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Zusammenfassung

Metallische Gläser (MG) sind vielversprechende Materialien für

mikromechanische Systeme, in denen der mechanische Kontakt eine Kontrolle über

Reibung erfordert. Mit Hilfe der Rasterkraftmikroskopie (AFM) wurden

nanotribologische Experimente auf MG in korrosiven wässrigen Lösungen

durchgeführt, wobei die Rolle von Oxidfilmen im Fokus stand. Eine neuartige

Methode für die in situ-Untersuchung der Struktur der Oberflächenoxidfilme wurde

entwickelt. Der Oberflächenoxidfilm weist eine zweilagige Struktur auf, die durch

wiederholtes Rastern mit der AFM-Spitze nachgewiesen wurde. Die Abhängigkeit der

Reibung vom elektrochemischen Potential zeigt die Wachstumsmechanismen der

Oxidfilme an. Reibung und Adhäsion nach verschieden langer Immersion erlauben

den Vergleich der physikochemischen Prozesse der Oberflächenauflösung an der

Grenzfläche der beiden Lagen. Es wurde eine unregelmäßige stick-slip Reibung auf

atomarer Skala beobachtet und auf die amorphe Natur der korrodierten Oberflächen

zurückgeführt. Schließlich beschreiben wir drei verschiedene Reibungsprozesse, die

mit zunehmender Normalkraft auftreten: die Abtragung der abgeschiedenen Lage bei

niedrigen Auflagekräften, eine durch mechanische Spannung unterstützte

Tribo-Oxidation bei mittleren Kräften sowie tribochemischen Verschleiß bei hohen

Kräften. Die chemische Empfindlichkeit der nanotribologischen Studien zeigt eine

neue Möglichkeit auf, grundsätzliche Mechanismen der Korrosion auf der

mikroskopischen Skala zu erforschen.
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Abstract

Metallic glasses (MGs) are promising materials for micromechanical systems,

where miniaturized components involving mechanical contact require control of

friction. Nanotribological experiments on MGs in corrosive aqueous solutions are

carried out using atomic force microscopy (AFM), focusing on the role of surface

oxide films formed during corrosion. A new method is developed to study in situ the

structure of surface oxide films. The surface oxide film has a bilayer structure as

revealed by repeated scanning with the AFM tip. The dependence of friction on

electrochemical potential reveals the growth mechanism of the oxide film. Friction

and adhesion after different immersion times in different solutions allow to compare

the physicochemical processes of surface dissolution at the interfaces of the two

layers of surface films and elucidate their influence on friction. An irregular

atomic-scale stick-slip friction is observed and attributed to the amorphous nature of

corroded surfaces. Finally, we show three different friction processes occurring at

increasing normal loads: removal of the dissolution layer at low-load regime;

stress-assisted tribo-oxidation in intermediate-load regime; and tribochemical wear in

high-load regime. The chemical sensitivity of nanotribology studies demonstrates a

novel route to explore fundamental mechanisms of corrosion at the microscopic scale.
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Chapter 1: Introduction

1.1 Metallic Glasses

1.1.1 Introduction of Metallic Glasses

Metallic glasses (MGs) are amorphous structurally and typically produced by

rapid cooling of a liquid melt to avoid crystallization and into a glassy state. Distinct

from crystalline metals with a periodic atomic structure, the atomic arrangements in

MGs present a unique structure of long-range disorder (that is, no translational

periodicity) and only short- to medium-range order1,2. The formation of the first MG

was reported by Duwez et al. in 19603. They synthesized an Au-Si amorphous film by

a rapid solidification technology with a cooling rate of 106 ℃/s. Henceforth,

numerous studies on the formation and properties of MGs have been performed

accompanied by various processing routes4,5,6. A large number of glass-type alloys

with high glass-forming ability were successfully found and produced in large-scale

bulk form by casting processes in Fe-, Co-, Ni-, Cu-, Zr-, Mg-, Ti-, Pt-, Pd-, Au-, Ln-,

Ca-, Ce-based multi-component alloy systems5. For example, Johnson et al.7

developed Zr-Ti-Ni-Cu-Be MGs, which can be formed at a cooling rate of only ~1

K/s and in a ~1 m2 glassy plate.

MGs have attracted wide scientific and technological interest because of their

special combination of excellent properties including high hardness and strength8,9,

high elasticity10,11, excellent corrosion12,13 and wear resistance14, and good magnetic
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properties15,16. Such exceptional properties are attributed to their homogeneous

monolithic nature with the absence of crystal defects such as dislocation, segregation

or vacancy, and grain boundaries. Unfortunately, MGs are macroscopically less

plastic at room temperature9,17. Plastic deformation in crystalline metals occurs by

multiplication and motion of homogeneously distributed dislocations18,19. In the case

of MGs, deformation takes place inhomogeneously through plastic strains highly

localized in narrow zones called shear bands. The rapid propagation of shear bands

throughout a sample causes catastrophic failure20,21,22. Moreover, different from

conventional metals with strain-induced hardening and annealing-induced softening,

MGs present the opposite behavior, i.e. strain softening and thermal hardening23,24,25,.

The limited plasticity and brittle nature have seriously restricted the widespread

applications of MGs.

Extensive efforts have been made to improve the plastic deformation of MGs.

One strategy is to introduce MG-based composites with crystalline dendrites as

reinforcements embedded in a glassy matrix that blocking shear band propagation

while maintaining high strength26. Mechanical pre-treatments can also be developed

effectively to strengthen the plasticity of MGs by creation of a heterogeneous

microstructure, for example, shot-peening27, channel-die compression28 and cold

rolling29. Additionally, amorphous coatings fabricated on different substrates are

thought to be an attractive way to mitigate the drawbacks and carry forward superior

properties of MGs, as the brittleness of these alloys becomes non-significant when it

is in the form of coating with the thickness of several hundreds micrometers30. Most



3

extensive use methods for preparing amorphous coatings are thermal spray-based

processing and laser-based techniques.

1.1.2 Micro/nanofabrication of Metallic Glasses

Figure 1.1. Examples of micro/nanofabrication of MGs: (a) nanostructured surface of Pt-based

MG with periodic interval of 400 nm31; (b) micropillars of Pt-based MG with diameter of 10-50

μm32; (c) piezoelectric-driven MG microscanning mirror with a Zr-based MG as the tension bar

material for mechanical motion33; (d) Zr-based MG microgear34; (e) coil-shaped Zr-based MG

spring35; (f) Pt-based MG linear comb-drive actuator32.

The intensive researches on the mechanical deformation of MGs reveal that

mechanical responses of MG samples are sensitive to the sample size and

geometry32,36. Large tensile strains were observed for monolithic MGs with

dimensions of the order of 100 nm37. Jiang et al. reported that Zr-based MG

nanopillars show significant homogeneous plasticity while maintaining its high

strength38. Although MGs are macroscopically less plastic than crystalline metals,

their plasticity is greatly enhanced at the microscale. Moreover, MGs are
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microscopically homogeneous and isotropic without grains and other crystal defects.

These suggest that applications at micro- and nanometer scale would benefit the most

from MGs.

The temperature interval between the glass transition and crystallization is

identified as the supercooled liquid region and is a manifestation of the glass forming

ability of MGs39. In this temperature region, MGs become significantly soft and show

superplasticity, which can be formed very similar to plastics under comparable

forming pressure and temperature, called thermoplastic forming or superplastic

forming35,40,41,42. This technology allows precise and versatile replication of small

features with MGs at length scales ranging from nanometers to centimeters. Figure

1.1 presents several of recently reported MG-based micro-patterns and micro-parts. A

nanoscale imprinting technology in the supercooled liquid region has been

demonstrated to achieve nanotextured and multiscale patterned surfaces on MGs.

Figure 1.1a shows a nano-imprinted pattern with periodic interval of 400 nm for

Pt-based MGs31. The reflectance ratio of light on these nano-structured surfaces

changes in a wide range from 1% to >50%, which is useful for optical applications31.

Figure 1.1b presents micropillars with diameter of 10-50 μm formed by pressing the

Pt-based MG into a silicon mold32. The micropillars have been successfully

commercialized as electrode materials5. MG-based microparts can also be produced

by micromolding, with various generic shapes at a wide range of length scales. For

example, a developed microscanner was reported with MG as the material for the

moving torsion bars, which offers a large rotating angle with lower power
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consumption, better sensing and actuation performance, as compared to conventional

single and polycrystalline silicon33, as shown in Figure 1.1c. A microgear34 and

coil-shaped spring35 of Zr-based MGs are given in Figure 1.1d and e, showing

excellent mold replication and high accuracy. Figure 1.1f shows a MG linear

comb-drive actuator32. The comb moves when applying an alternating voltage.

Exhibiting homogeneous isotropic structure, superior properties over conventional

materials and the exceptional thermoplastic formability, MGs are therefore considered

promising materials for miniature applications in micro- and nanoelectromechanical

systems (MEMS and NEMS), biomedical implants, precision microparts, surgical

tools, and micromachine.

For engineering applications of MGs, friction and wear on mechanical

components subjected to contact sliding are significant factors in limiting their

effectiveness and durability, therefore the tribological properties of MGs are of crucial

importance. Since most metals and alloys are susceptible to corrosion when exposed

to environmental conditions, corrosion degradation of MGs must also be taken into

account.

1.2 Corrosion

1.2.1 Introduction of Corrosion

Corrosion is a natural phenomenon and refers to the physical dissolution and

chemical reaction between the metal and environmental medium, which causes part or
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the whole of the metal to be damaged or deteriorated. Thus, corrosion is an important

issue in many industrial applications of metallic materials.

Figure 1.2. Typical anodic polarization curve43, determined by recording the current density i with

increasing the applied electrode potential E and plotted as log |i| versus E.

Protective oxide films form on most metal surfaces and act as a barrier to the

corrosive environment, thus impeding further corrosion. This is called spontaneous

passivity. Measuring the polarization curves of metals is a important method to

discover the electrochemical mechanism of passivity. A typical anodic polarization

curve43, recording the current density with increasing the applied potential, is

illustrated in Figure 1.2. The curve can be divided into three regions. Firstly, as the

applied potential increases, the corrosion current increases rapidly, which is called

active dissolution. When the potential reaches a certain value called the Flade

potential, the current rises to the maximum. As the potential becomes more positive,

the current density decreases caused by the formation of the passive oxide film on the
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metal surface, called active/passive transition. Then current density reaches a

relatively steady value, regarded as the passive region. Further increases in potential

cause a significantly increased current density, indicating the transpassive breakdown

of the passive film. This increase in current density can also arise from the evolution

of oxygen.

1.2.2 Corrosion of Metallic Glasses

The study of formation and dissolution of passive films contributes to the

understanding of corrosion mechanisms on MGs for practical applications. The

passivity and breakdown behavior of MGs have been addressed in many studies.

Duarte et al.12 dissected a detrimental transition from Cr-controlled passivity to

Mo-controlled breakdown on a Fe-based MG with near-atomistic insights. Si et al.13

reported that Cr-based MGs can be passivated with a wide range of potentials even in

6 M HCl. Compared with the single crystal counterpart, passive films formed on

Zr2Ni MGs were more compact and less defective44.

The passive films are known to form as a bilayer structure on many metals, with

a compact, harder barrier inner layer underlying a porous, softer outer

layer45,46,47,48,49,50,51,52. Wang et al.53 found that passive films of Fe-based MGs in

neutral solutions (Na2SO4 and NaCl) consist of a bi-layer structure with a inner layer

of the low-valence Fe(II), Cr(III), and Mo(IV) species and a defective outer layer of

high-valence Fe(III), Cr(VI), and Mo(VI) species. Kawashima et al.54 reported that the

exterior part of passive films on Zr-based MGs in NaCl solutions consist exclusively
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of zirconium oxyhydroxide.

1.3 Nanotribology

1.3.1 Introduction of Nanotribology

Tribology is a multi-disciplinary study of friction, lubrication and wear between

interacting surfaces with relative movements. Three empirical laws of macroscopic

friction are known for us:

(1) The friction is independent of the geometric contact area;

(2) The friction is proportional to the normal force:

Nf FF   (1.1)

The proportional factor μ is called the friction coefficient.

(3) The friction is independent of the sliding speed.

Although the exact characteristics of the sliding surfaces are unknown, these classical

friction laws can describe the properties of macroscopic tribo-systems well.

Bowden and Tabor stated55 that the actual contact area of the interacting surfaces

is much less than the apparent contact area (less than one ten-thousandth of the

apparent area) and the friction force is proportional to the real contact surface area rA :

rf AF  (1.2)

where τ is the interfacial shear strength. Figure 1.3 presents a schematics of
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interacting surfaces at three different length scales56. Even if polished very carefully

and made as flat as possible, almost all surfaces are rough and the contact interfaces

contain a number of smaller individual asperities at the microscale. As NF increases,

rA increases due to an increase in number and size of the contacting asperities55.

Figure 1.3. Schematics of interacting surfaces at the macro-, micro-, and nanoscale56.

