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Abstract 

Understanding of the governance of friction and wear of metallic surfaces is 

of an on-going endeavor for engineers and scientists since when examining the 

industrial world of the 21st century; one would definitely meet with a 

considerable amount of energy dissipation during friction processes that brings 

about huge economic impact. Furthermore, it becomes extremely difficult to 

predict friction and wear behavior of metallic surfaces when the influence of 

sub-surface deformations during sliding is taken into account. Recent studies 

of deformation mechanisms of metals and alloys pioneer the better 

investigation of the friction and wear behavior of materials with well-defined 

initial microstructures. Within this scope, in this thesis, the effect of sub-

surface deformations on the resulting friction and wear behavior has been 

searched by means of a systematic experimental study on Au-Ni metallic 

multilayer model alloy system.  

The sliding experiments performed with Au-Ni multilayer samples under 

ultrahigh vacuum (UHV) conditions demonstrated that the individual layer 

thickness of multilayer systems has a strong impact on friction due to the 

transition in the dominant deformation mechanism near the surface. The 

experiments also prescribed a new route for lowering the friction force of 

metallic material systems in dry, clean contact by providing more stable 

microstructures (i.e alloy formation). Through the ultrafine grains formed by 

mechanical mixing the number of grain boundaries increased and hence, grain 

boundary-mediated deformation resulted in the low friction coefficient. As the 

number of sliding cycles increased, the formation of the metastable 

microstructure between Au and Ni metals has been maintained to a certain 

extent (i.e. up to the fracture of the tribolayer).  
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In an attempt to contribute to the examination on the effect of the environment 

on friction and wear of metallic materials, the second part of the experiments 

has been carried out in a controlled N2 atmosphere. Although a significant 

increase of the COF with increasing layer thickness has been found as already 

encountered under UHV conditions, the friction forces were higher than that 

observed in vacuum. Distinctive microstructure evolution as well as wear 

behavior has also been obtained due to the different interface characteristics 

during sliding. 

 

 

 



 

                                                                                                                                                    
iii 

 

Zusammenfassung 

Das Verständnis von Reibung und Verschleiß metallischer Oberflächen ist 

eine kontinuierliche Herausforderung für Ingenieure und Wissenschaftler – 

würde man die industriellen Prozesse des 21. Jahrhunderts insgesamt 

betrachten, ergäbe sich eine beachtlicher Energieaufwand durch Reibungs-

prozesse mit entsprechend großen wirtschaftlichen Auswirkungen. Es ist 

darüber hinaus sehr schwierig, Reibung und Verschleiß metallischer 

Oberflächen vorherzusagen, wenn der Einfluss der Randzonenverformung 

berücksichtigt werden soll. Studien zu den Verformungsmechanismen von 

Metallen und Legierungen ermöglichen ein besseres Verständnis der 

Reibungs- und Verschleiß-mechanismen von Werkstoffen mit genau 

definierten Ausgangsgefügen. In diesem Rahmen wurde in der vorliegenden 

Arbeit der Einfluss der Randzonenverformung auf das gemessene Reibungs- 

und Verschleißverhalten über eine systematische experimentelle Studie an 

einem Au-Ni-Multilagenmodellsystem untersucht.  

Die Reibexperimente, die an Au-Ni Multilagenproben unter Ultrahoch-

vakuum-edingungen (UHV) durchgeführt wurden, zeigten, dass die Dicke der 

einzelnen Schichten im Multilagensystem einen starken Einfluss auf die 

Reibung hat. Grund dafür ist der Übergang der vorherrschenden Verformungs-

mechanismen nahe der Oberfläche. Die Versuche geben auch einen neuen 

Ansatz vor für metallische Systeme in trockener und sauberer Umgebung vor: 

Die Verringerung der Reibkraft kann durch stabile Gefüge, z.B. über 

Legierungen, erreicht werden. Durch die ultrafeinen Körner, die durch 

mechanische Vermischung gebildet wurden, erhöht sich die Zahl der 

Korngrenzen. Die Verformung über die Korngrenzen ergibt einen niedrigen 

Reibungskoeffizienten. Mit zunehmender Zyklenzahl bildete sich ein 
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metastabiles Gefüge aus Au und Ni, das bis zum Bruch der Triboschicht 

erhalten blieb. 

Um den Einfluss der Umgebung auf Reibung und Verschleiß metallischer 

Werkstoffe zu betrachten, wurde der zweite Teil der Versuche unter definierter 

Stickstoffatmosphäre durchgeführt. Wie bereits unter UHV-Bedingungen 

wurde ein deutlicher Anstieg des Reibungskoeffizienten mit zunehmender 

Schichtdicke gefunden. Die Reibungskräfte waren jedoch insgesamt höher als 

unter UHV-Bedingungen. Aufgrund der anderen Grenzflächeneigenschaften 

wurde verglichen zu den UHV-Bedingungen ein unterschiedliches Verschleiß-

verhalten als auch eine andere Randzonengefügeentwicklung gefunden.  
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1      Introduction 

1.1     Overview 

Friction is a prevalent phenomenon in our daily lives, which even controls 

simple actions such as walking and writing with a pencil. It is the physical 

resistance against the relative movement of two contacting surfaces. As a 

natural phenomenon occurring also between rocks, friction can arise from a 

seismic slip during earthquake [1]. Furthermore, as the main mechanism 

responsible for energy dissipation, it has great significance for many industrial 

processes (i.e. forging and extrusion) and advanced mechanical systems such 

as micro- and nanoelectromechanical systems (MEMS/NEMS) [2, 3]. It has 

been reported that in the automotive industry, one-third of the fossil fuel 

energy is dissipated frictionally [4]. Besides, as a physical phenomenon, 

friction is important for several biological systems, i.e. musculoskeletal system 

[5, 6] and processes such as mechanical interactions between cells [7]. The 

physical process of friction dissipation is based on the conversion of the motion 

energy (so-called the kinetic energy) to the thermal energy during sliding. As 

a practical manifestation of this principle, this characteristic of friction has 

been utilized since ancient times (the Lower Palaeolithic Era ≈ 1 million years 

ago) to obtain fire by rubbing two pieces of wood against each other [8].  
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1.1.1  Tribology: The science of friction, 

lubrication and wear 

Tribology can be defined as the science and technology of friction, lubrication 

and wear, and has been accepted as the key technology in most mechanical 

systems [9]. It has been noted for hundreds of years to study this particular fact 

because the performance of many systems is mainly controlled by tribology. 

However, since friction is the main source of energy dissipation in many 

different processes, it has a significant impact on the world economy [10]. 

Therefore reducing friction and wear has been of key parameter from both 

scientific and technical point of view, and the ancient Egyptians can be 

exemplified as the first lubricant users for that manner [11].  

Leonardo da Vinci (1452-1519) can be considered as the father of modern 

tribology. Although he discovered the classical rules of sliding friction [12, 

13], he did not publish these results in his lifetime. Around 150 years later, 

Guillaume Amontons (1663-1705) introduced “Amontons’ Laws of Friction” 

in which he explained the nature of friction on the macroscale [14]. His first 

law emphasizes that the friction force is directly proportional to the applied 

load whereas the second law states that the friction force is independent from 

the contact area. Belidor (1698-1761) further developed these observations 

with a rough surface, and Leonard Euler (1707-1783) made the first 

discrimination among kinetic and static friction [15]. After these discoveries, 

Charles-Augustin Coulomb (1736-1806) studied in detail the effects of the 

structure of the contacting surfaces, the size of the contact area, the applied 

load and the time spent in contact, and then he introduced “Coulomb’s Law of 

Friction” in  which he showed the independence of the kinetic friction from 

the sliding velocity [16].
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The coefficient of friction (COF), µ was described as the proportionality 

constant between the friction force, FF and the normal load, FN as follows [17]:  

                                                     FF = μ FN                                               (1.1) 

Later on, Bowden and Tabor indicated that at the macroscopic scale, the real 

contact area (A) must be smaller than the apparent contact area (Aa). It is likely 

that the real contact area, A is formed due to a number of small asperities on 

the contacting surfaces, which results in a multi-asperity nature [18]. Then, the 

friction force becomes directly proportional to the real contact area, A: 

                                                      FF = τ A                                                 (1.2) 

where τ is the shear strength of the material. Bowden and Tabor proposed that 

the applied pressure might be sufficiently high to plastically flow the asperities 

in contact of two rough surfaces, in that the real contact area, A rises up to a 

certain level where the yield stress of the material exceeds the contact pressure. 

In this latter case, the real contact area, A would be proportional to the pressure 

remaining on it. 

1.1.2  Significance of nanotribology 

When tribological studies are performed on the nanometer scale (1-100 nm) 

with the aim of understanding the fundamental mechanisms of sliding friction, 

the term ‘nanotribology’ is assigned [19, 20].  

The importance of nanotribology arises from the fact of multi-asperity nature 

of the macroscopic contacts composing of nano-/micro scale single-asperities. 

As such, in order to clarify the fundamental mechanisms of sliding friction, 

observations of single-asperity contacts are needed. After the invention of the 

surface force apparatus (SFA) in 1969 by Tabor and Winterton [21] and of the 
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atomic force microscopy (AFM) in 1986 by Binnig, Quate, and Gerber [22], 

the applications of nanotribology were made possible. Particularly, the use of 

AFM in friction measurements has led to the manifestation of the friction force 

microscopy (FFM) in 1987 by Mate et al. [23] which enables obtaining various 

fundamental phenomena such as stick-slip behavior of atomic scale friction 

[24] and superlubric sliding [25], alongside of being conducive to the 

investigation of friction behavior on different material or material pairs [26-

47]. 

1.1.3  Continuum mechanics theories 

A number of approaches in contact mechanics have been proposed to 

determine the behavior of elastic deformation of two contact bodies exposing 

the compressive stresses. The first theory was introduced by Hertz in 1882 

[48], in which he described two elastic spherical contacts with radii R1 and R2 

(Figure 1.1) that form a contact circle with the radius, a, under the applied load, 

FN. The contact radius, a, can be specified in the Hertzian contact mechanics 

approach: 

                                               a = ( 3 FN  R

4 E
*

 )
1 3⁄

                                        (1.3)  

where  
1

R
=

1

R1

+
1

R2

 , and   
1

E
* =

1 - ν1
 2

E1
+

1 - ν2
 2

E2
 . E and ν express the Young's 

modulus and Poisson ratios of the contacting surfaces. Additionally, by 

substituting the Equation 1.3 into the Equation 1.2, and assuming that τ is 

constant, a “2/3” power law dependence of the friction force on the applied 

load is achieved:
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                                     FF = τ π ( 
3 R

4 E* )
2 3⁄

FN

  2 3⁄
                           (1.4) 

 

Figure 1.1: Schematic view of two elastic spherical contacts with radii R1 and R2 when pressed 

against each other, adopted from [9]. They form a contact circle with the radius, a, 

under the applied load, FN , during elastic deformation.

This model was then developed by Johnson, Kendall and Roberts (the JKR 

model) in 1971 with supplementing the adhesive forces inside the contact area 

[49]. Herewith, the adhesive term increases the size of the contact, in which a 

negative force (pull-off force) is needed to separate the surfaces in contact. 

Thereafter, in addition to the adhesive forces, the Derjaguin-Muller-Toporov 

(DMT) model considered the attractive forces outside of the Hertzian contact 

area [50, 51]. Eventually, the Maugis-Dugdale (MD) theory was introduced as 

a composition of all these theories in 1992 [52].  

1.2    Microstructure evolution during     

sliding 

Deformation of the contacting bodies can be broadened from a few nanometers 

to meters and is dependent upon the materials in contact, applied stresses, and 
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strains as the material response. As a matter of fact, the sliding interface is 

affected by large plastic strains generated during sliding and in this case, 

modifications in the microstructure near to the surface would be inevitable. 

Therefore, it is of critical importance to become familiar with the deformation 

behavior of tribological contact pairs before dealing with them. 

1.2.1  Plastic deformation of multi-asperity    

contact 

Regarding the von Mises stress distribution on sub-surfaces under tribological 

loading, Hamilton and Goodman made their first assumption in 1966, in which 

they studied the complete stress field of a Hertzian point contact that is 

proportionally distributed at the sub-surface [53]. Later on,  Hamilton moved 

this assumption forward by the investigation of the stress fields (tensile and 

compressive stresses existing in the direction of sliding) for a Hertzian point 

contact, in which he found that the maximum stress resides at the trailing edge 

of the contact near to the surface [9, 54]. According to the Hamiltonian model, 

the maximum stress, σ during sliding can be determined as follows: 

                                       σ = P0 ( 
1 - 2ν

3
+

4 + ν
8

 π μ)                               (1.5) 

where P0 is the maximum pressure at the center of the contact (r = 0). 

One of the early investigations for the contact of rough surfaces was made by 

Greenwood and Williamson and they argued that every single contact-asperity 

has spherical nature within the same radii which deforms elastically under a 

Hertzian contact pressure [55]. Although their model was produced for the 

elastic contacts, it does enable predicting the origin of plastic deformation at 

the contact-asperities as well [9].
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1.2.2  Microstructural changes of metallic   

materials  during sliding: Third-body  

formation, transfer and mixing 

Metallic surfaces that are subjected to sliding friction often develop new 

microstructures (e.g. wear debris particles), phases or compositions which are 

not present in the original material at the near surface [56-58] (Figure 1.2). The 

development of these so-called ‘third-bodies’ or tribomaterials [59] strongly 

influences the frictional and wear behavior of tribological systems and many 

examples exist for technical alloys and pure metals [60-70]. According to 

Rigney et al. [71], the main factors affecting the generation of the third-bodies 

at the sub-surface during sliding can be arrayed in this way: 

 Large plastic strains and strain gradients, 

 High strain rates and strain rate gradients, 

 Mechanical mixing of the constituents from either surfaces in contact 

or from the environment, 

 Different recovery processes.  

 

As stated, shear deformation of the interfaces can differ from each other and a 

number of experimental parameters such as sliding velocity, applied load, 

temperature and environment, as well as the mechanical properties of the 

interface materials such as hardness and yield strength can influence the 

resulting behavior. As a connective consequence of all these features, the 

distribution of the shear stress and strain would lead to observing different 

deformation levels near to the surface beneath the wear track. Figure 1.3a 

displays such an example, in which the ultrafine grains are remarkable at the 



1 Introduction 

8 

 

very surface of copper whereas coarser grains are further developed beneath 

this region throughout sliding [72].

 

Figure 1.2:  Basic illustration of a tribological contact pair adopted from [71]. Plastic 

deformationtakes place as sliding is in progress. Tribomaterial develops near to the 

sliding interface due to the modifications in local asperity contacts forced by the 

strain and strain rate gradients. Composition of the tribomaterial may either differ 

from bulk metals (mechanical mixing with the bulk metals and/or the environment) 

or remain unchanged. While observed tribomaterial is frequently nanocrystalline, 

amorphous structure can either be obtained, for example, in the case of mixing with 

O2. Wear debris particles might be produced sometimes in the tribomaterial.  
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Figure 1.3: Different examples of the deformation at the sliding interface. (a) Cross sectional 

image of a worn copper surface under dry sliding conditions [72]. Modified figure 

from M. Chandross et al., Scripta Materialia 143, 54-58 (2018), with DOI link: 

https://doi.org/10.1016/j.scriptamat.2017.09.006. Creative Commons Attribution-

NonCommercial-No Derivatives License (CC BY NC ND). Copyright (2017) by 

Elsevier.  (b) Cross-section of an experimentally plowing nanocrystalline copper chip 

by an AFM tip [74]. (c) Chip cross-section from the atomistic simulation (at t = 6.5 

ns). (b-c) Reprinted figures with permission from [N. Beckmann et al., Physical 

Review Applied 2, 064004 (2014)]. Copyright (2014) by the American Physical 

Society. 

Moreover, bulging and coarsening during sliding can be seen where the 

surrounding material is dragged throughout sliding over the surface material, 

which causes the strong roughness at the surface. As an example to the case at 

microscale, the study within the AISI 52100 steel slid over an interface 

consisting of Au coated-AISI 1020 steel can be given [73]. This latter process 

can also be observed at nanoscale. Figure 1.3b depicts a cross section of a 

nanocrystalline copper chip plowed by an AFM tip while the atomistic 

simulation (Figure 1.3c) is also in agreement with the experimental result [74]. 

https://doi.org/10.1016/j.scriptamat.2017.09.006
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The grains with suitably oriented slip systems led to the plastic flow throughout 

plowing, which resulted in bulging and folding of the material. Hence, the 

plasticity instabilities can be held accountable from the formation of folding 

on polycrystalline surfaces. 

In order to understand the accurate mechanisms underlying the interfacial 

interactions of the two sliding bodies, molecular dynamics (MD) simulations 

have a great potential. As a good example, an atomistic approach to the 

experimentally observed third-body structure at the tungsten (W) / tungsten 

carbide (WC) interface by Stoyanov et al. [75] can be cited, where the 

roughness of the two contacting bodies is specifically examined (Figures 1.4-

5). For the “flat on flat atomistic sliding” the researchers reported that, at the 

beginning of the simulations, a binding of the uppermost layer of the W body 

to the C atoms of the WC body occurred and this led to the formation of a W-

transfer monolayer at the sliding interface (Figure 1.4a). By further sliding, W 

atoms moved to the next W adlayer causing the development of a W-rich 

region (Figure 1.4b) which led to the nucleation and propagation of 

dislocations and changes in grain orientation through the W body (Figure 

1.4c). And consequently, an amorphous tribolayer formed through the WC 

body by breaking the flatness of the W/WC interface (Figures 1.4d-e). The 

level of amorphization and the evolution of the shear stress are demonstrated 

in Figure 1.4f. 

Amorphization of the WC layer has also been observed during a “rough on 

rough atomistic sliding”. For this latter case, MD simulations showed that the 

W multi-asperities make it difficult for the WC body to move in the beginning 

(Figure 1.5a). However, with further sliding, the C atoms started to mix with 

the W atoms which are already disordered (Figure 1.5b), and subsequently a 
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mixed amorphous WC tribolayer is produced (Figure 1.5c-e). The level of 

amorphization and the evolution of the shear stress during sliding are 

demonstrated in Figure 1.5f. 

 

Figure 1.4:  MD simulation of a “flat on flat atomistic sliding” within a pressure of 10 GPa and a 

sliding velocity of 10 m/s [75]. (a) Binding of the uppermost layer of the W body to 

the C atoms of the WC body occurred and a W-transfer monolayer at the sliding 

interface formed. (b) W atoms moved to the next W adlayer causing the development 

of a W-rich region. (c) The nucleation and propagation of dislocations and changes in 

grain orientation through the W body are observed. (d) The flatness of the W/WC 

interface started to break. (e) An amorphous tribolayer formed through the WC body. 

(f) The level of amorphization and the evolution of the shear stress during sliding. 

Reprinted by permission from Springer Nature:  Tribology Letters, 50, Experimental 

and numerical atomistic investigation of the third-body formation process in dry 

tungsten/tungsten-carbide tribo couples, 67-80, P. Stoyanov, et al, Copyright (2012).
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Figure 1.5:  MD simulation of a “rough on rough atomistic sliding” within a pressure of 5 GPa 

anda sliding velocity of 10 m/s [75]. (a) The W multi-asperities make difficult for the 

WC body to move in the beginning. (b) The C atoms started to mix with the W atoms 

which are already disordered. (c-e) A fully mixed amorphous WC tribolayer formed. 

(f) The level of amorphization and the evolution of the shear stress during sliding. 

Reprinted by permission from Springer Nature:  Tribology Letters, 50, Experimental 

and numerical atomistic investigation of the third-body formation process in dry 

tungsten/tungsten-carbide tribo couples, 67-80, P. Stoyanov, et al, Copyright (2012). 

Furthermore, a mechanical mixing process during sliding is possible due to the 

formation of vortices in the tribomaterial [76-78]. The process for producing 

vortices to drive mechanical mixing has been described as a plastic flow 

process rather than a simple thermal diffusion [56]. Shear instabilities, instead 

of the Kelvin-Helmholtz instability in fluid dynamics, have previously been 

discussed to be responsible for the formation of vorticity when localized, 

inhomogeneous strains are generated among the contacting surfaces [71, 74]. 

The velocity profiles obtained via MD simulations have also supported the 
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development of this atomic flow process in crystalline materials [79-81] for 

which the mechanism of mechanical mixing depends on the microstructure 

[74]. Essentially, localization of the grain size anisotropy has been accountable 

for the formation of the vortex-like structures at the near surface which would 

provide transferring the material and generating the nanocrystalline structure. 

