most EAM potastproduce forces that are
almost radially symmetric on the atoms. This is satisfactehen modelling materials
with closed shell configuration (Cu and Ag) like most of thensigion and noble metals
that crystallise in an FCC lattice. These types have sphrisgmmetric bonding. The
EAM potentials parameters for Cu and Ag used in the presedysite the ones that are
distributed along with LAMMPS. These have been developetiatidated by Foiles et al.
[66] and Daw et al. [45] using a range of thermodynamic quigsti They produce accurate
properties and phase diagrams for pure Cu and Ag metals aasvielt the Cu-Ag alloy.

Prior to performing friction simulations, the employed EAddtentials have been veri-
fied by calculating the melting points of Cu and Ag using thehudtproposed by [64]. At
atmospheric pressure, the melting point of Cu was determimée between 1250 K and
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1290 K and that of Ag to be between 1100 K and 1200 K, which ageod agreement with
Foiles and Adams [64]. For the pressure of 5.1GPa, whicheasd usthe simulation, the
simulated melting point was between 1500 K and 1600 K for Culd&id K and 1650 K for
Ag, which is in reasonable agreement with the experimeratiaies of 1547 K and 1523 K
for Cu and Ag respectively. It should be noted that these sitiars were carried out under
isotropic pressure and that for the friction simulationgvenstresses are highly anisotropic
the material is expected to melt at lower temperatures.

4.2 Boundary conditions for compression

Molecular dynamics simulations, as opposed to experimangsnot limited by diiculties
associated with obtaining high-velocity high-pressugimes. Hence, modelling of the
metal to metal deformation at high sliding and compressambe achieved as previously
reported by the review of George [74]. Nevertheless, thedities lie more in the nature of
having large system sizes and simulation times in ordertaiophysically relevant results.
Hammerberg et al. [86] showed that for a 2-D/Cu system of lennard-jones particles
with incommensurate interfaces a power law velocity depand of the frictional force is
present for three éierent uniaxial compressions, as shown in Figuré 4.2. MD [sitiains
show that as the uniaxial compression increases the faitifmrce also increases, which
is generally true at both low and high speeds. As the velaatseases beyond the critical
point approximately at 0.75 (Figure #4.2), the frictionalde decreases as compression rises.

This section discusses and compares the implementatibre oéflective plane and the
pressure imposed via momentum flux for compressing metas staether.

4.2.1 Pressure application through reflective plane

The first attempt of applying the desired pressure was odxdidy means of an artificially
defined plane that holds as an obstacle to atoms passing atyasirface. When atoms
are approaching the plane their velocity vectors get reftetd the desired direction by
vi = —v;. This is named the reflective plane and was given a nmgsyvelocity, v;,, and

external plane forcef,,. Applying an external normal force onto the outermost atofns
the simulation domain as shown in Figdrel4.1, introduces emdom and energy fluxes
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Figure 4.2: Scaled tangential force against scaled velocity of a 2-D LJ solid with amin@ansu-
rate interface. 3%, 7% and 11% uniaxial compressions are shown.

into the system. This is because the outermost atoms geeeatesl by the plane to the
desired direction. The implementation of this scheme lgad® uncontrollable energy
transfer. The fluctuation of velocity leads to energy camtyafed to the system causing
the oscillations shown in Figure 4.4. Figlrel4.3 also shtws/ariation in system pressure
over time indicating large fluctuations. Similar behavimiobserved if force is directly
applied to the reservoir atoms by imposing a valuefioE (P,A)/Ngr, whereNr is the
number of atoms belong to the reservoir. The reflective pt@heme evaluates the overall
plane forceF,,, accelarationa, friction factor, f, and updated reflective plane velocity,
Vi, by calculating every timestep these equations:

Frp=fip+ > 2Mvi = Vip f 4.2.1)
ieR
1
a=Fp— 4.2.2
i (4.2.2)
Vip = Vep + @l (4.2.3)

The first examination should be to verify that this plane isg®the correct pressure
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of 5.1 GPa. In order to get quick results a small system hae tcomsidered, in this case
the domain was taken to gy, 2) = (25,100, 8) A. Results show that the summation of
the average force acting on each atom on the reservoir pamds to the desired pressure.
In other words, the actual pressure applied on the upper (Gai)aaver (Ag) reservoirs
was indeed 5.1 and 5.0 GPa respectively. Consequently, signdef a new algorithm
implemented into the molecular dynamics code is requiredéscome the issue of impos-

ing momentum by force, which was achieved by applying presgia momentum flux as
shown in Sectiof 4.2.2.

Pressure (GPa)

1
20 40 60 80 100
Time (ps)

Figure 4.3: Pressure variation at 5.1 GPa: Simulation box containing 1.3 million atoms.

4.2.2 Pressure application through momentum flux

Identifying the issues associated with the reflective pioieme the need to overcome the
uncontrolled energy induced by atoms is required. The idea taken by/[132], which
states that by separating the momentum transfer by str@ssthre transfer of energy flux
by stress could give a solution to the uncontrollable aatidhs within the system. To that
mean a velocity reverse scheme was implemented in LAMMPSéyatthor. The idea
implies that by reversing one component of the velocity @eet of an atomi introduces a
momentum on the atom which is equal tm &, however, its energy remains unchanged.
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Figure 4.4: Potential energy variation: Simulation box containing 1.3 million atoms.

This idea implies that pressure should be applied in the fermomentum flux, hence
starting from Newton’s second law:
dv _m dv

Fi=mai:pi'A=m'd—t|:pi—K gt (4.2.4)

By rearranging Equatidn 4.2.4 the momentum flpx,applied on each atom is obtained:
m-dv = p-A-dt (4.2.5)
wherem - dv; is the momentunp; on each atom, thus Equatibn 4]2.5 becomes:

pi=p-A-dt (4.2.6)

Figure[4.5 illustrates the idea behind the algorithm. Theeste implemented by the
author uses the idea of searching for the atom with the higlosstion so when this atom is
located momentum is applied corresponding to the desiresspre as shown in Equation
[4.2.6. Additionally if the velocity sign was not the expeat{éor instance travelling toward
the lower block in the positive direction), then this sigrdtia be reversed. By reversing
the velocity an extra momentum is introduced to the system this had to be subtracted
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from the overall momentum in each timestep. The amount of emum to be subtracted is
Ap = 2m;. As the simulation progresses the overall pressure appléedobserved to be
that desired with less oscillations of the total and potdm@nergies of the overall system.
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Figure 4.5: Schematic representation of pressure applied on reservoirs.

4.2.3 Results of small scale system

Compressing GiAg materials at desired pressure of 5.1 GPa was obtainedfoanh size
of (x,y,2) = (25,100 8) A containing 1278 atoms in total. The reason for choosing thi
small domain was to obtain results relatively quickly. A d¢me seen from Figurds 4.6
and[4.7, the scheme shown in Section 4.2.2 achieves begtenakdynamic equilibrium
compared to the reflective plane method. Temperature \@rialso looks better compared
to reflective plane in Figuiie 4.8. Nevertheless, in both €#se average force acting on the
reservoir atoms corresponds to the desired pressure whiEAGPa. Table 4.2 illustrates
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the results of each method.
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Figure 4.6: Pressure applied through momentum flux and reflective plane tool.

Cu Reservoir (GPa) Ag Reservoir (GPa) Scheme

51 -5.0 Reflective plane
5.0 -5.1 Momentum flux

Table 4.2: Pressure acting on the reservoirs using the two schemes.

Finally, an additional command was implemented into the MBecand this is to apply
a tangential force acting on the reservoirs. The idea wapyitya force in the x direction
so that the velocity of each atom is kept constant. In genkealrictional force is defined
as the force required keeping the relative motion betweerbtacks. The sliding direction
took place in th&€100) of Cu(010) on Ag(010) crystallographic planes.

4.3 Method of applying high sliding speeds

This section presents the method used to impose a constacttyen all atoms on the
reservoir region of the simulation box. The purpose of mgkims was to keep a constant
sliding speed. The velocitieg of the upper and, of the lower reservoir, are kept constant
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Figure 4.7: Comparison of potential energy betweeffelient tools.
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Figure 4.8: System’s temperature variation. Momentum flux and reflective plane coraparis
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so that the relative sliding speedis given byv, = 2v, = 2v, the upper and lower velocities
are equal in magnitude butftBrent in direction\{, = —v;). This is achieved by correcting
the velocities of each atom at each time step. The velocitjove;, of each atom of the
upper reservoir is corrected by:

Nrcu
V, AU
Vix = Ui + (Ef - v;,) With v = ) vy (4.3.1)
i=1
whereNgcy is the number of atoms in the copper reservoir gni$ the corrected velocity
for the upper block. The tangential for€ethat is required to keep the constant speed can
then be calculated by

Ft — ITbuNRCu(:I- )

-V, =V
ot 2" v

wheremg, is the atomic weight of copper anil the time step of the MD simulation.
The algorithm was created such that the desired constantityetould be applied in any
direction, however in this simulations constant velocigsvapplied only in the x-direction.
The atoms in the Ag block were handled in the same way.

(4.3.2)

4.4 Evaluating sliding friction and interfacial thickness at
several domain sizes

The algorithms described in the previous sections of thaptdr for applying pressure
in the reservoir regions as well as to keep the velocity @risthave been successfully
implemented in the MD code and validated to ensure the akswaditions. The aim of
this section is to analyse and validate the frictional matetonditions of high relative
speed. This work was conducted for a/&g tribopair at relative sliding speeds of 200am
at different simulation domain sizes to evaluate theffooient of friction (CoF) u.

Table[4.8 presents the results obtained from sffedgnt domain sizes, starting from
an initial domain of (x,y,z3(70,380,60) A and varying the x, y and z dimension appropri-
ately. Initially, both materials were compressed to eatieioat pressure of 5.1 GPa with
controlled temperature of the entire domain at 300 K. Afguikbration, relative sliding
speed ofvs=200 m's was imposed for simulation time of 270 ps. The limited nurdfe
tests performed show the friction d@eient is independent of the simulation domain sizes.
Nevertheless, to confirm the trend shown in this study, aatdit simulations are required
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at different velocities and domain sizes. The frictional forcey@t area F/A) indicates
an increase as the x and z dimensions increase. Neverth#le$sA remains constant
when the y-dimension is doubled, which is also shown in tesltained by Hammerberg
et al. [90].

Interfacial thickness (IT) is the region in which Cu and Agratocoexist during the
above sliding conditions. It was shown that a small chandkerx, z dimensions does not
affect the interfacial thickness. However an increase in IThiseoved if the x, z dimen-
sions are tripled in size, which shows that the interfa¢ialkness changes by varying the
simulation size.

Atoms (xyz)A CoFf) F/A(GPa) IT(A)

12010° 7038060 0.263 1.335 19.8
19710° 70380100 0.296 1.520 19.8
58910° 70380300 0.270 1.367 27.0
16910° 10038060 0.273 1.393 19.8
51210° 30038060 0.294 1.521 25.2
12910° 70700 60 0.260 1.337 23.8

Table 4.3: X, Y and Z dependencies at relative sliding speeds of 260 m

4.5 Atomistic visualisation

Atomistic visualisation plays a vital role in materials netidg when systems with an in-
creasing number of atoms are involved. Important matemaissic and other properties
such as Young’'s modulus, fracture, yield stress, sheassgseare associated with me-
chanical deformations, defects, dislocations and fricitosolids and thin films. Materials
become deformed or distorted upon the application of eatdorces, displaying a small
region in which the deformation is reversible, the so-ch#éastic regime. If this external
force is increasing the deformation then becomes irrevieraind this deformation remains
after the force or stress is removed, the so-called plasgone. This area of research
poses an interesting computational challenge for atoenesticulations and therefore the
visualisation of large-scale models is necessary to obsextated phenomena. As dis-
cussed by Lil[152] visualisation is not a software enginggproblem but also a physics
and mechanics issue. The main function is to discover nayetsires, kinetic pathways
and micro-mechanism with atomic resolution.
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One of the main drawbacks of atomistic simulations are thgel@omputational re-
sources necessary to perform the simulations and theudiy of analyzing the outcomes
of these simulations. In other words post-processing thelts by accessing enormous
files typically 1 to 3Gb size in simulation cases ranging frbo 3 million atoms, could
be a relatively slow process depending on the computer fig@ns. There are several
visualisation softwares for scientific research avail&lyipurchasing license such as Mate-
rials Studio, HyperChem, CAChe, Cherfii©e, etc. and several others which are free and
accessible to everyone such as VMD developed by Humphréy{@i&], Rasmol by Sayle
and Milner-White [212], Raster3D by Merritt and Bacon [178]pAtsViewer by Sharma
et al. [219], and AtomEye by LI [153].