During the last three decades, the development in scanning force microscopy and

computational simulation allow scientists examine the tribological behavior of

single-asperity contacts at the nanoscale (Figure 1.3) with extremely high resolution

of force and displacement to better understand the fundamental mechanisms57. The

study of tribology has evolved to the contacts of micro- and nanometre sizes, as a

relatively new field called “nanotribology”.

In nanotribology, the microscopic single-asperity contacts can be considered

approximatively as a sphere (single asperity) pressed against a plane surface, applied

by the contact theories of Hertz, Derjaguin-M¨uller-Toporov (DMT), and

Johnson-Kendall-Roberts (JKR) models58.

The Hertz model describes the non-adhesive elastic contact:


E
RFa N

4
33 (1.3)



10
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where a is the contact radius, R the radius of the sphere, h the penetration depth

(surface deformation), E* the effective elastic modulus of the contact, E1, v1 the elastic

moduli and Poisson's ratio of the surface, E2, v2 the elastic moduli and Poisson's ratio

of the sphere.

The JKR model considers adhesion inside the area of contact:

  




  

23 363
4
3 RRFRF
E
Ra NN  (1.7)

RFad 
2
3

 (1.8)

where Fad is the adhesion force (also called the pull-off force), γ is the adhesion work

per unit area.

The DMT model considers adhesion outside the area of contact:

 RF
E
Ra N 2

4
33   (1.9)

RFad 2 (1.10)

Hertz model is valid for a much lower adhesion force compared to the maximum

normal force. JKR model is valid for contacts of the large sphere and soft surface with
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a large adhesion, and DMT model for small sphere and stiff surface with a low

adhesion58.

Figure 1.4. (a) Lateral force image of NaCl(100) measured in ultrahigh vacuum; (b) Friction loop

obtained from the line profile of the corresponding trace and retrace lateral force images.59

Nanoscale single-asperity friction on well-defined surfaces can exhibit

atomic-scale features. For example, Figure 1.4a shows a lateral force map recorded

for a Si tip on the NaCl(100) surface in ultrahigh vacuum59. The map reveals the

regular cubic symmetry lattice of the NaCl(100) surface. A sawtooth-like behavior is

observed with the periodicity of the surface lattice, as showed in the friction loop

(Figure 1.4b). This phenomenon is called atomic-scale stick-slip. Atomic-scale

stick-slip is one of the fundamental friction processes for a single-asperity contact and
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has been observed on a wide range of materials57. This phenomenon contains a wealth

of physical information underlying friction, although some of it is not entirely clear.

The study of stick-slip motion contributes to a deeper understanding of the origins of

friction and has attracted wide interest of scientists.

Figure 1.5. The Prandtl model: A point mass dragged in a periodic potential.60

The Prandtl-Tomlinson (PT) model60 is widely used to explain atomic stick-slip

motion, schematically depicted in Figure 1.5. In this model, the sliding tip is

simplified as a single spring with a stiffness k pulling a point mass. The surface with

periodically arranged atoms is modeled as a series of periodically-arranged energy

barriers that the tip must overcome as it slides over the surface. This results in an

equilibrium position (the potential minimum between atoms) for the tip, in which it

remains (stick) until the surface potential has shifted due to the friction movement so

that the tip suddenly jumps into the next potential minimum (slip), i.e. advances one

atomic lattice position.

1.3.2 Nanotribology of Metallic Glasses

This section is a duplicate of the “introduction” part in the following publication

with a few modifications: Ma, H. R.; Bennewitz, R., Nanoscale friction and growth of

surface oxides on a metallic glass under electrochemical polarization. Tribology
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International 2021, 158, 106925.

While the macroscopic tribology of MGs has been studied extensively14,61,62,63, a

detailed understanding of mechanisms of friction and wear at the microscopic length

scale is still lacking, which is of great importance required for miniature applications

of MGs, such as in micro- and nanoelectromechanical systems (MEMS and NEMS)

(see Chapter 1.1.2). Togashi et al.64 reported the wear resistance of micro-load

bearings prepared by Ni-based MGs to be superior to steel with a four times higher

durability. Comparing a Pt-based metallic glass with a Pt single crystal, Caron et al.65

discovered that wear-less friction depends on chemistry through interfacial alloying,

while wear is determined by structure through plasticity mechanisms. Brittle fracture

was found to dominate the nanoscale scratching of Zr-based MGs in the plastic

regime, where the friction coefficient increased with normal force66.

A thin oxide film with a typical thickness of a few nanometers is known to form

on most MGs when exposed to environmental conditions53,67,68. With a size reduction

of mechanical components into the micro- and nanometer scale and the corresponding

high surface-to-volume ratio, the surface oxide layer strongly affects applications

involving mechanical contact. Recent studies have addressed the role of surface oxide

layers formed in ambient conditions for nanoscale friction and wear of MGs. It was

discovered that the native oxide layer grown on a Ni-Nb MG can effectively reduce

the wear rate69. The surface oxide layer formed upon annealing of Ni62Nb38 glasses

significantly increases the nanoscale friction coefficient70. The friction coefficient of



14

the Zr-based MG during nanoscale scratching was found to decrease with the increase

of oxidation temperature71. Kang et al.67 reported that the thermal growth of an oxide

layer leads to a decrease in the friction coefficient compared to its native condition,

where an increase in oxidation time increased the contribution of shearing and

decreased the contribution of ploughing to friction.

Surface chemistry in corrosion environments also plays a crucial role for friction.

Nanoscale friction on a gold surface changes dramatically upon electrochemical

oxidation and fast, reversible switching between the two states of friction was

achieved by potential control72,73. The friction response of a copper crystal was shown

to be correlated to the compositional changes in the oxide layer with the applied

potential74. Shockley et al.75 reported that the anodic potential applied under

potentiostatic control influences the re-passivation behavior and thereby the

tribocorrosion properties of superduplex stainless steel. To the best of our knowledge,

the influence of oxide layers grown under corrosive conditions on the nanoscale

friction and wear of MGs has not yet been investigated. It must be considered for

miniature applications of MGs exposed to wet environments containing corrosive

solutes.

Tribological properties of nanometre-scale contacts can be studied by friction

force microscopy (FFM) with high resolution of force and displacement76. Extensive

experiments of FFM were carried out in different controlled conditions, e.g., in an

electrochemical environment, and demonstrated its chemical sensitivity to the changes
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in surface72,73,77,78. A large friction contrast between the native and oxidized state of

gold in perchloric acid was observed by FFM72,73. Sweeney et al.77 found that friction

forces vary with the applied potential on gold in an ionic liquid due to the change in

composition of a confined surface ion layer. FFM experiments indicated the the

two-phase nature of W-S-C coatings presented a two-phase structure of the coatings

corresponding to nanocrystalline WS2 (low-friction) embedded in the amorphous

matrix of WS2 and C (high-friction)78. Therefore, FFM is employed in this work as the

main tool to investigate the effect of surface chemistry on friction.

1.4 Research Objectives

MGs are excellent materials for miniature applications in micromechanical

systems, where friction and wear between the component surfaces have a significant

impact on limiting their effectiveness and durability. Meanwhile, MGs are susceptible

to corrosion when exposed to environmental conditions. Therefore, the objective of

this work is to understand the mechanisms controlling friction and wear of MGs in

corrosive environments at the microscopic scale. Towards this goal, nanotribological

experimental results using FFM are structured as follows:

A thin surface oxide film (passive film) with a typical thickness of a few

nanometers is known to form on MGs during corrosion. We provide a new method to

investigate in situ the structure of passive films in aqueous solutions using FFM.

Based on this method, firstly the growth mechanism of oxide films with

electrochemical polarization potential and their role in nanoscale friction on MGs are
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elucidated.

Then we investigate nanoscale friction of MGs after different immersion times,

to clarify the correlation of corrosion with nanoscale friction. Two different corrosive

solutions are selected as the test solutions, in which MG samples show completely

different corrosion properties. Friction results reveal the interrelation of relevant

physicochemical processes at the interfaces of oxide films and their connection with

the frictional response of MGs.

To further study the fundamental mechanisms of friction on MGs in corrosive

solutions, we investigate atomic-scale stick-slip processes on the corroded surfaces of

MGs. Due to the amorphous nature of the corroded surfaces, friction results contribute

to a deeper understanding of atomic-scale friction on amorphous surfaces.

Finally, high-load friction experiments are performed to study the effect of load

on friction of MGs. We find two different load-dependent friction processes:

stress-assisted tribo-oxidation and tribochemical wear. Combined with friction results

above, we delineate a complete friction process on MGs in corrosive solutions with

the increase in load.
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Chapter 2: Experimental

This chapter describes the most important basics for understanding the work.

Firstly, a short introduction to the working principle of atomic force microscope

(AFM) used in this work is presented. The force distance curve and the force

calibration of AFM cantilevers are then explained. This is followed by the

presentation of the investigated materials. After listing electrochemical cells for

experiments under electrochemical conditions, the chapter concludes with a

description of the experimental procedure.

2.1 Atomic Force Microscopy

Binnig et al. invented AFM in 198679, as a type of scanning probe microscopy

(SPM). The great advantage of this approach is the ability to investigate different

interactions, chemical or physical in nature, with spatial resolution down to the

nanometer range. The scanning tunneling microscope (STM) can only examine the

surface properties of electrically conductive samples, however, AFM can be used to

image any kind of materials including both conductive and non-conductive samples.

At present, AFM has been widely used in micromorphological characterization80,

nanomanipulation81, nanofabrication82, biomedicine83, molecular mechanics84 and

many other fields.

Within the scope of this chapter, only a few properties of AFM are discussed,

which are required to understand the experiments carried out. The basic working
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principle of AFM is shown in Figure 2.1. An ultra-sharp tip on the free end of a

flexible cantilever is touched to the sample surface. The various force interactions,

both attractive and repulsive, between atoms of the tip and the surface result in a twist

of the cantilever, which is measured by an optical beam deflection method. In this

method, a light beam is reflected by the back of the cantilever to a position-sensitive

four-quadrant photodiode detector. With the twist of the cantilever, the position of the

reflected spot changes, so that the movement of the cantilever can be traced very

precisely. The recorded signal by the detector is the Deflection, in volts.

Figure 2.1. Schematic of the basic principle of AFM85.

In imaging, two modes of operation are commonly used in AFM: contact mode

and non-contact mode (also called tapping mode). In contact mode, the tip is in

continuous contact with the sample surface. The topography of the surface is obtained

via maintaining a constant normal deflection of the cantilever according to the
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Setpoint voltage set by the user and the normal force applied on the surface thus

remains constant. A deflection of the cantilever from its equilibrium position can take

place in different directions, for example, vertical to the cantilever due to interaction

forces in the normal direction and perpendicular to the long axis of the cantilever as a

result of the lateral friction force. Therefore, the contact mode AFM can

simultaneously monitor the normal force and record the lateral friction force, which

thus is also known as “Friction force microscope (FFM)” or “Lateral force

microscope (LFM)” in the field of nanotribology. These terms basically refer to the

same instrument. On the other hand, in tapping mode, the cantilever is driven to

oscillate, typically in sinusoidal motion, at or near one of its resonance frequencies,

and periodically contacts with the sample surface. Aside from the topography of the

sample surface, the amplitude and phase of the oscillating cantilever can be collected

simultaneously, which may highlight physical properties that are not readily

discernible in the topography image.

In this work, an Agilent 5500 AFM is used for all experiments, as shown in

Figure 2.2. It is specially designed for experiments in different gases and liquids. For

this purpose, it offers a closed environmental chamber, which allows imaging in

controlled atmosphere. The sample is mounted on a sample plate and then inserted

into this chamber. The entire measurement setup is located on a granite block, which

hangs on elastic ropes to decouple mechanical vibrations. Further disturbances due to

vibration, air turbulence and acoustic noise are reduced by a foam-lined isolation

chamber. The video system can view the cantilever and sample and allows us to locate
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regions of interest on the sample. A scanner with a maximum scan area of 10 μm × 10

μm is used (Figure 2.2b). The cantilever is secured via a spring clip on the nose

assembly. Important components such as superluminescent diode and piezo elements

are integrated into the scanning head. All components in this design are located above

the sample and the risk of damage to components due to leaking liquid is avoided. In

addition, a potentiostat is integrated in this system, which controls and records the

electrochemical potential and current.

Figure 2.2 (a) Agilent 5500 atomic force microscope; (b) AFM scanner.

2.2 Force Distance Curve

The distance dependency of the force is determined in the force distance (FD)

curve. At the beginning of a FD measurement, the tip is placed with large tip-surface

separation where there is no interaction between them (equilibrium state). The AFM
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tip is then approached to the surface and retracted, and the deflection of the cantilever

is recorded simultaneously. This generates a plot of the cantilever deflection signal

(normal force) against the tip-sample displacement. Figure 2.3 presents a typical FD

curve, which is recorded on a MG sample in air. The red curve is the approaching

portion, and the blue curve is the retraction portion.