It is likely that this process results in an increase in hardness due to the 

refinement of grains with respect to the Hall-Petch relation [82] whereas 

ductility diminishes [83]. However, there have been several studies [63-64, 84-

87] where the breakdown of the Hall-Petch effect is demonstrated when a 

transition in the dominant deformation mechanism has been observed when a 

critical grain size has been reached. Sometimes, mechanical mixing processes 

driven by large plastic strains on sub-surfaces can be reinforced by mechanical 

alloying [88, 89]. It has been reported that this mechanism could even force 

the mixing of immiscible elements at equilibrium, such as Ag and Cu, Ag and 

Ni, and Au and Ni (the material pair selected in this thesis). Depending on the 

operating temperature [90, 91] where the thermally activated diffusion process 

is hindered during ball milling (even at cryogenic temperatures) and the initial 

surface grain size, applied stress and the exposure time to shearing [92], fully 

mixing of immiscible elements can be obtained under non-equilibrium 

conditions. In order to be able to realize the aforesaid situation, a sufficient 

amount of stress and/or time must be provided, and more importantly, the 

critical grain size for the material transfer must be achieved as handled in detail 

in Chapter 4.
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1.2.3  Effect of microstructure on metallic friction 

As indicated earlier, the work by Bowden and Tabor [93, 94] contributed 

greatly to our knowledge of contact mechanics of solid metals. They developed 

a new equation where the friction force, FF is expressed as the product of the 

real contact area, A, and shear strength of the softer material,  τ , FF = τ A 

(Equation 1.2). By substituting Equation 1.2 into the Equation 1.1 and using 

the relation  FN = PA , the coefficient of friction (COF) can be defined as 

follows: 

                                            μ = 
FF

FN

 = 
τ A

A P
 = 

τ
P

                                         (1.6) 

where P is the Hertzian contact pressure or flow (yield) stress of the softer 

metal. The concept of ‘soft-hard’ metal contacts is illustrated in Figure 1.6a 

while Figure 1.6b shows a hard-hard metal contact in which lower friction 

coefficient is expected due to the smaller contact area. Principally, a higher 

COF would be expected as the contact area increases (due to the tendency to 

ploughing); however, some of the experiments have shown contradictory 

results in the case of lubrication and/or the formation of a thin film at the 

sliding interface. To give an example, Bowden and Tabor coated a hard steel 

substrate with indium metal in the form of a thin film and observed a lower 

friction coefficient with increasing applied load compared to that in the 

uncoated steel although the contact area appeared to be risen (Figure 1.6c). It 

is quite clear that the indium thin film acted as a solid lubricant which is 

responsible for lowering the COF. As stated previously, Amontons first law of 

friction says that the friction coefficient of a sliding system depends on the 

applied load; however in this latter case, opposite observations were recorded. 

This situation can be verified by the following equation for the elastic contact 

deformation:    
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                                                μ = τ π ( 
3 R

4 E* )
2 3⁄

FN

   -1 3⁄
                            (1.7) 

in which a minimal increase in the area of contact leads to a slight change in 

the friction force. Since this change is very small in comparison with the 

applied load ( μ ∝ FN
 -1 3⁄

), a certain decrease in the COF, μ is expected [95]. 

 

Figure 1.6: Basic illustration of relation of friction force to metal substrate hardness (FF  = τ A) 

adopted from [95]. (a) Hard metal in contact with soft metal (small τ and large A). (b) 

Hard metal in contact with hard metal (large τ and small A). (c) Hard metal in contact 

with hard metal separated by a thin film (lubricant) on one metal surface (small τ and 

small A).  

As explained earlier, sub-surfaces are inclined to the structural modifications 

due to the large plastic strain gradients generated during sliding of the surfaces 

in contact. These arisen instabilities might lead to forming folding or cracking 

at the sub-surface in which an increment in the coefficient of friction (COF) 

can be usually observed due to the rougher sliding surface that can be ploughed 

more easily. When sliding is maintained on that rippled surface, wear debris 

particles may be developed and, mechanical mixing/alloying between particles 

and sliding surface can even be processed towards obtaining a nanostructured 

tribomaterial which also can lower the COF. If sliding is continued, a modified 

surface might cause delamination of the tribomaterial which is more brittle 
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than that obtained in the former case, and under these circumstances, the COF 

will be higher [68].

When the influence of friction and wear on world economy, associated with 

attaining main source of energy dissipation during different industrial 

processes, is considered, reducing the COF and/or the amount of wear is of 

great importance from either a scientific or an engineering perspective. For that 

manner, a number of studies have been done particularly aiming to provide 

nanostructured tribomaterial under both dry and lubricated sliding conditions 

[62-64, 68, 85-87, 92, 96-104]. 

To give an example, both high and low steady-state friction values can be 

obtained during sliding of an initially nanocrystalline structure [64]. Following 

a temporary COF at the beginning, Padilla et al. encountered with either a low 

COF as of 0.2 with less fluctuation or a high COF as of 0.8 with large 

fluctuation in their work. By considering sub-surface deformation, they 

accounted for this duality in friction behavior in four stages: (a) A temporary 

COF is evaluated at the very beginning. (b) As the sub-surface structure is 

deformed by means of high shear stresses due to the various magnitudes and 

gradients, different scaled grains are generated. Because the strength between 

the regions (layers) with ultra-nanocrystalline (UNC) grains, coarsed grains 

(CG) and nanocrystalline (NC) grains differs from each other, the stress 

distribution would be the key parameter to determine the friction behavior. (c) 

If the interfacial stress between the UNC and CG layers exceeds the threshold 

for delamination, then sub-surface structure will be delaminated and result in 

a high COF with large fluctuations. (d) On the other hand, if the delamination 

threshold is not exceeded (lower stress magnitude), the UNC layer will 
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accommodate shear which leads to reduce the COF. This process is 

summarized in Figure 1.7.

 

Figure 1.7:  Schematic view of the grain structure evolution associated with the high and low 

COFvalues [64]. (a) Sliding friction of a nanocrystalline structure at the very 

beginning. A temporary COF is evaluated. (b) Deformed sub-surface structure 

initially resulting in the high COF. Strength between the layers with ultra-

nanocrystalline (UNC) grains, coarsed grains (CG) and nanocrystalline (NC) grains 

differs from each other. Note that magnitude and gradient of stresses relative to the 

physical dimensions are indicated with the color contour lines. (c) Delamination on 

the sub-surface microstructure resulting in the high COF with fluctuations in ‘high 

stress magnitude’. Higher interfacial stress may lead to delamination if it can exceed 

the threshold. (d) If the delamination threshold is not exceeded (lower stress 

magnitude), the UNC layer accommodate shear which decreases the COF. Reprinted 

from Wear, 297, H. A. Padilla, et al., Frictional performance and near-surface 

evolution of nanocrystalline Ni–Fe as governed by contact stress and sliding velocity, 

860-871, Copyright (2013), with permission from Elsevier.  
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Authors have reported that under lubricated sliding the COF can be decreased 

at relatively low sliding speeds [101, 102], however higher sliding speeds 

might still cause to observing higher COF apparently due to the high wear rate 

[102]. Comprehensive comparison between dry and lubricated sliding of WC 

against W revealed higher friction forces under dry conditions [103]. The 

reason here arises from the formation of the third-body between WC (observed 

amorphization) and W (grain refinement near to the surface) by the initial 

plowing events, which was also confirmed by MD simulations [75]. Even 

though the formation of the third-body is a matter of lubricated sliding as well, 

low viscose hexadecane monolayers inhibited a high friction behavior under 

lubricated conditions. 

Indeed, as one can notice from previous literature data, dry sliding conditions 

for pure metals do not always contribute to a reduction of friction since shear-

induced plastic strains grossly deform the sub-surface. In this case, the 

formation of the nanostructured tribomaterial to decrease the COF becomes 

useless because of the stress-strain instability near to the surface. Therefore, it 

is obvious that persistent microstructures on sub-surfaces are needed for stable 

and low friction behavior [68]. 

Recently, Argibay et al. proposed that it is possible to provide remarkably low 

friction at low applied stresses below an equilibrium surface grain size [87], 

where they described a feedback loop between maximum surface stress, σ, 

surface grain size, d, and friction coefficient, µ, as illustrated in Figure 1.8. 

There are a number of studies which state the deformation mechanisms as 

dislocation-induced deformation (grain size < 100 nm) and grain boundary 

(GB)-induced deformation (grain size < 20 nm) [64, 105-107]. At this stage, 

Argibay et al. interpolated the COF value into the equations of interest [107] 
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and developed their model which points out that depending upon the applied 

stresses and initial microstructures, different deformation mechanisms which 

can control the friction behavior of the system can be observed [87].  

 

Figure 1.8:  Feedback loop between friction coefficient, μ, surface stress, σ, and grain size, d, 

adopted from [87]. 

1.3      Effect of environment on metallic  

friction  

In terms of its application, the environment can induce alteration of the sliding 

pairs. As opposed to many different industrial processes which are usually 

exposed to the ambient conditions (i.e. air), sliding under ultrahigh vacuum 

(UHV) conditions is necessary for more special-designed components, for 

example, in space technology. By the virtue of changes at the asperity level 

under different environments such as different chemical composition and 

morphology evolution in mechanical intermixing, friction and wear behavior 

of the materials based on their mechanical properties might be notably 

influenced. Therefore, it would be to the point to emphasize the friction and 

wear behavior of metallic components under different environments. 
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Figure 1.9:  Snapshots from the atomistic simulation of the Au and Ni tips sliding over the Au 

surface, adopted from [108]. The junction growth (neck formation) between two Au 

surfaces (below 170 K, left figure) results in the high friction force compared to the 

much lower case where the diffusion of surface atoms at the interface is in dynamic 

equilibrium (above 170 K, right figure). Reprinted figure with permission from [N. 

N. Gosvami et al., Physical Review Letters 107, 144303 (2011)]. Copyright (2011) 

by the American Physical Society. 

Change in composition and microstructure prevails for metals during sliding 

in both cases (i.e. ambient and UHV conditions); however, recorded COF 

values in air (for dry sliding) are typically much lower than in vacuum. The 

main reason for higher COF under vacuum can be explained due to the fact 

that strong adhesion is generally observed when two clean metal surfaces are 

brought into contact. The latter is caused by strong metallic bonds at the 

interface and usually, growth of junctions can take place depending on the 

ductility of the asperity material [9]. These are evidence for high friction 

behavior under UHV conditions. Although it much more suits to the topic on 

the effect of temperature on metallic friction (however this subtopic is not 

included in this thesis), the study by Gosvami et al., demonstrates the junction 

growth (neck formation) under UHV between two Au surfaces (below 170 K) 

as displayed in Figure 1.9 which results in the high friction force compared to 

the much lower case where the diffusion of surface atoms at the interface is in 
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dynamic equilibrium (above 170 K). In this corresponding case, MD 

simulations very well supported the AFM measurements [108]. 

As mechanical mixing among the contact bodies can be seen in either 

atmosphere, ambient conditions make the interface more susceptible to mix 

with the adsorbed gases omnipresent in air. The most frequently encountered 

state here is the oxidation of metals to some extent, by forming oxide films 

which are usually between 1 and 10 nm thick. In such a case, the sliding 

behavior would be controlled by the structure of these oxide films. If the oxide 

film is penetrated during sliding, then the COF is directly determined by the 

interaction among the contacting bodies. However, if the surface oxidation is 

not broken, the oxide film itself determines the friction force since it still 

adheres to the metallic contact [9]. In the case of the presence of an oxide or 

another reaction-formed film at the interface, recorded COF values in air have 

generally been much lower than in vacuum. For instance, when the effect of 

oxygen (O2) on the sliding friction of pure iron (Fe) is examined, researchers 

have seen a reduction in the COF with increasing the O2 content [109]. It has 

also been reported that the low COF of a copper-copper (Cu-Cu) contact at low 

normal loads in air stems from the oxide film which separates the two metallic 

surfaces from each other and might act as a low shear strength film at the 

interface [9]. They also argued that the growth of junction between two Cu 

surfaces is inhibited at low loads with the help of the outsider (the oxide film) 

since higher friction force is recorded due to the formation of more strong 

metallic contact between Cu bodies as the applied load is increased. 
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1.4      Tribology of multilayer thin films 

As stated earlier, the origin of the friction and wear mechanisms at the 

macroscopic level stems from the micromechanical mechanisms (about 1 µm 

or less down to the nm range) correlated with contacts at the asperity level, 

stress-strain formation and distribution, crack formation and propagation, and 

wear debris particle formation. However, in most instances, these factors cause 

complicated understanding of the mechanisms that govern friction and wear 

due to the unpredictable microstructural, chemical and topographical 

alterations through the medium of plastic deformation at the sliding interface. 

Thus, a better investigation of the microstructure and chemistry of the 

tribozones, i.e. tribolayer, tribomaterial, third-body or mechanically mixed 

material, within the interiors and boundaries, is needed [110]. In the present 

circumstances, multilayer thin films can become more attractive since they are 

extremely promising and can serve as model materials to be able to clarify the 

inexplicable tribology mechanisms. 

Multilayer thin films consist of periodically repeated structures of two or more 

materials. If the thickness of individual layer is in the nanometer range, this 

structure is then classified as ‘superlattice’ [111]. First studies on the growth 

of multilayered films were performed at the Los Alamos Laboratories, USA in 

the late 1970s [112]. The researchers mainly aimed to hinder the formation of 

dislocation and its mobility based on Al/AlxOy films deposited via physical 

vapor deposition (PVD) system. Later on, metal/metal multilayer pair were 

also examined and better mechanical properties were recorded as the layer 

thickness decreases [113]. Many other studies have also been done to further 

reveal the benefits of multilayered systems [111, 114-116]. 
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In the course of compression of multilayer thin films, one layer can be the 

alternative for another to accommodate shear. As illustrated in Figure 1.10, 

deflection might occur through the film structure without fracture of the hard 

layers whereas the soft layers act as a shear zone since it is exposed to much 

more stress than the hard layers [117]. It is crucial to state that this behavior 

can differ in some cases, i.e. if a compressive stress greater than the yield stress 

of the uppermost hard layer material is applied, then deformation (fracture) of 

this layer can be expected. Besides that, the thickness of the layers must be 

also taken into account, in which thicker layers will be subject to more stress. 

In the opposite case (i.e. the uppermost layer is soft, and the soft and hard 

layers sequence), due to its low shear modulus, G (or elastic modulus, E), the 

uppermost soft layer cannot accommodate shear anymore and fracture can 

happen depending on the applied stress and the layer thickness. In the case of 

completely deformation of this layer, the following hard layer will manage the 

further process by either transferring only the shear stress to the posterior 

layers (when shear stress < yield stress) or receiving the shear stress and 

fracturing (when shear stress > yield stress). 

The control of the parameters such as hardness, thickness and surface 

roughness of thin films [118] is of critical importance for sliding of multilayer 

thin films as well, since they have profound impact on the formation of the 

third-body at the interface. For a FCC/BCC Cu-Nb system, different 

deformation mechanisms have been reported by Misra et al. [119], in which 

glide of single dislocations confined to individual layers has been predicted for 

a few nm to a few tens of nm thickness, whereas piling-up of dislocations in 

larger layers (sub-µm to µm) has been mentioned. They have also addressed 

an interface crossing for smaller layer thickness (i.e. 1-2 nm). Notwithstanding 
that, further factors which may influence other material systems have been
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drawn attention [119]. On the other side, as indicated with the sliding 

experiments performed on the FCC/FCC material systems, i.e. Au-Cu [77], 

Ag-Cu and Al-Cu [78], mechanical mixing of the layers through shear 

instabilities has been observed. Although these results can open new horizons 

in the field of tribology, a comprehensive tribological analysis of this mixing 

behavior is unfortunately lacking. In line with this objective, in this thesis, we 

would like to mainly address the friction behavior of Au-Ni metallic multilayer 

systems with different layer thicknesses associated with their microstructure 

evolution.

 

Figure 1.10:  A basic illustration for a multilayer thin film system, in which the uppermost layer 

is harder, under the applied load, FN, adopted from [117]. Deflection of the layers 

can tolerate the stress without deforming (yielding) the hard layers whereas shearing 

occurs in the soft layers. Applied stress, FN is less than the yield stress of the hard 

layer material. 
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1.5      Scope of this thesis 

The present study aims towards a better understanding of the dependence of 

friction on well-defined initial microstructures by utilizing a gold and nickel 

multilayer model alloy. After the introduction to the subjects initiated in this 

chapter, the thesis will proceed with Chapter 2 which will be a guide for the 

techniques utilized in the experiments and describe reasoning behind the 

selection of the Au-Ni material system for the tribological studies presented in 

this thesis. It also contains information regarding the preparation and structural 

characterization of Au-Ni multilayer thin films and sliding experiments. 

Chapter 3 will continue with results regarding the friction behavior of 

multilayer samples depending on the layer thicknesses under different 

environmental conditions as well as their microstructural evolution after 

sliding. A detailed discussion of the results of individual multilayer sample 

will be given in Chapter 4. The possible reasons of the distinctive 

microstructure evolution under different atmospheres will be explained and a 

comparison of the friction behavior with regard to the microstructure evolution 

will be given. Wear behavior of multilayer samples under different 

environments associated with the surface characteristics will be also addressed. 

Before finalizing the chapter, a theoretical model applied to the corresponding 

results observed under UHV conditions and based on the relationship between 

microstructure, deformation mechanism, and friction behavior will be 

addressed by including the limitations for our Au-Ni metallic material system. 

Chapter 5 will conclude the thesis by providing a summary of the results and 

ultimately, Chapter 6 will supply an outlook including the future research 

aspects.
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2      Materials and Methods 

2.1     Abstract 

This chapter gives a detailed explanation of materials and methods which are 

used in this thesis. The theoretical methods section is initially provided to 

guide which techniques/instruments are utilized before and after, as well as 

during the friction experiments. Following this path, sample preparation is 

described by addressing why Au and Ni are selected as the main materials of 

the multilayer thin film structure for further tribological purposes. 

Subsequently, the characterization of the as-grown multilayer films in terms of 

crystallography, surface roughness, and indentation hardness is described. 

Friction tests in two different environments are reported and the microstructure 

evolution of the worn multilayer samples via the electron microscopy rounds 

this chapter out.  

2.2     Principle of methods 

2.2.1   Magnetron sputtering 

Magnetron sputtering is the most widely used technique among physical vapor 

deposition (PVD) systems in order to coherently grow thin films. During this 

process, a magnetron target is bombarded by the highly energetic ions 

accelerating with the help of electric and magnetic fields applied to the ion 

plasma in the chamber. This destructive process provides sputtering of target 

atoms when they collide with the accelerated ions. The ejected atoms from the 
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target surface accumulate on a substrate, and then condense forming a thin film 

[120]. A schematic representation of the process is given in Figure 2.1.

 

Figure 2.1:  Schematic representation of magnetron sputtering process. Ar+ ions are accelerated 

through a target material to sputter the target atoms. The ejected atoms from the target 

accumulate on the surface of the substrate, and then they condense forming thin film.  

The name ‘magnetron’ stems from the construction of magnets surrounding 

the target material, which also increase the probability of an electron-atom 

collision during the ion bombardment. This step is of use to improve the 

efficiency of ionization for denser plasma in the target region; and hence, the 

bombardment of the target is increased leading higher sputter rates to the 
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substrate. In addition, ejecting secondary electrons from the target surface also 

contributes to maintain the plasma [120]. 

Magnetron sputtering process was utilized in this thesis to coherently grow the 

Au-Ni multilayer thin films for further friction experiments.  

2.2.2   X-ray diffraction (XRD) 

XRD is a technique where an incident beam of monochromatic (single-

wavelength) x-rays and a crystalline sample construct an interference to 

produce reinforced diffraction peaks in order to identify the crystallographic 

planes since the distance between the atomic planes in crystalline solid 

materials can be precisely determined by the wavelengths of x-rays (Figure 

2.2) [121].  

 

Figure 2.2:   Illustration of the diffraction of an incident x-ray beam by the (hkl) planes of a crystal 

at the Bragg angle, θ, adopted from [121]. When the incident beam of monochromatic 

x-rays of wavelength, λ hit these planes and the reflected (diffracted) x-rays become 

in phase, the beam would be reinforced and consequently constructive interference 

takes place.   