The purpose of this section is to show the results taken ugM® and AtomEye
applications. These are the two applications primaralg us¢his work. Visual molecular
dynamics (VMD) was widely used for day-to-day research @pshot is given in Figure
[4.9), however its capabilities were not enough to show hasvrtficrostructure changes
under conditions of high pressure and sliding forces. Astioead previously, the present
work attempts to gain further insight into the atomic digglaent processes taking place at
sliding interfaces by employing molecular dynamics sirtiates along with the appropriate
software for visualisation. There are several parametaramalysing defects, amongst
which are the coordination number as shown by Callister [28] the central symmetry
parameter or centro-symmetric parameter.

To analyse how the microstructure evolves due to the higespre and sliding speed
conditions the centro-symmetric parameter was used. Asasune of the local lattice
disorder, the centro-symmetric parameter as describecelphKer et al. [140] is calculated
for individual atoms and its value characterises whetheatbm is part of a perfect lattice,
a surface or a local defect, such as a stacking fault or aadistm. For FCC materials,
e.g. Cu and Ag, each atom is surrounded by 12 neighbour atorith whn be sorted
into 6 pairs of opposite atoms. To calculate the centro-sgtrimparameter for an atom
I, the positionsyj, of its 12 nearest neighbour atoms £1j < 12) are sorted in such a
way thatr; andr.¢ are opposite in respect to the position, of the central atom. The
centro-symmetric parameter is then given by:

6
G = |Rj+ Ry . (4.5.1)
=1

whereR; = rj — r; andR.s = 7j.6 — 7; are the vectors from the central atoro a pair
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of opposing neighbour atomsand j + 6. If atomi is embedded within a perfect lattice,
each of the 6 summands is equal to zeR) & —Rj.s) and, hence, the centro-symmetric
parameter is also zer@;(= 0). For imperfect lattices, the vectorg; and Rj.¢ are not
exactly opposite resulting in positive values of the ceistymmetric parameter that reflect
the degree of material distortion.

Figure 4.9: Snapshot of VMD at 400 fs.

Therefore, it was necessary to find an application that hasdipability of colouring
the atoms according to a scalar value, i.e. centro-symmaggrdination number. Figure
[4.70 illustrates the final state under the application ofG@h pressure upon a domain
size of (x,y,2)=(30,60,10) nm, which contains total 1.3 million atoms asvahin Table
4.1 (Domain (2)). Atoms were coloured according to the @esyimmetric paramete;,
and as can be seen no defects were recorded. The upper geetG@sitand the lower is
the Ag, the interface is clearly shown were the colours ofatoens are slightly dierent.
Additionally the results of the particular domain size asedbed in chaptdr]5. Figufe 4]11
is a snapshot of the same system (Domain (2) of Table 4.1hta&doth slabs slide with
relative velocity of 100ns.

AtomEye developed by LE?)] was choosen to be the betteoopind this is because
of the great functionalitiesftered. Amongst those are parallel and perspective projec-
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Figure 4.10: Visualisation of 1.3 million atoms with AtomEye software.

Figure 4.11: Sliding of CyAg at 100ms.
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tions with full three-dimensional navigation; customiibonds and coordination number
calculation; colour-encoding of arbitrary user-definecufities; calculation of the local

atomic strain invariant; periodic boundary condition skations capability, high-quality

JPEG, PNG and EPS screenshots; and animation scriptingoiirhat of the files used by

AtomEye was CFG (with file extension *.cfg), thus a file coni@ngool was necessary to

convert LAMMPS dump files with atomic trajectories apprapei CFG format.
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CHAPTER 5

Molecular dynamics simulations of dynamic
friction

"We build too many walls but not enough bridges.”

Isaac Newton

Nanotribology studies are required to develop fundamemdeérstanding of the interfacial
phenomena taking place on a small scale. Frictional stuthee applications on high-
speed machining, ballistic penetration modelling, micamomechanical systems (MEM-
S/NEMS) and many more due to the need for investigating thevbetnaof rapidly mov-
ing interfaces. This chapter discusses the investigatidheovelocity weakening of the
frictional force and the structural transformation of narystalline tribopairs. The heat
dissipation in the proximity of the interface and its redatiwith the atomic dtusion and
hence material mixing is also discussed.

5.1 Introduction

The phenomenon of friction at high speeds has been studie@dyus researchers [84,
85,/141]. Generally, modelling of sliding at material irfitéeres requires a thorough under-
standing of friction phenomena occurring at the atomigtel and at a nanoscale. Rigney
et al. [206] showed that these include phase changes amiigatructural transformations

91
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which are accompanied by composition changes due to mlateisiang that develops at
the interface of these systems. Friction is a dissipatieegss that converts the kinetic
energy of the sliding materials into heat, increasing theperature in the proximity of the
interface. For high sliding speeds, the temperature excégmdmelting point and a film of
liquid material forms at the interface. Since the liquid fiposes less restriction to slid-
ing, the frictional force is significantly reduced. This isdwn as velocity weakening of
the frictional force and has been demonstrated by the egpgranental work of Bowden
and Freitag/[21] on friction of metal on metal at high slidisjgeeds. The earlier work by
Bowden and Thomas [25] and [23] on various tribopairs showatthe frictional heating
on the interface raised the local temperature to very higél$e although the temperature
of the metal away from the sliding surfaces was quite low. dexpental studies of Bow-
den and Persson [22] and MD simulations by Hammerberg andeRi{85] confirmed
that for metals substantial velocity weakening occursciimust be attributed to melting.
Furthermore, experiments of Rigney et al. [205] have shovamaztteristic microstructural
changes during ductile metal sliding, which indicate a hjgirained plastic region near
the interface.

Understanding of the mechanism of velocity weakening,cttinal changes, and dif-
fusion at the interfaces is important in order to have a ceteppicture of the physics
that control the forces acting across materials interfacbsre have been few attempts to
model these phenomena. Continuum models are largely inateince they are unable
to model important complex physical phenomena at the mterfind, thus, a microscopic
analysis is required.

The following section present the results of large scale NMbDutations of dynamic
friction at CyAg interface under high compression forces and high slidipgeds. The
atomic information of the MD simulation allows a detailechbysis of the frictional force
versus sliding speed, structural changes at the interéiffasion in the proximity of the
interface, the development of the heat dissipation and ¢éeatpre profiles.

5.2 Results and discussion

This section analyses the results obtained by the MD dynémotton simulations. If not
stated otherwise the presented results refer to simuldbomain (1) with the dimensions
given in Table 4.1. As described in the previous sectionfribgonal force,F,, approaches
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a plateau value during the simulation around which it fluesa The level of the plateau
can be obtained by averagitg in time, once the simulation has reached a steady state.
This is shown in Figure 511 for the casewf= 200 nys.
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Figure 5.1: Frictional force per unit area at 20@srelative speed.

In Figure5.2, the averaged valuesef(normalised to the surface arkg.,) are plotted
against the relative sliding velocity for both domain sizes. The graphs show that at low
speedsy; < 100m's), the frictional force is low and increases linearly. As #fiding speed
increases further, the increase of the frictional forcevsladown and peaks at 200/m
(critical speed). Increasing the sliding speed furtheddeto a decrease in the frictional
force, approaching a plateau.

The curves are compared with the results obtained by Hanergeebal.|[89] for sliding
friction of Cy/Ag, for the same geometrical dimensions as case (1) (Tall)e A.smaller
domain size is also presented in case (2) (Table 4.1) corgist approximately 1.3 mil-
lion atoms to confirm that in these simulations the domaia dizes not play an important
role with regards to the critical speed. The trend in all ¢hcases presented is consis-
tent, although the point of maximum frictional force pertuariea is higher in the results
from Hammerberg. The fference can be accounted to contributions of tiiedint inter-
atomic potentials use@}lfor the simulations. The interatomic potentials used is gtudy

'Email communication with James Hammerberg
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were developed by Daw et al. [45] and Foiles etlal| [66], wasrie potentials used by
Hammerberg were developed by Johnson|[129] and are deddnb8prague et al. [221].
Another reason could be that Hammerberg used a simulatios of only 135 ps. This
time was too short in some cases to reach a steady state arefptie, the simulation time
was doubled to 270 ps as seen in Fiduré 5.1. For the simusaiuith speeds greater that
400 nys, Hammerberg used rough surfaces and reported that theoediference to the
results of simulations with smooth surfaces. This is lolgicane considers that at higher
speeds the interface liquifies so that surface featuresemteaged almost instantly after
commencing the sliding motion. All simulations in this sgpudere conducted on smooth
surfaces and the results proved to be consistent. It cammducked that the original surface
structure plays an unimportant role for the sliding pro@ssgpeeds greater than 400sn
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Figure 5.2: Velocity weakening phenomenon of the frictional force.

Figure$ 5.B and 5.4 show the visualisation of thgAgsystem for relative sliding speed
v, of 200 nys at initial (27 ps) and final stage (270 ps); the atoms areucetbaccording to
the central symmetry parameterusing the AtomEye visualisation software developed by
Li [L53]. In these pictures only atoms with(B < ¢ < 0.05 are visualised. This excludes
atoms which are embedded in a perfect FCC crystal and viegaditoms that are part of
stacking faults (intrinsic stacking faults are visible ahtro-symmetry value of 0.042 in
FCC crystals). Some of the isolated atoms visible do not lgetorplanar stacking faults,
but represent local faults in the crystal structure. Forrelative sliding velocities (25 1fs),
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no indication of significant defects in either the Cu or the Aapsould be found. Fov,
above 50 nfs, a highly localised region of dislocations on both materegppear near the
interface. Figuré€ 513 shows dislocations for the case of 200 nys shortly after sliding
commences. Within the softer material (the lower block oj,Atislocations that originate
from the interface have progressed outwards. At the timashone stacking fault has
already reached the reservoirs. The harder material (tperuplock of Cu), shows no
indication of deformation. At later times (Figure b.4), bdlocks are plastically deformed,
and atoms near the interface show amorphous characteristecto the high temperature,
which is near the melting point of Ag.

T 0.03

Figure 5.3: Visualisation of the central symmetry parameterAdt = 200 ny's speed at 27 ps. The
upper block is Cu and lower Ag.

5.2.1 Pressure equilibration and atomic difusion

This section addresses the physical properties of sokdfades. Interfacial issues in mate-
rials have been investigated by several researchers avgetrs. Wolf|[256] distinguishes
the diference between geometry and structure of an interface. cabégiorisation is due
to the fact that lattice-parameter changes in the intafaegion (CyAg) cause interfacial
stresses that have affext on the physical properties and chemical composition thea
interface.