Figure 2.3.A typical force distance curve measured on Zr63Ni22Ti15MG ribbon in air.

When the tip and the surface come close enough, the attractive force causes the

cantilever to press on the surface associated with a sudden vertical jump in the FD

curve, which is called snap-in or jump-to-contact (indicated by the arrow). The

cantilever is deflected in the direction of the sample and they come into contact. As

the cantilever approaching the surface, the deflection of the cantilever increases. The

inverse slope in this linear region is used as the sensitivity in the conversion of the

photodiode signal into a force (see Chapter 2.3). Then the cantilever retracts from the

surface and the cantilever deflection decreases. The tip remains in contact with the
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surface until the restoring force of the cantilever exceeds the attractive interactions. At

this moment, there is another sudden jump in the FD curve (pull-off event)

corresponding to the contact separation. The numerical value of the adhesive force (or

pull-off force) can be determined as the absolute force difference between the pull-off

event and the equilibrium state. The cantilever returns to its undeflected state, in

which it remains with further withdrawal.

The occurrence of certain interactions depends largely on the environmental

conditions. The hysteresis caused by attractive interactions in FD curves in liquids is

much weaker than that in air. The reason for this behavior is the absence of capillary

force and a weakening of van der Waal's force. All measurements in this work take

place in aqueous solutions.

2.3 Force Calibration of AFM Cantilevers

A reliable determination of the force constants of AFM cantilevers is of primary

importance in AFM applications. We adopt the beam geometry method76 to calibrate

the force constants of cantilevers experimentally. The normal spring constant kN and

the lateral spring constant kL of a cantilever are given by:

3

3

4l
EwtkN  (2.1)

lh
GtwkL 2

3

3
 (2.2)

Where w is the width, l the length, t the thickness, h the height of the cantilever and E
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the Young's modulus, G the shear modulus of the material. The resonance frequency f

of the cantilever at the first normal oscillation mode measured in air was used to

calculate the cantilever’s thickness t :

2
2875.1

122 fl
E

t 
 (2.3)

where ρ is the mass density. In the case of silicon, E = 1.69 × 1011 N/m2, G = 0.68 ×

1011 N/m and ρ = 2330 kg/m3.

The resonance curve of the cantilever, which involves the dependence of the

amplitude upon the excitation frequency, is used to identify the free resonance

frequency f. The AFM can record the resonance curve by deliberately exciting the

cantilever with sweeping through a range of frequencies. Cantilever dimensions

(width w, length l and height h) are obtained from the manufacturer. The Sader

method is another common calibration method86. In this method, the force constants

are calculated from the resonance frequency f and quality factor Q of the cantilever,

determined by the cantilever thermal noise spectrum. We have checked that the

calibrated force constants are similar using both methods, which confirms the

accuracy of the beam geometry method in this work.

The cantilever deflection is first measured and stored as a voltage in volts, due to

the way in which the AFM works (see Chapter 2.1). The recorded voltage signal is

then converted to nanometers by the sensitivity of the photodetector SN, which is

calculated as the slope of the linear region in a FD curve (indicated in Figure 2.3).
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The inverse slope of the curve is given in a unit of nm V-1. The voltage is converted

into a force in the unit of nN for the normal force FN and the lateral force FL according

to the formulas:

NNNN kVSF  (2.4)

LLNL kVS
l
hF 

2
3

(2.5)

where VN and VL are the normal and lateral voltage signal of the photodiode. After the

determination of the sensitivity of the system and the spring constants of the

cantilever, the voltage signals of the photodiode can be translated into the normal and

lateral force. In this work, the series of friction experiments are performed with the

same cantilever and the same optical alignment, so that the influence of calibration

errors can be avoided as much as possible for the relation between friction results.

2.4 Materials

Figure 2.4. (a) schematic view of the melt-spinning technique87; (b) XRD patterns of Zr63Ni22Ti15

MG ribbon.

Zr-based MGs are one of the most important MGs for practical use. The
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outstanding glass forming ability, excellent mechanical properties and unique

superplastic forming ability5,9,42, make Zr-based MGs ideal candidates for miniature

applications. At present, micro/nanofabrication of Zr-based MGs has been addressed

in many studies32,35,41,42.

Figure 2.5 (a) Topography and (b) phase shift image of ZrNiTi MG ribbon in the air; (c) line-scan

results obtained at the same area of (a) and (b).

MG ribbons with the chemical composition of Zr63Ni22Ti15 (ZrNiTi) in at. %, are

selected as the model material. They were produced by the single roller melt-spinning

technique provided by the Physics Institute at the University of Basel (Switzerland).

The melt-spinning technique has been one of the most commonly used methods of

rapid solidification processing to synthesize MGs87, as shown in Figure 2.4a. In a

typical melt-spinning process, a rotating wheel is cooled internally, usually by water
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or high thermal conductive materials, such as copper. A thin stream of molten metal

liquid is then dripped onto the surface of the rotating wheel and the heat of the molten

liquid is absorbed into the roller causing rapid solidification and forming a thin

amorphous ribbon. The X-ray diffraction with Cu Kα radiation (XRD, D8 Advance,

Bruker AXS, Germany) verified the amorphous structure of the ribbons, as shown in

Figure 2.4b.

The nano-scale structural heterogeneity of MGs can be mapped experimentally

by amplitude-modulation dynamic atomic force microscopy (AM-AFM)88. In

AM-AFM89, the cantilever oscillation is driven at a fixed amplitude and a fixed

frequency. When the tip scans across a surface, the tip-surface interactions cause a

change in both the amplitude and phase (relative to the driving signal) of the

cantilever. These changes can be related to variation in the energy dissipated in a local

region of the sample surface. The topography and phase shift image simultaneously

measured on the free surface (in contrast to the copper wheel-contacted surface) of

ZrNiTi MG ribbon are presented in Figure 2.5. Figure 2.5a shows that the free

surface is flat with surface roughness less than ~1 nm, which can also be revealed by

the line-scan height profile in Figure 2.5c with a ~0.7 nm height variation. The large

variation of phase shift in Figure 2.5b indicates the structural heterogeneity of the

MG sample. Figure 2.5c displays the line-scan profiles across the same area, from

which it can be easily seen that, the phase shift is independent of the surface

topography and mainly reflects intrinsic surface properties. The copper

wheel-contacted surfaces of MG ribbons are visually rough. Therefore, the free
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surfaces of MG ribbons with sub-nano-scale roughness are directly used for AFM

measurements without any polishing or surface processing.

2.5 Electrochemical Cell

Figure 2.6 (a) Schematic cross-sectional view and (b) optical image top view of electrochemical

AFM cell with three-electrode arrangement: the MG ribbon served as the working electrode (WE),

a Ag/AgCl electrode as the reference electrode (RE) and a Au wire as the counter electrode (CE).

A home-made electrochemical liquid cell with three-electrode setup is employed

in all AFM measurements, as shown in Figure 2.6. The MG ribbon is electrically

connected to a Au wire on the bottom of the cell, as the working electrode (WE). The

exposure area of the MG ribbon is ~2.0 cm2. A miniature Ag/AgCl electrode is used as

the reference electrode (RE). To accommodate the reference electrode, the cell has a

separate, smaller electrolyte compartment, which can be separated from the main

compartment via a channel. A Au wire with a purity of 99.9 % is located within the

electrolyte, served as the counter electrode (CE). It encompasses as much of the inner
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rim of the cell as possible but does not contact the sample surface. This

three-electrode setup offers the advantage that the potential can be precisely

determined, because the current flows through the working electrode and the counter

electrode, while the reference electrode remains currentless due to its high intrinsic

resistance. The electrochemical potential can only be specified relative to the

reference electrode. The cell is made from chemical-resistant

polychlorotrifluoroethylene (PCTFE). AViton O-ring gasket is used to avoid leakage.

2.6 Experimental Procedure

When aiming for precise measurements, any form of contamination can have

detrimental consequences. Before starting an experiment, it is therefore necessary to

ensure all the utensils used are thoroughly cleaned. Au wires, tweezers and the AFM

cell are boiled in Milli-Q water for about 30 minutes and dried under a nitrogen flow.

The sample plate and the nose assembly of AFM scanner are cleaned with isopropanol

and Milli-Q water. The MG ribbon is ultrasonically cleaned in Milli-Q water,

isopropanol and Milli-Q water sequentially (each for 10 min), then dried under a

nitrogen flow and mounted into the AFM cell. Then the counter and reference

electrodes are fixed, and the electrolyte is added to the cell. The liquid level is roughly

equal to the height of the cell, so that the cantilever can be completely immersed into

the electrolyte. This process must be carried out as soon as possible, as the sample

surface may adsorb impurities on the laboratory air. Gloves are worn at all times.

All experiments are carried out at room temperature. At the beginning of each
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experiment, the resonance curve of the cantilever in air is recorded to identify the free

resonance frequency of the first normal oscillation mode, in order to yield the spring

constant of the cantilever. After the tip has reached the sample surface, FD curves are

measured to determine the sensitivity of the photodetector. In order to exclude

topographical effects, the experiments are carried out on atomically smooth surfaces

with rms roughness less than 1 nm as far as possible.

Figure. 2.7. (a) Lateral force image of ZrNiTi MG in 0.2 M phosphate buffer (pH~7) (retrace); (b)

Friction loop obtained along the line shown in (a), reflecting a stick-slip pattern. Arrows indicate

the scan direction.

During the tip scanning over the sample surface, two images are simultaneously

recorded side-by-side. One is measured as the lateral deflection signal during the trace

(left-to-right tip motion) of each line in the raster scan, and the other is mapped during

retrace (right-to-left tip motion). A typical example of a silicon tip scanning on ZrNiTi

MG ribbon is shown in Figure 2.7a. Figure 2.7b displays a friction loop, enclosed by

the trace and retrace lateral signals obtained along the line in Figure 2.7a. The actual

friction force Ff, as a measure of the dissipated energy, is determined by the formula:

2
,, traceLretraceL

f

FF
F


 (2.6)
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where FL,trace and FL,retrace is the lateral force in the trace and retrace direction,

respectively. The average lateral force can be calculated according to Eq. (2.6) for this

line. The determination of the friction force of an entire LFM image is carried out

over all rows of the image as the average value of all lines. The friction loop in

Figure 2.7b exhibits an atomic stick-slip pattern.

Table 2.1. Information about cantilevers used in this work from the manufacturer.

Type Tip Tip Radius Force Constant Manufacturer

PPP-CONT Highly doped Si < 10 nm ~ 0.2 N/m Nanosensors

CDT-FMR Diamond Coated 100-200 nm ~ 6.2 N/m Nanosensors

Figure 2.8. SEM images of different types of AFM cantilevers used in friction measurements: (a)

PPP-CONT; (b) CDT-FMR. The insets show the magnified images of the tips.

Two types of AFM cantilevers are used in friction measurements. The

information about AFM cantilevers obtained from the manufacturer is given in Table

2.1. Figure 2.8 presents typical images of the side view of unused AFM cantilevers

by scanning electron microscopy (SEM). The insets show the magnified images of the
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tips. The tip radius can be estimated based on these figures. No contamination from

storage is visible.

After the experiments, the individual elements such as Au wires, the AFM cell,

the sample plate and the nose assembly of AFM scanner are again thoroughly cleaned.

The Au wires are stored in isopropanol to avoid contamination.
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Chapter 3: Nanoscale Friction after Electrochemical

Polarization

The surface oxide film strongly affects the friction behavior of micromechanical

components subjected to contact sliding. As discussed in the first chapter, the

influence of oxide films grown under corrosive conditions on the nanoscale friction of

MGs has not yet been investigated. In this Chapter, we investigated the temporal

development of friction on oxidized surfaces of MGs after potentiostatic polarization

by electrochemical atomic force microscope (ECAFM). Through these studies, we

aim to understand the structure of oxide films on MGs in corrosive environments and

their role in nanoscale friction. Results for different polarization potentials were

compared to elucidate the connection between friction and growth mechanisms of

surface oxide films.

This chapter is a duplicate of the following publication with a few modifications:

Ma, H. R.; Bennewitz, R., Nanoscale friction and growth of surface oxides on a

metallic glass under electrochemical polarization. Tribology International 2021, 158,

106925.

3.1 Experimental Details

ZrNiTi MG ribbons were selected as the experimental material (see Chapter 2.4).

All electrochemical and friction experiments were performed in 0.2 M phosphate

buffer (Na2HPO4+NaH2PO4, pH~7) at room temperature with an Agilent 5500 AFM.
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A home-made electrochemical cell with three-electrode arrangement (see Chapter 2.5)

was employed. Polarization curves were recorded by sweeping the potential from -0.5

to 1.5 V at a sweep rate of 1.0 mV s−1.