As shown in Figure 2.2, constructive interference only occurs when the 

conditions meet Bragg’s Law during the diffraction of x-rays. This law is 
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fundamentally related with the wavelength, λ and the diffraction angle of the 

electromagnetic radiation, θ and with the interplanar spacing of the crystal 

planes of Miller indices (hkl). Then, Bragg’s Law [122] must be: 

                                                   n λ = 2 dhkl  sin θ                                       (2.1) 

where n is called the order of the diffraction and in most cases, the first order 

of diffraction (n = 1) is used. In order to interpret the XRD data of the cubic 

unit cells, the interplanar spacing of the crystal planes, dhkl must be calculated: 

                                                  dhkl  =
a

√h
2
+k

2
+l

2
     

                                      (2.2) 

By using Equation 2.2, it can be determined if a cubic unit cell is body-centered 

(BCC) or face-centered (FCC). For the simple cubic lattice structure, the 

diffraction of all (hkl) planes is possible whereas there are some simple rules 

for the diffraction of BCC and FCC crystal structures [121]. XRD analysis has 

been performed for the study presented in this thesis to identify the 

crystallographic feature of the as-grown Au-Ni multilayers. 

2.2.3   Atomic force microscope (AFM) 

Contact mode is the most fundamental operation mode of the AFM. In this 

mode, a nanometer-scale, single-asperity tip situated at the end of a flexible, 

micro-machined cantilever scans over a sample surface. During scanning, the 

sample is mounted to a piezoelectric tube (the piezo scanner) and the normal 

(vertical) interaction force acting between the tip and the sample is detected by 

recording the position of a laser beam deflected off the backside of the 

cantilever on a photodiode corresponding to the vertical deflection of the 

cantilever due to the interaction [123]. The general schematic associated with 

a typical AFM setup is given in Figure 2.
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Figure 2.3: A basic illustration of a general AFM concept. The sample is mounted to a 

piezoelectric tube (the piezo scanner) and a nanometer-scale, single-asperity tip 

situated at the end of a flexible, micro-machined cantilever scans over the sample 

surface. The deflection of the cantilever in the vertical direction is detected by a four-

quadrant photodiode. Topographical maps are acquired by keeping the normal force 

constant during scanning via a feedback loop and tracking the z-position of the piezo 

scanner. 
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The AFM tip and the sample can be moved with respect to each other, in three 

(x, y, z) directions and their displacements are converted from applied voltages 

into actual lengths by the piezoelectric constants. By keeping the normal force 

constant during scanning via a feedback loop and tracking the z-position of the 

piezo scanner, topographical maps are acquired. The normal force between the 

AFM tip and the sample surface can be detected by the amount of cantilever 

deflection [124].  

In contrast of its general concept as already explained, some AFMs can be 

worked differently. A Bruker AFM (Veeco Dimension V), which was utilized 

in contact mode in order to topographically characterize the uppermost 

surfaces of the Au-Ni multilayer samples in this thesis, is of such an example. 

As displayed in Figure 2.4, instead of the sample, the AFM cantilever is placed 

onto the cylindrical piezoelectric scanner mounted near the top of the 

microscope in this latter case, and constant deflection of the AFM cantilever 

can be maintained by the feedback loop. To keep the cantilever deflection 

constant, the piezo scanner uses height data which corresponds changes in the 

deflection (voltage) signal between the top (A, B) and the bottom (C, D) 

segments of the four quadrant photodiode. By recording the output fluctuations 

from the photodiode (when the tip and cantilever are deflected due to the 

features on the surface of the sample), the accurate topographical data can be 

constituted. In addition to this, the feedback gains must be as high as possible 

in order to collect the height data by minimizing the cantilever deflection 

during scanning.  
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Figure 2.4:  Schematic illustration of a Bruker AFM (Veeco Dimension V). The AFM cantilever 

(within the cantilever holder) is placed onto the cylindrical piezo scanner mounted 

near the top of the microscope (the piezo scanner must be mounted downward to 

provide the accurate position for the AFM tip to scan). Constant deflection of the AFM 

cantilever can be maintained by the feedback loop of the system. 

2.2.4   Nanoindentation 

Nanoindentation is the most commonly used technique to determine the 

mechanical properties of materials in small scales for decades, and a 

nanoindenter is frequently utilized to obtain elastic modulus and hardness of 

the material from a ‘load-displacement’ curve [125].  
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During nanoindentation measurements, indents with specific depths and sizes 

are constituted by an indenter tip on the material surface, and the mechanical 

applied load as well as the displacement of the indenter is controlled by means 

of the sensors and special actuators. Mechanical applied load leads to adjust 

the displacement of the indenter (the depth of penetration) originating plastic 

deformation (can be referred as indent) on the sample surface, and the size of 

the contact area for this specified load can be calculated via the known 

geometry of the indent (indenter). Once the area of contact is determined, 

indentation hardness, H can be obtained by dividing the applied load, P by this 

projected area, A [126] as follows: 

                                                              H = 
P
A

                                                           (2.3) 

In addition, recording the applied load and the corresponding penetration depth 

(load-displacement curve) from zero to maximum load and vice versa during 

the measurement provides estimation for elastic modulus of the material. 

When the applied load is released, the material presumes to return its original 

shape; however, it would never occur since it is plastically deformed. 

Notwithstanding that, the recovery process would proceed by the relaxations 

of elastic strains in the material; and hence, elastic modulus of the material 

would be estimated by the slope of this relaxation (elastic unloading). Since a 

Berkovich type indenter does provide more precise control for the process due 

to its sharper tip, it is preferred in most indentation experiments and, the 

relationship between the load and the displacement for the elastic-plastic 

contact in this case would then be [125]:   

                           h = √P [(3√3 H  tan2 θ)
-
1

2 + ( 
2 (π - 2)

π  ) 
√H π
2 β Ei

 ]                   (2.4) 
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where h refers the depth of penetration, θ  = 65.27°, Ei  is the indentation 

modulus and β indicates the scaling factor (β = 1.034 for a Berkovich indenter 

[126]). Hardness of the as-grown multilayer samples has been measured via 

nanoindentation prior to friction tests. 

2.2.5   X-ray photoelectron spectroscopy (XPS) 

XPS (also known as electron spectroscopy for chemical analysis (ESCA)) is 

one of the most commonly used tools to analyze surfaces since it can accurately 

determine chemical states of the elements with their quantities on near surfaces 

of materials. By using a raster-scanned micro focused x-ray beam of the 

PHI5000 Versaprobe II XPS (Physical Electronic GmbH) which is utilized in 

this thesis (shown in Figure 2.5a), spatial distribution is provided and sample 

surface is excited with mono-energetic Al Kα x-rays. As a result of this process, 

photoelectrons are ejected from the sample surface. To evaluate the energy of 

ejected photoelectrons, an energy analyzer is utilized (see Figure 2.5a). 

As illustrated in Figure 2.5b, an electron is ejected when an atom or a molecule 

absorbs an x-ray photon. Depending on the photon energy (h ν) and the binding 

energy (BE) of this ejected electron, its kinetic energy (KE) can be determined 

by the Equation 2.5 [127]: 

                                                KE = h ν - BE - ∅sp                                      (2.5) 

where h is Planck's constant, ν is the photon's frequency and ∅sp is the work 

function of the spectrometer. This determination is crucial because the kinetic 

energy can reveal the present elements in the near surface with their chemical 

states and binding energies.  
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Figure 2.5:     Schematic illustrations for the XPS. (a) A basic diagram of the PHI5000 Versaprobe 

II XPS (Physical Electronic GmbH); (b) Photoemission process for K 1s energy level 

during a XPS analysis. When an atom or a molecule absorbs an x-ray photon, an 

electron is ejected from the surface. Depending on the photon energy (h ν) and the 

binding energy ( BE ) of this ejected electron, its kinetic energy ( KE ) can be 

determined (KE = h ν - BE - ∅sp ). 
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Furthermore, there is a significant point worth to consider for the quality of the 

peaks in the XPS spectrum, which is generated by inelastically scattered 

electrons during analysis. These electrons cause a background in the spectrum 

by reducing the kinetic energy of the ejected electrons as well as intensities in 

their peak formats. Therefore, background must be eliminated prior to the 

quantification of the XPS spectrum. 

From the point of this thesis, surface cleaning of the multilayer samples has 

been provided prior to each friction test via Ar ion sputtering in the XPS 

chamber. 

2.2.6   UHV microtribometer 

First friction experiments presented in this thesis were performed via a 

microtribometer operating in ultrahigh vacuum (10-7 Pa) which is achieved 

through the instrument of a 150 I/s Titan Ion Pump (Gamma Vacuum). A 

schematic diagram of the UHV microtribometer components is presented in 

Figure 2.6a. This UHV chamber is connected to the introduction load lock of 

the PHI5000 Versaprobe XPS system which is previously explained, but it is 

not shown in the figure. Accordingly, the design of the tribometer stage is 

compatible with PHI sample holders as depicted in Figure 2.6b; and thus, the 

sample can be moved from the microtribometer to the XPS system without 

being exposed to air. In order to provide this combination, the piezo actuator 

of the tribometer is placed on a shelf that can be moved up and down (z-

direction) by 35 mm to bring the sample near the counter-body (a sphere in the 

corresponding experiments) attached to the cantilever. During measurements, 

the piezo actuator is free to move in three dimensions (x, y, z) with a range
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of 110 µm on each axis, which can be managed either manually or by software 

[128].  

Technically, the force sensor of the microtribometer is predicated on a 

conception of double leaf spring cantilevers (Figure 2.6c) which is very well 

explained by Scherge et al. [129]. Unlike AFM cantilevers, the cantilevers 

specially designed for our tribometer do not show friction forces generated by 

torsional (twisting) motion since it is suppressed; only lateral deflections can 

be recorded to accentuate friction forces. In addition to this, bending in vertical 

direction induced by normal stress is also minimized. This described 

configuration of the cantilever makes essential using laser interferometers as 

well as mirrors (Figure 2.6b) in order to detect the displacement of the 

cantilever during reciprocating sliding (the movement in y direction is 

indicated in Figure 2.6c). It should be noted that only a reference mirror is 

illustrated in the figure; however, there exist two mirrors (one horizontal and 

one vertical). Differently from the single beam laser interferometer used in 

vertical direction, a double laser interferometer is equipped in horizontal 

direction to reduce measured noise signals also coming from mechanical 

deformations and thermal oscillations. Thus, the setup of the interferometer or 

the alignment of the laser is very important. In order to provide the accurate 

operating parameters, a sensor head is used by readjusting the drive parameters 

of its piezoelectric vibrator. To obtain highly accurate result for each 

measurement time, the frequency and the amplitude of the signals on the 

analog-signal channels of the oscilloscope must be improved, and a figure 

close to the ‘Lissajous figure’ [130]  as displayed on the left hand side in Figure 

2.7 must be reached. Once this adjustment is achieved, measurement can be 

started; otherwise, it is not possible to vertically apply and/or laterally record 
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any forces until the laser, which is out of alignment, is aligned (on the right 

hand side, Figure 2.7) [128].

 

Figure 2.6: Schematic diagram of the UHV microtribometer components (which are shown in the 

previous page) [128]. (a) The tribometer chamber is equipped with an e-beam 

evaporator for deposition of metallic thin layers. The instrument is also connected to 
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an XPS system which is not shown here; (b) Schematic diagram of the microtribometer 

setup with the components; (c) Schematic diagram of the cantilever with the directional 

indicators for the detection of normal and lateral forces in the z and y directions, 

respectively.

 

Figure 2.7:  Oscilloscope windows showing the laser adjustment process [128]. (left) The figure 

close to the ‘Lissajous figure’ [130] on the x-y trace of the analog signals on the 

oscilloscope, for an optimal adjustment of the vibrator with automatic gain control 

(laser is aligned); (right) the case for the laser beam which is out of alignment. An 

oscilloscope basically displays how the electrical signals (input voltages) change over 

time, and the voltages are referred on the x-y axes in these figures. Lissajous figure 

indicates that the phase difference between multiple input signals is eliminated by 

aligning the laser in the latter case. 

2.2.7    Microtribometer utilized in nitrogen (N2) 

atmosphere 

A microtribometer (Sandia National Laboratories, Albuquerque, NM, USA) 

which is purged with dry N2 having < 10 ppm O2 and < 40 ppm H2O, was 

utilized for the friction experiments at ambient temperature. This tribometer 

also makes use of a two axis double leaf spring cantilever and orthogonal 
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capacitance probes measure the cantilever displacement by means of its 

deflection in two independent axes, where the torsional motion might be 

assumed negligible [87]. A photograph of the tribometer is depicted in Figure 

2.8. 

 

Figure 2.8:  Picture of the tribometer of interest showing a sliding experiment between a smooth 

pure Au ball and a pure Au substrate [87]. The tribometer relies on a system within 

two axis double leaf spring cantilever and orthogonal capacitance probes measure the 

cantilever displacement by means of its deflection in two independent axes. Reprinted 

by permission from Springer Nature:  Journal of Materials Science, 52, Linking 

microstructural evolution and macro-scale friction behavior in metals, 2780-2799, N. 

Argibay et al, Copyright (2016). 

2.2.8    Focused ion beam (FIB) / scanning 

electron microscope (SEM) 

Focused ion beam (FIB) technique has been widely used to prepare thin 

lamellas for the transmission electron microscope (TEM) analysis for more 

than two decades. It is a destructive tool where  material is sputtered (milled) 

from the sample surface by emitting secondary ions (i+, i-) or neutral atoms 
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(n) in virtue of the bombardment of highly energetic (5–50 keV) gallium (Ga) 

ions [131]. In addition to that, secondary electrons (e-) are also generated 

during this process via the inelastic scattering of the electron beam. A basic 

principle of Ga ion milling is illustrated in Figure 2.9 in which milled area 

marked with dashed line can be seen. So, by collecting signals coming from 

the emitted secondary electrons and ions by means of special detectors while 

scanning the sample surface, images can be created in two different imaging 

modes. 

 

Figure 2.9:  A basic illustration of the principle of gallium (Ga) ion milling (sputtering) via the 

focused ion beam (FIB) instrument. When highly energetic (5–50 keV) Ga ions strikes 

the sample surface, a sum of material is sputtered by emitting secondary ions (i+, i-) 

or neutral atoms (n). Secondary electrons (e-) are also generated and images can be 

formed by collecting signals coming from these electrons or ions while scanning the 

sample surface.
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2.2.9    Transmission electron microscope (TEM) / 

energy dispersive x-ray spectroscopy 

(EDXS) / high resolution (HR)TEM 

In a TEM, the electron beam is focused into an ultra-thin specimen (lamella) 

by a condenser lens, and electrons are highly accelerated by an electron gun 

using electromagnetic coils and high voltages. Accelerated electrons are then 

transmitted through the specimen; and by the interaction of these electrons 

with the electrons emitted from the specimen surface, images are created on a 

fluorescent screen by means of an objective coil (magnetic lens) [132]. 

The image contrast is formed directly by diffraction and absorption of the 

electrons. For instance a bright field (BF) objective aperture is placed in the 

back focal plane of the objective lens and allows collecting electrons directly 

from the beam (Figure 2.10a). According to the interaction between these 

electrons and electrons emitted from the sample, thicker regions and/or heavy 

atoms appear with dark contrast since mass and thickness are the main 

contributors to the image formation. On the other hand, due to its settlement in 

the diffraction plane which is illustrated in Figure 2.10b, a dark field (DF) 

objective aperture usually blocks collecting these electrons while coherently 

diffracted (Bragg scattered) electrons are allowed to pass by the objective 

aperture. DF imaging is therefore assumed more useful to study planar defects 

and dislocations in the sample. In addition to this, a high-annular angle dark 

field (HAADF) objective aperture helps collecting incoherently diffracted 

electrons (to the contrary of coherently diffracted-Bragg scattered electrons in 

conventional DF) to provide images within more efficiency in many cases.  
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Figure 2.10 Basic illustrations of the imaging modes in TEM. (a) BF objective aperture is placed 

in the back focal plane of the objective lens and allows collecting electrons directly 

from the beam; (b) DF objective aperture is settled in the diffraction plane and 

coherently diffracted (Bragg scattered) electrons are collected by this aperture; (c) the 

objective aperture in HRTEM provides an enlarged image of the crystal pattern by the 

interference between all the diffracted beams and the primary incident beam. 

HRTEM generally refers to observing crystallographic planes by achieving 

atomic resolution during imaging, due to the multi-beam approach. The 

objective aperture provides an enlarged image of the lattice structure by the 

interference between all the diffracted beams and the primary incident beam 

(Figure 2.10c) [132].  

The basic theory of the XPS can be considered to explain the main principle 

of the EDXS.  Notwithstanding that, these two techniques differentiate from 

each other in terms of the determination of the kinetic energy at the end of the 

process. The kinetic energy of the ejected electrons is determined in XPS 

[127], whereas the kinetic energy of the characteristic x-rays is the major 

parameter for the chemical analysis during an EDXS, since characteristic x-

rays are released due to the energy decrement when the high level electron 

drops to the lower energy state and creates an electron hole subsequent to the 
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collision of the electron in the first excitation stage. This principle was simply 

illustrated in Figure 2.11. 

 
Figure 2.11:  A basic illustration of the EDXS principle. (a) A highly energetic electron strikes 

another electron in the lower energy state (K); (b) and forces it to be ejected from 

the atom; (c) then, a characteristic x-ray is released due to the drop of the energy in 

the higher state (L1) when its electron falls toward the lower energy state (K) and 

creates an electron hole in L1. 

2.2.10   Transmission Kikuchi diffraction (TKD) 

TKD can be used as a mapping technique to mainly characterize the 

nanocrystalline and/or ultra-fine grain materials with a higher spatial 

resolution when it is compared to the conventional electron backscattered 

diffraction (EBSD) technique, where the materials with (sub-) micron grains 

are of the interest [133]. The main difference between TKD and EBSD is that 

the sample must be thin (similar to the situation of an electron transparent TEM 

lamella prepared via FIB-lift-out technique [131]) in the TKD case, and 

mounted to the proper sample holder, which is pre-tilted towards 70°, in an 

appropriate way (i.e. positioned horizontally or back-tilted as shown in Figure 

2.12) away from the EBSD detector to provide the suitable diffraction patterns 
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from the corresponding sample surface in an improved spatial resolution with 

a shorter working distance. 

 

Figure 2.12: A typical experimental configuration for TKD analysis. The sample (thin TEM 

lamella) is mounted to the proper sample holder, which is pre-tilted towards 70°, in 

an appropriate way away from the EBSD (TKD) detector either backtilted towards 

20° as illustrated on the left, or positioned horizontally as indicated by the right-

handed figure. 

An accelerating voltage of 30 kV is typically applied during measurements 

whereas it can be lowered down to 15 kV to enhance the diffraction intensity 

of ultra-thin samples and/or low atomic number materials. To decide on a 

suitable region for TKD patterns, thickness and density contrast of the SEM 

images could have a significant impact. DF images are thereof collected by a 

detector system where the diodes near to the screen can ensure good quality 

images within the enhanced contrast. And, when the contrast effect of 

thickness and density is mitigated by inverting one of the diode signals, 

orientation contrast of the image would be more dominant to reveal the 

functional microstructure for the TKD analysis [133].
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2.3     Materials 

2.3.1   Selection of materials: gold and nickel 

Gold (chemical name Au, derived from the Latin name aurum) has been known 

since prehistoric times and was one of the first metals to be worked [134]. It is 

a transition metal and is located in the 6th period and 11th group of the periodic 

table with the atomic number of 79. Under standard conditions, Au is a solid, 

yellow-colored metal with the highest ductility and malleability among all 

other metals. It crystallizes in the face-centered cubic (FCC) lattice structure 

with a lattice parameter of 4.08 Å. The pure Au metal melts at 1064.18 °C and 

its atomic weight is 196.967 with a density of 19.32 g/cm3 at 20 °C. Au has 

elastic modulus, E of 78 GPa, shear modulus, G of 27 GPa, and yield strength 

of 205 MPa. Also, Au is one of the most inert metals and does not oxidize 

under a wide range of conditions due to the fact that it retains its crystalline 

structure in a very large size range and exhibits high chemical stability [135]. 

The element of nickel (chemical name Ni) was discovered by Axel Fredrik 

Cronstedt [136] in 1751 and the name of this silvery-white metal was shortened 

from the German “kupfernickel” which might mean devil's copper or St. 

Nicholas's copper [137]. It is located in the 4th period and 10th group of the 

periodic table with the atomic number of 28. Ni crystallizes in the FCClattice 

structure with a lattice parameter of 3.52 Å. The pure Ni metal melts at 1455 

°C and its atomic weight is 58.693 with a density of 8.9 g/cm3 at 20 °C. Ni has 

elastic modulus, E of 200 GPa, shear modulus, G of 76 GPa, and yield strength 

of 480 MPa. Nickel highly resists corrosion and can be therefore used to coat 

other metals to protect them; nevertheless, it is also common to use Ni in 
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alloying purposes. Compared to Au, Ni is stiffer, and has high hardness 

alongside of being ductile. 