The understanding of the atomicfldision across the interfaces of solid materials is
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| 0.05

0.03

Figure 5.4: Visualisation of the central symmetry parameter &M = 200 mys speed at 270 ps.
The upper block is Cu and lower Ag.

crucial for explaining the transformations of the matestlicture of metal surfaces that
have been subject to high speed friction. Also, controltiregdifusion process is the key to
several technologies such as weldi E;Jo 34] and areasvdysiamic friction dominates,
i.e. friction stir welding @B?]. Welding using the ftion stir technique influences
both the material flow and the heat generation caused byittiefral force and the applied
normal load. 1] showed that an interesting characterigtthe Cu-Ag system is the
immiscibility at temperatures below 650K due to the peciiles of the eutectic point
of the alloy. Indeed the mixing of Cu-Ag is only obtained atHheg temperatures and
formation of amorphous Cu-Ag is observed in this study. Molacdynamic simulations
provide the opportunity to calculate the atomifasion codficient, D, directly from the
mean square displacement (MSD), which is a measure of thageelistance a molecule
travels. The definition of the one dimensional MSD is:

MSD =

pd =

N
D In(® -r(0F (5.2.1)
i=1

wherer;(t) is the position component of atonm the respective dimensiony or z at time
t. Using the Einstein expressi@?S] théfdsion codicient, D, is obtained from the one
dimensional MSD by:

t—oco

(1
D = lim (EMSD) (5.2.2)



5.2 Results and discussion 97

Prior to the investigation of the MSD under sliding conditidthe difusion across the
interface was measured at rest while applying the normaispre. Previous studies con-
cerning atomic dfusion at certain pressures have been reported by Chen eSRhlT[3is
work studies the diusion bonding of Cu-Ag slabs at pressures of 50, 100 and 150 MPa
at three diferent cooling rates. The system is heated at a temperatE06fK and then
cooled down, transforming the interface from amorphous toyatalline structure. The
stress applied plays an important role ifftasion showing that at lower pressure values,
l.e. less than 100 MPa, there is no significarffudiion observed. The thickness of the
interface is associated with pressure; higher normal presgsults in a higher thickness
of the interface. In this study the interfacial thicknessassidered as the region in which
both materials (CifAg) coexist. This work shows that there is little atomidcfidsion be-
tween Cu and Ag blocks during pressure equilibration. Thelyet percentage material
concentration versus the y dimension indicates an inteffaegion value of 4.5 A, which
Is insignificant.

5.2.2 Mean square displacement (MSD) at various speeds

An example of the MSD results obtained at various speedssiudsed in this section.
The MSD was calculated in the z-dimension, as x and y-dino@ssare biased due to the
simulation setup. As can be seen in Figuré 5.5, thusion of Cu atoms increases for
higher relative speeds. The same is observed for Ag (Figéhe though the MSD values
are slightly higher than those of the Cu atoms. This is expesitece silver has a lower
melting pointT,, than copper and the transition of Ag from solid to liquid phasppens
faster than that for Cu, especially near the interface.

Furthermore, three fierent groups of atoms were defined within the Cu block accord-
ing to the geometrical regions in Takle 5.1 to investigate MSD at diferent distances
from the interface and, in particularly, the state of theifécial atoms. The lower region
starts directly at the interface, which is located @a2$0 A and the upper region extends to
the beginning of the reservoir at860 A. Figurd 5.7 shows that near the interface (lower
group) the difusion is much higher than in the middle or the upper groupsis Ehan
indication of transition from solid to liquid phase in thdarfacial region; the y-direction
MSD results of the lower group also confirm this.

Although the calculation of the MSD is a good tool to analybage transition, it is not
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MSD (Z-direction)

Figure 5.5: Z-direction MSD of Cu atoms at relative speeds of 25, 200, 800 andn/800

30

25

20

15

10

Region xlo,xhi (A) ylo,yhi (R) zlo,zhi (A)

Lower 150, 180 210, 240 0, 330
Middle 150, 180 280, 320 0, 330
Upper 150, 180 330, 360 0, 330

Table 5.1: Regions of the Cu groups for calculating MSD.
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Figure 5.6: Z-direction MSD of Ag atoms at relative speeds of 25, 200, 800 andrb@00
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Figure 5.7: Z-direction MSD of Cu lower middle and upper groups; Obtained at relapezd of
200m’s.
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accurate for measuring the mixing across the interfacealtieetvarying rate of diusion in
time and space along the y-axis. THheeets in the y-direction are mordhieiently captured
by evaluating material’s concentration percentage. Theysbf the material’s concentra-
tion percentage across the y-directions reveals the migirnge interfacial region. The
simulation box is initially set up so that the interface be¢én Cu and Ag block is at the po-
sition of y= 210 A. Nevertheless, the position is slightly shifted wheplging the normal
pressure because of thefdrent compressibility of the two materials. The conceirat
of Cu and Ag atoms along the y-direction fofférent sliding speeds at 270ps simulation
time are shown in Figurés 58, 5.9 dnd 5.10. To measure tbdaotal thickness, the same
criteria as Chen et al. [35] were applied, who consideredttegface (mixing region) to be
limited by a concentration threshold of 5%. Using this erétethe interface thickness can
be determined from the concentration plots. Figlres|5.t(bahl also show that the inter-
facial region consists of both Cu and Ag atoms. As can be seam, 25 to 1000 ifs the
interfacial thickness increases dramatically giving ealof 19.32 A, 27.37 A and 83.72 A.
Carefully examining these figures one can observe that te€face stretches further into
the Ag side than into the Cu side, which indicates that more Gmsidifuse into the Ag
block than Ag atoms into the Cu block. That is consistent witlei€h study[35] and can
be attributed to three causes: (1) the temperature in thelddk lis higher than in the Cu
block; (2) together with the lower melting temperature oftAgs enables a fasterftlision
within the Ag block (compare MSD for Cu and Ag in Figufes|5.5 &i); (3) the smaller
size of Cu atoms may allow them tofiise faster through Ag.

Finally, in Figure 5.1P the interfacial thickness is plattagainst time (both axis are in
logarithmic scale) for sliding speeds of 25, 400 and 100) rAs expected, the interfacial
thickness increases in time for all sliding speeds and remses faster for higher sliding
speeds. Hence, theffiision is significantly higher for higher sliding speedsuiesg in
thicker interfaces after the same simulation time. At aistjspeed of 25 iis, the interfa-
cial thickness reaches a maximum value. However, that dotdsappen for speeds greater
than 25 nts within the simulated time of 270 ps (compare the 4@€ ourve). Thus, the
simulation time was doubled to 540 ps for the highest slidipged of 1000 8 to inves-
tigate the further development of the interface. One cartlsztethe interfacial thickness
flattens, but still does not reach a plateau within this time.
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5.2.3 Heat dissipation across material interface

When solid materials are in contact and slide at specific ¢mmdi, the frictional force
dominates. This provides resistance to motion and heabuged at the interface, rais-
ing the temperature of the system to very high values as showarly experiments by
Bowden and Thomas [25] and Bowden and Ridler [23] on Cu-steekt€al; Pb-steel and
Constantan(Cu-Ni alloy)-steel tribopairs. This work proveat the local surface tempera-
ture was very high, exceeding values of 1273 K at sliding dp@é up to 50 rys, although
the mass of the metal was quite cool. The temperature distibnear the surface depends
on several parameters such as normal load, sliding speef@ic@nt of friction and ther-
mal conductivity of the material, as shown by various maoopg and atomistic studies
[204,115, 151, 96]. Plastic deformation during sliding apdays a key role in the tem-
perature evolution of the material near the interface; riegally contributes most of the
frictional heating, as observed by Li et al. [151] for Ni-MJ-Al and Ni-Al tribopairs.

In these simulations plastic deformation is not recorded af less than 50 ris, and the
temperature near the interfacial region remains low, bél@mmaterials’ melting points.

To determine the temperature distribution across the maateterface, the local instan-
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taneous temperatuiieis calculated by:

2B
~ 3Nkg

T with Ey = % - (5.2.3)

N
i=1
whereEy is the internal kinetic energy & number of atomskg is the Boltzman constant
andvis the local instantaneous velocity of tNeatoms. The simulation domain was divided
along the y-axis into layers consisting of approximatelyQ® and 18000 atoms for Ag
and Cu respectively. The velocity and temperature profilag wemputed every 100 time

steps and averaged over 100 samples.

As previously discussed, the transition point of the faoal forces is at a speed of
200 s in this model. By investigating how the temperature evohesss the interface an
interpretation is given on why the transition occurs eathan that observed by Hammer-
berg et al.[[89]. In Figure 5.13 the development of the terapee profile is plotted for a
speed of 200 is. At 220 ps the temperature at the interface reaches appaitedy 950 K,
which is close to the melting temperature of Ag. One can fbeeeexpect the onset of
melting and the formation of a liquid film at the interface dag¢hermal softening. Figure
also presents the (%) concentration of each matersélde that the temperature rises
first at the interface and not within the plastically defodwmeaterials. Figure 5.14 shows
the temperature profile for the sliding speed of 308.rklere, the temperature at the inter-
face reaches approximately 1250 K, which is already clogbdamelting temperature of
Cu. Thus, a liquid film at the interface will be present, redgdhe frictional force through
lubrication.

At higher sliding speeds the temperature near the intenfaaeases further; in the
simulations obtained in this study at a sliding speed of 100®the interface temperature
reaches values of approximately 2000 K. Undoubtedly, tileence of temperature on the
mechanical behaviour (i.e. plastic deformation in closximity of the interfacial region at
times ranging from Z — 5.4 ps) changes the friction force per unit area, this onlyiapb
higher speeds usually greater than 408 because of the severe high strain rates imposed
on the interfacial region.
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5.3 Molecular dynamics limitations

The MD methodology used in this chapter provides physicsigint into the mechanisms
of dynamic friction at the scale of the atomic lattice. Hoeg\the quantitative behaviour
of integral properties, such as the friction force per unéaa is subject to two sources
of systematic error: under-prediction of thermal condutgtiand artefacts arising from
the reservoir boundary conditions. The nature of thesesand their impact on these
simulations are discussed in this section.

An important approximation of classical MD is that only theton of the atomic
cores are simulated directly. The average contributiontbe@glectrons are included in the
empirical potential functions, such as the EAM potentiahisTsimplification reduces the
computational cost and allow one to perform MD simulatiorigh\several million atoms.
However, it introduces a significant limitation when MD isedgto simulate physical pro-
cesses in which thermal conduction is important, such aamymfriction at extreme con-
ditions. In metals, the internal kinetic energy (heat) isiducted by two mechanisms,
through phonons and through electrons. MD only accountth&contribution of phonons
(atomic vibration) to thermal conductivity, but does notaant for the free electrons or
elecron-phonon interactions, which provide the dominaatimanism for thermal conduc-
tion in metals (see for example the work by Heino and Ristelaif100]). Therefore, in
friction simulations, MD will tend to under-predict the eadf heat loss by conduction to the
bulk metal, and hence over-predict the rate of temperatseeat the interface. However,
other thermodynamic properties and mechanical propeatiesvell represented by MD.
MD simulations have been conducted in Chaptef 3.1 to evaludtemodulus, thermal
expansiornr, melting pointsT,, and heat capacitigs,, for Cu and Ag metals and results
are in agreement with experiments. Nevertheless, the tleromductivityk prediction of
these metals using MD is very poor as explained in Chaptell.3.2.

The imposition of time-invariant reservoir boundary cdimtis for temperature and
velocity also presents sources of systematic error. It cesgary to provide a heat sink
at the reservoir in order to mimic heat conduction into thé& buetal and hence limit
the temperature rise in the domain. However, one-dimeasioontinuum calculations
following the method of Winter et all [255] show that the teergture at the reservoir
location is not constant on the time scale of the MD simurejdut rises significantly with
time, further details are discussed in the secfioh 5.4. ébtigig this &ect will tend to
steepen the temperature gradients in the domain, leadiaug itacrease in conductive heat
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losses. The constant velocity boundary condition has ffeeteof trapping shear waves
within the domain. When the relative sliding motion is inizad, elastic shear waves are
produced at the interface that propagate into both magerialreality, these will proceed
unhindered into the bulk material, but in the MD simulatitimsy are reflected back towards
the interface, modifying the velocity distribution. Sudflections are the likely source
of the oscillations observed in the calculated frictiondtmstories (see Figuie 5.1). In
order to address these issues, a new methodology is unddogment by Barton et al.|[6]
in which the MD domain is coupled to a continuum code deveddme Barton et al.|[7]
in order to provide time dependent boundary conditions tierMD domain. The initial
results shown by Barton et al. [6] are very promising becabisarswaves can travel away
from the sliding interface and do not influence the slidingalyics.