Each series of friction experiments was started by immersing a new sample into

the solution for 1 h equilibration at open-circuit potential (OCP). Prior to the friction

measurements, each sample was polarized at a constant potential (0.2, 0.6, 1.0 or 1.5

V, respectively) for 80 minutes to produce an oxide film on the surface. Then the

potential control was disconnected, and the friction measurements were carried out at

OCP on the oxidized surface with the oxidized tip (radius of ~25 nm) of a single

crystalline Si cantilever (PPP-CONT, see Chapter 2.6). The friction force was

recorded by repeatedly scanning the AFM tip over a 1.0 × 0.125 μm2 area (64 lines

per scan, 16 scan cycles) at a constant normal load and sliding velocity of 8.0 μm s-1.

These measurements were repeated with varying normal loads on different surface

areas. Each series of friction measurements on the oxidized surface after polarization

at a selected potential were carried out on a new sample surface. For comparison, the

series of friction experiments was also performed on the original sample surface

without applying an oxidizing polarization potential. For selected experiments, the

AFM tips were analyzed by scanning electron microscopy (SEM) after friction

experiments. No tip wear was noticed within the resolution of the SEM.
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3.2 Results and Discussion

Figure 3.1. Potentiodynamic polarization curve of ZrNiTi MG in 0.2 M phosphate buffer (pH~7)

recorded in the ECAFM cell. The dotted lines indicate the film-formation potentials chosen for

friction experiments.

Figure 3.1 presents the potentiodynamic polarization curve of ZrNiTi MG in 0.2

M phosphate buffer (pH~7) recorded in the ECAFM cell. The sample was passivated

with a wide passivation region ranging from -0.05 to 1.2 V. The passivation region is

identified by a low and approximately constant current density when increasing the

potential. A protective passive oxide film is formed on the sample surface and acts as

a barrier separating the substrate from oxygen and corrosive ions in the chemically

aggressive aqueous environment and, consequently, reduces the corrosion rate. The

film-formation potentials selected for friction experiments are marked with dotted

lines in the polarization curve. The values of 0.2, 0.6 and 1.0 V are in the passivation

region. For the value of 1.5 V, the transpassive breakdown of the passive film is

reflected by a sharp increase of the current density.
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Figure 3.2. (a) Friction force as a function of number of scan cycles for the oxidized surface of

ZrNiTi after polarization at a film-forming potential of 1.5 V in 0.2 M phosphate buffer. The

smooth curves are fits of Eq. (3.1) to the data. (b) additional value and (c) stable value of friction

force as a function of the load applied to the AFM tip during the repetitive scans for the surface

oxidized at different film-forming potentials. Solid lines are linear fits and data of the original

surface are shown for comparison. Negative forces were applied to realize low effective load on

the contact by partial compensation of the tip-surface adhesion.

The friction force on the oxidized surface after polarization at 1.5 V is shown in

Figure 3.2a as a function of the number of scan cycles at different normal loads. Each

data point is the average value of a friction force map (1.0 × 0.125 μm2). The friction

force decreases with the number of scan cycles and approaches a stable value at all

loads. Similar results for the decay of friction are also obtained for the original surface

and for surfaces oxidized at polarization potentials of 0.2, 0.6 and 1.0 V. Please note
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that the total normal force acting on the tip-surface contact is the sum of the applied

normal force derived from the cantilever bending and the tip-surface adhesion force.

In order to access a low-load regime for imaging or friction measurements, adhesion

forces were partially compensated by applying a negative normal force.

The decay of friction force with the number of scan cycles can be described by

the following equation:

v
N

addstable eFFF
1


 (3.1)

where F is the friction force, Fstable is the stable value of friction force which is

approached after many scan cycles, Fadd is the additional friction force at the

beginning of each series, N is the number of scan cycles, and v is the characteristic

number of cycles for the decay of friction force. The friction force for the 1st scan

cycle (N = 1) is given by the initial value: Finitial = Fstable + Fadd.

The additional and stable value of friction force obtained from curve fits of Eq.

(3.1) are plotted against the load applied to the AFM tip during the repetitive scans for

the surface oxidized at different film-forming potentials in Figure 3.2b and c. After

polarization of 1.5 V, for the additional value, two distinct linear regimes of increase

of the friction force with increasing load could be identified. The corresponding

friction coefficients are calculated as slopes of linear fits of the data. The friction

coefficient is μ1 = 0.13 in the low-load regime (-2.1 to -0.6 nN) and μ2 = 0.23 in the

high-load regime (-0.3 to 2.7 nN). Similarly, Caron et al.69 reported two clearly
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separated linear regimes of friction force versus load on a Ni-Nb MG with an

air-formed native oxide layer, explained by indentation of the tip through the oxide

layer and direct sliding contact between the AFM tip and MG substrate in the

high-load regime. We attribute the difference in the friction coefficient between two

load regimes to the different contact positions of the tip. In the high-load regime, the

tip fully penetrates the outer layer of the oxide film and slides on the inner layer. We

will discuss these attributions in detail below. Two distinct linear regimes are also

found for a film-forming potential of 1.0 V. For the original surface and film-forming

potentials of 0.2 and 0.6 V, only one single linear regime is observed. For the stable

friction values, there is no difference between the friction coefficients of the two load

regimes but one linear increase at all film-forming potentials.

After the 16 scan cycles, each slide track was imaged by subsequently scanning a

wider area of 2×0.5 μm2 at a velocity of 4 μm s-1 and a low imaging load. Figures

3.3a and b display the topography and friction force images recorded on the surface

oxidized at 1.5 V after exposing the central area to 16 scan cycles at a normal load of

2.7 nN. Figure 3c and d show cross section of the topography and friction image

corresponding to the lines drawn in Figure 3a and b. The topography image in Figure

3.3a was recorded at an imaging load of -2.4 nN. There is a noticeable difference in

height between the central slide track and the surrounding area with pile-up of

displaced materials on both sides of the track. The depth of the slide track is ~0.23 nm

extracted from the line-scan height profile in Figure 3.3c. We conclude that during

the repetitive scanning of the friction experiment, an atomically thin layer of material
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Figure 3.3. (a) and (b) AFM topography (left frame) and friction force (right frame) images

recorded on the oxidized surface of ZrNiTi MG after polarization at 1.5 V and after scanning the

central area (1 × 0.125 μm2) 16 times at a normal load of 2.7 nN (imaging load: (a) -2.4 nN; (b)

0.1 nN. (c) and (d) Cross section of the topography and friction image corresponding to the lines

drawn in (a) and (b).

was removed from the surface. Results of imaging the slide track and its surrounding

area depend critically on the imaging load. When increasing the imaging load to 0.1

nN (Figure 3.3b), position and depth of the slide track become unclear in the

topography image. However, there is now a significant contrast between the central

and surrounding area in the friction force image, indicating the existence and position

of the slide track. The line-scan friction profile in Figure 3.3d reveals that the friction

force on the slide track is lower than that on the surrounding area, though the height

difference between them cannot be detected in the height profile. These results



39

indicate that the removal of a compliant, ultrathin oxide layer leads to the decrease of

friction force observed in Figure 3.2a. At low imaging load (Figure 3.3a), we

observe a height difference between the previously scanned area and surrounding area

but no friction contrast. The lack of friction contrast can be understood considering

the extremely low imaging load which makes it difficult to discern the difference in

friction. There is a friction contrast at higher imaging load (Figure 3.3b), but no

height contrast. The lack of height contrast can be understood as penetration of the

AFM tip into the soft layer surrounding the slide track. These observations will be

discussed in more detail below.

Figure 3.4. Depth of slide track as a function of the load applied to the AFM tip during 16

repetitive scans. Depth data were extracted from images recorded at low imaging loads below -2.0

nN.

The depth of slide track after 16 repetitive scans is plotted as a function of the

applied normal load in Figure 3.4. The depth data was extracted from images

recorded at low imaging loads below -2.0 nN, like the one shown in Figure 3.3a. The
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thickness of the removed layer depends weakly on the applied load and increases

from 0.18 nm for repeated friction experiments at low load to 0.24 nm for those at

high load. Furthermore, the stable friction value is always higher than the friction

force of the original surface (Figure 3.2c). We conclude that the surface, which is

scanned by the tip when the friction reaches its stable value, is not the original surface

of the MG substrate. In other words, the scanning tip does not remove the entire oxide

film. The passive films on many metals and alloys are known to have a bilayer

structure with a compact, harder barrier inner layer underlying a porous, softer outer

layer46,47,48,49,50,51,52,53,90,91,92,93,94. Corrosion resistance is provided mainly by the

continuous inner layer51,90,92,93,94, normally composed of the low-valence insoluble

oxide species46,47,48,49,50,52,53,91,93. The outer, non-protective layer exhibits a porous

structure formed through the mutual dissolution-precipitation processes of the inner

oxides and substrate46,47,50,51,90,91,92,93, usually comprised of hydrated high-valence

oxides and hydroxides46,47,49,50,52,53,91,93. Our friction results are in full agreement with

a bilayer structure for the oxide film on ZrNiTi MG, depicted schematically as the

inset in Figure 3.5a. The deposited precipitates that form the outer layer are bound

only weakly to the surface, as compared to the inner oxides which grow through

direct oxidation of the MG substrate. As scanning proceeds, the outer, highly porous

layer is ploughed off by the tip while the inner layer remains on the surface. Given the

two distinct linear regimes and the different imaging results of the slide track, we

further conclude that the tip penetrates the outer layer and contacts the surface of the

inner layer in the high-load regime while the tip does not fully penetrate the outer



41

layer in the low-load regime. This difference in penetration depth causes the

difference in the friction coefficients in Figure 2b.

Figure 3.5. (a) Schematic explanation of the decrease of friction as a function of number of scan

cycles. The outer layer with its additional friction is removed in the course of repeated scanning.

The inset shows the bilayer structure of the electrochemically formed surface oxide film. (b)

Illustration of the influence of the imaging load on the height measurement of slide tracks.

Based on the discussion above, Figure 3.5a provides a schematic explanation of

the development of friction during continuous scanning. In our experiments, the outer

layer is susceptible to removal by the sliding tip, while the inner layer is

ploughing-resistant and remains stable under the scanning tip. In the 1st scan cycle,

the tip penetrates the outer layer and slides on the inner layer. The total friction force

is the sum of two contributions: layerinnerF is the force required to shear the contact
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between the tip and inner layer; layerouterF is the ploughing force required to displace

the outer layer ahead of the sliding tip. Eq. (3.1) can now be interpreted as follows:

layerouterlayerinner FFF  (3.2)

v
N

N
layerouterlayerouter eFF

1
1


 (3.3)

where 1N
layerouterF is the ploughing force during the 1st scan cycle. By continuous

scanning, the outer layer is gradually removed by the tip and layerouterF decays with

number of scan cycles to eventually approach zero. layerinnerF remains unchanged and

defines the steady state of friction after the tip has removed the outer layer

completely. In addition, 1N
layerouterF is shown to increase linearly with the applied normal

load (Figure 3.2b). The real contact area of the tip apex and the surface is known to

increase with the load57,95. As a result, the tip presses deeper into the surface of the

inner layer at a higher load, which also leads to an increase in the contact area

between the tip and the outer layer due to the cone shape of the tip, and hence to a

higher ploughing force. Hereafter, layerinnerF and 1N
layerouterF are directly referred to as the

friction force of the inner and outer layer.

The lifetime constant v of the friction force decay indicates the number of scans

required to remove the outer layer. For original surface and the surface oxidized at

different film-forming potentials, the values of v are independent of the applied

normal loads, as shown in Figure 3.6a-e. The average value of v at different loads is

plotted against the film-formation potential in Figure 3.6f. The lifetime constant v



43

depends only weakly on the potential, decreases from 4.13 for original surface to 3.80

for the potential of 1.5 V. We conclude that the amount of material displaced in each

cycle is determined not by a penetration depth of the tip but rather by the geometry of

material moved in front of the tip. Although pile-up is observed at the edges of the

slide track in Figure 3.3a, most images of the scanned areas do not exhibit clear

indication for the disposition of removed material. It probably diffuses preferentially

into the solution.

Figure 3.6. (a)-(e) Lifetime constant of the friction force decay as a function of applied normal

loads on surfaces oxidized at different film-forming potentials; (f) Average value of lifetime

constant v at different normal loads as a function of film-formation potentials. Data of the original

surface are shown for comparison.

Figure 3.5b illustrates how the imaging load affects the characterization of slide

track. At a high imaging load (i.e. 0.1 nN in Figure 3.3b), the tip scans directly on the

inner layer, so that the height differences between track and surrounding area are not

detected. However, the difference in friction between areas covered with outer layer
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and areas free of outer layer are detected. At low imaging load (i.e. -2.4 nN in Figure

3.3a), the tip slides on the outer layer and is sensitive to changes in its topography.

Because of the soft, porous nature of the outer layer, it is not guaranteed that the

contact position of the tip is on the topmost surface even at a very low load. Therefore,

the values in Figure 3.4 are a lower estimate for the real thickness of the outer layer.