 

Figure 2.13:  Equilibrium binary phase diagram for Au-Ni material system, adopted from [138]. 

As equilibrium phases, FCC continuous solid solutions are seen at low temperatures 

where the critical point of the miscibility gap is around 810.3 °C (1083 K) at 70.6 

at.% Ni. At higher temperatures, equilibrium phases transform liquid, L, with a 

minimum freezing point of 955 °C at 42.5 at.% Ni. 

According to the binary phase diagram of Au-Ni material system [138] in 

Figure 2.13 a miscibility gap can only exist at higher temperatures (above a 

critical temperature, 810.3 °C) because of the fact that in order for two metals 

to form a solid solution, they must crystallize in the same lattice structure and 

have similar chemical properties. Hence, the miscibility gap at lower 

temperatures (below 810.3 °C) leads to the decomposition, and the Au-Ni solid 

solution separates into two FCC structural phases below the critical 

temperature [139]. In other words, these metals do not create an alloy structure 
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under normal circumstances and a separation gap is formed. Thus, the 

immiscibility nature of Au-Ni system at lower temperatures (below 810.3 °C) 

leads for these materials to exhibit an appropriate pair to be initially preparing 

as separable layers to examine the influence of microstructure on friction. 

2.3.2    Preparation and structural  

characterization of Au-Ni multilayers  

2.3.2.1  Growth of multilayers 

Due to the possibility of non-mixed preparation, the Au-Ni material system 

was chosen for tribological studies explained later in this chapter. In order to 

coherently grow multilayer thin films (denser and better adhesion), a 

magnetron sputtering process was utilized. For this purpose, Si wafers (100) 

were initially cleaned with surfactant and acetone in an ultrasonic bath for 2 

hours. Prior to thin film deposition, plasma etching was applied inside the 

physical vapor deposition (PVD) chamber (Leybold Z550) for 2 minutes to 

clean and activate the wafer surface at an atmosphere of 0.5 Pa Ar in 6N purity 

and a power of 500 W. Growth of Ni and Au layers with well-defined 

microstructures on Si substrates took place via magnetron sputtering at 0.4 Pa 

Ar in 6N purity atmosphere, and sputtering conditions for both Ni and Au layers 

are summarized in Table 2.1. 

The individual interlayer spacing of the samples was 10 nm, 20 nm, 50 nm, 

100 nm, respectively and the number of layers was changed from 100 to 10 

thus fixing total film thickness at 1 µm. The topmost layer was chosen such that 

is Au layer in order to prevent the structure from possible oxidation whereas the 

nethermost layer is Ni in each multilayer sample. The HAADF scanning 
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transmission electron microscope (STEM) images shown in Figure 2.14 

provide a survey for the cross-sectional view of the as-grown Au-Ni multilayer 

samples subsequent to the sample preparation (details of the process will be 

explained later). Starting from a layer thickness of 10 nm, a waviness of the layers 

is seen in between Au and Ni layers due to residual strains possibly induced by 

the lattice mismatch between these metals which is about 15 %, as well as 

orientation dependent growth rate. At increasing layer thickness, this 

phenomenon of misfit softens as it can be clearly seen from following images in 

Figure 2.14.  

Table 2.1 Sputtering conditions for Ni and Au layers 

Spacing (nm)                        Sputter time (s)                   Sputter time (s) 

                                               300 W HF, Ni                     20 W DC, Au 

        100                                         142                                       163  

         50                                           71                                         82  

         20                                           28                                         33  

         10                                           14                                         16  

 

STEM analysis of the as-grown Au-Ni multilayers also proved the immiscible 

nature of Au and Ni metals in terms of making an alloy (mechanically mixing) 

structure in general procedure, in line with main purpose of using this material-

pair in order to study the influence of microstructural changes on friction. 
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Figure 2.14:  HAADF STEM cross-sectional views of the as-grown Au-Ni multilayers for an   

interlayer spacing of 10 nm (a), 20 nm (b), 50 nm (c) and 100 nm (d), respectively. 

2.3.2.2  Crystallographic identification via XRD 

XRD measurements were carried out using CuKα1/2 radiation in Bragg-

Brentano geometry at a Seifert PAD II diffractometer equipped with a Meteor 

1D detector. The profiles of individual Au-Ni multilayer samples are given in 

Figure 2.15. In all measurements, the diffraction peaks (111), (200) and (222) 

of Au were present as principal peaks. There were no reflections from the Ni 

layers since Ni(111) and Au(200) reflections have almost the same diffraction 
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angle. An increment in the width of the peaks was also noticeable as the 

number of double layers increases (or the interlayer spacing decreases). This 

indicates the lower grain size with decreasing layer thickness, according to the 

approximation with Scherrer equation [140]: 

                                                Δ(2θ) = 
K λ

L cosθ
                                             (2.6) 

where L is the mean size of the ordered (crystalline) domains (grain size), K is 

a dimensionless shape factor - the Scherrer constant, λ is the x-ray wavelength, 

Δ(2θ) is the line broadening at full width at half maximum (FWHM) intensity, 

and θ is the Bragg angle. 

By using Eq. 2.6, grain sizes of each Au-Ni multilayer samples were calculated 

in terms of the XRD data. The initial grain size of Au(111) and Ni(111) layers 

are listed in Table 2.2, in which the calculated grain sizes of the layers for the 

cases of 20 nm, 50 nm and 100 nm samples are reliable whereas the calculated 

values for the 10 nm sample are slightly larger than the layer thickness which 

can be plausible if the possibly present crystal defects are taken into account. 
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Figure 2.15:  XRD profiles of individual Au-Ni multilayer samples. The diffraction peaks (111), 

(200) and (222) of Au are present as principal peaks and there seem no reflections 

from the Ni layers since Ni (111) and Au (200) reflections have almost the same 

diffraction angle. The broadening of the peaks is noticeable as the number of double 

layers increases, which also indicates the lower grain size with decreasing layer 

thickness. 
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Table 2.2 Grain size approximation via the XRD data 

Au(111) 

 

Ni(111) 

 

2.3.2.3  Roughness analysis via AFM 

A Bruker AFM (Veeco Dimension V), was utilized in contact mode in order to 

topographically characterize the uppermost surfaces of the Au-Ni multilayer 

samples. A Si AFM cantilever (Budget sensors uncoated Tap300 series) with 

a nominal radius of curvature less than 10 nm, a resonant frequency of 300 

kHz and a spring constant of 40 N/m, which is appropriate for intermittent 

contact mode (also calibrated with respect to the force-distance curve obtained 

over the surface of a Si calibration grating), is used during measurements 

applying a lower interaction force. The corresponding roughness profiles of each 

multilayer samples are given in Figure 2.16, in which ‘very slightly’ raising 

roughness has been observed with increasing interlayer spacing.  

Spacing

(nm)
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broadening

at FWHM

Instrumentation

broadening

Line

broadening

(MB - IB)

Scher rer

constant,

K

X-ray

wavelength,

λ (Å)

Bragg

angle,

2θ

Grain

size

(nm)

10 0.8204° 0.07° 0.7504° 0.89 1.54056 38.3° 11.08

20 0.575° 0.07° 0.505° 0.89 1.54056 38.3° 16.47

50 0.3571° 0.07° 0.2871° 0.89 1.54056 38.3° 28.97

100 0.2406° 0.07° 0.1706° 0.89 1.54056 38.3° 48.75
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Measured

broadening

at FWHM

Instrumentation

broadening
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broadening

(MB - IB)

Scher rer

constant,

K

X-ray

wavelength,

λ (Å)

Bragg

angle,

2θ

Grain

size

(nm)

10 0.8273° 0.07° 0.7573° 0.89 1.54056 44.5° 11.22

20 0.4855° 0.07° 0.4155° 0.89 1.54056 44.5° 20.43

50 0.2771° 0.07° 0.2071° 0.89 1.54056 44.5° 40.99

100 0.2280° 0.07° 0.158° 0.89 1.54056 44.5° 53.71
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Figure 2.16:   AFM topography analysis of the topmost layers of Au-Ni multilayers. Root mean square 

(rms) roughness values are (a) 1.102 nm for 10 nm-multilayer sample; (b) 1.401 nm for 

20 nm-multilayer sample; (c) 1.516 nm for 50 nm-multilayer sample; (d) 1.538 nm for 

100 nm-multilayer sample. 

2.3.2.4  Nanoindentation hardness measurements  

A ‘Hysitron Ti 950 Triboindenter’ (Bruker) was utilized to measure the 

indentation hardness of the as-grown Au-Ni multilayer samples, via the 

indentation load-displacement curves (see Appendix Figure A1). A standard, 

diamond, Berkovich type indenter was used in the measurements and different 

indentation loads from 2 to 8 mN, which were calibrated according to the load-

displacement curves of the standard fused quartz sample, were applied to the 

multilayer samples. Although the determination of the critical indentation depth 
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for each multilayer sample is a quite big challenge because of the fact that the 

critical depth value of each sample varies due to the different number of layers as 

well as different layer thickness having distinct chemistry and hardness, hardness 

of the multilayer samples from the corresponding nanoindentation 

measurements at 8 nN are indicated within the plot shown in Figure 2.17. 

 

Figure 2.17:  Nanoindentation measurements on Au-Ni multilayer samples. Indentation hardness as a 

function of the interlayer spacing of the multilayers at 8 mN applied load. An increase 

in the layer thickness leads to decrease in hardness of the multilayers by 58.3±7%, from 

10 to 100 nm sample (without pile-up), which is in agreement with the Hall-Petch 

relationship. Note however that significant amount of pile-up has been observed in our 

measurements. Hence, in order to eliminate the pile-up effect and correct the hardness 

of multilayer samples, a simple geometrical approach is used based on the determination 

of the area of the triangle indent [142]. 
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Although the maximum penetration depth is of importance to avoid the substrate 

effect during nanoindentation tests of thin film samples, and huge amount of pile-

up has been observed in our measurements, it can be highlighted that the hardness 

of all Au-Ni multilayer samples at an applied load of 8 mN increases with 

decreasing the interlayer spacing, which would also denote the smaller-sized of 

grains in thinner multilayer samples and is in line with the Hall-Petch relationship 

where the increase in the number of layers (interfaces) per unit volume would lead 

to the increase in hardness due to the accumulation of dislocations at the 

boundaries (since the dislocation motion is blocked by the presence of additional 

interfaces). These results are in agreement with the previous observations by 

Jankowski [141] where he argued that hardness of the metallic multilayer samples 

depends on the layer thickness in relation to the biaxial modulus of the layers 

which is affected by the indentation depth.

In order to eliminate the pile-up effect and correct the hardness of multilayer 

samples, a simple geometrical approach is used based on the determination of the 

area of the triangle indent [142]: 

                                                   Atriangle  = 
√3
4

a2                                          (2.7) 

                                           Apile-up = 3 ( 
π R2

6
 - 

√3
4

a2 )                                       (2.8) 
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2.4      Friction tests and characterization of 

worn Au-Ni multilayers 

2.4.1    Friction tests under UHV conditions 

Friction tests on Au-Ni multilayer structures were run via the UHV 

microtribometer (Figure 2.6) under the base pressure of 10-7 Pa. An inert ruby 

sphere with the diameter of 3 mm was slid on the surfaces of Au-Ni multilayers 

at a constant normal load of 1 mN and a constant sliding velocity of 33 µm/s, 

and experimental setup of interest is presented in Figure 2.18. The cantilever 

(calibrated normal and tangential spring constants; kN = 800 mN/mm, kT = 

1320 mN/mm, respectively) was fixed while the sample was being scanned 

with the help of the piezo actuator, and the displacement of the cantilever was 

measured by means of the interferometers both horizontally and vertically. 

Cantilever deflections in the horizontal direction led obtaining friction force 

signals which were recorded during originating wear track (plastic 

deformation) on a sliding distance of 100 µm within a reciprocating motion for 

100 cycles.

 

Figure 2.18:  Picture of the experimental setup used in the friction tests. Note that the reciprocating 

sliding was always applied in the y direction while the sample was positioned in the x 

direction. 
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2.4.1.1 Cleaning the sample surface prior to the 

friction  tests, via Ar sputtering 

XPS analysis (PHI5000 Versaprobe II as shown in Figure 2.5a) was applied to 

the topmost surfaces of each Au-Ni multilayer samples when introduced into 

the UHV chamber, right before the friction tests in order to provide a clean 

surface. Figure 2.19a represents a corresponded overview of the topmost 

surface in which presence of the Au element was again confirmed (it has 

already been proved by the XRD) while peaks of carbon (C) and oxygen (O2), 

which come from air, were marked in yellow. In this sense, it was necessary 

to apply Ar ion sputtering for the removal of these undesirable elements. Thus, 

the Ar ion beam was rastered over the area of interest of 5 × 5 mm2 on the 

topmost surface of the sample for approximately 0.5 min (which would be 

equivalent an amount of less than 1 nm of the top surface) by accelerating with 

the voltage of 2 kV in the XPS chamber. As shown in Figure 2.19b, C and O2 

were removed from the topmost surface by the ion bombardment; and hence, 

surface cleaning was able to be achieved prior to the friction test. Once surface 

cleaning was provided, the sample was directly transferred from the XPS 

chamber to the microtribometer. 
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Figure 2.19:     Uppermost surface profiles of Au-Ni multilayer samples using XPS. (a) C and O2 peaks 

are present on the topmost surface when Au-Ni multilayer sample is introduced into 

the XPS chamber from air; (b) C and O2 are removed from the topmost surface by Ar 

ion milling (sputtering), which means that surface cleaning can be achieved prior to the 

friction test in the UHV microtribometer.   
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2.4.2   Friction tests under N2 atmosphere 

These experiments were carried out at Sandia National Laboratories, 

Albuquerque, NM, USA, as part of the “Research Travel Grant” supported by 

KIT’s KHYS between the dates of 1st of May-31th of July, 2018. With intent 

to compare frictional and microstructural results obtained by the UHV 

microtribometer, which is described in the previous section, supplemental 

experiments in a different atmospheric condition were decided to be 

performed. In line with this purpose, a microtribometer placed in a glove box 

(already shown in Figure 2.8) was utilized for the experiments in controlled 

humidity and ambient temperature, and friction experiments were run in ‘less 

than 10 ppm H2O’ environment (i.e. pressure < 1 Pa). The relative humidity 

varied in the range of 10-20% and the temperature was 20 +/- 1 ºC. As in 

previously mentioned UHV experiments, 1 mN normal force was applied with  

a piezo positioner on a ruby sphere (3.2 mm in diameter) during sliding on Au-

Ni multilayer samples within a velocity of 33 µm/s for 100 reciprocating 

cycles.  

2.4.3   Post-sliding microstructure observation of 

Au-Ni multilayers 

2.4.3.1 TEM lamella preparation via FIB/SEM 

Cross-sectional Au-Ni multilayer samples were prepared parallel (y-z plane in 

Figure 2.18) and perpendicular to the sliding direction via FIB milling using a 

FEI Helios NanoLab DualBeam 650 (now ThermoFisher). Before preparing a 

cross-section of the sample, the interested area on the wear track was coated 

with two platinum (Pt) layers to be protected by ion beam damage arising from 
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the high energy of Ga ions. The first Pt layer was deposited via the electron 

beam with a thickness of 0.2-0.3 µm at an acceleration voltage of 2 kV and a 

beam current of 6.4 nA, whereas the second Pt layer was deposited by the ion 

beam with a thickness of 1-1.5 µm at an acceleration voltage of 30 kV and a 

beam current of 0.77 nA (or 0.43 nA when needed). Also, in order to be able 

to study with the FIB instrument, the sample stage was already tilted towards 

52°. Subsequently, cross-sectional rectangles were cut with the beam current 

of 45 nA from both sides of the Pt protected layer, following by the cleaning 

process of these cross-sections with a lower beam current of 9.4 nA by tilting 

the stage for 50.5° and 53.5°. In the meantime, an acceleration voltage of 2 kV 

and a beam current of 0.8 nA were used to take cross- sectional SEM images 

(by collecting secondary electron signals) in order to watch the whole process.

Following this process, common procedures for in-situ lift-out technique [131] 

were applied to prepare the TEM lamellas. Figure 2.20 shows a FIB image 

recorded at the last stage right before lifting-out the lamella. The lamella is still 

connected to the main sample from the region indicated with red rectangle after 

being Pt-welded to the omniprobe, and will be ready to be lifted-out after 

cutting the last connected region (red area). Then the next step will be thinning 

process of the lamella for upcoming TEM imaging. 

As presented with the FIB images in Figure 2.21, thinning process takes place 

in 3 steps with different tilt angles, and beam currents which must be reduced 

in every step to more avoid beam damages because of the cross-sectional area 

getting smaller. And not displayed step in Figure 2.21 is the last cleaning 

process of the lamella to remove all the residuals before the TEM analysis, 

with an acceleration voltage of 5 kV and a beam current of 43 pA at a tilt angle 

of 57° (frontside) and 47° (backside). Once the lamella was present for the 
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TEM analysis, first images were tried to be taken via a STEM detector installed 

on the FIB/SEM system with an acceleration voltage of 30 kV and a beam 

current of 0.2 nA, as can be exemplified with the as-grown Au-Ni multilayer 

samples displaying in Figure 2.14.

 

Figure 2.20:  FIB image prior to the process of lifting-out. The lamella is still connected to the 

main sample from the region indicated with red rectangle after being Pt-welded to 

the OmniProbe, and will be ready to be lifted-out after cutting this red area. 
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Figure 2.21:   FIB images taken while the process of thinning is in progress in 3 steps with different 

tilt angles and beam currents. Process for (a) the first thinning of the frontside of the 

TEM lamella with a beam current of 0.79 nA at a tilt angle of 53.5°; (b) the first 

thinning of the backside of the TEM lamella with a beam current of 0.79 nA at a tilt 

angle of 50.5°; (c) the second thinning of the frontside of the TEM lamella with a 

beam current of 0.23 nA at a tilt angle of 53.5°; (d) the second thinning of the 

backside of the TEM lamella with a beam current of 0.23 nA at a tilt angle of 50.5°; 

(e) the third thinning of the frontside of the TEM lamella with a beam current of 80 

pA at a tilt angle of 53.2°; (f) the third thinning of the backside of the TEM lamella 

with a beam current of 80 pA at a tilt angle of 50.8°, respectively.  
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2.4.3.2 Microstructure evolution via TEM/HRTEM 

TEM in (S)TEM mode in combination with the EDXS analysis were 

performed to investigate the sub-surface chemistry of Au-Ni multilayer 

samples after sliding under UHV conditions by using a FEI Osiris 

ChemiSTEM, with an acceleration voltage of 200 kV (this combination is 

definitely an advantage for an EDXS map to be concurrently recorded on a 

preselected area while scanning). (S)TEM (FEI Titan ChemiSTEM, operated at 

200 kV) imaging in combination with the EDXS analyses were also performed 

on the multilayer samples worn under N2 atmosphere. Images were obtained in 

BF, DF and HAADF modes by providing different contrasts.  

In order to further analyze the microstructure of Au-Ni multilayer samples 

worn under UHV with atomic resolution, HRTEM analysis was applied via a 

Philips CM200 FEG/ST operated at an acceleration voltage of 200 kV. 

Selected area electron diffraction (SAD) aperture was also utilized to examine 

the crystal orientations in sub-surfaces, due to the diffraction patterns of 

electrons representing the periodic potential of the surface atoms [132]. For 

multilayer samples worn under N2 atmosphere, TEM and HRTEM analyses were 

done utilizing a FEI Tecnai F30, operated at 300 kV. 

2.4.3.3 Microstructure evolution via TKD 

TKD measurement on the cross-sectional area of the 100 nm sample with high 

spatial resolution was performed by using a Bruker Quantax e– FlashHD EBSD 

detector in the FIB/SEM DualBeam microscope. The lamella was prepared 

using a lift-out technique [131] similar to that of TEM sample preparation, and 

it was placed to a special sample holder with a pre-tilt angle of -20° (Figure 
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2.12, on the left), as already explained in 2.1.10. In order to adjust the position 

of the Kikuchi diffraction patterns towards the center of the phosphorous 

screen of the EBSD detector, the working distance was set to 2 mm. The step 

size was selected 4 nm for the measurement to achieve the sufficient spatial 

resolution from the structure, and the EBSD (TKD) detector was tilted to 9°. 