5.4 Continuum simulations of CyAg interfaces

In order to verify the molecular dynamics limitations of ilneder prediction of the thermal
conductivity and shear wave reverberation due to the bayratanditions, as described in
Section 5.8, the author conducts a comparison of the MD sitionls of CyAg tribopair
against continuum simulations of the dynamic friction. Tdeatinuum simulations were
conducted at AWE's facilities using the algorithm develofsdWinter et al. [255]. In
this section, a description of the 1-dimensional hydrocisdgiven, which was used to
simulate the C(Ag sliding as specified in Sectidn 4.1 for a relative slidingocity of
CuAg tribopair at 200 17s.

The time dependent behaviour of sliding interfaces sultgedynamic friction was ex-
plored. The algorithm gives an insight into shear deforamaprocesses work hardening,
thermal softening, melting, and heat conduction when dyadmction is initiated. Calcu-
lation of the shear strain is obtained as a function of pmsitind time, which is used by
the Steinberg-Guinan constitutive model developed bynSag et al.l[222]. In this model
the yield strengthg; is given by Equation 5.411. The first term on the right hane sifi
Equation 5.411 represents the work hardening, the secondisethe pressure hardening
and thermal softening and the final term which is an expoaktetim gives the rapid decay
in flow stress as the temperature approaches the melting poin

7y = min[oyo (1 +Bep) + Tyiman]- [1+ gP— h(T — 300)]- exp(—0.00:Ll_ T_ T) (5.4.1)
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whereoy, is the yield strength in the reference statgis the plastic straing, n, g, h
are material dependent parametd?ss the pressure, and, T, are the temperature and
melting temperature respectively.

The rest of the components of deviatoric shear stress ateated and the pressure is
kept constant throughout the simulatioe31 GPa. A staggered mesh is used, in which
velocity and mass are node-centred, while the other vasadie cell-centred. Two coinci-
dent nodes are placed at the material interface, one forreatdrial, to capture the sliding
velocity discontinuityAu. The code is using the predictor-corrector scheme to iateghe
governing equations. The friction shear stress is assumbd timited by the flow stress
of the weaker material (which is Ag) as determined by the vadasels! yield criterion in
pure sheartmax = oyt/ V/3). The heat flux supplied at the interface due to frictioredth
ing is estimated from equatign 5.4.2, and is partitionedvbenh the materials to maintain
temperature continuity at the interface.

O = rAu (5.4.2)

The mesh spacing at the interface was 0.625nm increasing o the interface at
3.65% per cell. A total of 750 cells were used, giving a tot@inain extent of:1.16cm;
this domain is much larger than the MD domain used in setfifinsb that the hydrocode
domain boundaries cannot influence the region correspgrdinhe MD domain. The
simulations were initiated by applying uniform velocities+v/2 to the bulk materials.
As in the MD simulations the reservoir defined in the contmudlomain was imposed in
the same manner. The block of Cu and Ag metals have value of grdilon equal to
16 nm excluding the reservoir regions. Initial calculaigmmoduced a frictional stress that
was much lower than the corresponding MD value. This was nekpected, since this
stress was assumed to be governed by the yield strength ofdthleer material; the yield
strength used in a continuum constitutive model is genenallch lower than observed in
MD simulations, which typically address small regions offpet single crystals. Thus the
values of the yield strengths used for the continuum sinaratof Cu and Ag were scaled
up by a factor of 17.5 so that similarity is achieved with thetfon stress.
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5.4.1 Thermal conductivity errors

Molecular dynamics has some limitations when applied tcspaf problems, such as fric-
tion where thermal conductivity plays an important role. discussed in Chaptér 3.2.1
thermal conduction in metals occurs via the free electramsch are not explicitly mod-
elled via MD. Therefore, the thermal conductivity valuegdicted via MD simulations
are underestimated as shown in Chapter B.2.1 as in MD stuglieleino and Ristolainen
[100]. In order to demonstrate thé&ect of this error in the GiAg friction problem, two
comparative hydrocode simulations test cases were pegfhrirhe first one was conducted
using the phonon-only thermal conductivities and the sé@re was performed using the
experimental values.

Although there is a good agreement in the thermal condigthdétween Heino’s work
and this study, his values were used because the continunotasions were conducted
prior to the study in Chaptér 3.2.1. Heino and Ristolainen @dothat the thermal con-
ductivity is dependent on the domain size, therefore udneg fits for Cu and Ag MD
domains of 16 nm in the y direction, yield values of 4.6 andVi/&1K respectively. For
comparison, typical experimentally determined values3®&2and 420 WmK for Ag and
Cu respectively, suggesting that the MD values are unrealilst small by more than two
orders of magnitude.

In both cases, simulated reservoir boundary conditiondefimperature and velocity
were applied. The resulting temperature distributionspdoéted in[5.15, which is com-
parable with the MD results in Figute 5]13. Therefore, whem phonon conductivities
are used, the hydrocode predicts reasonable agreeememi@ishowing temperatures of
885 K compared to temperature of 960 K of the MD simulatiorisalfy, when the exper-
imental values for thermal conductivity are used, the hgdde temperature profiles are
showing a temperature rise of 6.5K after 220 ps, which irtdighat at these conditions
and timescales there is no significant change in the inteif@smperature.

5.4.2 Artefacts of the reservoir boundary conditions

The boundary conditions applied in the MD simulations ingpagonstant temperature and
constant velocity in the lower and upper reservoirs equal to —v, = (1/2)v; as discussed
in sectior 4.1L.. The temperature was kept constant at 300 Klstance of approximately
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Figure 5.15: Comparison of the temperature distribution across continuum (CM) and Mfaito
at sliding speed of 200fs and simulation time equal to 220ps.

+16 nm from the interfacial region. The boundary conditioffe@s were simulated for
220 ps via the hydrocode by applying the predicted thermatigotivity values taken of
molecular dynamics simulations.

Due to the application of frictional stress elastic waveshat interface propagate at
time t=0 into both materials at shear wave velocityldf = \/@ , whereG is the shear
modulus ang the density. The propagation time of the shear wave fromritexface to
the reservoirs should be smaller than the actual duratitimagimulation; therefore, values
of Ug for Cu and Ag were chosen to be 2300 and 17@ raspectively. The correlation
of these waves and the tangential velocity as gived\by +7/pUg, causes a reduction
of the interfacial velocity of around 120/8) which occurs initially. In the presence of
the reservoirs and the boundary conditions of temperatadevalocity applied within,
the waves confined on this small domain are reflected #iedtevely undergo a multiple
reverberations. The slip velocity at the interface is exedd with and without the restriction
of the boundary condition and is shown in the upper slab ofifei®.16.
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Figure 5.16: Hydrocode predictions of the evolution of the slip velocity at the interfaceth W
(black line) and without (red line) the application of the reservoir velocityraary condition.
Result provided by Dr. Graham Ball.

The reflected shear waves considered in these simulatiaysapl important role af-
fecting the slip velocity, producing a late time slip vekycihat is evaluated to be higher
by about 40% in these simulations. When a boundary condisiomi imposed as seen in
Figure[5.16 the thermal softening and work hardening of teaker material, in this case
Ag, are in balance; hence, the friction shear stress is dlooostant. When boundary con-
ditions are applied (Figufe 5.116) the shear stress reflectases severe plastic deformation
in the Ag which leads to an increase in work hardening and aswltran increase (almost
double) of the shear stress. This increase in shear stiasesever time because of the
thermal softening. The hydrocode predictions also showttiese oscillations resemble
those appearing in the hydrocode velocity history. As showaquatiorn 4.3)2, the MD
predicts the frictional stress indirectly using velocityntributions and therefore part of
that is the contribution of the shear wave reflections. thedént approach used to calculate
the frictional stresses on the Cu block is by using the thesstvelume relation formula
used in Chaptdr 3.3.1. The work described in later Chapte) {6:2ne of the test cases
of sliding friction at relative velocity of 200 ys, the stress was obtained by excluding the
kinetic energy contibution and the pairwise energy wasrtak® account. It is shown that
the interatomic force term (pairwise contribution) is adlyia valid way of measuring the
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stress and can be identified with the Cauchy stress. The oatobthis investigation shows
that results with and without the kinetic energy part havalswariations in the stress-strain
response.

As shown in Figuré 5]1 the steady state comes after abouto180Q ps, however,
the hydrocode’s prediction shows that this could be simpiyrther artefact of the reser-
voir boundary conditions. Repeating the simulation time5éns, disabling the reservoir
boundary conditions and still keeping the thermal condhiats as predicted by MD sim-
ulations, the material’s behaviour follows two phases aswvshby Winter et al. |[255].
During the first phase interfacial heating causes the stoedecrease due to thermal soft-
ening, which is also partly balanced by work hardening. Téwmad phase is the so-called
"asymptotic melting”, in which the temperature approaciesmelting point of the mate-
rial. The frictional heating and conduction losses readlil#ggium. The one dimensional
continuum study shows that the frictional stress shouldattain steady state at the given
time-scale defined by MD simulations. As previously mergidim the case where the ex-
perimental conductivities are used, the stress evoluikes much longer to achieve steady
state approximately by 2 to 3 orders of magnitude.

Summing up the work reported in this chapter, it has invesgig the dynamic friction of
Cu and Ag at a normal pressure of 5.1 GPa for sliding speedgwgfrom 0.025 to 1 knfs.
It confirms the velocity dependence of the frictional forseohtained by previous studies.
Results indicate a direct connection between velocity weaialkeof the frictional force and
structural transformation of nano-crystalline materidls particular, plastic deformation
occurs at sliding speeds greater than 3§, firstly in the silver block. The measurements of
temperature profiles across the interface shows that thEngn@bint of silver is exceeded
for sliding speeds above 20Qsn The molten material forms a liquid layer that lowers the
frictional force. Mixing of the interface is observed anct timterface width (layer with
mixed material) increases during the sliding process lntdaches a maximum. Higher
sliding speeds result in thicker interfaces. It was obsthat the copper atomsftlise
further into the sliver block than silver atoms into the cepblock.

The following chapter focuses on how the yield point of thesserials varies under
conditions prevalent at high speed sliding. Knowledge efytield point under these con-
ditions is important to obtain accurate constitutive medet the shear stresses. Although
MD provides insight into the structural transformation cdterial interfaces subjected to
dynamic friction, modelling issues regarding thermal asctivity values obtained by MD
and the &ects of reservoir boundary conditions on the results wegatified and drastic
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measures to overcome these will be discussed.
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CHAPTER 6

Yielding, deformation and failure of solid
materials through sliding friction

"Measure what is measurable, and make measurable what is nct so

Galileo Galilei

The physical mechanisms that contribute to the frictiomsistance to sliding were
establish by Bowden and Tabor [24], as discussed in chagiel. 11n reality material
surfaces are inevitably rough and the real area of contacttigally a small fraction of the
apparent area of contact. The areas of contact cdiddterely adhere and the sliding is
divided into the adhesion term and the so called "ploughtegh, which is generated from
the plastic deformation of the interfacial asperities.cfional sliding is a very complex
process involving large plastic strains, which give risedonplex dislocation generation
within the material’s microstructure. The purpose of thigjgter is to investigate and focus
on the aspects of this complex process with the aid of madealynamic simulations.
Investigating the change of the yield point of the materiadler sliding friction and the
accurate evaluation of the stresses involved has provgduli and time consuming. This
is primarily attributed to the fact that experiments arficlilt to conduct and expensive
facilities are required. Thus, Yu et al. [265] showed thgilexng the fundamental rules
prevailing the variation of materials strength is very céempprocess.