Passive oxide films are very thin with thickness in the range of 1-3 nm46,48,48,53,84,92,96,97,

and the inner layer is usually thicker than the outer layer49,96. The outer layer on

stainless steel surfaces in sulfuric acid was found to be 0.5~0.6 nm thick from XPS

analysis49. Skal et al.96 estimated the thickness of the outer layers formed on a

Ni-based alloy in polluted phosphoric acid at 0.26~0.44 nm. Our results in Figure 3d

in good agreement to these reported values when considering the quantitative

limitations of the method.

Figure 3.7. Typical force versus separation profile for the AFM tip approaching the sample

surface: original surface and oxidized surface after polarization of 1.5 V: (a) surrounding area

outside the slide track; (b) area inside the slide track. The tip-sample separation was calculated by

subtracting the cantilever deflection from its approach distance.

Please note that the existence of a deformable outer layer can also be revealed by
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force-distance curves using AFM. Figure 3.7 compares force versus separation curves

for the AFM tip approaching the surface of an original surface and an oxidized surface

after polarization at 1.5 V. On the surrounding area covered with outer layer (Figure

3.7a), two steps of the repulsive force in front of the surface are observed, one at a

separation of about 0.9 nm with a force of 0.18 nN and one at a separation of about

0.3 nm with a penetration force of about 0.32 nN. In Figure 3.7b, recorded within the

slide tracks after repetitive scans, we observe only the step at a separation of 0.9 nm

with a small repulsive force of ~0.06 nN. We propose that the step at a separation of

0.3 nm, which is found on the surrounding area, is caused by the outer layer of the

passivated surface. The height of the step is in good agreement with the height range

reported for the outer layer in Figure 3.4. The force required to penetrate this layer is

higher than the force require to remove it in friction experiments. The difference can

be explained by the ease to remove the weakly bound precipitates forming the outer

layer by a scanning tip, as compared to its compression by an approaching tip.

The steps at 0.9 nm separation probably represent the thickness of an

electrochemical double layer of hydrated ions in front of the charged surface, where

the hydrated ions originate from the buffer or from the dissolution process. For

comparison we also show force-separation curves for the original surface. For the

original surface, the step corresponding to the outer layer cannot be detected, while

the step corresponding to a double layer of hydrated ions can be derived from a low

density of data points between 0.9 nm and 0.4 nm, indicating jump in the tip-sample

separation.
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Figure 3.8. The dependence on film-formation potential of: (a) friction force of the inner layer; (b)

friction force of the outer layer; (c) adhesion force of the inner layer; (d) friction coefficients, the

smooth curves show fit of the data to a linear (inner layer) and exponential (outer layer) function.

In (c) and (d), data of the original surface are shown for comparison. (e) Schematic explanation of

the potential dependence of friction force.

In corrosion research, the inner and outer layer of passive films are distinguished

by composition and structure, usually revealed by surface analytical techniques such

as X-ray photoelectron spectroscopy (XPS) and scattering ion mass spectrometry



47

(SIMS)49,50,52,53. The inner and outer layers described in this work are revealed by their

response to the ploughing tip: the part removed is the outer layer and the remaining

part is the inner layer. We propose that these layers correspond closely to the inner

and outer layer discussed in corrosion research. The difference in ploughing resistance

between inner and outer layer can be rationalized in terms of their different structure,

oxidation status, and formation mechanism. We will now discuss how the nonlinear

change of film dissolution with potential is also reflected in friction and ploughing

differences between the two layers.

Figure 3.8a and b shows the dependence of friction force on film-formation

potential for the inner and outer layer at different loads. For the inner layer, the

friction force increases sub-linearly as the film-forming potential increases. For the

outer layer, the friction force increases super-linearly with film-forming potential. We

remind the reader that all friction data are recorded at open-circuit potential after

surface oxidation at the film-forming potential.

We have already mentioned that tip-surface adhesion causes finite friction even

at zero externally applied load. We can estimate the adhesion force as function of

film-forming potential by extrapolating the respective friction vs. load curves to zero

friction (see the adhesion force indicated as intercept in Figure 3.2b). The friction

force of the inner layer (the stable value in Figure 3.2c) is measured for the tip sliding

on the inner layer after removal of the outer layer and, therefore, the adhesion force of

the inner layer can be estimated without distortions from the outer layer. The adhesion



48

force of the inner layer increases with increasing potential up to 0.6 V and remains

constant within errors above that value (Figure 3.8c). The total normal force acting on

the tip-surface contact is the sum of the force externally applied to the AFM tip and

the adhesion force. For the oxidized surfaces, the adhesion force is in the range of

1.7~2.8 nN and thus comparable to the applied loads (the maximum load is 2.7 nN).

The effect of adhesion is significant and cannot be neglected in the analysis of friction

forces.

The change in adhesion of the inner layer (Figure 3.8c) can be understood as

effect of the surface charge. Sato98,99 suggested that anodic polarization imparts a net

positive surface charge in the presence of sulfate/phosphate, due to the concentration

of the dissolved metal cations at the anode interface. A positive surface charge has

been previously observed on the passivated surface of nickel in sulfuric acid100 and

iron in a borate-phosphate buffer solution (pH < 8.5)101. Therefore, a positively

charged surface of the inner layer can be expected in our measurements. The oxidized

surface of the silicon AFM tip is negatively charged102,103. The opposite charges

generated at the tip and oxidized surface compared to the original surface strengthen

the adhesion. At a higher film-formation potential, the higher concentration of

dissolved metal ions on the surface of the inner layer generates more surface charge

and leads to the increased adhesion on films formed at a potential increasing from 0.2

to 0.6 V. Above a potential of 0.6 V, the adhesion force is constant within error. This

observation is explained by the enhanced growth of the outer layer at high potentials.

The dissolved metal ions migrate as hydrates towards the solution and partially
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transform as precipitates into the outer layer46,47,51,91,93. This process probably inhibits

the further concentration of metal ions on the surface of the inner layer, resulting in a

stable surface charge and constant adhesion.

We compare friction of the inner and outer layer by means of a friction

coefficient which is calculated as the slope of a linear fit to the friction force versus

normal force data. Figure 3.8d presents the variation in friction coefficient with the

film-formation potential. Data for the original surface (no electrochemical

polarization) are shown for comparison. We observe a linear increase of the friction

coefficient of the inner layer with increasing film-forming potential. For the outer

layer, the friction coefficient increases exponentially with potential up to 1.5 V.

In the passivation region, low valence insoluble oxide species are increasingly

enriched in the inner layer upon further oxidation at a higher film-formation

potential49,50,104, with a increased thickness and lower defect density of the inner

layer46,90,91,92,94,104. This growth of the inner layer improves the protective effect,

however, accompanied by an increased surface roughness of the layer at higher

potentials46,93. On crystalline gold electrodes, higher roughness after electrochemical

oxidation led to a higher friction coefficient in AFM experiments72,73. Such

oxidation-induced roughness may also contribute to the increase in friction coefficient

of the inner layer (Figure 3.8d), although we cannot quantify an increase of

molecular-scale roughness on the amorphous metallic glass surfaces. Other

mechanisms which may contribute to the increase in friction coefficient include the
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attractive interaction of surface charge distribution on the oxidized surfaces105, the

excitation of rotation in adsorbed dipoles on the surface106,107, or the chemical

interaction contrast on different oxidation states74.

Passivity breakdown occurs at a potential of 1.5 V, where the passive oxide film

becomes unstable and loses its barrier effect50,90,92,93,108. From a nanomechanical point

of view, there is still a compact layer on the surface in the transpassive state, which

remains stable during continuous scanning. The inner layer of the transpassive surface

exhibits similar friction performance as that of a surface oxidized at 1.0 V, although

its structure and composition are expected to be different from the passive state.

Oxygen and corrosive ions penetrate the inner layer of the transpassive surface and

access the surface of the MG substrate.

We will finish this section by a discussion of the potential dependence of friction

forces. A schematic summary is shown in Figure 3.8e. Passivity is a kinetic

phenomenon in which oxide formation and dissolution occur simultaneously. The

growth of the surface film depends on the relationship between formation and

dissolution of surface oxides50,90,92. The outer layer originates from the dissolution of

the inner layer oxides and the substrate. Consequently, it can be found on all surfaces

including the original surface. The decay of friction force under continuous scanning

on all surfaces confirms the existence of the outer layers. Stronger dissolution

produces more precipitates towards the outer layer, leading to more material to be

removed per pass of the tip and thus a higher ploughing force. As a result, friction in
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the outer layer depends on the dissolution process. When the potential is lower than

0.6 V, the dissolution is weak compared to the growth of the film and the outer layer

contributes significantly less to the friction coefficient than the inner layer (Figure

3.8d).

Above a film-forming potential of 0.6 V, the friction coefficient of the outer layer

increases faster with potential and gradually approaches that of the inner layer

(Figure 3.8d), indicating that the dissolution becomes stronger. As mentioned above,

the tip does not fully penetrate the outer layer in the low-load regime during the 1st

scan cycle on surfaces oxidized at 1.0 and 1.5 V, while the tip penetrates the entire

outer layer at all loads for lower potentials. This difference indicates a denser outer

layer formed at 1.0 and 1.5 V and thus enhanced dissolution. The onset of

transpassive dissolution can occur at elevated passive potentials just below the

transpassive potential48,50,94,97. We believe that the enhanced dissolution above 0.6 V

reflects the onset of transpassive dissolution. Transpassive dissolution is characterized

by rapid dissolution of metal elements at high potentials93,50. These elements

contribute to the enhanced growth of the outer layer and cause the significant increase

in friction while the film remains passive. At the transpassive potential of 1.5 V,

passivity breakdown occurs when the oxide dissolution becomes faster than its

formation. In this regime, the outer layer contributes more to the friction coefficient

than the inner layer. The potential dependence of friction of the outer layer reported in

this work provides an excellent probe of the nonlinear change in the dissolution

process with increasing potential, consistent with the results of corrosion research.
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Passive films are often investigated by X-ray photoelectron spectroscopy (XPS)

and scattering ion mass spectrometry (SIMS)49,50,52,53. While these methods provide

valuable insights into oxidation states and elemental distribution, their interpretation

is hampered by changes of the surface chemistry and structure upon rinsing off the

electrolyte, transfer to the surface analytical equipment, and exposure to vacuum

conditions. AFM has emerged as a method to study passive films on metals at

nanometer scale immersed in corrosive environments. Recent applications of AFM

have focused on the topographic structure of passive films109,110. Our results

demonstrate how the combination of topographic imaging and friction measurements

resolves structure and properties of passive films in situ and advances the

understanding of corrosion mechanisms.

3.3 Conclusion

Nanoscale friction experiments on a Zr63Ni22Ti15 metallic glass after

potentiostatic polarization are introduced as an in-situ tool to study the structure of

electrochemically formed surface oxide films. The surface oxide film has a bilayer

structure with a mechanically stable inner layer underlying an instable outer layer. The

latter is gradually removed during repeated scanning with the tip of an atomic force

microscope. The removal causes an exponential decay of the friction force with

number of scan cycles towards a steady state, in which the tip slides on the bare inner

layer. The inner layer can be identified with the compact protective layer discussed in

corrosion science, and the outer layer with the porous dissolution layer. These in-situ
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results thus confirm concepts for the oxide film structure which were derived from

ex-situ surface analytics.

The dependence of friction forces on the film-formation potential reflects the

growth mechanism of the surface film. At low polarization potentials, oxide growth

and weak dissolution of the passive film lead to higher friction force on the rougher

inner layer and significantly lower friction of the outer layer. At higher polarization

potentials, the transpassive dissolution causes a rapid growth of the outer layer and a

corresponding increase of its friction contribution. The findings thus reveal

mechanisms of nanoscale friction on a metallic glass in an aqueous environment and

contribute to the understanding of nanotribological properties of metallic glasses

required for miniature applications in corrosive conditions. Moreover, the variation in

friction of the inner and outer layer as function of the film-formation potential reflects

the dynamic nature of passivity, i.e. the competitive processes of oxide film formation

and dissolution, and confirms the relevance of nanotribological in-situ experiments

for the study of microscopic corrosion mechanisms.
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Chapter 4: Effect of Corrosive Electrolytes

This chapter presents friction studies of MGs in different corrosive solutions,

focusing on the effect of different corrosive electrolytes. The chapter begins with the

investigation of nanoscale friction with different immersion times and the discussion

of the corresponding friction mechanisms. We continue with a study of atomic-scale

stick-slip motion on corroded surfaces. Finally, the tribochemical processes at high

loads in corrosive environments are discussed.

4.1 The Time Evolution of Nanoscale Friction

The previous chapter investigated nanoscale friction after electrochemical

polarization. Our results demonstrated a new method to investigate in situ the

structure of surface oxide films on MGs in aqueous solutions. This chapter presents

friction studies of MGs after different immersion times in two different corrosive

solutions, i.e. without electrochemical polarization, using the same experimental

method. On the one hand, the influence of corrosion on nanoscale friction on MGs is

evaluated. On the other hand, nanotribological in-situ experiments are implemented to

reveal microscopic corrosion processes.