An acceleration voltage of 30 kV and a beam current of 6.4 nA were applied 

during scanning the surface on the cross-sectional area of 1.3 × 1.6 μm².
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3     Results 

3.1     Abstract 

This chapter includes the experimental results obtained in this thesis study. The 

friction behavior of individual Au-Ni metallic multilayer system for 100 

reciprocating cycles of sliding is initially given in both UHV conditions and 

N2 environment. Their microstructural evolution via the electron microscopy 

is then explained in detail. Prior to concluding the chapter, 1000 cycles-friction 

tests are also addressed for the 10 nm and 100 nm multilayer systems, 

containing the microscopic structural observation.   

3.2      Friction behavior of individual  

metallic multilayer system 

3.2.1    Friction behavior under UHV conditions 

Based on the fact that alloys are omnipresent in technical applications (i.e. 

transportation and machinery) in which friction and wear are made responsible 

for the energy losses, it is of high importance that the tribological 

characteristics of related material systems are quantified in detail. In line with 

this purpose, a comprehensive and systematic experimental study on Au-Ni 

multilayer model alloy which has been described in Chapter 2 is carried out 

and detailed tribological analysis is made.  
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Figure 3.1: Friction behavior of Au-Ni multilayers. (a) Mean friction coefficient values of the 

multilayer systems for 100 reciprocating cycles as a function of layer thickness. A 

significant increase of the COF with increasing layer thickness is remarkable. The solid 

line is an exponential fit between the data points. Error bars are determined by the 

fluctuations in friction behavior during sliding over time as depicted in (b) with 

different stability. Note that the lines in (b) are for eye guidance only. 
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Subsequent to the friction tests via UHV mictrotribometer, different friction 

behavior is observed for individual Au-Ni multilayer sample exposed to the 

same sliding parameters. Figure 3.1a shows the mean friction coefficient 

values of the multilayer systems for 100 reciprocating cycles as a function of 

layer thickness where a significant increase of the coefficient of friction (COF) 

with increasing layer thickness is found.  

Similar values of the COF, i.e. 0.1244 (±0.05) and 0.1157 (+0.0068, -0.086) 

are observed for the 10 nm and 20 nm samples, respectively. Slightly higher 

COF is achieved for the 50 nm sample with a value of 0.1505 (+0.0245, -

0.085), while the highest friction behavior is seen in the thickest multilayer 

sample (µ = 0.2821±0.1) at the end of sliding. Divergent error bars are 

evaluated for each multilayer sample as indicated in Figure 3.1a, due to the 

different stability of the friction behavior during sliding over time as depicted 

in Figure 3.1b. This behavior will be associated to the microstructure evolution 

of individual multilayer sample later in this chapter. 

3.2.2    Friction behavior under N2 atmosphere 

A change in the environment during experiments may lead to different friction 

behavior for the multilayer samples due to the presence of additional 

gases/vapors and even liquid molecules in an aqueous media depending on the 

chosen environment. In order to investigate the effect of ambient conditions 

on friction and wear, sliding experiments in a controlled N2 atmosphere were 

carried out with the multilayer structures with the same experimental 

parameters such as counter body, velocity and applied load. And consequently, 

it has started with a higher friction force compared to the on-going behavior 
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while reduced COF values are observed as the number of sliding cycles is 

increased.

The behavior of the friction of the Au-Ni multilayer samples studied for 100 

reciprocating cycles is presented in Figure 3.2, in which different friction 

stability (for the stable normal force of 1 mN) over time can be recognized. 

The behavior of friction for the last 20 cycles of sliding is also demonstrated 

and explicitly more stable friction has been observed for each multilayer 

sample at last cycles in comparison with the overall.  

 

Figure 3.2:   Friction behavior of Au-Ni multilayers. Different frictional stability is found 

throughout sliding for 100 reciprocating cycles. For all tribological systems the 

friction coefficient drops after the first few cycles. The COF decreases gradually 

for the system with 10 nm layer spacing while for others, the friction decreases 

suddenly. The 20 and 50 nm layer spacings still showed rather unstable friction 

behavior towards the end of the experiment, whereas for the other systems stable 

friction has been observed within the last 20 cycles in comparison with the overall. 

Note that the data point at zero COF (of the 10 nm multilayer sample) is a software-

induced artifact and the lines in figures are for eye guidance only. 
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Figure 3.3:  COF values of Au-Ni multilayers under N2 atmosphere. (a) A significant increase of 

the COF with increasing layer thickness is remarkable at the last cycle. (b-c) The COF 

increases with increasing layer thickness at the last 5 and 20 cycles. (d) The trend for 

increasing COF with increasing layer thickness is completely distorted for 100 

reciprocating cycles. Error bars are determined by the maximum and minimum records 

in friction during sliding over time as depicted in Figure 3.2. 

As shown in Figure 3.3a the COF at the last cycle increases with increasing 

layer thickness. This trend is also observed when the COF is evaluated over 

the last 5 cycles (see Figure 3.3b), and the last 20 cycles with a slight difference 

in the COF values due to the fluctuations during sliding (see Figure 3.3c) 

mentioned before. When the mean friction coefficient values for 100 

reciprocating cycles are calculated, it is found that no clear trend of the COF 
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as function of the  layer thickness can be evaluated (see Figure 3.3d) due to the 

unstable friction behavior (see Figure 3.2a). 

Therefore, it is important to note that the relationship between the COF and the 

layer thickness up to the last 20 cycles would be reasonable since relatively 

stable friction behavior is observed in the latter cases. Beyond all question, the 

COF values of each multilayer sample are larger than the ones observed under 

UHV conditions; except the 100 nm sample for the last sliding cycles (up to 

the last 20 cycles), which is fairly similar for both cases. 

3.3     Microstructure characterization of                                    

individual metallic multilayer system  

subsequent to the friction tests for  

100 cycles 

3.3.1     Microstructure characterization under  

UHV conditions  

In order to analyze the microstructure of worn/deformed Au-Ni multilayers after 

friction tests and to realize a comparison with results for the as-grown multilayers, 

cross-sectional imaging by FIB milling has been utilized parallel to the sliding 

direction (y-z plane in Figure 2.18) as previously explained in detail. Micrographs 

of each Au-Ni multilayer system exposed to reciprocating sliding for 100 cycles 

under UHV conditions are shown in Figure 3.4. A new, completely structureless 

layer between Au and Ni layers of the 10 nm and 20 nm samples (corresponding 

to the lowest observed friction forces) are found that was not present before the 
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sliding experiment. On the other hand, a very disordered Au rich structure is 

visible when increasing the layer thickness of the multilayer system to 50 nm. 

When further increasing the layer thickness (100 nm), rather than a new structure 

just the thinning of the uppermost Au layer is seen by plowing and accumulating 

some Au at the end of the wear track.

 

Figure 3.4:   Characterization of the worn Au-Ni multilayers. HAADF STEM cross-sections of the 

worn Au-Ni multilayers for an individual layer thickness of (a) 10 nm; (b) 20 nm; (c) 50 

nm; (d) 100 nm after sliding for 100 reciprocating cycles. The sliding process concludes 

with mixing (a-c), and the pile-up (only the uppermost Au-layer is influenced) (d), 

respectively. All cross-sections were prepared parallel to the sliding direction (y-z plane 

in Figure 2.18). 
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3.3.1.1 Cross-sectional (S)TEM analysis via TEM 

(S)TEM imaging, operated in both the BF and the HAADF mode, in combination 

with the EDXS analyses have been performed on the multilayer samples to 

analyze the worn structures and investigate the sub-surface chemistry. The results 

of the 10 nm sample are presented in Figure 3.5.  

It is observed that the first 8 layers are plastically deformed and possess a shear-

induced or “mixed” microstructure while the remaining 92 layers are still 

unmixed. A reduction in the thickness of the upper layers, which are adjacent to 

the deformed, intermixed region, is visible and at the very surface, a zone is also 

found, where individual Au and Ni structures are not distinguishable in the 

STEM. The lower bound of the intermixing tribolayer, which is drawn right 

before these visible layers, is indicated with the red dashed line in Figure 3.5a. 

The region of 10-15 nm marked by the white dashed lines in Figure 3.5a-b depicts 

the ultrafine Ni grains which settle at the very outermost surface of the intermixing 

tribolayer (also in line with the EDXS map for Ni which will be presented in 

Figure 3.6). For the first 40 nm above, a zone is identified where individual Au 

and Ni structures are not distinguishable in the (S)TEM (see Figure 3.5b-c). 

Below, a zone which consists of mixed fragments of the former layers is also 

found. Thus, the thickness of the intermixing tribolayer varies from 40 nm to 100 

nm for these cases. 

As one can see in the micrographs in Figure 3.6, the presence of two zones 

becomes more obvious; as such inseparable layers on the first 40 nm from the 

surface, and a zone containing mixed fragments of the former layers starting from 

40 nm up to 100 nm. The quantitative EDXS maps on the right-hand side in Figure 

3.6 represent the atomic concentration of Ni (Figure 3.6a) and Au (Figure 3.6b) 

of the corresponding (S)TEM cross-section images on the left-hand side. By 
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shearing, a mixed structure consisting of 60-65 at% of Ni in Au is obtained. 

Also, the more favorable place for ultrafine Ni grains can be recognized from 

white arrows in Ni map of Figure 3.6a, which completes the findings already 

shown in Figure 3.5a-b.

Figure 3.7 gives the detailed structural analysis for the multilayer system with the 

layer thickness of 20 nm. While already observed that mixing is possible between 

Au and Ni phases through shearing (the case for the 10 nm sample), Figure 3.7 

also supports this assumption as found by performing both BF and HAADF 

(S)TEM cross-section imaging on the 20 nm multilayer sample after sliding. In 

this case, the first 7 layers are mixed from which 4 are Au and 3 are Ni while the 

remaining 93 layers are still unaffected. And beyond, (probably) adhesion-

induced structures around 45 nm in height are homogeneously formed during 

sliding/mixing (see Figure 3.7a-b; however no residual material on the counter 

surface (ruby ball) is found according to the XPS analysis. For further information 

the reader can see Appendix Figure A2), and the mixing behavior is followed up 

to 120 nm from the surface. Therefore, the thickness of the mixed layer varies 

from 45 nm to 120 nm which also means that the thickness of the intermixing 

tribolayer increases slightly with increasing layer thickness of the multilayer 

system when the 10 nm sample is considered. Upper and lower bounds of the 

intermixing tribolayer are indicated with the red dashed lines in Figure 3.7c-d. 

The close-up BF (S)TEM image in Figure 3.7c especially discloses the refined 

grains on the intermixing tribolayer. 
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Figure 3.5:    Characterization of Au-Ni multilayers with the layer thickness of 10 nm on the 

intermixed tribolayer subsequent to the friction test under UHV conditions. (a) HAADF 

(S)TEM cross-section of the worn 10 nm multilayer sample where the lower bound of 

the intermixing tribolayer can be distinguished with the red dashed line. The region of 

10-15 nm marked by the white dashed lines indicates ultrafine Ni grains which settle at 

the very outermost surface of the intermixing tribolayer. (b) More close-up HAADF 

(S)TEM cross-section of the worn 10 nm multilayer sample. White dashed line separates 

the region for ultrafine Ni grains. (c) Yet another HAADF (S)TEM cross-section which 

is taken from a different region of the intermixed tribolayer. All cross-sections were 

prepared parallel to the sliding direction (y-z plane in Figure 2.18). 
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Figure 3.6:  EDXS analysis on the intermixing tribolayer of the worn 10 nm sample. (a) HAADF 

(S)TEM cross-section parallel to the sliding direction (left), and corresponded EDXS map 

showing atomic concentrations of Ni (right); (b) HAADF (S)TEM cross-section parallel 

to the sliding direction (left), and corresponded EDXS map showing atomic 

concentrations of Au (right). 
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Figure 3.7:   Characterization of Au-Ni multilayers with the layer thickness of 20 nm subsequent to the 

friction test under UHV conditions. (a) BF (S)TEM cross-section of the worn 20 nm 

multilayer sample. (b) HAADF (S)TEM cross-section of the worn 20 nm multilayer 

sample. (c) BF (S)TEM cross-section of the worn 20 nm multilayer sample where the 

intermixing tribolayer can be distinguished with the red dashed lines. The refined grains 

on the intermixing tribolayer become clearer in this close-up image. (d) HAADF (S)TEM 

cross-section of the worn 20 nm multilayer sample where the intermixing tribolayer can 

be distinguished with the red dashed lines. All cross-sections were prepared parallel to the 

sliding direction (y-z plane in Figure 2.18). 
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Figure 3.8:  EDXS analysis on the intermixing tribolayer of the worn 20 nm sample. (a) HAADF 

(S)TEM cross-section parallel to the sliding direction (left), and corresponded EDXS map 

showing atomic concentrations of Ni (right); (b) HAADF (S)TEM cross-section parallel 

to the sliding direction (left), and corresponded EDXS map showing atomic 

concentrations of Au (right). 

The quantitative EDXS maps on the right-hand side in Figure 3.8 represent the 

atomic concentration of Ni (Figure 3.8a) and Au (Figure 3.8b) of the 

corresponding (S)TEM cross-section images on the left-hand side. Differently 

from the 10 nm sample, the distribution of Au and Ni in the intermixed tribolayer 

seems to be more homogeneous, however, also giving a mean value of 35-40
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at% Au and 60-65 at% Ni, respectively. Again, ultrafine Ni-grains tend to be 

present at the upmost surface region as seen from the EDXS map indicating with 

the white arrows (Figure 3.8a).  

The shear-induced microstructure with the layer thickness of 50 nm is presented 

in Figure 3.9 and the structure situated at the start of the wear track is depicted in 

Figure 3.9a-b. From those images, it is quite obvious that shear instabilities 

(inhomogeneous structures on the sub-surface produced by the plastic 

deformation of the multilayers during sliding), which are shown with the red 

curved arrows, lead to mixing of the layers due to the formation of the localized 

strains. The microstructure of the 50 nm multilayer sample shown in Figure 3.9 

differs from the 10 nm and 20 nm samples in so far as only 5 layers have been 

mixed from which 3 are Au and 2 are Ni but fragments of the individual layers 

can still be distinguished in the intermixed zone as depicted by the position almost 

the middle of the wear track in Figure 3.9c-d. Upper and lower bounds of the 

intermixing tribolayer are indicated with the red dashed lines in Figure 3.9c-d, and 

the thickness of the mixed layer is around 200 nm, supporting former hypothesis 

that thickness of the intermixed tribolayer increases with increasing individual 

layer thickness of the multilayer system.  

The quantitative EDXS maps on the right-hand side in Figure 3.10 represent the 

atomic concentration of Ni (Figure 3.10a) and Au (Figure 3.10b) of the 

corresponding (S)TEM cross-section images on the left-hand side. Compared to 

the 10 nm and 20 nm samples, a more heterogeneous microstructure is observed 

in the 50 nm sample; where the atomic concentration of Au in the mixed tribolayer 

is much higher than that of Ni (mean values: 70 at% Au; 30 at% Ni). 
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Figure 3.9:  Characterization of Au-Ni multilayers with the layer thickness of 50 nm subsequent to 

thefriction test under UHV conditions. (a) BF (S)TEM cross-section of the worn 50 nm 

multilayer sample taken from the top of the wear track. (b) HAADF (S)TEM cross-section 

of the worn 50 nm multilayer sample taken from the top of the wear track. Shear 

instabilities (the early step of the mechanical mixing) lead to mixing of the layers due to 

the formation of the localized strains on the sub-surface (a-b). (c) BF (S)TEM cross-

section of the worn 50 nm multilayer sample taken from the middle of the wear track. (d) 

HAADF (S)TEM cross-section of the worn 50 nm multilayer sample taken from the 

middle of the wear track. Red dashed lines indicate the intermixing tribolayer (c-d). All 

cross-sections were prepared parallel to the sliding direction (y-z plane in Figure 2.18). 
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Figure 3.10: EDXS analysis on the intermixing tribolayer of the worn 50 nm sample. (a) 

HAADF(S)TEM cross-section parallel to the sliding direction (left), and corresponded 

EDXS map (right). The white arrows show the atomic concentrations of Ni. (b) HAADF 

(S)TEM cross-section parallel to the sliding direction (left), and corresponded EDXS 

map (right). The black arrows show the atomic concentrations of Au. 

Finally, the thickest multilayer structure with a layer thickness of 100 nm resulted 

in a thinning of the topmost Au layer, as such 25-30% in the very end, and 50-

55% in the middle of the wear track; in other words, only first Au layer is 

plastically deformed during sliding for 100 cycles and subsequent layers are 

unaffected under these sliding conditions. Correspondingly, a pile-up of the 
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ploughed Au can be seen at the end of the wear track from the STEM micrograph 

shown in Figure 3.4d.

3.3.1.2 TEM/HRTEM analysis  

In order to further analyze the worn 10 nm Au-Ni multilayer sample at higher 

resolution/ magnification, a TEM/HRTEM investigation has been employed. 

Figure 3.11 summarizes the main findings of the investigation where 

micrographs of the intermixed nanocrystalline zone are shown.  The zone is 

composed of ultrafine Au, Ni and/or AuNi grains, as well as coarsened ones 

between the ‘incompletely’ deformed layers beneath this zone. An overview 

of the corresponding surface is displayed in Figure 3.11a while a close-up 

image highlighted with the yellow dashed square is given in Figure 3.11b. The 

coarsened grains in different contrasts beneath the intermixing tribolayer are 

marked with the yellow arrows, and the shear-induced defects in grains can be 

better defined at this resolution. In Figure 3.11c deformed but unmixed, 

individual fragments are recognized and labeled by the blue dashed square. 

Beyond, the fully-mixed, nanocrystalline (grayish) zone can be distinguished 

at the very surface and a SAED pattern taken from this specific zone is depicted 

with the inset of the figure. The calculated diffraction intensities in the 

measurements vary in between 0.2180 and 0.2197 nm-1. A HRTEM image taken 

from between the mixed and the unmixed regions is presented in Figure 3.11d. 

The red arrows depict the nanocrystalline grains and the strained nanocrystals 

in the worn region.  
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Figure 3.11:  TEM images of the worn 10 nm multilayer sample under UHV conditions. The images 

show intermixed nanocrystalline zones with the ultrafine Au, Ni and/or AuNi grains, and 

the coarsened ones between ‘incompletely’ deformed layers beneath this zone. The 

crystal defects are visible both in the intermixed zone and among the individual Au 

and Ni layers. (a) An overview to the corresponding surface in which the coarsened 

grains situated between incompletely deformed layers right below the mixed 

nanocrystalline region are remarkable. (b) A close-up image which is highlighted 

with the yellow dashed square in (a). The yellow arrows indicate coarsened grains in 

different contrasts. The defects can become more definable in this resolution. (c) The 

yellow arrows remark the coarsened grains beneath the intermixed nanocrystalline 
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zone, and deformed but unmixed, individual fragments can be recognized from the blue 

dashed square. The fully-mixed, nanocrystalline (grayish) zone can easily be 

distinguished at the very surface and a SAED pattern taken from this specific zone 

is depicted with the inset of the figure. (d) A HRTEM image taken from between the 

mixed and the unmixed regions, where unmixed regions have however stress-

induced deformed layers. The huge amount of the residual strain is the main 

parameter which inhibits taking a better quality image in this sample as clearly 

followed by the picture noise. The red arrows depict the nanocrystalline grains and 

the strained nanocrystals in the worn region.

3.3.2   Microstructure characterization under N2  

atmosphere 

For microstructural evolution of the worn/deformed Au-Ni multilayers after the 

friction tests under N2 atmosphere, cross-sectional imaging by FIB milling has 

been utilized either parallel (y-z plane in Figure 2.18) or perpendicular (x-z plane 

in Figure 2.18) to the sliding direction. In discordance with the UHV results 

previously given, A distinctive microstructural evolution has been found in dry 

N2, attributed to different interface characteristics; rather than obtaining a 

mixture between Au and Ni layers, only the uppermost Au layers were affected 

by shearing.  

3.3.2.1 Cross-sectional (S)TEM analysis via TEM 

In order to analyze the worn structures and investigate the sub-surface chemistry, 

(S)TEM imaging, operated in both the BF and the HAADF mode, in combination 

with the EDXS analyses have been performed on the multilayer samples. The 

results of the 10 nm sample are presented in Figure 3.12. In contrast to the 

previous experiment in UHV any kind of intermixing between Au and Ni layers 
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has been observed. Instead the first Au layer has been influenced only; in that 

a tribolayer having around 20 nm thickness segregated from the remaining 

material of the layer has been observed. 