Understanding the mechanism underlining the nanoscalendirifriction requires in-
vestigation of contact nanoidentation, experimental amalydéical techniques. A novel
sliding friction simulation set-up was constructed for oatructured materials. Materials

115
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in reality are not perfect containing numerous defectsiwithe microstructure. The work
in this chapter aims to shed light on to the complex frictidsehaviour by comparing the
stress strain response of nanostructuredAGuribopair against the simulation of perfect
crystals, as well as investigation of the velocity weakgrand structural transformation as
described in chaptét 5.

6.1 Evaluation of strain rate during sliding

Chaptei 4 discusses the simulation set up and methodologidarg friction, applied in
the large scale MD simulations outlined in chapter 5. Thexeétion of the simulation
box in this study cannot be easily obtained, because of thelation set-up. The volume
of the simulation box remains constant in the sliding dimettiue to NVE thermodynamic
ensemble restriction. The x dimension will not change mgkinmpossible to investigate
deformation of the simulation box. Additionally, the stravill be local and thus dierent
along the diferent dimensions. To overcome this issue and to be able teuredefor-
mation a diferent approach was used by evaluating the strain rate friotiofral velocity
plots.

A typical frictional velocity plot against the y-directiasf the simulation box is shown
in the Figurd 6.11, which is obtained at relative speeds off@80 There are three regions
identified: the reservoir region in which all the forces,qmere and temperature rescaling
are applied. The plastic deformation region in which theamalis left to deform without
any constraints and dislocations are present and finallynteefacial region, that melting
and mixing at higher sliding speeds was also observed. A gresest lies on the plastic
deformation region and the aim of this study is to evaluageabttual strain rate at each
velocity. By definition strain rate is defined as the first datie of the velocity in the

x-direction over the y-dimension,
. dw

Ye = d_y
Equation6.1.]1 is calculated over the plastic deformatemgian, which is away from the
reservoir and the interfacial region as shown in Figuré 6.2.

(6.1.1)

The strain rate is evaluated using Equafion 6.1.1 at eadWdin@l timestep shown in
the isolated plastic deformation region for Cu, Equaltioth &ri?l averaged for the entire du-
ration of the simulation. Another formulation of the stra@tey, is also given by Equation
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Figure 6.1: Frictional velocity against y direction of the simulation box at relative spé@0@nys.

6.1.2:

Y Ve
=Y 6.1.2
Y T TN - dt (6.1.2)

wherey, is the strain]; is the MD timestep, andt is the integration timestep of the simu-
lation. Using the Equatidn 6.1.2 the strain rates were ¢atled for two systems containing

7 and 20 lattice planes in the reservoir region. Tablé 6.0l#&ébs the data and compares
them against the theoretical strain rate.

The theoretical strain rate idfectively an engineering strain rate given &y="v/l,,
wherev is the velocity and, is the length of the simulation box. Since the reservoir’'s
atoms have constant velocity the theoretical strain radgatuated by this equation, which
is only valid on the reservoir and not on the entire block. §the need for calculating
the strain rates from the plastic deformation region in Equd.2 is required to obtain a
realistic deformation of the simulation box.
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Figure 6.2: Plastic deformation region of Cu block extracted from Fiduré 6.1.

Velocity Strain Rate Calculated Strain Rate Calculated Strate Ra

(mys) (s) (s) (7 lattice Planes) /%) (20 lattice Planes)
25 7.81E08 3.49E-07 1.83E-07

100 3.135609 1.72E08 1.18E-08

200 6.25609 4.22E-08 1.14E-09

300 9.38E609 3.07E-08 1.97E-08

400 1.25610 2.63E-08 1.28E-08

500 156610 9.67E-07 9.11E-07

600 1.88810 2.71E08 -

800 2.50E-10 2.00E-08 8.50E-07

1000 3.13810 5.18E-07 1.01E-08

Table 6.1: Tabulated data for strain rates affdrent reservoir thicknesses of 7 and 20 lattice planes.
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6.2 Evaluation of the stress during sliding

Although atomistic simulations have been a powerful toolgcedicting the mechanical
response as shown in chapter 3.3, computing the atomisssreguivalent to Cauchy stress
(true stress) is a controversial issue, because of theityeletated term in the virial stress
Equation 3.32. Clausius [40], Maxwell [172] and Maxwell ] vere first to introduce
the virial theorem to determine the stress field to a surfacghich particles of constant
volume were interacting. The calculation is based on tintespatial averaging to obtain
a point-wise local virial stress, which results in an inectrevaluation of stress. Cheung
and Yip [37] used the formulation for a free surface and slibthat the outer layer atoms
possess non-zero values for the components of stress temsoal to the surface.

The earliest formulation of virial theorem expressing massmentum and energy was
reported by Irving and Kirkwood [119]. The proposed formida virial stress contains
several expressions which are not unique because of thenblesaveraging considered
in region where inhomogeneity takes place. It fikeetively a non local volume-average
version of stress and similar expressions have been algaeatioy Cormier et al. [41], and
Lutsko [164]. According to Zhou_[269] the virial stress \atés the momentum balance,
therefore giving a non-physical interpretation of the naubal interactions at the atomic
level. Zhou argues that the virial stress geometrically msesmsure of momentum change
in a fixed spatial region, and that the interatomic force wakion part of the equation is a
suficient measure of the Cauchy stress, thus the kinetic cotibiisuishould be excluded.

Zimmerman et al.[[271] uses an alternative equation deeeldyy Hardy et al. [94]
to evaluate continuum stress in atomistic simulationscivis similar in discipline with
virial theorem. The equation developed by Hardy etlal. [#lies in spatial averaging
of the stress at fixed localized points. A normalisation fiorcis used to feed informa-
tion from neighboring atoms and their contribution to theess field at the fixed point.
When materials are deformed, at elevated temperaturesysatcess which is expressed
as a function of volume gives faster convergence to strdesvaxpected from continuum
methods as discussed by Zimmerman et al.|[271]. The velacitystress are defined so
that they are consistent with the continuum balance of fimne@mentum. The stress in this
equation is driven féectively by the interatomic potentials and the atomic vigyoirajec-
tories, therefore momentum is taken into account as oppioseé virial stress relation by
Zhou [269]. These results proved better than the viriabstobtained by volume averaging
at a fixed localised point.
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Although, there is a controversy about the kinetic energthefvirial term, the sim-
ulations studied in chaptéer 3.3 showed that the stressspwnels to the Cauchy stress in
continuum mechanics. The complete formula for stress (&@pid.3.1) in chapter 313 was
used meaning that the kinetic energy contribution was deduin the calculations. Addi-
tionally, friction simulations obtained in this study shivat a negligible variation of stress
response occurs by enabling and disabling the kinetic pénedEquation 3.3]1. Figufe 6.3
shows the stress strain response at relative sliding wglmanains almost unchanged. The
green line data were calculated via Equalion 6.2.1.

N 1 Np 1 Np
(Sab)giobal = v |3z Z(fi —1)Fp + 5 Z(ri —1})Fp, (6.2.1)
j=1 j=1

25

=

[y
(6]
L L L L L L

Shear Stress (GPa)

0.5

200m/s speed
200m/s speed: No KE contribution.

[ [ 1 [
0.05 0.1 9.15 0.2 0.25
Shear Strain (m/m)

o

Figure 6.3: Stress strain relation at relative speed of 2¢€.nSolid line corresponds to the stress
evaluated by using all the terms of the Equafion 3.3.1. Dashed line is when #i&lanergy has
been excluded.

Plots of the stress-strain curves also reveal the yieldsirg of the material during
extreme sliding conditions. Taking this into account thawdation domain was separated
into regions as shown in Figure 6.4.

Each region had box dimensions of (x,%¢10,10,320) A containing approximately
110,000 atoms. The stress-strain curves were plotted, laowlesl no significant change
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Cu Reservoir

Region 6

Region 5

Region 4

Region 3

Region 2

Region 1

Ag Reservoir

Figure 6.4: Schematic representation of plastic deformation region.

amongst the regions, thus values were averaged over thre satiof these regions. The
results on relative speeds of 200sns shown in Figure 6l5. Since little change is observed
between the layers an average of all the layers is plotteth@srsin Figure 6.6. Fitting

a polynomial of 10th degree as shown in Figurd 6.6, a treadrdrawn which is simi-

lar with a typical stress strain curve observed in experisieRecalling the stress-strain
curves from chaptdr 3.3.4 and the work done by Horstemeyat Iﬂ)] on nickel block
shear simulations, regions of "micro-yield 17, "micro-{de2” and "macro-yield” can be
identified. In this study with the aid of Figure 6.6 for slidiat relative speeds of 20Q's)
these regions are shown giving a value of yield stressyof 1.5GPaand the point of
maximum stress ismax = 2.1GPa As the stronger material slides on the weaker surface,
the yield point of the material and subsequently the pointloth maximum stress occurs
increases up to relative speeds of 508 actcording to Figurie 8.7. It can be observed that at
speeds higher than 50Qsralthough the yield point continues to increase the ad\atiset

Is observed at the point of which maximum stress occurs. ,;Tliouspeeds of 800 fa and
1000 njs the yield point reaches the maximum valug,~ 4 GPa, indicating that beyond
the speed of 800 ya theo, remains constant.
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Figure 6.6: Stress-strain response of Cu block at relative speed of 20@loited by averaging the
regions 1-6.
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Figure 6.7: Average stress-strain (regions 1-6) response at relative slidirelspanging from
300to 1000 n's.

6.3 Evaluation of temperature and heat correction under
dynamic friction

The results of the temperature profiles shown in chépte8 Stibw an increasing interfacial
temperature, caused by the MD underestimation of the dotfneemal conductivities for
Cu and Ag metals. There is a continuous heat generation innteefacial region due
to friction, which raises the temperature to high valuesragphing and in some speeds
exceeding the melting point of the materials. This sectims@nts a way of correcting
the MD underestimation by subtracting heat from a group w&frfacial atoms so that their
momentum is conserved.

Constant heat flux algorithm was implemented into LAMMPS,; dlescription is re-
ported by Aubry et al. [4]. The aim of this scheme is to scateuvblocity per timestep by
imposing constant kinetic energy (negative or positive tegion of atoms without altering
the total linear momentum of these set of atoms. Once a rediatoms is definedy, the



124 Yielding, deformation and failure of solid materials through sliding friction

atomic velocity is scaledy’, per timestep by and a constant velocity is then subtracted,
Vi = Vi = RV, — Vgup (6.3.1)

wherei € N. Since the total linear momentum, = Y., mV;, should remain unchanged
this means so thas; = p; = Xicx mV;. Considering the momentum condition thgy, is
evaluated by Equatidn 6.3.2, the full derivation is showrfoyry et al. [4]:

(R—=1) Xy Mmvi
Zien M

sub =

(6.3.2)

The total kinetic energ¥, changes byAEy, hence E; = E¢ + AE,. Starting from the
definition of the scaled kinetic enerdlf; = 1/2 - 3., m(v)?, and substituting fow; in
Equatior6.311 the value f&® can be quantified by Equatién 6.8.3:

Ek + Q _ ;(Zie,\, mvi)?

= 2 Yienm
"= E, — 1 Gy mw? (6.3.3)

2 ZieN m

whereQ is the added or subtracted value of the heat flux whichfiscévely the non-
translational kinetic energy of a group of atoms. This impdatation was first used by
Lukes et al.|[160] for a 3-D simulation domain in which thetro@nductivity is evaluated
by defining two diterent reservoirs hot and cold. Kinetic energy is added imtiéAE, >

0) region and subtracted in the colly < 0) for long time until steady state is achieved
then the 1-D heat flud, is determined as shown in Equation 3]2.1.