This chapter has been submitted for publication with a few modifications:

Ma, H. R.; Bennewitz, R., Relationship between corrosion and nanoscale friction on a

metallic glass. Friction (submitted)
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4.1.1 Experimental Details

All friction experiments were conducted at room temperature in 0.2 M phosphate

buffer (Na2HPO4+NaH2PO4, pH~7) and 0.2 M NaCl solution. Friction experiments

were carried out after immersing a new sample into the solution for 1, 24 and 72 h,

respectively. The exposed area of the samples was ~2.0 cm2 and ~ 1.0 mL of corrosive

solution was added. For these experiments, we used the oxidized tip of a single

crystalline Si cantilever (PPP-CONT, see Chapter 2.6). The AFM tip sliding velocity

was 8.0 μm s-1 and the scan field was 1.0 × 0.125 μm2. Sixteen cycles of repetitive

scans, each 64 scan lines, were performed in each scan field at a constant applied load

and repeated on different surface areas with different loads, while the friction force

was recorded.

In order to establish differences in corrosion of ZrNiTi MGs between the

solutions using a standard procedure, potentiodynamic polarization experiments were

performed in the range of -0.5 to 1.5 V at a potential sweep rate of 1.0 mV s−1, in a

home-made cell with three-electrode setup. The MG ribbon, a miniature Ag/AgCl

electrode, and a Au wire served as working, reference and counter electrode,

respectively. The polarization test was a separate experiment and subsequent friction

experiments were performed using new samples which were immersed without

applying a potential.
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4.1.2 Results and Discussion

Figure 4.1.1 (a) Potentiodynamic polarization curves of ZrNiTi MG in 0.2 M NaCl solution and

0.2 M phosphate buffer recorded in the electrochemical AFM cell. SEM images of corroded

surface after potentiodynamic polarization test in (b) NaCl solution and (c) phosphate buffer.

The phosphate buffer and NaCl solution were selected as test solutions because

of their differences in corrosion of ZrNiTi MGs. Figure 4.1.1a shows

potentiodynamic polarization curves of ZrNiTi MGs in NaCl solution and phosphate

buffer recorded in the electrochemical AFM cell. In NaCl solution, no passivity is

observed during anodic polarization. The current density increases rapidly even at a

low applied potential (~ 0 V). In contrast, the ZrNiTi MG in phosphate buffer is

passivated spontaneously with a wide passivation region (-0.05 to 1.2 V). These

results indicate a significantly higher corrosion resistance of the MG in phosphate
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buffer compared to NaCl solution.

After potentiodynamic polarization, the corroded surfaces of ZrNiTi MGs were

investigated by scanning electron microscopy (SEM), images are shown in Figure

4.1.1b and c. Corrosion pits with a lateral extension of tens of micrometers were

observed on the surface polarized in NaCl solution, indicating that the

chloride-containing solution initiates localized pitting. The inset in Figure 4.1.1b

shows the magnified image of typical corrosion pits. No such pits are found after

polarization in phosphate buffer (Figure 4.1.1c). The surface is mostly smooth and

only some parts exhibit signs of increased roughness (the inset in Figure 4.1.1c). We

conclude that the polarization-induced surface modifications proceed uniformly in

phosphate buffer.

Pitting has been reported for many MG surfaces after polarization in chloride

solutions44,111,112,113. Pitting corrosion is induced by heterogeneity or discontinuity of

the amorphous matrix, for example by crystalline inclusions112. On the surfaces shown

in Figure 4.1.1b, pitting is always distributed along a line. Wang et al. found114 that

pitting occurs preferentially at the shear offsets on a pre-deformed Zr-based MGs due

to the higher chemical activity of offset sites compared with the surrounding flat

region. This influence of surface morphology was also shown for copper surfaces,

where it was suggested that more electrons escape in the vicinity of a peak than in a

valley115. A surface undulation with parallel valleys on our ZrNiTi MG ribbons may

be the reason for distribution of pits along lines. Another possible reason is residual
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stress, indicated by the strip curled state of MG ribbons after preparation. In contrast,

the ZrNiTi MG is not susceptible to pitting corrosion in phosphate buffer. Phosphates

are generally used as effective inhibitors to minimize the risk of rebar corrosion116,117.

The phosphate ions hinder the initiation of pitting by their buffering capacity, which

impedes acidification inside the pits and promotess the repassivation of initially

metastable pits116. The stability and protection effect of the surface film is also

improved when phosphates are involved in the film formation117.

Figure 4.1.2. Friction force as a function of number of scan cycles on ZrNiTi after immersion into

0.2 M NaCl solution for 72h. The smooth curves are fits of Eq. (3.2) and (3.3) to the data.

The development of friction force with the number of scan cycles after

immersion in NaCl solution for 72h is shown in Figure 4.1.2 for experiments at

different applied loads. Please note that all friction experiments are performed in the

immersion solution without applying a potential. Similar to the previous results in

Chapter 3, the friction force initially decreases with number of scan cycles and then

reaches a steady value at all loads. This decay of friction is also found for all other

parameters, i.e. after immersion in NaCl solution for 1h and 24h, and in phosphate
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buffer for all immersion times. Different from the polarization result (Figure 4.1.1b),

there are no pits on the sample surface even after immersion for 72h in NaCl solution.

This weak corrosion during immersion without applied potential will be discussed in

more detail below.

Figure 4.1.3a shows the topography of the slide track and corresponding friction

force images after 16 scan cycles in the central 1.0 × 0.125 μm2 region at an applied

normal load of 1.5 nN. There is no measurable height difference between the central

slide track and the surrounding area in the topography image. However, we do

observe a contrast between these two areas in the friction force image, revealing the

position of the slide track. The corresponding line-scan profiles across the slide track

and surrounding area are presented in Figure 4.1.3b. The friction force is significantly

smaller on the slide track, while the height of slide track and surrounding area do not

differ.

Figure 4.1.3. (a) AFM topography and friction force images recorded on ZrNiTi MG after

immersion into 0.2 M NaCl solution for 72h and after scanning the central area (1.0 × 0.125 μm2)

16 times at a normal load of 1.5 nN (imaging load: 1.0 nN); (b) Cross section of the topography

and friction image corresponding to the lines drawn in (a); (c) Friction force of the slide track and

surrounding area as a function of the normal load applied during 16 repetitive scans in the slide

track. Friction data were extracted from images recorded at an imaging load of 1.0 nN.
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In Figure 4.1.3c, the friction force on the slide track after 16 repetitive scans and

on the surrounding area are plotted as a function of the normal load applied to the

slide track during the repetitive scans. The friction values were calculated from

images like the one shown in Figure 4.1.3a. Please note that each slide track was

produced with the respective load on a different surface area. The friction force of the

surrounding area is constant about 0.51 nN. This is expected because the imaging load

is constant and the area surrounding the slide tracks is not altered by preceding scans.

The friction forces of the slide tracks produced at different normal loads are also

similar, but with about 0.40 nN lower than that on the surrounding area. This

observation lets us conclude that the tip slides on a surface which has the same

characteristics after repetitive scanning at different loads.

Surface oxide films formed during corrosion have been reported to exhibit a

bilayer structure with a dense, protective inner layer and a porous, precipitated outer

layer22,45,47,49,53. The outer layer originates from the dissolution of the underlying

dense layer and the MG substrate. The characteristics of the friction results reported in

Figure 4.1.2 and 4.1.3 reflect the bilayer structure of surface oxide films. A similar

correspondence between friction and topography on the one hand and bilayer

structure was observed for MG surfaces after polarization in phosphate buffer (see

Chapter 3).

We will now discuss our experimental results in view of the bilayer structure of

the surface oxide film formed during immersion. The lack of height contrast in Figure
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4.1.3a is explained by penetration of the AFM tip into the soft outer layer surrounding

the slide track. No height difference can be measured between the surrounding area,

where the tip penetrates the outer layer, and the slide track, where the outer layer was

removed. Friction, however, is higher in the surrounding area, where the tip is still

plowing the outer layer.

Figure 4.1.4. The dependence on the applied normal load during the repetitive scans of: (a)

friction force of the inner layer and (b) friction force of the outer layer in phosphate buffer; (c)

friction force of the inner layer and (d) friction force of the outer layer in NaCl solution. Solid

lines are linear fits. Each data point is the average value of three replica experiments and error bars

represent the standard deviation.

The decay of friction with number of scan cycles (Figure 4.1.2) is modeled with

Eq. (3.2) and (3.3) from Chapter 3. The friction forces are compared for inner and

outer layer in Figure 4.1.4 for the different normal loads applied during respective

scanning. For both solutions and all immersion times, the friction force of the inner
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layer increases linearly with the normal load (Figure 4.1.4a and c). Adhesion

contributes significantly to the friction force, i.e. a friction force is measured even at

zero externally applied load. A linear increase of the friction force with the applied

load is also observed for the outer layer after immersion in phosphate buffer (Figure

4.1.4b). We attribute the increase in friction for the outer layer to the lateral contact

area between outer layer and tip, which grows in parallel to the increased contact area

of inner layer and tip apex at a higher normal load. The regularity of linear

dependence of friction in the outer layer indicates a laterally uniform outer layer and

thus a uniform dissolution process on the surface in phosphate buffer, even after

immersion for 72h. This is not the case for the NaCl solution (Figure 4.1.4d), where a

significant scattering of friction values is observed, especially after a longer

immersion. The general trend is still towards higher friction forces of the outer layer

for increasing load. The outer layer formed during immersion in NaCl solution is

non-uniform, indicating an inhomogeneous dissolution process on the surface. This

difference in corrosion processes between phosphate buffer and NaCl solution agrees

well with the results of potentiodynamic polarization (Figure 4.1.1), although the

inhomogeneity of dissolution is still not sufficient to induce pits on the sample surface

after immersion in NaCl solution.

We will now compare friction results in phosphate buffer and NaCl solution.

Figure 4.1.5a-c displays the dependence of the friction coefficient and the adhesion

force on immersion time for inner and outer layers. The friction coefficient is

calculated as the slope of a linear fit to the friction force versus normal load data
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(Figure 4.1.4). The adhesion force of the inner layer versus the AFM tip is determined

as the abscissa intercept of the linear fit at the zero friction force (Figure 4.1.4a and c).

Data of the corroded surface in phosphate buffer after polarization for 80 minutes at

1.0 V vs Ag/AgCl (see Chapter 3) are shown for comparison. When a potential is

applied in NaCl solution, the solution turns cloudy after a few minutes with a large

amount of corrosion products released into the solution suggesting a serious corrosion.

This degradation impedes AFM friction experiments which are based on optical

detection through the solution.

Figure 4.1.5. The dependence on immersion time of: (a) friction coefficient of the inner layer; (b)

adhesion force of the inner layer; (c) friction coefficient of the outer layer. Data are obtained from

linear fits in Figure 4 and error bars represent the errors in the fits. Data for corroded surfaces after

polarization in phosphate buffer for 80 minutes at 1.0 V vs Ag/AgCl are shown for comparison. (d)

Schematic illustration of physicochemical processes at the interfaces of the surface oxide film

related to the surface dissolution during corrosion. M+ represents dissolved metal cations, M(OH)

denotes hydrates formed by reactions of metal cations with the solution. (e) Summary of the

influence of corrosion on friction and adhesion of the inner layer and friction of the outer layer.

After immersion for the same time in phosphate buffer and NaCl solution, the
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friction coefficients of the inner layer are equal within error. After immersion for 72h,

they become comparable with the friction coefficient after polarization in phosphate

buffer (Figure 4.1.5a). Passivation is a kinetic process in which the growth and

dissolution of oxide films occur simultaneously. Consequently, the inner layers in

these three cases can be expected to be different in structure and composition, in view

of the different dissolution processes which will be discussed in detail below. It is

therefore important to note that the frictional response of the inner layer develops

similarly during immersion in NaCl and phosphate buffer and that the friction

coefficient of the inner layer is similar after long immersion and after polarization in

phosphate buffer.

The adhesion force remains constant with increasing immersion time in

phosphate buffer and is much smaller than after polarization (Figure 4.1.5b). The

anodic polarization results a net positive surface charge100,101, caused by the

accumulation of the dissolved metal cations on the inner layer and strengthens the

adhesion of the negatively charged silicon AFM tip102,103. Figure 4.1.5d depicts

schematically this charge buildup at the surface of the inner layer, which involves two

physicochemical processes. Metal cations are generated at the interface between inner

and outer layer by dissolution of the inner layer oxides and of the metal substrate, and

then diffuse away from the interface. In the case of immersion, the constant small

adhesion reveals a stable surface charge with different immersion times. We conclude

that there is an equilibrium between production of metal cations by dissolution and

diffusion of the ions into the solution which entails the constant surface charge. In
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other words, during immersion in phosphate buffer, the ion transfer is limited by

dissolution rate. Anodic polarization in phosphate buffer with its stronger metal ion

dissolution leads to an accumulation of cations on the surface and thus to a higher

surface charge.