 

Figure 3.12:  Characterization of Au-Ni multilayers with the layer thickness of 10 nm subsequent to 

the friction test in N2 atmosphere. (a) HAADF (S)TEM cross-section of the worn 10 nm 

multilayer sample. Severance of the tribolayer is observed. (b) A close-up HAADF 

(S)TEM cross-section for the EDXS analysis. (c) Corresponded EDXS map showing 

weight concentration of Au. (d) Corresponded EDXS map showing weight concentration 

of Ni. All cross-sections were prepared parallel to the sliding direction (y-z plane in 

Figure 2.18). 

The corresponding EDXS maps of the tribolayer are shown in Figure 3.12c-d. 

Figure 3.12c represents the weight concentration of Au and Figure 3.12d displays 

the weight concentration of Ni on the tribolayer of the corresponding (S)TEM 

image in Figure 3.12b. These EDXS maps revealed the existence of Au (Figure 

3.12c) and the absence of Ni (Figure 3.12d) on the tribolayer. 

Figure 3.13 gives the detailed structural analysis for the multilayer system with 

the layer thickness of 20 nm. Also in this case, no mixed structure of Au and Ni 

is observed. Only the first Au layer is influenced by shearing and the first Ni layer 
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is still undeformed in common with the 10 nm sample. The affected Au layer has 

grown in thickness from 20 nm to 40-45 nm during shearing as noticed from 

Figure 3.13a.

The corresponding EDXS maps of the tribolayer are shown in Figure 3.13c-d. 

Figure 3.13c represents the weight concentration of Au and Figure 3.13d displays 

the weight concentration of Ni on the tribolayer of the corresponding (S)TEM 

image in Figure 3.13b. These maps confirm that there exists no Ni in the 

tribolayer; it only contains reproduced Au. 

 

Figure 3.13:  Characterization of Au-Ni multilayers with the layer thickness of 20 nm subsequent to 

the friction test in N2 atmosphere. (a) HAADF (S)TEM cross-section of the worn 20 nm 

multilayer sample. (b) A close-up HAADF (S)TEM cross-section for the EDXS analysis. 

(c) Corresponded EDXS map showing weight concentration of Au. (d) Corresponded 

EDXS map showing weight concentration of Ni. All cross-sections were prepared 

parallel to the sliding direction (y-z plane in Figure 2.18). 

In the 50 nm sample, it appears that the counter body (ruby ball) broke through 

the top Au layer, in that the bottom portion is still adhered to the Ni under 

layer, but the top portion is damaged and void formed. The cross-sections in 

Figure 3.14a-b, which are perpendicular to the sliding direction (x-z plane in 
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Figure 2.19), manifest the deformation of the uppermost Au layer where the 

red dashed line indicates the segregation between damaged and undamaged 

portions of this layer.

 

Figure 3.14:  Characterization of Au-Ni multilayers with the layer thickness of 50 nm subsequent to 

the friction test in N2 atmosphere. (a) HAADF (S)TEM cross-section of the worn 50 nm 

multilayer sample. (b) BF (S)TEM cross-section of the worn 50 nm multilayer sample. 

The top Au layer is completely broken in some zones, in that the bottom portion is 

still adhered to the Ni under layer (see the red dashed line), and void formed. All 

cross-sections were prepared perpendicular to the sliding direction (x-z plane in Figure 

2.18). 

The 100 nm sample also did not appear to have any kind of an intermixed layer. 

By comparison with the UHV result, little impact is observed following the 

thinning of the topmost Au layer by 10-30% as displayed in Figure 3.15a-b. 

Only first Au layer is plastically deformed while subsequent layers are unaffected 

under shearing.  



3.3 Microstructure characterization of individual metallic multilayer system after 100 cycles 

 

89 
 

 

Figure 3.15:  Characterization of Au-Ni multilayers with the layer thickness of 100 nm subsequent to 

the friction test in N2 atmosphere. (a) HAADF (S)TEM cross-section of the worn 100 

nm multilayer sample. (b) BF (S)TEM cross-section of the worn 100 nm multilayer 

sample. Only the top Au layer is damaged. All cross-sections were prepared 

perpendicular to the sliding direction (x-z plane in Figure 2.18). 

3.3.2.2 TEM/HRTEM analysis  

In order to further analyze the worn microstructures of Au-Ni multilayer 

samples with atomic resolution, TEM/HRTEM analyses have been performed. 

Figure 3.16 displays the TEM images of the worn 10 nm multilayer sample in 

which the crystalline zone is visible. An overview of the corresponding surface 

is displayed on the left hand-side while a close-up HRTEM image, which is 

highlighted with the red dashed square, is given on the right of Figure 3.16. 

The HRTEM image reveals obvious crystallinity on the tribolayer without any 

amorphization. Moiré patterns are visible in this high-resolution due to the 

shear-induced overlapping of the grains. Red arrow indicates the severed 

region between the tribolayer and the unaffected part of the first Au layer.
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Figure 3.16:  TEM images of the worn 10 nm multilayer sample in N2 atmosphere. The images show 

the crystalline tribolayer. The close-up HRTEM image, which is highlighted with the 

red dashed square on the left, reveals obvious crystallinity of the tribolayer without 

any amorphization. Moiré patterns are visible in this high-resolution due to the shear-

induced overlapping of the grains. Severed region between the tribolayer and the 

unaffected part of the first Au layer can be seen by the red arrow on the right figure. 

The thickened, crystalline tribolayer of the 20 nm multilayer sample is shown 

in Figure 3.17a-b. A second shear-induced thinner layer on the affected 

(thickened) Au layer is also remarkable in the close-up TEM image in Figure 

3.17b (see the black arrows).  

HRTEM images of the worn 50 nm multilayer sample are given in Figure 

3.18a-b. Damaged, crystalline top portion of the Au and the deformation-

induced void are noticeable in both images while the bottom portion, which is 

still adhered to the Ni under layer, can be clearly seen in Figure 3.18b. 
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Figure 3.17:  TEM images of the worn 20 nm multilayer sample in N2 atmosphere. (a) TEM image 

shows the thickened, crystalline tribolayer. (b) Close-up TEM image shows a second 

thinner layer on the thickened Au layer which is indicated with the black arrows.  

 

Figure 3.18:  HRTEM images of the worn 50 nm multilayer sample in N2 atmosphere. (a-b) 

HRTEMimages show the damaged, crystalline tribolayer. The bottom portion is still 

adhered to the Ni under layer, but the top portion is damaged and void formed. 
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Figure 3.19 displays the TEM images of the worn 100 nm multilayer sample 

where the shear-deformed grains on the tribolayer can be distinguished, which 

also supports the aforesaid deformation of the first Au layer in Figure 3.15. 

Overlapping of the grains is remarkable in Figure 3.19a (see the red arrows) 

while the triple junction point of the grains is indicated with the white arrows 

in Figure 3.19b. 

 

Figure 3.19: TEM images of the worn 100 nm multilayer sample in N2 atmosphere. (a-b) TEM 

imagesshow the shear-induced grains on the tribolayer. Overlapping of the grains is 

remarkable (see the red arrows in (a)) while the triple junction point of the grains is 

indicated with the white arrows in (b). 
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3.4    Microstructure characterization of the  

10 nm and 100 nm Au-Ni multilayers  

subsequent to the friction tests for 

1000 cycles under UHV conditions 

3.4.1   Cross-sectional FIB/SEM analysis 

The investigation of the deformation behavior of the 100 nm sample after 100 

cycles of sliding called for conducting an experiment for a longer time in order to 

find out if a mixing process starts when the first layer is completely worn through. 

For this purpose, the 100 nm sample was tested for 1000 sliding cycles under 

UHV conditions, and in order to analyze the worn structure, the FIB/SEM 

analysis has been utilized in its basic procedure for both preparation of the cross-

sections and imaging in the high resolution (immersion mode; 10 kV, 3.2 nA). 

Three cross-sections are milled for a detailed microstructural evolution.  

Analyzing the 100 nm multilayer sample after 100 reciprocating cycles of sliding 

under UHV ended in the observation of a pile-up of the first Au layer at the edge 

of the wear track (see Figure 3.4d). In a similar manner, sliding for 1000 cycles 

also results in pile-up of the Au either in the direction of sliding or perpendicular 

to the sliding surface (Figure 3.20). The perpendicular view of the cross section 

is given in Figure 3.20a and pile-ups as well as thinning of the first Au layer are 

present. Deep ploughing tracks of the Au in some areas can be noticed due to the 

multi-asperity roughness of the ruby ball. Figure 3.20b represents a cross section 

in the direction of sliding from nearly middle of the wear track, in which thinning 

of the first layer by 50-62.5% is distinguished. Notwithstanding that, back 

sweeping of some Au during reciprocating sliding was found in this case. The end 
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of the wear track also possesses pile-up of swept Au as seen in Figure 3.20c. 

Compared to the sliding experiment for 100 cycles, 1000 cycles-experiment 

ended up with a lower mean COF as of 0.136. 

 

Figure 3.20:  Characterization of Au-Ni multilayers with the layer thickness of 100 nm subsequent to 

the friction test for 1000 cycles. (a) FIB/SEM cross-section of the worn 100 nm 

multilayer sample, which is prepared perpendicular to the sliding direction. (b) FIB/SEM 

cross-section of the worn 100 nm multilayer sample, which is cut from the middle of the 

wear track parallel to the sliding direction. (c) FIB/SEM cross-section of the worn 100 

nm multilayer sample, which is cut from the end of the wear track parallel to the sliding 

direction. 

3.4.2   Cross-sectional (S)TEM analysis via TEM 

In order to analyze the worn structure and investigate the sub-surface chemistry, 

(S)TEM imaging, operated in both the BF and the HAADF mode, in combination 

with the EDXS analyses have been performed on the 10 nm multilayer sample 

after sliding for 1000 reciprocating cycles. 
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As stated previously, the first 8 layers are mixed for the 10 nm multilayer sample 

exposed to 100 reciprocating cycles of sliding under UHV conditions. It is found 

that the rise in the number of sliding cycles leads to mixing of more layers in the 

tribolayer as depicted in Figure 3.21. In the latter case, it is observed that the first 

18 layers are fully mixed while the remaining 82 layers are unaffected, and the 

thickness of few upper layers, which are adjacent to the deformed, intermixed 

region, is reduced. Differently from the previous UHV-fully mixing cases for the 

10 nm and 20 nm samples, the formation of the voids (see Figure 3.21a-b) as well 

as the severance (see Figure 3.21c-d) of the intermixing region, which is indicated 

with the red dashed lines, is observed. The voids are generated for the first 47-53 

nm from the very surface and apparently, these initially formed voids propagated 

up to 75-125 nm to produce the severance of the tribolayer.  Including all these 

parts, the thickness of the intermixing tribolayer varies from 215 nm to 250 nm. 

It is important to note that completely breaking off of the intermixing region is 

also discovered in some parts of the wear track (see Appendix Figure A3). 

Figure 3.22a-b also displays the voids and severance of the mixed region. The 

quantified EDXS maps represent the atomic concentration of Au (Figure 3.22c) 

and Ni (Figure 3.22d) of the corresponding (S)TEM cross-section images in 

Figure 3.21a-b. The distribution of Au and Ni in the intermixed tribolayer seems 

homogeneous in common with that observed for the 10 nm and 20 nm samples 

for 100 reciprocating cycles of sliding, and also gives a mean value of 35-40 at% 

Au and 60-65 at% Ni. Compared to the sliding experiment for 100 cycles 

(µ≈0.124), higher friction force (µ≈0.2) has been found in the end of the sliding 

experiment for 1000 cycles.
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Figure 3.21:  Characterization of Au-Ni multilayers with the layer thickness of 10 nm subsequent to 

the friction test for 1000 cycles. (a) BF (S)TEM cross-section of the worn 10 nm 

multilayer sample. (b) HAADF (S)TEM cross-section of the worn 10 nm multilayer 

sample. (c) A close-up BF (S)TEM cross-section of the worn 10 nm multilayer sample. 

(d) A close-up HAADF (S)TEM cross-section of the worn 10 nm multilayer sample. The 

ultrafine grains on the intermixing tribolayer become clearer in this resolution. The 

intermixing tribolayer is marked with the red dashed lines, on which the formation of 

voids and severance are observed. All cross-sections were prepared parallel to the sliding 

direction (y-z plane in Figure 2.18). 
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Figure 3.22:  EDXS analysis on the intermixing tribolayer of the 10 nm sample after sliding for 

1000reciprocating cycles. (a) BF (S)TEM cross-section parallel to the sliding direction. 

(b) HAADF (S)TEM cross-section parallel to the sliding direction. (c) Corresponded 

EDXS map showing atomic concentrations of Au. (d) Corresponded EDXS map 

showing atomic concentrations of Ni. 

3.4.3   TEM analysis 

TEM analysis has been utilized to further analyze the microstructure of the 10 

nm sample after 1000 cycles of sliding with the atomic resolution.  Figure 3.23 

shows the TEM image where the ultrafine Au, Ni and/or AuNi grains are 
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observed in the tribolayer. The fully-mixed, nanocrystalline zone is noticeable 

at the very surface and a SAED pattern taken from this region is depicted with 

the inset of the figure. The diffraction intensity is calculated around 0.2184 nm-1 

which is in the range of 0.2180 to 0.2197 nm-1 as already observed for the mixed 

structure formed after 100 cycles of sliding. The off-white color on the fully-

mixed tribolayer indicates the severance. 

 

Figure 3.23:  TEM image of the 10 nm multilayer sample after sliding for 1000 reciprocating cycles. 

The fully-mixed, nanocrystalline zone is remarkable at the very surface and a SAED 

pattern taken from this region is depicted with the inset of the figure. 

3.5     Summary of the results 

By performing sliding experiments with carefully prepared Au-Ni multilayer  

samples  under well-defined UHV conditions, it has been shown that the  

individual layer thickness of Au-Ni multilayer systems has a strong impact on  

the resulting friction force due to the distinctive microstructure evolution close  



3.5 Summary of the results 

 

99 
 

to the surface and a significant increase of the COF with increasing layer 

thickness has been found. Fully mixed structure between Au and Ni layers of the 

10 nm and 20 nm samples (corresponding to the lowest observed friction forces) 

has been obtained while a partially mixed, Au rich layer has been formed when 

increasing the layer thickness of the multilayer system to 50 nm. When further 

increasing the layer thickness (100 nm), rather than a partially or fully mechanical 

mixing, the thinning of the uppermost Au layer eventuated by plowing and 

accumulating some Au at the end of the wear track. In N2 atmosphere, the COF 

values of each multilayer sample were larger than the ones observed under 

UHV conditions; except the 100 nm sample for the last sliding cycles (up to 

the last 20 cycles), which is almost the same for both cases. Interestingly, the 

relationship between the COF and the layer thickness up to the last 20 cycles 

would be reasonable since relatively stable friction behavior has been observed 

in the latter cases. With regard to the microstructural analysis under N2 

environment, in discordance with the UHV results, no mixing behavior has been 

observed between the Au and Ni layers for all samples. While the deformation 

of the uppermost Au layers has arisen from plowing the material throughout 

sliding, material transfer from other areas in contact has also been observed 

occasionally (which contributes to the thickening of the tribolayer), whereas 

subsequent layers were unaffected for all samples. For the 10 nm sample, the 

localized stresses have led to originating severance of the tribolayer. 

Ultimately, sliding experiments for 1000 reciprocating cycles on the 10 nm 

sample under UHV conditions has led to increasing the number of fully-mixed 

layers while completely breaking off of the intermixed tribozone has also been 

observed in some regions, which has raised the mean COF (µ≈0.2) for this 

multilayer sample. The 100 nm sample showed similarity with the previous 

100 cycles-case in terms of deformation of the uppermost Au layer under the 
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same 1000 cycles-sliding conditions, whereas lower friction force has been 

observed in this 1000 cycles-experiment (µ≈0.136).
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4     Discussion 

4.1     Abstract 

A detailed discussion of the results of individual multilayer sample exposed to 

shearing in different environments is given in this chapter. The possible 

reasons of the distinctive microstructure evolution under UHV conditions and 

N2 atmosphere are initially explained. Following this, the comparison of the 

friction behavior with regard to the microstructure evolution under different 

environments is made, mentioning the behavior of wear which must directly 

depend on the surface characteristics. Afterwards, a theoretical model applied 

to the corresponding UHV results and based on the relationship between 

microstructure, deformation mechanism, and friction behavior is addressed by 

including the appointed limitations for our material system.  

4.2     Distinctive microstructure evolution 

of metallic multilayers worn under 

UHV conditions 

The friction experiments clearly demonstrate that changing the layer thickness 

leads to very distinctive microstructure evolution for individual Au-Ni 

multilayer system. While ‘partial mixing’ has been observed for the multilayer 

sample with the layer thickness of 50 nm, a ‘fully mixed’ material has been 

found for thinner samples (the case for the 10 nm and 20 nm samples). On the 

other hand, sliding of samples with a larger layer thickness of 100 nm did not 
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result in mechanical mixing; in the latter case only deformation of the topmost 

Au layer took place. 

4.2.1   ‘Partially mixing’ case: formation of vortex-

like structures 

During sliding of nanometer scaled ductile materials, local contact asperities 

lead to the accumulation of plastic strains (heterogeneous sub-structures) near 

to the surface. Shear instabilities then become more effective to force the 

material transfer in the sub-surface, which can be assumed as one of the early 

steps for mechanical mixing of sliding contacts [71]. Despite of a simple 

thermal diffusion, mechanical mixing takes place due to a plastic flow process 

from the surface to the emergent sub-surface by means of the material transfer, 

where local shear instabilities lead to the formation of vortex-like structures. 

This process has been reported by many authors [76-78, 88] and observed in 

the Au-Ni multilayer sample with the layer thickness of 50 nm exposed to 100 

reciprocating cycles of sliding (see Figure 3.9-10) in the present study.  

In our corresponding case, two immiscible metals (see the Au-Ni binary phase 

diagram in Figure 2.14) exhibit a mixing behavior without any chemical change 

when they are exposed to the shear stresses under UHV conditions. Although 

locally induced plastic strains (or applied stress) might not be strong enough to 

make a full mixture of the layers by creating new phase(s), they suffice to form 

vortex-like structures by folding 5 layers during sliding. Since the individual Au 

and Ni layers are still visible in the intermixing tribolayer as shown in Figure 3.9-

10, this type of mixing is interpreted as ‘partial mixing’ in this thesis.
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4.2.2   ‘Fully mixing’ case: formation of the 

metastable AuNi alloy 

According to the results given in previous chapter, a fully mixed material has 

been observed for the 10 nm and 20 nm multilayer samples exposed to the 

reciprocating sliding for 100 cycles, as well as for 1000 cycles (only the 10 nm 

sample has been investigated). The process of interest is likely that the shear 

instabilities would be balanced via a more stable microstructure with finer 

grain sizes during mechanical mixing of Au and Ni layers, which might also 

lead to the changes in the sub-surface chemistry. This process can then be 

called mechanical alloying [88], which contributes to the case for the Au-Ni 

multilayer systems in this work. After friction tests for 100 and 1000 

reciprocating cycles, the third-body is produced by grain refinement as well as 

mechanical alloying process near to the surface.  

According to the binary phase diagram of the Au-Ni system [138] (see Figure 

2.13), a miscibility gap can only exist at higher temperatures (above a critical 

temperature, 810.3 °C) because of the fact that in order for two metals to form 

a solid solution, they must crystallize in the same lattice structure and have 

similar chemical properties (i.e. similar electronegativity and atomic radius). 

Hence, the miscibility gap at lower temperatures (below 810.3 °C) leads to the 

decomposition, and the Au-Ni solid solution breaks down into two separate 

FCC structural phases below the critical temperature. In other words, these 

metals do not create an alloy structure under normal circumstances and a 

separation gap is formed. Because of the immiscibility of this metal pair at 

lower temperatures, experimental studies are restricted based on forming a 

thermodynamically stable alloy structure. Recently, Swiatkowska-Warkocka 

et al. has showed that a metastable AuNi alloy with 55 at% of Ni in Au can 
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be produced via a method ‘pulsed laser irradiation’ of colloidal nanoparticles by 

overheating and rapid quenching [143]. It is therefore surprising that under shear 

it appears to be possible to also form a metastable AuNi alloy among these two 

immiscible metals at equilibrium. Apparently, the increment in the number of 

grain boundaries due to the grain refinement at the near surface has led to mixing 

of the ultrafine Au and Ni grains in our corresponding case. This novel, ‘fully 

mixed’ material is therefore most likely a metastable ‘AuNi’ phase.

To verify the presence of the proposed alloy structure, TEM/HRTEM analysis 

performed on the 10 nm sample has already been presented in Figure 3.11-23. 