An analysis of the temperature variation was obtained byraating heat with the de-
scribed methodology for a 3-D simulation domain of Cu slidomgAg. The constant heat
flux algorithm was imposed on the interfacial region coritagnapproximately 5 lattice
planes in each substrate. The two blocks containing apmately 1500 atoms which
are compressed against each other prior to sliding. Thedasyrtonditions used for this
simulation are the same as in chapter 4.1, in which they gokeglon reservoirs atoms
occupying 7 lattice planes. Figure 6.8 presents the reatiltslative sliding speeds of
200 ms. The red line in Figure 6.8 shows the temperature variationg the y-direction
without the implementation of the heat flux alteration a@ps. The temperature gener-
ated in the interfacial region reaches approximately 63BiKally, the heat flux that should
be subtracted, was evaluated by using heat conduction Equafion]3.2.eGts3.2.11).
This is shown in the blue line of Figure 6.8 by taking into aatithe experimental thermal
conductivity values of both Cu and Ag. The interfacial tengpere is sustained at 300 K



6.4 Mechanical behaviour and sliding of nanostructured matdals 125

over the duration of the sliding simulation.

——=a—— Without alteration

40 - ——e—— Heat conduction alteration

20 |-

Y Dimension (A)
o

20

40

Temperature (K)

Figure 6.8: Small frictional domain to fix the temperature variation across the interface.

6.4 Mechanical behaviour and sliding of nanostructured
materials

Investigation of the mechanical properties of materiatb@nhanoscale is receiving increas-
ing attention in the field of nanotechnology. Pioneers infidlel of materials science such

as Gleiterl|[7/7],.[78] identify the outstanding possibdgiof nanoscrystalline materials and
set the foundation of a global research work [18,78; 159, 292143| 248, 179]. Funda-

mental understanding of the nanoscale dynamic frictionireg the knowledge of contact

nanoidentation along with experimental and analyticahtégues.

In polycrystalline metals the deformation involves two tm&gisms the intragranular
and the intergranular deformation as shown in Figuré 6.%9radgmanular deformation is
caused by the dislocation movement, while intergranul&ordeation by grain boundary
sliding, migration, rotation and ffusion processes. The deformation mechanisms in nanos-
tructured metals using experimental techniques provee toighly dificult and challeng-
ing according to Weertman [252]. This is due to the compéidainethods of obtaining
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nanostructured materials free from defects. Nanostraataformation is reported by var-
ious researchers, for example Milligan et al. [182] and Kale{139]. They conducted
in situ deformation studies on gold and films with grain sigmsging from 8 to 25 nm.

[182] showed deposition methods are applied to positiorosianctured metals on top of
electron-transparent aluminum films. The deformation wasrened in situ, using trans-
mission electron microscope (TEM) on material strainedypyctl bending mechanism.
It was shown that the ultra-fine materials deform by grainrfazury sliding and not by a
dislocation mechanism nucleated within the grains. Thehaeism of fracture was ob-
served to be intergranular and deformation indicates titiatsion played an important role
in these experiments.

)

&

Q06

Deformation Resistance

Intergranular Intragranular
deformation deformation

Grain size, d

Figure 6.9: lllustration of inter- and intragranular deformation mechanisms.

Evidence of deformation due to dislocation was also obsbonehe experimental work
obtained by Ke et all [139] on silver blocks with grain sizésl®0 nm, but not on sizes
ranging from 10 to 20 nm. The results indicate that graintimteand boundary sliding are
the main contributors to deformation. This was supportetidgyros et al.[[149] with grain
sizes below 30 nm. Ichikawa et al. [117] conducted expertmen Ag and Agre alloy
and identified that no dislocations were observed on finenggiaes smaller than 100 nm
under heavy cold rolling conditions. Dislocations haverbelserved in grains sizes larger
than 200 nm.

Experimental studies on deformation of nanostructuredalsétave proved to be con-
sistent according to the literature review undertaken bynglet al. [36]. The intragranular
deformation is observed at metals with grain sizes abover8@ar FCC metals, however
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this depends on the type of metal and its microstructure. ithaclly, Cheng et al. [36]
developed a model for strength on the grain size regime ofntD590-1000 nm, which
predicts the strength as a function of grain size and the amtny of the yield strength
under tension or compression conditions.

6.4.1 Molecular dynamics studies of ultra-fine metals under high de-
formation mechanisms

Fundamental understanding of deformation processes acldamieal response was gained
by molecular dynamics simulations of nanocrystalline make over the last decade [48,
267,257,179, 223, 195, 181, 169, 42, 19]. Swygenhoven amul[229], [231] conducted
molecular dynamics simulation of nanostructured matgnahich showed that metals with
grain sizes below 10 nm proved that deformation occurs dgedio boundary sliding. The
subsequent work by Schiotz et al. [215] for nanocrystaliewith grain sizes of up to
13 nm shows that both intergranular and intragranular nr@shes are active; however, one
of them dominates and this is the intergranular. Schiotz sit®wed that from the stress-
strain curves the materials softens as the grain size isased which is actual a reverse
Hall-Petch &ect, also verified by Yip [262]. Additionally, MD simulatidoy Schiotz [216]
verified the deformation mechanism at grain sizes of aro@@iSlnm and proved that the
flow stress varies with grain size and is consistent with ta#-Fetch relation given by

k
Oy=00+ — (6.4.1)
y o \/a
whereoy is the yield strengthr, andk are the material’s dependent constants and firhlly
is the grain diameter. According to the Equation 8.4.1 tkédystrength of polycrystalline
metals shows an increase as the grain size decreases, hetaig with nanoscale grains
are typically stronger than course grain metals. Thus, whergrain size is very small

grain boundary processes increasingly dominate the pldstormation.

The early studies of Swygenhoven et al. [231], [232,] 229]] 24%0 show the grain
size influences the deformation mechanism for FCC Ni. The Igitioms obtained on low
and high angle of grain boundaries on grain sizes varyingnfBoto 12 nm. He showed
that partial dislocations appear within the grain bouretaim which the angle of boundary
plays important role. Specifically, Swygenhoven et al. [23bwed that at low angle grain
boundaries partial dislocations af@&ently nucleated. On the other hand, partial disloca-
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tions do not produce dislocation movement even at grainaiZ nm. More recent work
from Van Swygenhoven and Derlet [244], [246] and Derlet ang@nhoven|[46] gives

significant insights into grain boundary dislocation enass. The work of Swygenhoven
et al. [230] for nanostrucured Cu and Ni compares the two mresgonses by showing
that the stacking faults are observed at smaller grain Sines in case of Cu and not in Ni
with 12 nm grain sizes. This is observed due to the fact that@d lower stacking fault

energies compared to Ni. Additionally, the work done by Zihand Zhang/ [268] on the
mechanical response of nanostructured Cu at low and higle gmgin boundary of aver-
age sizes ranging from 3.7 to 6.7 nm also proves that the gmindary sliding dominates
the deformation. In particular for low angle both disloocatimotion and grain boundary
sliding contribute during plastic deformation.

Chaptei b discusses the various MD limitations, the domaig, $he simulation times
and the large number of calculations involved in slidingtfan simulations, thus results
should be interpreted carefully. Mechanisms such as coedmary difusion based defor-
mation and microstructural changes due to grain nucleatoigrowth are diicult to study
via these methods as shown by Weertman|[252]. Since comgiatalations produce sam-
ples free of impurities and defects is unlike the real expernits, caution should be taken
on the interpretation of the results so that they used astnes for the experiments. One
of the most important discovery of MD simulations is thalaltations are generated in the
grain boundary, as will be seen in the sliding friction siatidns of nanostructured CAg
tribopair. Partial dislocations travel across grain baures.

Derlet and Swygenhoven [46] work on 2-D and 3-D nanostrectiNi and Al showed
that there is a dependence of the strain rate wjth When dislocations nucleate, a slip
plane will travel across the length of the grain. This wilfide the limiting scale of how
far dislocation can travel, which is a distance comparablgrain size. The positional
disorder of FCC nanocrystalline Ni as a function of grain sizs also observed by Derlet
and Swygenhoven [47]. They identified twdtdrent types of grain boundary (GB) atoms,
the ones in which nearest neighbours are FCC so that GB at@ns #re lattice site of
an FCC grain. If the nearest-neighbour atoms are non FCC tleeGBatoms will be
considered positionally disordered. This is also shownhlyesing the pair distribution
function (PDF). Positionally disordered GB atoms show ammainous like behaviour of
the PDF, whereas the GB atoms with FCC nearest-neighbouisitealsecond peak of
the PDF plots. This féect is also shown in the simulations of the dynamic frictidn o
CuAg tribopair as shown in Figufe 6.10. Atoms in this figure anéoared according to
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the coordination number, which is a measure of the numbeeafast neighbours available
for a particular atom.

Figure 6.10: Relaxed grain boundaries of (g tribopair showing the positionally disorder GB
of the Ag slab (lower block). Grain boundary atoms are shown in purpie whbereas the atoms
belonging to a grain are shown in gold for both upper and lower slabs.pd$itional disordered

atoms are coloured in light blue.

The time scales involved with MD simulations are relevanthi simulations of plas-
tic deformation. MD simulations of metals to observe the Inagucal behaviour evolve at
high strain rates typically greater than’}8 as shown in chaptér3.3. This corresponds
to 1% strain in 1 ns, which is many orders higher than expenaiestudies. The studies
illustrated above reveal the technological importanceasfastructured materials by inves-
tigating in detail the dislocation activities and the graoundary behaviour during defor-
mation. Both experimental and MD simulation show that sevagormation mechanisms
maybe present depending on the grain size. In particulagréia size is divided into three
categories. Firstly, from gm > d > 100 nm the grains at this regime considered as ultra-
fine. The region of 100 nn+ d > 20 nm in which the Hall-Petch slope is decreasing with
decreasing grain size diametdr, The dislocation generated in the grain boundaries can
travel through the grains without significantly work harohencausing shear localization.
Thirdly, Meyers et al.EQ] showed that the region 20 ard > 1 nm in which most of the
studies show that GB sliding dominate the deformation. &meschanism are dislocation
slip, diffusion through dislocations, grain boundary sliding, vandl growth nucleation.
The complexities involved with the above mechanisms ma&ertachanical behaviour of
bulk nanocrystalline materials a dark area still, whichas yet fully understood.
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6.4.2 Voronoi construction for CyAg tribopair sliding

Dynamic friction simulations of nanocrystaline materiadsre constructed for Cu and Ag
to produce realistic systems with high-angle grain bouledaiHAGBSs) with an average
grain thickness of approximately 15nm. The nanocrystlétomic configurations were
produced using the Voronoi construction as shown by Rapdpog, in which a set of
grains are chosen randomly rotated and filled with FCC lattigeronoi diagrams are
constructed around a set of predefined sites and partitesethites into cells, in this case
the desired grain boundaries (GB).

This procedure generates grain size that is very close tmghrormal distribution as
shown by Kumar et all [144]. In this procedure it is possibkgt iatoms overlap or become
very close to each other. As a result, unrealistically ldogees between atoms and system
energies are generated that force the system to an unieatete of infinitely increasing
pressure, temperature and energy. An additional procedasemposed to obtain more
relaxed grain boundaries. The system is annealed for 50 pEsigg the temperature from
0 to 300K followed by equilibration at 300 K for another 14Q pslike Schiotz et al. [215]
energy minimisation was not required in this study, sineedhnealing and equilibration
was stificient to relax the grains of both materials. The thermodyingroperties after
relaxation were closely monitored and are illustrated guFe$ 6.1, 6.12, 6.3 ahd 6.14 for
temperature and total energy of the system of Cu and Ag blddks.annealing procedure
is important to obtain a realistic system as shown by Schaeotal. [215], in which the
mechanical properties of nanocrystalline Cu showed thatneeled systems were softer,
and the annealing conditions do not play an important role.

The procedure for generating grain boundaries on both Cu agnd as follows:

1. Two separate simulations were conducted on the matefialserests.

2. The LAMMPS dump files were unscaled using Python scriptonget the actual
coordinates and sort the atomic indices for further post@ssing.

3. The following step was to convert the LAMMPS dump file into®&Esing the tool
developed by the author. CFG is a configuration file formatimgrepriate for visu-
alisation software like AtomEye.