In NaCl solution, adhesion increases with immersion time, indicating an

increased surface charge. We conclude that dissolution of metal ions occurs faster

than their diffusion into solution in NaCl solution, i.e. the ion transfer is limited by

diffusion. The lack of passivation is in agreement with reports about a decrease in

corrosion resistance in NaCl solution with immersion time due to the development of

defects in the surface film118,119.

The increase in the friction coefficient of the outer layer indicates the growth of

the outer layer with increasing immersion time. More material is in lateral contact

with the sliding tip which experiences thus a higher ploughing resistance. The outer

layer grows by precipitation of metal hydrates which are formed when dissolved

metal ions diffuse towards the solution. This growth of outer layer involves the three

physicochemical processes depicted in Figure 4.1.5d, which have been invoked to

explain the bilayer structure found after polarization45,47,120. Metal cations react with

water, or anions present in the solution, and form hydrated oxides and hydroxides at

the interface between outer layer and solution. These hydrates diffuse into the bulk

solution, or partially transform as precipitates into the outer layer. The latter process

may be enhanced as a result of hydrate accumulation into supersaturation close to the
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surface. As the immersion continues, the friction coefficient of the outer layer

increases sub-linearly with immersion time in phosphate buffer (Figure 4.1.5c). The

corrosion resistance of the oxide film in passivating solutions was reported to increase

with time during the first stage and then remain almost constant after longer

immersion time121,122,123. We suggest a similar development for MGs in phosphate

buffer, where the protective effect of the inner layer becomes stronger with the

immersion time, the dissolution becomes slower, and the growth rate of the outer

layer decreases.

In NaCl solution, the friction coefficient of the outer layer is constant at a value

smaller than that of the outer layer in phosphate buffer after long immersion. During

immersion, the outer layer does not grow significantly in NaCl solution, although the

adhesion data indicated stronger dissolution than in phosphate buffer. Compared to

chloride ions, phosphate ions adsorb more efficiently to the surface. Their buffering

effects create a higher pH value near the surface, which favors the formation and

precipitation of metal hydrates116,117. Such an accumulation of hydrates does not

proceed in NaCl solution and we conclude that the formation of metal hydrates is in

equilibrium with their diffusion into the solution, or that the existing outer layer

prevents the precipitation of further hydrates.

The friction coefficient for the outer layer after anodic polarization in phosphate

buffer is much higher than that after immersion. During electrochemical polarization,

a great quantity of dissolved ions diffuses as hydrates towards the solution in a short
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time, which become supersaturated near the metal surface and precipitate into the

outer layer. This supersaturation leads to the enhanced growth of the outer layer

during polarization. Combined with the adhesion data, the whole processes in Figure

4.1.5d is diffusion control after polarization.

In summary, the key processes affecting the frictional response of MGs during

corrosion are metal cation dissolution and diffusion as well as hydrate formation and

diffusion. It has been established that these processes constitute the surface

dissolution process during corrosion45,120. Figure 4.1.5e illustrates how these

physicochemical processes affect the friction force of the inner and outer layer. After

immersion for 72h in phosphate buffer and NaCl solution and after polarization, the

friction coefficients of the inner layer are similar (Figure 4.1.5a). The difference in

friction force of the inner layer mainly depends on the variation of adhesion, which is

determined by the competitive processes of metal cations dissolution and diffusion on

the inner layer. The competitive processes of hydrates formation and diffusion at the

outer layer/solution interface determine the growth and thereby the friction coefficient

of the outer layer.

4.1.3 Conclusion

Our results reveal the instructive connection between nanoscale friction and

surface processes on a metallic glass upon immersion in corrosive solutions. Friction

coefficients indicate the development of the passivated inner layer of the surface and

the growth of a precipitated and displaceable outer layer. Adhesion indicates the
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accumulation of charge at their interface. The evolution of friction with increasing

immersion time reveals the interrelation of relevant physicochemical processes: the

production of metal cations by surface dissolution at the interfaces of two layers, the

diffusion of ions to the interface of outer layer and solution, the formation of hydrates

at the surface, and the competition between diffusion of hydrates into solution and

their precipitation into a growing outer layer. Understanding the mechanisms of

nanoscale friction on metallic glasses is a basis for applications involving mechanical

contacts in corrosive conditions. On the other hand, nanotribology offers unique

methods to resolve microscopic corrosion process in situ.

Although results were reported here for metallic glasses, we suggest that the

study of surfaces layers and charges by nanotribology can be extended to the

understanding of corrosion mechanisms in other metal and alloy systems. Future

studies can exploit the lateral resolution of scanning force microscopy to detect

dissolution and precipitation on selected areas of interest such as different phases,

grains and inclusions70.
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4.2 Atomic-scale Stick-slip Motion

Two previous chapters presented friction results which demonstrated the role of

the surface oxide layer during corrosion. Atomic-scale stick-slip can contribute to a

deeper understanding of the fundamental mechanisms of friction for a single-asperity

contact (see Chapter 1.3.1). This chapter transitions to this new topic. We examined

the stick-slip events on the oxidized surfaces to study the influence of corrosion on

atomic-scale friction processes and the corresponding mechanisms.

4.2.1 Experimental Details

We conducted friction experiments on MG ribbons immersed in 0.2 M borate

buffer (H3BO3 + Na2B4O7, pH~7) and 0.2 M phosphate buffer (Na2HPO4 + NaH2PO4,

pH~7) at room temperature. Each friction experiment was started after immersing a

new MG ribbon into the solution for 1 h equilibration. A single crystalline Si

cantilevers (PPP-CONT, see Chapter 2.6). The tip scanning velocity was 24 nm s-1.

To know differences in corrosion of ZrNiTi MGs between the solutions,

potentiodynamic polarization experiments were performed in a home-made liquid cell

with three-electrode setup (see Chapter 2.5). The working, reference and counter

electrode were the MG ribbon, a miniature Ag/AgCl electrode, and a Au wire,

respectively. The polarization test was a separate experiment and subsequent friction

measurements were carried out on new ribbons without applying a potential.
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4.2.2 Results and Discussion

Figure 4.2.1 ZrNiTi MGs in 0.2 M borate buffer and 0.2 M phosphate buffer: (a) potentiodynamic

polarization curves recorded in the ECAFM cell; (b) variation of friction force with normal load

recorded on the corroded surfaces after immersion for 1h without applying a potential. Solid lines

are linear fits.

Potentiodynamic polarization curves of ZrNiTi MGs in borate buffer and

phosphate buffer are shown in Figure 4.2.1a recorded in the electrochemical AFM

liquid cell. The sample is passivated in phosphate buffer with a wider passivation

region (-0.05 to 1.2 V) than that in borate buffer (-0.3 to 0.0 V), which indicates a

higher corrosion resistance of MGs in phosphate buffer. This difference in corrosion

properties would exert an important influence on nanoscale friction on MGs.

Corroded surfaces in NaCl solution usually become rougher with some small particles

attached to the surface, which hamper a clear observation of stick-slip phases. Thus,

here we use the borate buffer instead of NaCl solution.

Figure 4.2.1b presents the friction force as a function of the applied normal load

on the corroded surfaces without applying a potential. The friction coefficients are

determined as the slopes of linear fits to the data. The friction coefficient is μ = 0.17 in
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borate buffer and μ = 0.06 in phosphate buffer. Friction increases more significantly in

borate buffer. This difference in friction will be discussed in more detail below. As

similar with Chapter 4.1, the bilayer structure of surface oxide films in this case is

expected and friction forces in Figure 4.2.1b are the sum contribution of the inner and

outer layer while the tip slides on the inner part. In this work, we focus on the

evolution of stick-slip friction with load, friction force is thus recorded on a same area

at all applied loads. However, the influence of the outer layer is small because of the

low friction contribution compared to the inner part (see Chapter 4.1).

Figure 4.2.2. Friction loops acquired on ZrNiTi MG at two different normal loads: (a) in borate

buffer; (b) in phosphate buffer. The typical retrace lateral force images in both solutions are shown,

reflecting a stick-slip pattern.

Figure 4.2.2 shows two typical lateral force images (retrace) in two solutions,
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which reflect the stick-slip patterns. The images show similar positions of slip in

adjacent scan lines, which proves that the stick-slip behavior follows the

molecular-scale topographic features and is not just random. Friction loops at two

different normal loads are also given in Figure 4.2.2, obtained from the line profile of

the corresponding lateral force images. At a higher load, the hysteresis between the

retrace and trace scans increases, i.e. the average lateral force and the dissipative

energy increase with increasing load. All loops are comprising of irregular

nanometer-scale stick-slip patterns. The passive oxide films formed during corrosion

are mostly amorphous124,125. A similar observation of the irregular stick-slip friction

was made on the corroded gold surface upon electrochemical oxidation72 and various

oxide surfaces in native conditions126. Therefore, we attribute this irregular stick-slip

motion to the amorphous nature of corroded surfaces.

For the crystalline surface, the periodicity of the stick-slip pattern often

corresponds to the spacing of one lattice site, which can be regarded as the basic slip

unit. The slip over one lattice site is identified as “single slip”. Slip can also occur

over an integer number of lattice sites, called “multiple slip”127,128,129. Here, we treat

the slip over one basic slip unit on the amorphous surface as “single slip”. Local dense

atomic packings, such as the icosahedral and crystal-like packing, known as the short-

or medium-range order, were always found in the amorphous matrix and caused the

intrinsic structural inhomogeneity of MGs at the nanoscale1,2. A small amount of

nanocrystals were reported to be embedded in the amorphous passive films124,125.

These ordered structures can form lattice-like sites similar with those in a crystal at
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local positions of the amorphous surface, which change the basic slip units in these

positions with different lengths. Therefore, on the amorphous surface, the size of basic

slip units is not a single value but distributed over a range, which could be one reason

for the distribution of the separations between slips (slip length). The stronger

corrosion in borate buffer is expected to increase the crystallinity of the amorphous

corroded surface125, resulting in a higher structural heterogeneity and thus a wider

distribution of the basic slip length than in phosphate buffer.

We extracted the maximal lateral slip force, FLmax (referred to as the slip force

hereafter), the slip length, Δx and the experimental lateral contact stiffness, kexp of slip

events at all normal loads. Figure 4.2.3a and b show the average value of slip length,

<Δx>, and slip force, <FLmax>, as a function of load. In both solutions, Δx and FLmax

display a linear increase in the average value with load. As the load increases, more

“multiple slip” events occur and the tip tends to slip over more basic slip units in one

slip event, causing the increase in the average slip length. From Figure 4.2.3a, <Δx>

increases more significantly in borate buffer, indicating the occurrence of more and

longer “multiple slip” events in borate buffer, compared to the phosphate buffer.

<FLmax> also increases more significantly in borate buffer than in phosphate buffer,

shown in Figure 4.2.3b.

The lateral contact stiffness between the tip and the sample surface is calculated

as the slope of the lateral force versus the corresponding distance during each sticking

phase130,131 (see the lateral contact stiffness indicated as an example in Figure 4.2.2a):
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dx
dFk Lexp ,

(4.2.1)

Figure 4.2.3c shows the average value of these slopes, <kexp> at different normal

loads. The contact stiffness is mainly determined by the nanometre-scale contact,

therefore, is much weaker than the lateral force constant for the cantilever130. <kexp> is

nearly constant and appears to weakly increase with increasing load, which is

consistent with the observations in other works131,132. A significant increase in <kexp>

was found only at high normal loads (~40 nN) caused by a sudden increase of the

contact area131. In this work, due to the low applied load range, we conclude that there

is only a small change in the contact.

Figure 4.2.3 The dependence on applied normal load of: (a) average slip length; (b) average value

of maximal slip force; (c) average experimental contact stiffness. The contact stiffness depends

weakly on the applied load (linear regression ANOVA test p < 0.014, R = 0.78 (borate buffer); p <

0.016, R = 0.77 (phosphate buffer)). Maximal lateral slip force vs the corresponding recorded

length of slip events at different loads: (d) in borate buffer; (e) in phosphate buffer. (f) slopes of

maximal slip force vs slip length in (d) and (e) as a function of load.

In order to see the connection between the slip force and slip length, Figure
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4.2.3d and e plot FLmax against the corresponding Δx in borate buffer and phosphate

buffer. For both solutions and at all loads, the minimum slip lengths are similar, about

0.2 nm, the size of one single atom. For the amorphous surface, one single atom can

be the basic slip unit. The maximum slip length can reach ~1.88 nm at a high load of

4.88 nN in borate buffer, shown in Figure 4.2.3d. The slip occurs over a certain

number of basic slip units, regarded as “multiple slip”. A strong correlation between

the slip force and the slip length can be seen: the slip force increases approximately

linearly with the slip length. Thus the larger increase in the slip length in borate buffer

leads to the more significantly increased slip force than the phosphate buffer (Figure

4.2.3b). The slope of linear fit to the slip force versus slip length data (Figure 4.2.3d

and e) is plotted against the normal load in Figure 4.2.3f. The slope increases more

rapidly in borate buffer than that in phosphate buffer.