This analysis confirms the formation of a new crystalline microstructure where 

individual layers or fragments of Au and Ni cannot be identified. To distinguish 

Au, Ni and/or AuNi alloy grains from each other, SAED analysis was carried out 

on the fully-mixed region, however, the diffraction analysis is extremely 

challenging since Au and Ni have the same crystal symmetry and space groups 

(Fm3m) in addition to the similar lattice constants [144] (aAu = 0.408 nm, aNi = 

0.352 nm and aAuNi = 0.38 nm). Also, they are splitting off in their (111) Bragg 

diffraction conditions (dhkl,Au = 0.235 nm-1, dhkl,Ni = 0.203 nm-1 and dhkl,AuNi = 0.22 

nm-1) due to the high amount of strain inside the material during measurements as 

shown with the inset in Figure 3.11-23. Nevertheless, the diffraction intensities 

are calculated in between 0.2180-0.2197 nm-1 on the fully-mixed (alloyed) region, 

which might be strongly correlated to the value of 0.22 nm-1 for the AuNi alloy 

structure. Thus, it can be argued that within the experimental precision the 

observed lattice spacing is close to the expected one for the AuNi alloy. 
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4.2.2.1  Grain coarsening beneath the intermixinig   

 tribolayer 

Grain coarsening in nanocrystalline materials is driven by the excess surface 

free energy. In other words, grains in a material always try to minimize their 

surface free energies by reducing the total grain boundary energy [145]. At this 

point, it is worth further addressing the effect of alloying on the microstructure 

evolution. Alloying contributes to more durable microstructures by refining 

grains as well as creating Zener pinning sites in the polycrystalline surfaces. 

Those fine pinning sites reduce the grain boundary mobility by applying a 

pinning force which can eliminate and compensate the impact of driving force 

to trigger the mobility. Thus, grain coarsening within the sub-surface might be 

prevented during mechanical alloying (fully mixing in this thesis) by 

introducing this kind of pinning sites [146-152]. As previously mentioned, and 

presented in Figure 3.11, TEM analysis on the 10 nm sample confirmed the 

formation of a more stable microstructure by grain refinement due to fully 

mixing of Au and Ni layers near to the surface.  

On the other hand, grain coarsening beneath the intermixed region has also 

been observed as displayed in Figure 3.11. Although residual strain is already 

present in the as-grown multilayers induced by the lattice mismatch between 

Au and Ni metals (15%), as well as orientation dependent growth rate, TEM 

analysis revealed that there should still exist high strain in the material after 

achieving a more stable microstructure by grain refinement (this evidence can 

also refer to the SAED analysis shown in Figure 3.11c). TEM images in Figure 

3.11 depict the coarsened grains where the process takes place between not 

completely deformed layers close to the intermixed region, due to that a 

material tends to recrystallize itself in order to reduce strain. It can be also 
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argued that deforming the hard Ni layers by shearing, it would be possible to 

fold (softer) Au layers in order to agglomerate them in the grain format.

4.2.2.2  Severance of the intermixinig tribolayer 

As stated for 1000 cycles of sliding of the 10 nm sample in section 3.4.2, a longer 

shear process might contribute to the statement in that the major strain is absorbed 

by the intermixing region resulting in the severance of the tribolayer. In this latter 

case, it appears that, instead of dampening the excess surface energy (residual 

stress) by grain coarsening, the severance of the tribolayer takes this charge due 

to the propagation of the initially formed voids on the intermixing region. 

Comparably with grain coarsening beneath the alloyed structure for 100 cycles of 

sliding (Figure 3.11), the driving force for the severance of the alloyed structure 

can be the induced surface energy, which surpasses the fracture toughness 

[153] of the material on the tribolayer. It leads to the intensification of the stress 

[154] on that region, and then separation of this part would become unavoidable 

(the resulting higher COF (µ≈0.2) compared to that for 100 cycles-experiment 

arises from the severance of the tribolayer).  

4.2.3   Tribologically deformed-layer for the 

unmixing case: formation of the pile-up 

The size of grains and the stress acting on the surfaces in contact are the main 

parameters which control the deformation processes during sliding. 

Accordingly, the size of grains must be limited up to a certain level and 

sufficient amount of applied stress must be provided to control the deformation 

mechanism, depending on the material applications.  
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When previous results are considered for the deformation process (the case of 

fully/partially mixing), it can be noted that the grain sizes of the 10 nm and 20 nm 

samples and/or the amount of applied stresses are adequate to achieve fully 

mixing of 7-8 Au and Ni layers, whereas the same conditions only serve the 

purpose for partially mixing of 5 layers in the 50 nm sample. On the other side, 

when further increasing the layer thickness up to 100 nm, rather than a partially 

or fully mechanical mixing, the thinning of the uppermost Au layer eventuates by 

ploughing and accumulating dislocations at the end of the wear track (see the 

material pile-up in Figure 3.4d). This process is likely that the major strain is 

absorbed by the first Au layer, which is exposed to more shear stress on top of the 

surface, and thus, only this layer is plastically deformed during sliding for 100 

cycles since the applied stress is not sufficiently high to deform further layers 

and/or force the multilayer system for any kind of mixing. Besides, due to the 

larger grain size compared to the previous samples, a different evolution in the 

microstructure i.e. bulk-accumulation of dislocations (the pile-up) would 

become dominant in the deformation process of interest. Under any 

circumstances, it can be also indicated that the film life can be lengthened during 

sliding in certain conditions (i.e. unmixed case with the parameters used in this 

thesis) by utilizing a larger film thickness. 

 

4.3    Distinctive microstructure evolution 

of metallic multilayers worn under 

N2 atmosphere 

In contrast to the observation of very distinctive microstructure evolution for 

individual Au-Ni multilayer system worn under UHV conditions, friction 
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experiments performed in N2 atmosphere resulted in different microstructure 

evolution. All in all, much gentler wear has been found for the multilayers 

sheared in N2, which has led to the observation of different deformation levels. 

No mixing between Au and Ni has been detected in the multilayer samples, but 

rather, the uppermost Au layers only deformed.  

4.3.1   Tribologically deformed-layer  

When compared to the microstructure evolution under UHV [21], the 

microtribological experiments in nitrogen demonstrated that the impact of 

environment on the resulting microstructure is unavoidable. No mechanical 

mixing of Au and Ni has been observed for the multilayers slid in the glove box 

filled with nitrogen, in contrast with that obtained in the UHV chamber. Only the 

uppermost Au layers have been plastically deformed by ploughing in the present 

cases and smearing of Au from other regions in contact has even been seen for 

the samples with 10 nm and 20 nm layer thicknesses. As seen in Figure 3.13a, 

shearing has led for the 20 nm sample, to a thickness increase of about a factor of 

two (thickness after sliding 40-45 nm), which is most probably caused by the 

ploughing behavior. A possible explanation to the thickening at this contact 

asperity can be the accumulation of the material plowed from other areas in 

contact. For the 10 nm sample, in addition to the thickening of the first Au layer, 

some part of the tribolayer (around 15-20 nm) severed from the remainder that is 

a little less than 10 nm (Figure 3.12a). As seen in Figure 3.14, for the 50 nm 

sample, the same amount of normal stress caused to more damage in the top 

portion of the first Au layer which resulted in the formation of voids in the near-

surface material whereas the bottom portion was still adhered to the Ni under 

layer. Following the former microstructure evolution of thinner multilayer 
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samples, this groove (asperity) on the wear track must be the one more deeply 

ploughed amongst others, which would have probably caused to the thickening 

of the areas due to the redistribution of the plowed material (but we do not see this 

in the corresponding figures). On the other hand, less damage can be mentioned 

about sliding of the 100 nm sample by reason of the larger grain size distribution 

as well as the minor amount of the absorbed strain energy (Figure 3.15).

4.3.1.1 Severance of the tribolayer 

In addition to the thickening of the first Au layer, severed structures that are 

parallel to the sliding surface were found underneath the tribolayer of the 10 nm 

sample (Figure 3.12). This mentioned process may arise from an increase in 

compressive stress within the intermixing tribolayer throughout sliding. It could 

be the result of higher localized stresses, as the plastic deformation can induce the 

formation and nucleation of cracks beneath the contact region depending on the 

severity of stress acting on the contacting surfaces [155]. If the stress 

concentration is high enough to propagate the cracks, sheet-like wear particles are 

generated. And if these wear particles are continued shearing to the surface, 

delamination/severance of the sheets takes place. So, according to the theory, it 

appears that the most destructive failure of sliding surfaces, severance, could 

occur via the generation of wear particles -initially propagated cracks- due to the 

stress concentration at the sub-surface of the 10 nm sample. On the other side, the 

situation for the 20 nm sample, where no separation of the tribolayer was 

observed, can be explained by the induced strain energy (stress concentration) as 

well. However in this latter case, the applied stress energy during sliding might 

have entirely been consumed during shearing without giving any chance to the 
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intensification of the stresses at the sub-surface to form cracks and aforesaid wear 

particles. 

4.4      Comparison of the friction behavior 

with regard to the microstructure 

evolution under UHV conditions and 

N2 atmosphere

Before dealing with the microstructure evolution, it is significant to compare 

the friction behavior of the Au-Ni multilayer samples sheared in different 

environments. For the multilayer samples with the thickness of 10 nm, 20 nm, 

and 50 nm, low COF has been observed under UHV while the 100 nm sample 

resulted in much higher friction under the same sliding conditions. On the other 

hand, performing the tests in a different environment caused to obtain different 

friction behavior. Figure 4.1 points out this discrepancy among the multilayer 

samples exposed to different environmental conditions. If looked back on the 

corresponding graphs in Figures 3.2-3, the frictional stability was highly 

varying as the number of sliding cycles changes in N2 atmosphere and besides 

that, the COF at last cycles were more stable as compared to the overall 

behavior. Thus, assuming that the last 20 cycles reflect a steady-state situation, 

the COF values up to the last 20 cycles were included in the comparison of the 

frictional behavior of the multilayer samples worn under N2 atmosphere. The 

COF values for N2 atmosphere were larger than that observed under UHV 

conditions; except the 100 nm sample for the last cycles (up to the last 20 

cycles), which is identical within error bars in both cases.  Interestingly, for the 

10 nm, 20 nm, and 50 nm samples (where the mixing between Au and Ni is 
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suppressed in N2), the friction is higher than UHV. However there is no large 

difference for the 100 nm sample, where the mixing has not been present either 

in UHV or in N2. Notwithstanding that, the higher friction (µ≈0.312) can be 

emphasized under UHV conditions compared to that in N2 (µ≈0.292). Note that 

lower friction forces of thinner samples under UHV conditions must be 

associated to the final microstructure regarding to the mechanical mixing of 

Au and Ni [92], and this might be directly linked to the ‘critical size’ 

phenomenon [87, 107]. Since we have already verified ultrafine grain sized-

microstructure in the 10 nm sample via HRTEM analysis (see Figure 3.11) we 

can assert that grain sizes observed thorough sliding experiments under UHV 

conditions (except the 100 nm sample) must be smaller than that observed in 

N2 environment even though N2 experiments also forced the grain size to 

change (fluctuations on the friction data can be arisen from this enforcement). 

And thus, lower friction has been found under UHV for thinner multilayer 

samples. In N2 environment, the reason of why the lowest friction has been 

observed in the 10 nm sample also correlates with the size of grains which 

could be smaller than or on the order of the critical grain size [87].
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Figure 4.1:  Comparison of the COF values between UHV conditions and N2 atmosphere in terms of 

the last 20 sliding cycles. The COF values for N2 atmosphere were larger than that 

observed under UHV conditions; except the 100 nm sample, where slightly higher 

friction was found compared to that in N2. 

As a matter of fact, the chosen counter body, ruby (Al2O3-Cr), is one of the 

hardest oxide materials [156], and as a consequence of this, ploughing the 

relatively soft metallic multilayers by the ruby sphere leads to creating grooves 

in the wear track. These grooves can have wavy patterns which show the so-

called ‘telephone cord-like morphology’ [153, 157] that has become a common 

phenomenon in thin films under compression. According to Gioia et al.  [157], 

the residual stress anisotropy of thin films might affect the formation of 

telephone cord-like structures on their surfaces since the mechanics between 

the thin film structure and the substrate is of responsibility. This interpretation 

would have a more significant meaning in our case when hardness and stiffness 

of Au (EAu = 78 GPa) and Ni (ENi = 200 GPa) multilayers are considered rather 
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than that of Si substrate (ESi = 160-180 GPa for (100) crystal orientation). As 

a result of this significant difference among the elasticity behavior of Au and 

Ni, one would expect an anisotropy in the residual strain during the growth of 

multilayer thin films, in addition to the fact of their 15% lattice mismatch. 

Figure 4.2 demonstrates the structure of interest on the two referenced wear 

tracks. Although similar structures (telephone cord-like morphology) have 

been observed for the wear tracks created under UHV conditions and N2 

atmosphere, the intended environments resulted in quite different wear 

behavior. Much gentler wear has been found for the multilayer samples 

sheared in N2 atmosphere compared to that under UHV, which leads to 

observing different deformation levels. Figure 4.2a recorded via AFM shows 

a plan view of the wear track for the 20 nm sample sheared under UHV 

conditions. Note that lighter colors indicate higher topography whereas darker 

one shows deeper regions. Also, the side view of the wear track, available 

below, reveals that the depth varies around 70-80 nm from the surface, which 

is in line with the previous microstructure evolution (the corresponding EDXS 

map revealing mechanical mixing of Au and Ni layers) due to the compression 

of the multilayers during sliding. In addition, a pile-up (≈100 nm) is visible on 

the surface of the wear track. By analyzing the topography of the other worn 

multilayer samples via AFM, the depths of the wear tracks are calculated 100 

nm, 113-140 nm, and 35 nm for the 10 nm, 50 nm, and 100 nm samples, 

respectively, and the observed pile-ups are around 100 nm, 102 nm, and 122 

nm. 

On the other side, these results differ for the case in N2 atmosphere. The wear 

behavior is much gentler in this case as recognized from the topographical 

image of the track in Figure 4.2b. Its side view also reveals the gentler wear
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behavior by reaching only 20-25 nm (13 nm in some cases) depth from the 

surface, and even creating several localized trenches on the surface. This 

analysis would also match to the previous microstructure evolution of the 20 

nm sample sheared in N2 environment where no mixing of Au and Ni was 

observed (see the corresponding EDXS map). Correspondingly, less pile-up 

(≈30 nm) has been found on the surface of the wear track. By utilizing 

topography analysis of other worn multilayer samples via AFM, the depths of 

the wear tracks are calculated 32 nm, 15 nm, and 36 nm for the 10 nm, 50 nm, 

and 100 nm samples, respectively, and the observed pile-ups are around 25 

nm, 16 nm, and 48 nm. 

 

Figure 4.2: AFM topography images of the wear tracks for the 20 nm sample after 100 reciprocating  

                    cycles of sliding (a) under UHV conditions and (b) N2 atmosphere. Ploughing soft  

multilayers by hard ruby sphere leads to creating grooves in the wear tracks.
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At this point, even though the determination of the exact mechanism 

responsible is beyond the scope of this thesis, it might also be argued that even 

a minute amount of water vapor in N2 atmosphere (< 40 ppm H2O in the 

experiments presented in this work) can reduce the contact stress between the 

ruby sphere and the multilayer sample. When the adsorption of water on the 

initially clean surface of the ‘sapphire’ [158] is taken into account, one would 

not be misguided to speculate about the possibility for a similar treatment of 

water adsorption on the ruby surface. With reference to Schildbach et al., the 

sapphire surface can be covered by water monolayers at room temperature 

when it is exposed to higher pressure water. Accordingly, water adsorption 

leads to changing the surface electronic state of the sapphire and hydroxyl 

groups can be held responsible for the higher energy loss in the surface 

spectrum [158].  

Considering this, the presence of the water adlayers on the ruby surface might 

also be conceived in N2 environment and accountable for the gentler wear 

behavior of the multilayers by sliding the ‘water-covered ruby sphere’ over 

them. In the same direction, the adsorption of water molecule by the interface 

of the ruby sphere and the Au-Ni multilayer sample would also contribute to 

this scenario if it is possible energetically.

Furthermore, there might be another factor affecting the wear of the multilayer 

samples in N2 atmosphere. Since the multilayer samples have always been 

cleaned via XPS/Ar ion sputtering prior to the friction tests carried out under 

UHV conditions, the residual gas structures, which can come from air (C and 

O2 as displayed in Figure 2.19), have been removed and pure Au chemistry on 

top of the sample has been achieved each time; and thus, the influence of gases 

present in air has not been considered in the UHV experiments. However, in 
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order to clarify the deformation behavior of the multilayer samples worn in N2 

atmosphere, it is important to take into account the gases which might be 

possible to exist in this mentioned condition. The literature can lend a hand to 

understand the effect of such an environment on the sliding pairs of the ruby 

ball and the Au-Ni multilayer sample. After the adsorptions of N2 and O2 on 

Au (111) surfaces have been confirmed, the wetting characteristics of these 

gases have been studied for Au (111) [159]. Beyond, according to the study 

reported by Wickham et al. [160], adsorption/chemisorption of N2 dioxide 

(NO2) on polycrystalline gold is also possible. Within this context, it appears 

that the probability of NO2 adsorption on the first Au layer during sliding might 

be considered in our latter case. Similarly, NO2 binding sites were found on Au 

(111) surface, in which NO2 adsorbs as a chelate onto Au (Au (111) O,O´- 

nitrito surface chelate with C2v symmetry). The chemisorbed NO2 on Au (111) 

surface can even react with NO to form N2O3 (O=N-0-N=O) [161]. Moreover, 

it is worthy of note that C has already been found on the multilayer sample 

surface with respect to the XPS analysis (see Figure 2.19) before the friction 

test.

In sum, all these evidences bring to mind that adsorption of N2, O2, H2O, and/or 

the other complexes such as hydrocarbons can serve a function for reducing 

the contact stress between the ruby ball and the multilayer sample under N2 

atmosphere, by comparison with the UHV conditions. The gas(es) of interest 

can adsorb onto the uppermost Au layer and form a very thin molecular film 

(i.e. buffer zone), which dilutes the contact between the sliding bodies when 

the sample is introduced into the glove box filled with N2 gas.  
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4.5     A model based on the relationship 

between microstructure,  

deformation mechanism, and  

friction behavior 

For bodies in contact, the applied load is randomly separated among the 

surfaces during sliding depending on the nature of the asperities, and the 

friction force leads to produce local changes in stress acting between these 

bodies due to the deformation of the contact points. In reaction to the 

deformation-induced plastic strains, the sub-surface microstructure tends to 

modify, and the friction behavior is supposed to be considered as strongly 

microstructure dependent.  

Friction tests on the Au-Ni multilayer samples for 100 reciprocating cycles 

under UHV conditions contribute to this fact by having a notably distinctive 

microstructure evolution such as fully mixing due to the formation of a 

metastable AuNi alloy in the 10 nm and 20 nm samples, partially mixing driven 

by the vortex-like structures in the 50 nm sample, and bulk-accumulation of 

dislocations (the material pile-up) at the end of the wear track of the 100 nm 

sample. These observations are eventually caused by different deformation 

mechanisms taking place on the sub-surfaces. In connection with the previous 

explanations in section 4.2, it has been proposed that there is a critical grain 

size (so-called the strongest size) [162] which controls the dominant 

deformation mechanism on the sub-surface during sliding due to the fact that 

this level is approximately the smallest grain level which allows dislocation 

movement to continue (i.e. intragranular sliding) and thus can be assumed as 
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the equilibrium distance between two edge dislocations. Within the scope of 

this idea, the dominant deformation mechanism changes from bulk to interface

(from dislocation to grain boundary) below this critical size since the number 

of grains raises and dependently, grain boundaries become more dominant in 

the sub-surface [162]. According to the molecular dynamics (MD) simulations 

by Schiøtz et al. [163], each grain would be individually responsible for the 

slip events and the sum of these independent motions at grain boundaries 

constructs the dominant deformation mechanism in this latter case. 

In line with this theory, a model, which attempts to relate the deformation 

mechanism to the friction force [87], has recently been presented by Argibay 

and coworkers. The equation to determine the critical grain size r by using the 

definition for the dislocation splitting distance r0  found in Yamakov et al. 

[107] is given in Equation 4.1 [ 107, 87]: 

                                                   r = 
r0

1 - σa  σ∞⁄
                                             (4.1) 

σa denotes the applied stress and σ∞ = 2 γ
sf

 / b is the critical shear stress of 

the material. r0 is the equilibrium dislocation splitting distance at zero stress 

which is defined as: 

                                                r0 = 
(2 + ν) G b

2

8 π (1 - ν) γ
sf

                                          (4.2) 

where γ
sf

 is the stacking fault energy (SFE), ν is the Poisson’s ratio, G is the 

shear modulus, and b is the Burgers vector for the dislocation. σa σ∞⁄  can be 

utilized as the reduced stress parameter and the applied stress σa on the sliding 

surface is calculated using the Hamilton contact model as follows: 

                                      σa = 
3 FN

2 π a2  [ 
1 - 2ν

3
 + 

4 + ν
8

 π μ ]                          (4.3) 
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here FN refers the applied load, μ is the friction coefficient and a is the contact 

radius calculated by the Hertzian contact model. 