4. Once the atomic topology is converted into CFG format theioi utility developed
by Li [153] was used to build the grains by the Voronoi constikn method.
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Figure 6.11: Temperature equilibration of Cu block prior to sliding.
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Figure 6.12: Temperature equilibration of Ag block prior to sliding.
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Figure 6.13: Total energy during equilibration of Cu block prior to sliding.
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Figure 6.14: Total energy during equilibration of Ag block prior to sliding.
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5. The coordinates of the nanocrystals are then unscaled #ie "voronoise” utility
scales the coordinates of the atoms.

6. The newly created voronorised configurations of Cu and Amehts are then placed
into separate CFG files and are converted into data files wighogpate format to
be invoked by LAMMPS input files.

7. These metals are not ready for simulation and a certacegdwre needs to be applied
to relax at least the mis-coordinated GB atoms. Thus eacérrabis simulated with
NVE thermodynamic ensemble with temperature rescaling fddo 298K for 50ps
to relax the boundary atoms.

8. The atomic coordinates after the MD simulation are ctdié@nd new data files of
the final state are produced. The two files with the coordsate merged into one
that contains both Cu and Ag blocks making a simulation domi(#410,320,330) A.

The average volume of each grain equates to the volume ofaespthe "voronoise”
utility generates a total of fifty two grains for the entirensilation domain with average
grain size of 14.9 and 15.1 nm for Cu and Ag respectively. Tlanghickness was then
calculated using Equatidn 6.4.2. The volume of each grais eedculated and averaged
over the total number of grains contained in each materiglialior 6.4.P is used with the
assumption that each grain has approximately the shapgbkaes thus solving to evaluate
the radius and diameter which gives an indication of the @pprate GB thickness.

1
3

4 3
Vg = —=-7" rg =d=2- (ﬂ : Vgrain) (642)

3
whereVy, rq, andd are the volume, radius and diameter of the grain. The relatientation
of two grains was also evaluated by the rotation afgtecos[(a11 + a2 + azzs — 1)/2],
which gives the rotation angle Theai;, @11 anda;; are elements of the rotation matrix
Rm given by Equation 6.413, hen@ewas calculated to be approximately 90 degrees. For
HAGBSs the misorientation is approximately greater than btekes. To identify the defects
within the materials the centro-symmetric parameters wal®ilated as shown in Equation

4.5.1.
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@11 @12 @13

R = 21 @22 @23 (6-4-3)

| @31 @32 @33 |

6.4.3 Equilibrium of the grain boundaries of Cu/Ag tribopair

Nanostructured block of Cu and Ag have been successfullyrgeteusing the method-
ology and techniques mentioned in previous section. Poialiting conditions pressure
equilibration forced the two materials to compress at aguesof 5.1 GPa for simulation
time of 140ps. Figures 6.15{a) ahd 6.15(b) show a visuaisanapshot of the com-
pressed Cu (upper slab) and Ag (lower slab). Upon the irotiatif sliding friction, struc-
tural changes are dominating and a large number of staciirtsfare produced as seenin
Figured 6.16(a) arfd 6.16(b) at simulation time of 52 and E3®ppectively. These stack-
ing faults are primarily caused by partial dislocationsd&ey partials), which nucleate
at the grain boundaries and tend to move through the grains.

As sliding progresses the grains are plastically deformeast instantly. In chapter
in the case of the perfect crystal sliding dislocationsleate starting from the inter-
face growing up to the reservoirs. The sliding of nanostmext CyUAg tribopair showed
that although the interface is heavily deformed partidiogigtions not only travel through
the grains, but dislocations are generated because of lgoaindary sliding. It has been
observed that grain boundaries and atomic rotation withéngrains contribute to plastic
deformation. At relative sliding speed of 20@s1he Figures 6.17(d), 6.17(b), 6.18(a) and
[6.18(b) illustrate how grains are deformed at times of 0, B.1, 24.3ps. The perpen-
dicular red line going through the lower and upper blockslayers of atoms coloured to
observe the slip planes.

It was observed that at relative sliding speed of 25 the Ag block being the weaker
shows no stacking faults nucleation at simulations time&.@f and 81 ps as shown in
Figured 6.19(a) and 6.19(b) respectively. As the slidirmgpesses at later times stacking
faults appear on the Ag block, as shown in Figures 6.20(ajea®@db) for times of 162
and 270 ps respectively. At this speed Cu is the block thatiptdly deforms instantly.




6.4 Mechanical behaviour and sliding of nanostructured matdals 135

(b) Cu and Ag nanocrystalline block: Figure showing the mesymmetric
parameter

Figure 6.15: Pressure of nanocrystalline Cu and Ag at the equilibration point.
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(a) Cu and Ag nanocrystalline sliding, snapshot at time @52

(b) Cu and Ag nanocrystalline sliding, snapshot at time &3

Figure 6.16: Nanocrystalline sliding of Gi&g slabs at relative velocity of 20Q
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(a) Cu and Ag nanocrystalline sliding, sngp) Cu and Ag nanocrystalline sliding, snap-
shot prior to sliding shot at time of 2.7ps

Figure 6.17: Nanocrystalline sliding of Gidg slabs at relative velocity of 20081 vmd snapshots.

(a) Cu and Ag nanocrystalline sliding, sngp) Cu and Ag nanocrystalline sliding, snap-
shot at time 8.1ps shot at time of 24.3ps

Figure 6.18: Nanocrystalline sliding of Gidg slabs at relative velocity of 20081 vmd snapshots.
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(a) Snapshot at 2.7ps

(b) Snapshot at 81ps

Figure 6.19: Sliding of CYAg tribopair at relative speed of 25m
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(a) Snapshot at 162ps

(b) Snapshot at 270ps

Figure 6.20: Sliding of CyAg tribopair at relative speed of 25m
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6.4.4 Mechanical response of nanocrystalline GAg tribopair under
sliding

The velocity dependence of the frictional force for singderfect) crystal sliding of Gidg
tribopair is discussed in chapterb.2, the mechanical responder the conditions of sliding
was also highlighted in sectién 6.2. This section presémsbvel stress-stain results ob-
tained from molecular dynamics simulations against nanottred CyAg tribopair. The
frictional force, F, over time is shown in Figurle 6.1 in which a comparison betwihe
perfect crystals is attained. As described in the previ@asian, the frictional forcef,
approaches a plateau value during the simulation aroundhwhfluctuates. The level of
the plateau can be obtained by averagigver time, once the simulation has reached a
steady state. The perfect crystals of Cu and Ag sliding at 28Ghmowing by the in Fig-
ure[6.21 indicate large fluctuation due to the shear wavesliireg through the medium.
However, smoother response is shown during sliding betweznanocrystalline tribopair
(Figurel6.21).
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Figure 6.21: Frictional force per unit area of perfect crystal and nanostrudtsliding; comparison
at sliding speed of 200 fs.

The velocity weakening of the frictional force is also shofen the nanocrystalline
sliding of CyAg in Figure[6.22, which is also compared against the re$udta perfect
crystal sliding. The frictional force per unit area for nangstalline tribopairs follows
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the same trend in which at low speeds & 100); the frictional force is low increasing
linearly as velocity increases. In this case the frictidoate per unit area at sliding speed
is between 100 and 200/s) however, beyond this point there is a dramatic reductgon a
velocity increases approaching a plateau at speeds gteate800 rys.
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Figure 6.22: Frictional force per unit area results on domain size containing approXingateil-
lion atoms. The value within the parenthesis indicates the number of lattice pléhastiwe reser-
VOIrS.

An interesting observation in these simulations is the tlaat the interfacial tempera-
ture on the nanocrystalline test cases is lower due to therléwetional force. As seen in
Figure[6.28 the temperature variation for total simulatiare of 220 ps reaches 770K, as
compared to 950K for perfect crystal sliding at the samedpeeseen in Figufe 5.13. As
the relative sliding speed increases the interfacial teatpee builds up tais=1000 mnjs,
reaching values of approximately 1920K as opposed to pecfgstal sliding which ex-
ceeds values of 2000 K.

The procedure for evaluating the strain and stresses sriied in sections 6.1 and
in which values are derived only from the plastic defdrararegions. Thus, Figure
[6.25(D) at relative speed of 20Qsrpresents the stress-strain in each region, and as can be
seen the variation between the layers is minor as observitiperfect crystal sliding.
An average plot was generated to capture the stress traretions as shown in Figure
[6.25(b). Imposing the same procedure the final state of taessstrain response is obtained
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Figure 6.23: Temperature variation across the interface for time of 220 ps at varieeslsp

in Figureg 6.24(a) and 6.24{b) for relative speeds of 25,,1001000 nfs. At relative
speed of 200 1is as shown in Figuile 6.24[a) there is a dramatic reductidmeiyield point

of the Cu block which has a value of, = 400MPa compared to single crystal sliding of
valueo, = 1.5GPain sectiori 6.6. Additionally, the maximum stress for naystalline Cu
occurs atrmax = 1.2GPaas opposed toy, = 2.1GPain perfect crystal sliding. As observed
in sectior( 6.P the yield point of the material and the maxinairass increases reaching a
plateau at sliding speeds of 80@gmn which the values are approximatety = 1.1GPa
andomax = 1.6GPa Materials with grains formed into the metal matrix are getig
weaker compared to perfect crystals therefore, reducticthéomax andoy, as mentioned
above is expected.

Considering the stress-strain Figures 6.7, 6.24(a) andi®,2tr single crystals and
nanocrystalline sliding, it is observed that the yield pahthe Cu block consistently in-
creases with sliding speed. Additionally, results fromuraj6.28 and from Chapter 5.2.3
show that interfacial temperature also increases withnglidpeed. In general the me-
chanical strength of metals decreases with increasingaeatyre, hence the properties are
becoming time dependent. The outcome of this study showstlais size and timescale
the increasing interfacial temperature has fiea on the yield point, thus work hardening
is not dfected by change in temperature.
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(a) Average stress-strain response at relative slidingdgpenging from 100-400
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Figure 6.24: Stress strain response of nanocrystallingXgumaterials.
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CHAPTER 7

Conclusion and future work

7.1 Conclusion

The structural transformation and changes in non-equulibbrsystems were investigated
using a simple embedded atom model potential by means ofcaaledynamics simula-
tions. This work has focused on the relationship betweesrimediate structural changes,
mechanical response of the system and material transfevagglmmetal interfaces under the
initiation of high speed sliding. The velocity dependentéhe frictional force is associ-
ated with the plastic deformation of nanocrystalline matsr Additionally the temperature
profiles across the interface show that at sliding speedsaeréhan 200 iis the softer ma-
terial is first reaching a temperature close to the meltingtp®odelling issues regarding
the thermal conductivity are addressed and a way to overtoiievas developed via con-
tinuum models coupled with MD. Finally, this thesis alsod$héght on the yield point of
the materials and how they plastically deform during slidiriction, gaining knowledge
on how the constitutive models for shear stresses could e ajeed at high strain rates.
The following sections give the concluding remarks for A thesis.

Interatomic potential validations

The EAM potentials used throughout this PhD thesis have batansively tested to
validate and verify the MD code against experimental andmdational studies. Ther-
modynamic macroscopic variables such as melting pointd¢egadcity, thermal expansion
and thermal conductivities have been tested for Ag and Curralste Although most of
these variables show good agreement with experimentdtsethe thermal conductivity is
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greatly underestimated. The MD methods only account fopti@on contribution to the
thermal conductivity and not for the free electrons or etac{phonon interaction, which is
vital in friction related phenomena.

A thorough investigation was carried out to verify that tHEM method could resolve
the underestimation of the thermal conductivity as dised$s Chapter 3.212. In theory this
method is the state-of-the-art approach to take into addberelectron contribution to the
thermal conductivity, however, the results are still natgistent with experimental values.
This will require further development of the TTM algorithimat will be part of the future
work. The need to correct the underestimation of the thewguoabuctivity leads to the
development of a new algorithm as discussed in Chapter 3 2a#ich the heat conduction
equation is solved by taking into account the experimentadactivity of the metal of
interest. The algorithm was validated successfully regyin values ofk consistent with
experiments.

Finally, mechanical properties such Young’s modulus, shezdulus, and yield stress
of FCC copper were investigated and results show good agreaemith experimental re-
sults. Verification of LAMMPS against other MD codes for theghanical properties was
also proved successful.

Boundary conditions for sliding friction

The sliding friction simulations required the developmehboundary conditions for
imposing desired velocity and external pressure on thesysbeveral test cases have been
successfully performed for the algorithm’s verificatiortlsat these schemes could be used
efficiently for large scale dynamic friction simulations. Thestfiattempt of the boundary
conditions was used for test cases to calculate théicmmt of friction for a variety of
system sizes. Results show that friction ffimgent is independent of the selection of the
domain sizes.

Sliding frictions on single crystals

Plastic deformation in metal structures is a complex pheman due to the non-
linearity of dynamical processes related to the macroscdgiects. The dislocations pat-
terns, which tend to be chaotic and self-organised at thestate as shown in chapter
[, form heterogeneous field of deformation unlike the homeges field observed in the
macroscopic scale. The sliding friction of single crystaligained in this PhD confirmed
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that the frictional force depends on the frictional velpdinposed. The results show a
direct link between the frictional force reduction at highas rates and the plastic defor-
mation nucleated in the interfacial region. It was obsemyed deformation is initiated at
relative speeds greater than 5rstarting from the weaker material. Plastic deformation is
associated with temperature rise of the system and hendaajnaelting of the interfacial
region that results in frictional force reduction. The ldjlayer formed in the proximity of
the interfacial region constantly increases during sgdind the higher the sliding velocity
the thicker the mixed interface. As discussed in chdgter Bdiative velocities of 25 iis

the interfacial region reaches a plateau unlike, at speledid®and 1000 ifs in which the
interfacial thickness progressed linearly over time.

The material deformation depends on the rate at which deftoom takes place, the
temperature and crystallographic structure of the mateffdis thesis deals with high
deformation loading rates, which are isothermal in natugammg that the energy produced
in the system is flowing fast leading to an increase in tenipexaat the atomic scale. At
the macroscale the process is approximately adiabatie sive energy produced cannot
flow out of the system due to the short period of time; thisnétiely leading to an increase
in temperature locally and resulting in a strong interacti@tween the temperature and
deformation rate.

The investigation presented in this thesis provides insigb the mechanisms of dy-
namic friction and the author identifies the sources of syate error, which include the
under-prediction of the thermal conductivity and the atés arising from the reservoir
boundary conditions. This was obtained by the continuunukitions using a 1-D hy-
drocode. Conducting the continuum simulations using phamiy thermal conductivities
derived from MD simulations generate temperature profieamarable with MD at rela-
tive sliding speed of 200 fa. Furthermore, the reservoir boundary conditions resgdlie
temperature used in MD simulations are also imposed in thedopde simulations and the
results showed that shear waves travelling across botlriadatare constantly reflected by
their presence. The shear wave reverberations are preBenta@ntinuum simulations are
conducted without the reservoir boundary conditions bay thre significantly smoother,
meaning that slip velocity fluctuates less. The shear sisesso reflected by the reservoir
boundary conditions causing plastic deformation and @atety work hardening resulting
in an increase in the shear stress of both blocks. The stresécfed by MD predicts
the frictional stress indirectly using velocity contrilmri part of which is the shear wave
reflections. Calculating the stress during a simulation lglugling the kinetic contribu-
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tions results to a negligible variation in the stress-strasponse as shown in Chapter 6.2.
Finally, this work shows how molecular dynamics can providermation about the me-
chanical behaviour of sliding materials. This is achievgdrivestigating the material’'s
yield point and its variation with dlierent strain rates. It was found that the yield point and
the maximum stress increases as the strain rate increases @pitical strain rate; beyond
this point the yield point hits a plateau.

Sliding friction on nanocrystalline simulations

This PhD thesis also presents for the first time simulatidmsinostructured sliding and
the results were compared against single crystal’s betavide frictional force over time
at 200 nis shows significantly less fluctuations compared with a simgystal plot; this
indicates that shear wave reverberation does not grefdgtahe frictional force since this
occurs within each grain. The frictional force per unit af@ananostructure@anocrys-
talline holds lower values for each speed but follows theestmend compared to single
crystal sliding. Interestingly at low speeds (2&inthe values of frictional force per unit
area approaches values close to speeds of 100 and/20Braducing temperature profiles
for these simulations showed that the interfacial tempeeas lower than in single crystals
and this is because of the presence of the grain boundatigis wie structure. Specifically,
a temperature reduction of around 20 % is observed at slgpegds of 200 ys.

Material with a number of grains formed within the metal mats weaker compare
to single crystals, thus the values®f decreases. The stress-strain data on nanostructured
blocks show a significant reduction in the yield point and rieximum stress of around
73 % and 42 % compared to the single crystals for sliding spé2a0 nys. As in the study
of single crystals the yield point of the stronger materiabvevaluated as the strain rate is
increasing and the plateau is reached at 860 m

7.2 Future work

Following an extensive literature review there are sewgsaful areas that could be consid-
ered for a future work as highlighted below:

1. Thermal conductivity correction:
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Modificatiorydebugging of the TTM model to correct the thermal condutstivhder-
estimation. Application of this scheme to frictional magit investigate temperature
profiles and mechanical response.

The thermal conductivity underestimation of the MD methaabwsuccessfully cor-
rected by developing the TKC scheme; however, additionakwsrequired to re-
solve issues for the sliding friction model of &g tribopair.

The constant heat algorithm correction studied in Chap&isgartificially imposed
on the interfacial region to subtract heat. The scheme nedzsimplemented in the
grid analysis module as done in Chajpter 3.2.3 for the TKC sehem

2. Incorporating nanomaterials on sliding metallic suefac

The limited understanding of nanotribology is a significhatrier to the design of
many products and processes where there are moving partsexyperimental meth-
ods have expanded measuring friction in systems to molelayel is gained, how-
ever the results are often specific to a set of experimentthanefore dificult to scale
up to macroscopic systems and risky if applied to a wider eaofgndustrial appli-
cations. There are dark areas in understanding the motqualeesses underpinning
marcoscopic tribology that limit the benefits of these enmgygnethods. This is par-
ticularly true regarding the anti-wear properties of naartiples, where the mecha-
nism of boundary additives as a main substance includeduhbteants has not been
researched extensively. These additives aim is to binddaibis strongly into the sur-
face of the metal, therefore higher stresses can be employededuction in wear.
Little is known regarding this; however, computer simuwasg can play an increas-
ingly important role in investigating this phenomenon amgbiove the knowledge
and therefore application of nanotribology (friction, tidation and wear).

Simulations may be especially useful when determining loensure that nanopar-
ticles enter and remain in the contact area to understandit@kaviour. The use
of solid/liquid lubricants is increasing in several fields of enghireg involving var-

lous types of vehicles, heavy industrial equipment and mm&sh biological devices,
and metalworking processes and supercomputers. The Euramssumption of
lubricants reaches approximately 5 million tonnes per amnand the worldwide

consumption is around 40 million. The automotive industsgsithe largest lubri-
cant volumes for applications such as internal combustigjines, which uses the
most demanding combinations of physical and chemical ¢@mdi. The demand for
emission minimisation of harmful chemicals such as, 8@d CQ requires highly

complex formulation and combination of crankcase and thedant interaction. The
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types of lubrication condition governing engines are \@riranging from hydrody-
namic to elastohydrodynamic.

The frictional properties of inorganic fullerenes (IF),ngsten sulfide (W8 and
its structural analogue Molybdenum sulfide (Mp®ave been the centre of atten-
tion for the last decade. This great interest is due to theszang mechanical and
frictional properties whilst used as additives to lubritsathey have undergone ex-
tensive tribological testing using experimental techegbby Tenne [234] and me-
chanical behaviour using molecular dynamics methods doupito Kaplan-Ashiri
et al. [135]. Experiments have shown that these sphericadpaticles demonstrate
rolling friction under mild loads typically less than 0.5& the hydrodynamic lu-
brication regime. Studies show that there is no degradatitime spherical nanopar-
ticles at high-pressure loads ranging from 25 to 30 GPa.risite literature shows
these nanoparticles can reduce theflioent of friction () and provide good wear
properties. These nanoparticles are the strongest knatay,tand confined under
extreme conditions (high pressure and sliding velocitietjveen metallic surfaces
they could potentially plastically deform these surfacfeding bothu and wear.
Molecular dynamics (MD) capabilities provide excellenpopunities for perform-
ing simulations to study the mechanical and frictional pmes of WS and MoS.
Molecular dynamics techniques can be used to obtain thenaigri@iction of con-
fined lubricant (including the nanoparticles evenly dispel) between metals, thus
the following points can be investigated in the future asrticoation of this work:

e Generation of the structure of nanopatrticles (IF,AM80S;, carbon nanotubes
and others) and mechanical testing to validate experirhantfor DFT data.

e Possibilities of simulating lubricants used in engineshsag polyalfaolefine oil
(PAO) and measurements of viscocity and other thermodymanaiperties to
compare against experimental data.

e Merge the MD models of the nanoparticles with the liquids abderve the
dispersion of the nanoparticles within the liquid. Devetomethod of mixing
both materials to get a uniform liquid.

e The generated liquid will be confined between two metallierfaces of known
metals and sliding friction simulations will be conductédolecular dynamics
can reveal the physics and structural transformations rudgieamic friction
and high-pressure conditions of these nanoparticles.

e The evolution of the cd&cient of frictionu and the éiciency of these nanopar-
ticles under high pressures ranging from 0.83 to 1.72 GPhabeilvalidated
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using the MD friction model.

e Experimental evidence have shown that the IF under frictonditions are
subjected to structural changes resulting in their extiolnain sheets directly
into the contact area. If this phenomenon happens withirpieaseconds after
the initiation of high-speed sliding then the MD will revahe mechanism of
this phenomenon.

e Study of materials mixing, €liusion, and heat dissipation across the interfacial
region will be studied.

3. Friction work on silicon and MEMS:

Silicon (Si) is important for MEMs, especially where thesecontact between com-
ponents. Satyanarayana et al. [211] showed dramatic iedusftthe codicient of
friction by at least a factor of 6 and increase of the wearstasce of Si by at least
by a factor of 1000 times have been experimentally verified bgmbination of dual
layer of high molecular weight Polyethylene (UHMWDE) and fh@ropolyether
(PFPE). Quantitative and qualitative validation of theseusations using molecular
dynamics could lead to a breakthrough in understanding &mdately improving
wear on other applications.

4. Lubrication, MEMS and molecular dynamics:

The concept of mixed molecular films is when a fluid containgartban a single
component which might not be evenly distributed betweerbtlik and the wall re-
gion. In other words, when flerent molecules assembled together could potentially
give greater opportunities for moré&ective thin films. Therefore, what we have is a
combination of two molecular films of flerent structures, chain lengths, functional
groups. Molecular compatibility and solubility betweenlewules is an unexplored
area. This concept is considered a general case for mangesngig fluids. MD
studies can shed light on how molecules dfatient structures bond together in or-
der to create a molecule which reduces the friction and wégehnis important for
MEMs as claimed by Hsu [111].
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APPENDIX A

Voronorised Cu/Ag: Velocity variation
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A-2 Voronorised Cu/Ag: Velocity variation
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Voronorised Cu/Ag: Velocity variation A-3
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Voronorised Cu/Ag: Velocity variation
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Voronorised Cu/Ag: Velocity variation
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APPENDIX B

Voronorised Cu/Ag:. Stress-strain curves
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B-2 Voronorised Cu/Ag: Stress-strain curves
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Voronorised Cu/Ag: Stress-strain curves
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B-4 Voronorised Cu/Ag: Stress-strain curves
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Voronorised Cu/Ag: Stress-strain curves B-5
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Figure B.8: Stress strain response of voronorised Cu sliding on Ag. Sliding speBaDofms
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