According to this model, high friction would be expected (in general) when a 

stress greater than the critical shear stress of the material is applied during 

sliding (σa  σ∞ ⁄ ≥ 1). Otherwise, an applied stress which is lower than the 

critical shear stress would lead to lower friction force. Here, one can approach 

about two different probabilities:  

1) The reduced stress parameter can be 0.5 and/or less than 0.5 

(σa  σ∞ ⁄ ≤ 0.5). 

2) The reduced stress parameter can be less than 1, but greater than 0.5 

(0.5 < σa  σ∞⁄ < 1). 

At that point, the critical grain size (2r0) would become a part of the activity 

to control the dominant deformation mechanism. The imposed grain size must 

be adequate to drive the dislocation motion resulting in dislocation-mediated 

deformation leading to a ‘relatively’ high friction force (0.5 < μ <1) for the 

case of  0.5 < σa  σ∞⁄ < 1. On the other side, the grain size, which is smaller 

than the critical size, would lead to much lower friction force when the reduced 

stress parameter is 0.5 and/or below this value (σa  σ∞⁄ ≤ 0.5 ) since the 

formation of stacking faults might be suppressed. In this case, purely grain 

boundary-mediated deformation would be expected due to the refinement of 

grains in the sub-surface. Thus, ‘0.5’ would be the threshold value for the 

reduced stress parameter to transform the dominant deformation mechanism 

from grain boundary- to dislocation-mediated deformation, or vice versa 

depending on the critical grain size 2r0. 
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4.5.1   Predictions from the model for 

corresponding UHV results  

The deformation mechanisms for individual multilayer system worn under 

UHV conditions have been carefully studied in this thesis, according to the 

initial surface grain size, d and the dislocation splitting distance, r as specified 

in the model [107, 87]. The values for the Au-Ni multilayer systems with 

different layer thicknesses are calculated by taking into account the parameters 

summarized in Table 4.1, and the map for the dominant deformation 

mechanisms related with the friction force, reduced applied stress and the surface 

grain size is plotted in Figure 4.3. 

The model predicts that the multilayer samples with a layer thickness of 10 

nm, 20 nm and 50 nm fall into the regime which belongs to the grain boundary-

mediated deformation with low friction. On the other hand, the multilayer 

system with the layer thickness of 100 nm resulted in different behavior which 

means that dislocation-mediated deformation should be in charge for the 

observed higher friction behavior. The experimental observation shown in 

Figure 3.4d is also consistent with this argumentation due to the existence of a 

material pile-up at the end of the wear track subsequent to shearing process. 

Rather than a mixing, thinning of the uppermost Au layer has been observed 

in this sample which demonstrates a bulk-accumulation of dislocations as long 

as sliding occurs in mentioned conditions. As previously stated, the critical 

grain size phenomenon might be assigned to this observation. By using the 

Scherrer equation with the XRD data, the initial grain size has already been 

calculated around 48.75 nm for Au and 53.71 nm for Ni in the as-grown 100 

nm sample which is the largest among the others (see Table 2.2), and the 

TKD measurement on the cross- sectional area in Figure 4.4 also shows large 



4.5 A model based on the relationship between µstructure, deformation mechanism, and friction 
 
 

121 
 

grains of the 100 nm sample after the friction test (mean value of the upmost 

12 grains: 67 nm in height and 73 nm in width). In this regard, the grain size 

of this sample is large enough (greater than the critical grain size 2r0, which 

must be in the range of 9.8-17.26 nm according to the calculations presented 

in Table 4.1) to drive the dislocation motion during sliding in mentioned 

conditions.

 

 

Figure 4.3:  Map for the dominant deformation mechanism (grain boundary, GB- or dislocation, D-

mediated) related with the friction force (µ, coefficient of friction) in terms of the reduced 

applied stress and the surface grain size which is adapted from [87]. Data points are 

calculated based on the mean values of Au and Ni using correspondent equations (see 

the text) and the error bars depict the individual values for Au and Ni. The model 

predicts that multilayer systems with a layer thickness of 10 nm, 20 nm and 50 nm fall 

into the regime which belongs to the grain boundary-mediated deformation with low 

friction whereas the 100 nm sample with higher friction should be connected to the 

dislocation-mediated deformation. 
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Table 4.1. Experimental data and calculated parameters for studied model 

Au-Ni (ν = 0.375; E = 125 GPa; G = 51.5 GPa; b = 2.69 A; γ
sf

 = 86.5 mJ/m2) 

d (nm)           μ            r0 (nm)    re (nm)      r0 / d        a (µm)   σ∞ (MPa)     σa (MPa)     σa / σ∞ 

   10         0.124352       6.51        6.851       0.651         2.4           643             32         0.0498 

   20         0.115686       6.51         6.84       0.3255       2.47          643             31         0.0482 

   50           0.1505         6.51         6.93       0.1302       2.58          643             39         0.0607 

  100         0.28212        6.51         7.23       0.0651       2.52          643             64         0.0995  

 

Au (ν = 0.44; E = 79 GPa; G = 27 GPa; b = 2.88 A; γ
sf

 = 45 mJ/m2) 

d (nm)           μ            r0 (nm)    re (nm)      r0 / d       a (µm)    σ∞ (MPa)     σa (MPa)       σa / σ∞ 

   10         0.124352       8.63          9.3         0.863        2.66          312           22.53        0.072 

   20         0.115686       8.63         9.28       0.4315       2.72          312           21.84         0.07  

   50           0.1505         8.63        9.494      0.1726       2.85          312           28.44        0.091 

  100         0.28212        8.63        10.24      0.0863       2.79          312           48.94        0.157  

 

Ni (ν = 0.31; E = 170 GPa; G = 76 GPa; b = 2.49 A; γ
sf

 = 128 mJ/m2) 

d (nm)            μ           r0 (nm)    re (nm)     r0 / d        a (µm)    σ∞ (MPa)      σa (MPa)       σa / σ∞ 

   10         0.124352        4.9           5.1         0.49         2.27          1028          40.65       0.0395 

   20         0.115686        4.9         5.098      0.245        2.32          1028             40         0.0389 

   50           0.1505          4.9         5.147      0.098        2.43          1028          4 9.39        0.048 

  100         0.28212         4.9         5.293      0.049        2.38          1028          76.43       0.0743 

To evaluate the critical size more precisely, the grain size of the other 

multilayer samples obtained from the XRD data must be highlighted once 
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more. As given previously in Table 2.2, the calculated grain size values are 

1.08 nm, 16.47 nm, and 28.97 nm for Au and 11.22 nm, 20.43 nm, 40.99 nm 

for Ni in the 10 nm, 20 nm, and 50 nm samples, respectively before the friction 

tests. The presence of an ultrafine grain structure of the intermixing tribolayer 

was experimentally confirmed to be achieved by fully mixing of the 10 nm and 

the 20 nm samples. Moreover, the HRTEM analysis even revealed this 

refinement process in the fully mixing tribolayer which is responsible for the 

lower friction. It can be argued that ultrafined grains lead to an increased 

number of grain boundaries which hinder the transmission of dislocations; and 

therefore, shearing occurs at the newly formed grain boundaries behaving as 

an incommensurate, low shear contact (corresponds to low friction). Even 

though a partially mixed structure is formed during sliding of the 50 nm 

sample, the vortex-like structures would probably prevent to result in high 

friction force in this case by refining grains in the partially mixing tribolayer. 

These observations can be regarded as the evidence of the results shown in the 

map based on grain boundary-mediated deformation when the range of the 

critical grain size (9.8 to 17.26 nm) is considered. 

 

Figure 4.4: TKD measurement on the cross-sectional area of the 100 nm sample which shows 

relatively large grains after the friction test. 
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4.5.2   Limitations of the model for our material 

system 

1) In the previous section, modifications in microstructures have already 

been shown after exposing the materials to shear in which they resulted in 

a process including partially and fully mixing within the more stable 

microstructures compared to the as-grown multilayer thin films. However, 

not explained by the model is the difference in friction between the 50 nm 

sample and thinner multilayers, in that the newly formed AuNi phase 

within the very small grain size at the very surface showing the lowest 

friction (for the 10 nm and 20 nm samples) might be ascribed. 

Indeed, this model can be extended beyond the state of the art at this stage 

because the origin of this proposed friction-deformation model is a 

modified version of the deformation model developed by Yamakov et al. 

[107] in which the distinction between perfect (complete) and partial 

(incomplete) slip deformations of low SFE and high SFE FCC metals has 

been explained very well. However, only perfect dislocations have been 

considered in the proposed model [87] without incorporating the partial 

dislocations even though grain boundary- and dislocation-mediated 

deformations have been handled properly. In fact, complete and 

incomplete dislocations usually cooperate with each other to manage the 

deformation behavior such as transition from conventional to partial slip 

at the dislocation-splitting line. Partial dislocations can therefore be the 

key to inhibit the propagation of dislocations across the grains since the 

stacking faults transect the grains when they are sufficiently small. Hence, 

considering the low and high stacking fault energies of Au (γ
sf

 = 45 
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mJ/m2) and Ni (γ
sf

 = 128 mJ/m2), we can for example refer to the possible 

transition from the partial dislocation- to grain boundary-mediated 

deformation during sliding of the 50 nm sample arising from the formation 

of the vortex-like structures (where the grain size is assumed on the fringe 

of critical size) as well as its inevitable impact on friction.

2) According to the assigned model, dislocation-mediated plasticity would 

be expected if the applied shear stress becomes greater than the critical 

shear stress, as such either  σa σ∞ ⁄ ≥ 1  or   0.5 < σa σ∞⁄ < 1 , having 

regard to the fact of grain size, however, in the present case for the 100 

nm sample, the reduced stress parameter has been calculated as 0.0995 

(see Table 4.1) which is interestingly lower than 0.5. It can be inferred that 

the model applied to Au-Au contact is in accordance with the results for 

thinner samples presented in this thesis since more stable microstructures 

within the refined grains have been reached at the end of the process. 

Nonetheless, for the non-mixing case, although the result shows a 

dislocation-mediated deformation and high friction in the map (Figure 

4.3), the value for the reduced stress parameter is less than the threshold 

value. The discrepancy might stem from the fact that our material system 

consists of Au and Ni and the counter body is ruby instead of a pure 

metallic contact, which would indeed lead to higher stresses on metallic 

multilayer surfaces through the hard ceramic sphere. Moreover, the large 

difference in the stacking fault energies of Au (γ
sf

 = 45 mJ/m2) and Ni (γ
sf

 

= 128 mJ/m2) cannot allow us for determining an exact value of the γ
sf

 for 

the shear-mixed Au-Ni alloy in thinner samples, as well as for the Au-Ni 

composite system in the case of 100 nm sample. Thus, we averaged these 

values as the main data point on the graph in Figure 4.3 whereas we used 
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the individual values of Au and Ni as the error bars (see Table 4.1), and 

since the γ
sf

 contributes to the calculations of parameters on the x-y axes, 

the large difference between error bars was inevitable. However, no 

discrepancy in the meaning of dominant deformation mechanism has been 

observed (a slight shift might only be expected), which I do consider quite 

significant for the purpose of testing of the model on our experimental 

observations.
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5     Conclusions 

By performing sliding experiments with carefully prepared Au-Ni multilayer 

samples under well-defined UHV conditions as well as under controlled N2 

atmosphere, it has been shown that the initial layer thickness of Au-Ni multilayer 

systems has a strong impact on the resulting friction force due to the distinctive 

microstructure evolution close to the surface. A significant increase of the COF 

with increasing layer thickness has been found in both cases. It was also shown 

that the effects of ambient conditions are undeniable. In particular I performed 

the following experiments and reached several conclusions:  

 Au-Ni metallic multilayer systems with different interlayer spacing 

have been carefully prepared via magnetron sputtering in order to 

systematically study the influence of their initial microstructures on 

friction behavior. The control of the parameters such as hardness, 

thickness and surface roughness of thin films have been carefully taken 

into account. The crystallographic features of the multilayers have 

been identified via XRD analysis in which the presence of Au(111) 

crystallographic planes and possible Ni(111) planes which have 

similar diffraction angle with the (200) order of Au has been 

confirmed. To characterize the topography of the as-grown multilayer 

samples and to evaluate the effect of layer thickness on surface 

roughness, AFM experiments have been carried out and it has been 

observed that the roughness increases only slightly with increasing layer 

thickness. Moreover, the hardness of the multilayer samples has been 

measured via nanoindentation by observing that an increase in the layer 

thickness leads to decrease in hardness of the multilayers.
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 Friction experiments performed on the Au-Ni multilayer samples 

under ultrahigh vacuum (UHV) conditions are reported in this thesis. 

It has been observed that the individual layer thickness of multilayer 

systems has a strong influence on friction behavior due to the transition 

in the dominant deformation mechanism near the surface. Fully mixed 

structure (shear-induced AuNi alloy) between Au and Ni layers of the 

10 nm and 20 nm samples (corresponding to the lowest observed friction 

forces) has been obtained while a partially mixed; Au rich layer has been 

formed when increasing the layer thickness of the multilayer system to 

50 nm. When further increasing the layer thickness (100 nm), rather than 

a partially or fully mechanical mixing, the thinning of the uppermost Au 

layer eventuated by plowing and accumulating some Au at the end of the 

wear track was found. Within the scope of the relevant theoretical 

background, deformation mechanisms associated with the friction 

force and the grain size [87] has carefully been investigated. With the 

formation of ultrafine grains by mechanical mixing (fully or partially), 

the number of grain boundaries strongly increased and grain boundary-

mediated deformation resulted in the low friction coefficient for 

thinner multilayer samples. On the other side, dislocation-mediated 

deformation has been considered to be dominant in the 100 nm multilayer 

sample in which higher friction has been obtained. The possible 

transition from the partial dislocation- to grain boundary-mediated 

deformation during sliding of the 50 nm sample (in which the vortex-

like structures formed) has also been addressed referring to the origin 

of the theory by Yamakov et al. [107]. 

 Friction experiments performed on the Au-Ni multilayer samples in N2 

atmosphere have also been reported in this thesis. Environmental 
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change from an UHV chamber to a glove box filled with N2 had an impact 

on friction towards increasing the COF. The COF values of each 

multilayer sample were larger than the ones observed under UHV 

conditions; except the 100 nm sample for the last sliding cycles (up to 

the last 20 cycles), which is fairly similar for both cases. Much gentler 

wear has been found for the multilayers sheared in N2 environment, 

which caused to the observation of different deformation levels. With 

regard to the microstructural analysis under N2 environment, in 

contrast with the UHV results, no mixing behavior has been observed 

between the Au and Ni layers for thinner multilayer samples. While 

the deformation of the uppermost Au layers has arisen from plowing 

the material throughout sliding, material transfer from other areas in 

contact has also been observed occasionally (which contributes to the 

thickening of the tribolayer), whereas subsequent layers have been 

unaffected for all samples. For the 10 nm sample, the localized stresses 

have led to originating severance of the tribolayer.  

 With increasing sliding cycles, i.e. up to 1000 reciprocating cycles, the 

number of fully-mixed layers has been increased in the 10 nm sample 

under UHV conditions and severe breaking off of the mixed zone, 

which raised the mean COF of the multilayer system, has been 

observed whereas the 100 nm sample showed similarity in terms of 

deformation of the uppermost Au layer. In this case lower friction 

force has been observed.
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6     Outlook 

Throughout this thesis, the results of a systematic experimental study aimed to 

investigate the dependence of metallic friction on the initial microstructure by 

utilizing an Au-Ni multilayer model alloy have been presented. Multilayer 

samples with different interlayer spacing have been analyzed under UHV 

conditions as well as N2 atmosphere and it has been found that there is a regime 

of high friction when the interlayer spacing is large and low friction when it is 

small. Remarkably, a newly shear-induced phase, which can be interpreted as 

an AuNi alloy and does not exist in the phase diagram of Au and Ni [138], has 

been observed in the experiments under UHV conditions. With increasing 

sliding cycles, 60-65% Ni in Au has also been found only altering the number 

of fully-mixed layers. On the other hand, change in the environment has led to 

the different microstructural evolution coupled with the dissimilar friction 

behavior. 

Above all, friction and wear are made responsible for approximately 30% of 

the energy losses in transportation and machinery. Therefore, a better 

understanding of these losses and strategies to reduce them even so slightly 

can have a huge economic impact and is contributing to the efforts to reduce 

future climate goals. The comprehensive, systematic experimental study on 

Au-Ni multilayer model alloy presented in this thesis has supported this claim, 

providing a new route for lowering the friction force of metallic material 

systems in dry contact by introducing more stable microstructures and alloy 

formation (fully mixing) in a clean environment (i.e. UHV conditions). Since 

the experimental studies are restricted based on forming a thermodynamically 

stable AuNi alloy structure because of the immiscibility of this metal pair 
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under normal circumstances, it is curiously enough that under shear it appears to 

be possible to form a metastable AuNi alloy. Thereby, the experimental method 

under UHV conditions described in this thesis would be offered an alternative 

route to the formation of metastable AuNi alloy, in addition to the one 

produced via pulsed laser irradiation of colloidal nanoparticles in [143].

The influence of environment on friction and wear of the metals is of general 

interest for the tribologists, due to the susceptibility of the metals to the 

contaminants which can be adsorbed from the environment and modify the 

structure of the contact faces [9, 10]. To that end, the experiments carried out 

on the multilayer model alloy system in a controlled N2 atmosphere have made 

contribution to this hypothesis by the evolution of different microstructures in 

comparison to that observed in UHV. Although we tried abstaining from 

ambient conditions as far as possible, we also learned that the relative humidity 

of the environment (2-5%) and the reactive gases in small quantities (<10-40 

ppm) such as H2O and O2, or the other complexes such as hydrocarbons can 

have a substantial influence on friction and wear, corresponding with the 

microstructure. Therefore, further tribological investigations of the model 

alloy systems in operating conditions (i.e. in ambient) would be of critical 

importance.  

Both experiments and simulation studies have shown that the deformation 

behavior of metallic materials is still needed to be elaborated. We thus believe 

that the analysis of our experimental observations by a proposed theory is 

worth to consider in regard to shedding light on developing the truest 

deformation mechanism model of the nanocrystalline metallic multilayer 

materials. 
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Within this context, I hope that our experiments will pave the way towards a 

better understanding of friction from a fundamental point of view and also lead 

to further developments of very low-friction material systems for many 

technical applications.
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Appendix Figures 

 

Figure A1: Load-displacement (depth) curves created by the ‘Hysitron Ti 950 Triboindenter’ 

(Bruker). A Berkovich type indenter was used in the measurements at an indentation load 

of 8 mN, which were calibrated according to the load-displacement curves of the standard 

fused quartz sample. 
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Figure A2: XPS surface profiles of the corresponding ruby ball, as counter body. The blue XPS 

profileshows the present elements on its surface subsequent to the friction test. Since the 

ruby ball was exposed to air for the purpose of placing onto a suitable sample holder prior 

to the XPS analysis, Ar ion milling ≈ 2 nm depth was also applied to remove the residual 

gases in order to be able to see the Au content if it is already adhered. However, no residual 

material from the Au-Ni multilayer sample is found on the counter surface. 
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Figure A3:  TEM image displaying completely breaking off of the intermixing region for the 10 

nm sample after the 1000 cycles of sliding. The fully-mixed, nanocrystalline zone is 

remarkable at the very surface whereas Ni (light) and Au (dark) layers are separable 

beneath this region. 
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Understanding of the governance of friction and wear of metallic surfaces is of an 
on-going endeavor for engineers and scientists since when examining the industrial 
world of the 21st century; one would definitely meet with a considerable amount 
of energy dissipation during friction processes that brings about huge economic 
impact. Furthermore, it becomes extremely difficult to predict friction and wear 
behavior of metallic surfaces when the influence of sub-surface deformations 
during sliding is taken into account. Recent studies of deformation mechanisms 
of metals and alloys pioneer the better investigation of the friction and wear 
behavior of materials with well-defined initial microstructures. Within this scope, 
in this book, the effect of sub-surface deformations on the resulting friction and 
wear behavior has been searched by means of a systematic experimental study 
on Au-Ni metallic multilayer model alloy system.
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