We will now discuss multiple slips on the amorphous surface. The

Prandtl-Tomlinson (PT) model (see Chapter 1.3.1) is extensively used to explain

atomic stick-slip friction behavior60, in which the surface is modeled as a series of

periodically-arranged energy barriers that the tip must overcome as it slides over the

surface. Medyanik et al.127 has interpreted the transition between various stick-slip

regimes for periodic surface potentials. Based on this method, we propose an

analytical model to explain multiple slips on the amorphous surface.

In PT mode, the effective interaction potential Ueff , describing the friction

system, contains two terms:
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eleff UUU  int , (4.2.2)
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where Uint is the corrugation potential of the tip-surface interaction, Uel is the elastic

energy of the lateral spring, U0 is the corrugation energy amplitude, a is the lattice

constant of the surface, keff is the effective lateral contact stiffness, xtip is the tip

position, xel is the support position of the spring. localized energy minimums are with

respect to the tip positions: 0/  tipeff xU , thus:

)(
2

sin2 0
eltipeff

tip xxk
a
x

a
U








 
,

(4.2.5)

where the left term corresponds to the interaction force, Fint, between the tip and the

surface, and the right term corresponds to the elastic force of the spring, Fel.

Figure 4.2.4 gives an example of transition between smooth sliding, single and

double slip, which shows the interaction force, Fint of the sample surface. The tip

“slip” occurs while the locally stable state ( 0/ 22  tipeff xU ) changing to unstable

( 0/ 22  tipeff xU ) states, until the tip ‘‘sticks’’ to a locally stable position. The

number of available locally stable positions depends on the relation between keff and

critical values k = ki with respect to the elastic forces )( tipelii xxkF  . The tip may

slip over several stable positions, i.e. multiple slip. These critical stiffness values can
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be calculated as127:
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(4.2.6)

where '
ik = 1.0, 0.2172, ... for i = 1, 2, ... . k1 is the tangent of Fint in the position of first

lattice site.

Figure 4.2.4.An explanation for transitions between different stick-slip regimes on the amorphous

surface. Fint represents the tip-surface interaction force. U, U+ and U- represent the amplitude of

the surface corrugation potential. a, a+ and a- represent the lattice constant. k1, k1’, k2, k2+ and k2-

are critical stiffness values for transitions between different stick-slip regimes.

(1) When keff > k1, the tip movement is continuous and no stick-slip occurs
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(smooth sliding).

(2) When keff ≤ k1, the tip can slip to another available locally stable position.

Now we only consider the transition between single to double slip. For a periodic

interaction potential, the next lattice site is still with spacing a. When keff > k2, the tip

can only slip to the second lattice (single slip).

(3) When keff≤ k2, now the tip can directly jump two lattice sites (double slip).

For a amorphous surface, the corrugation energy amplitude U0 and the spacing a

are the position dependent disordered parameters. We still follow the methodology in

Eq.(4.2.2) to (4.2.4):


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


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)()( xaaxa  (4.2.9)

where U0 is the average value of corrugation energy amplitudes, with the position

dependent deviation δU0(x). a is the average value of lattice spacings with the

position dependent deviation δa(x). Therefore, in Figure 4.2.4, the corrugation energy

and the spacing of second lattice site could be different from those of first site. For

simplicity, we discuss the effects of U(x) and a(x) separately.

In Figure 4.2.4a, the corrugation energy of second lattice site is different from the
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first site:

(1) UU  , in this case, we can see k2+ > k2. The tip is easier to slip over these

two sites, i.e. double slip is more likely to occur.

(2) UU  , in this case, 22 kk  . Double slip is more difficult to occur. In

addition, the tangent 11 ' kk  . When 12 kkk eff  , the tip slip to the second lattice.

However, if '1kk eff  , this means a transition from a single slip to smooth sliding.

In Figure 4.2.4b, the lattice spacing of the second site is different from the first

site:

(1) aa  , in this case, we can see k2+ < k2. Double slip is more difficult to

occur. In addition, the tangent 11 ' kk  . When k2+ < keff < k1, the tip slip to the second

lattice. However, if '1kkeff  , this means a transition from a single slip to smooth

sliding.

(2) aa  , in this case, 22 kk  . double slip occur more easily.

The physical basis underlying transitions of other multiple slips (triple slip,

quadruple slip and so on) is similar with the double slip described in Figure 4.2.4.

Based on the discussion above, due to the irregular surface energy potential, there is a

greater variation of critical stiffness values on the amorphous surface compared to the

regular crystalline surface. For a given lateral spring constant keff, slips over several

minima are sometimes more probably and sometimes less probable than for a regular

periodic potential with a similar corrugation and periodicity. The transition between



80

smooth sliding to single slips and then multiple slip regimes on the crystalline surface

usually depends on the applied load127,128,133. However, the criterium for the transition

is also a position-dependent characteristic on the amorphous surface.

Figure 4.2.5 The dependence on applied normal load of: (a) slip force corresponding to the single

slips, F0max; (b) corrugation energy amplitude, U0; (c) PT parameter, η; (d) effective contact

stiffness, keff.

According to the explanation in Figure 4.2.4, the probability of multiple slips

increases with a higher corrugation energy U0 and lower effective contact stiffness keff.

The determination of U0 and keff in PT mode is based on a periodic interaction

potential, which is not the case for our results. In order to estimate the difference in U0

and keff between the borate buffer and phosphate buffer, we assume that only single

slips occur at zero load. The average value of slip length, <Δx>, increases linearly

with the load (Figure 4.2.3a). The basic slip length at zero load, Δx0, can be obtained

by extrapolating the fitting lines to zero load (Δx0 ~0.40 nm in borate buffer and ~0.32
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nm in phosphate buffer). The larger Δx0 in borate buffer agrees well with our previous

inference that the stronger corrosion in borate buffer increases the crystallinity of the

amorphous corroded surface and thus leads to a wider distribution of the basic slip

length than in phosphate buffer. The corresponding slip force of single slips, F0max,

can be calculated by the linear dependence of slip force on slip length (indicated in

Figure 4.2.3d and e), as shown in Figure 4.2.5a. The slopes of slip force vs load in

Figure 4.2.3b are larger than those in Figure 4.2.5a in both solutions due to the

occurrence of multiple slips.

The corrugation energy amplitude can be calculated as131,133:

2
0

max
0

0
xFU 


,

(4.2.10)

U0 is strongly correlated with the applied load. As a result, The probability of multiple

slips is increased at a higher load. The transitions from single to multiple slips with

increasing load have been reported in other works127,128,134. Rivas et al.134 reported a

simulation study which predicted that higher values of U0 lead to longer jumps of the

tip on amorphous surfaces. Thus, the increased slip length is observed with increasing

the load (Figure 4.2.3a). U0 increases more significantly in borate buffer than in

phosphate buffer (Figure 4.2.5b), indicating a higher corrugation energy in borate

buffer. Agmon et al.135 observed a higher corrugation energy of Fe−Al−O spinel

catalyst compared to NaCl under identical conditions, due to the higher activity of the

catalyst surface while NaCl is an inert material. In this work, the different chemical



82

activity of corroded surfaces can be expected in view of the different corrosion

resistance of MGs in these two solutions. The higher chemical activity of the corroded

surface in borate buffer contributes to the increase in corrugation energy. In borate

buffer, the increased surface roughness caused by the more serious corrosion may also

contributes to the higher corrugation energy, compared to the phosphate buffer.

A longer multiple slip tends to induce a higher slip force (Figure 4.2.3c and d). A

larger lateral force is required when the tip jumps over more basic slip units in a slip

event due to the higher energy barrier that the tip has to overcome. The slopes in

Figure 4.2.3c and d represent the increase rate of corrugation energy. In borate buffer,

the larger slope of the linear dependence on load (Figure 4.2.3e) indicates the more

strongly increased corrugation energy compared to the phosphate buffer.

The effective lateral stiffness can be determined by the measured experimental

stiffness through131,133:
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The PT parameter η describes the relation between the corrugation energy and the
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elastic energy of the contact (Eq. (4.2.12)). Different stick-slip regimes can be

distinguished by the value of η, where the tip movement is continuous (η < 1),

presents the stick-slip motion with single slip (1 ≤ η < 4.6), or possibly with double

slip (4.6 ≤ η < 7.79), triple slip (7.79 ≤ η < 10.95), or even longer multiple slip (η ≥

10.95)128,129. In PT mode, we can use the experimentally measured values to directly

derive η according to Eq. (4.2.13), which is plotted against the applied load in Figure

4.2.5c. Roth et al. observed128 more and longer multiple slips on a NaCl(001) surface

accompanied by a larger η with increasing load. The value of η increases much

stronger in borate buffer than that in phosphate buffer with the applied load. At the

highest load, the value of η is ~ 13.07 in borate buffer and ~ 4.87 in phosphate buffer,

indicating the increased probabilities of longer multiple slips in the former solution.

The variation of η in two solutions is in good agreement with our experimental results

(Figure 4.2.3).

Figure 4.2.5d presents the variation of effective lateral contact stiffness, keff, with

the load. In phosphate buffer, keff shows a decrease with increasing the load and then

approaches a stable value at high loads. For the borate buffer, we see only a slightly

decreased keff in the beginning. At the lowest load of 0.39 nN in phosphate buffer, the

value of η is ~ 1.0. Considering the large deviation of surface state on the amorphous

surface, η is expected to be lower than 1.0 on many local positions, revealing a

smooth sliding on these positions. As the load increases with a increased η, fewer

positions experience smooth sliding. For the borate buffer, only at the low loads in the

beginning, the smooth sliding would occur in some positions due to a larger value of η.
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This trend of transition from smooth sliding to stick-slip friction agrees well with the

variation of keff, which may be one of the reasons for the decrease in keff. The contact

stiffness of smooth sliding is larger than that in stick-slip friction. The frictionless

sliding was observed on the surface of W(011)136 and graphite137 due to the

incommensurate contact between the tip and surface, and the commensurate contact

caused a significant friction. In this work, the contact of the tip and surface in smooth

sliding could be also different from that in stick-slip regimes, while the details are still

unclear. However, the variation of the contact stiffness with load is still small in both

solutions, which can be explained by that there is no significant change in the atomic

structure or the area of the contact in this range of normal loads133. Thus, we conclude

that the effect of the change in the contact is small in this work. More importantly, keff

is also higher in phosphate buffer than that in borate buffer, similar with kexp (Figure

4.2.3c). The difference in contact stiffness could be caused by the different surface

properties in these two solutions: the surface in borate buffer might be softer due to

corrosion.

As a summary, the corroded surface in borate buffer exhibits a higher corrugation

energy than that in phosphate buffer. Meanwhile, the effective contact stiffness is

higher in phosphate buffer than that in borate buffer. As mentioned before, the more

serious corrosion in borate buffer increases the heterogeneity of the amorphous

corroded surface. Consequently, a larger fluctuation of surface potential is expected

and also leads to a higher probability of multiple slips in borate buffer than the

phosphate buffer. Therefore, we can see the larger average value of slip length in
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borate buffer.

4.2.3 Conclusion

AFM friction experiments were performed on Zr-based metallic glasses in

borate buffer and phosphate buffer to study the effect of corrosion on atomic-scale

friction. A irregular stick-slip motion is observed and attributed to the amorphous

nature of the corroded surfaces. We provides an approach to explain the irregular

stick-slip motion within the framework of the Prandtl-Tomlinson model, which takes

into account the disordered surface interaction potential. The approach captures

transitions between smooth sliding, single and multiple slips, and gives helpful

guidance to understand the atomic-scale friction on amorphous surfaces.

The friction coefficient of the corroded surface is larger in borate buffer than the

phosphate buffer. In borate buffer, a higher surface corrugation energy, a lower

effective contact stiffness and a higher structural heterogeneity causes the significant

increase in the probability of multiple slips accompanied by larger slip forces than

that in the phosphate buffer, which are attributed to the lower corrosion resistance of

MGs in borate buffer.
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4.3 Tribochemical Processes at High Loads

In previous chapters, all friction experiments were performed in a low-load

regime. In engineering applications, mechanical components may be subject to harsh

working conditions involving high load, which induce surface deformation and

damage or displacement of materials, i.e. wear. Thus, the tribological properties of

MGs at high loads should be inverstigated,. The high-load friction experiments were

performed with diamond tips because of their excellent hardness and wear-resistance.

4.3.1 Experimental Details

All experiments were performed in 0.2 M phosphate buffer (Na2HPO4+NaH2PO4,

pH~7) and 0.2 M NaCl solution at room temperature. Friction experiments were

started by immersing a new sample into the solution for 1 h equilibration and carried

out with the diamond coated AFM tip (CDT-FMR, see Chapter 2.6). The AFM tip

sliding velocity was 8.0 μm s-1 and the scan field was 1.0 × 0.125 μm2. Sixteen cycles

of repetitive scans, each 64 scan lines, were performed in each scan field at a constant

applied load and repeated on different surface areas with different loads, while the

friction force was recorded.

4.3.2 Results and Discussion

Figure 4.3.1 displays the evolution of friction force on ZrNiTi MG in 0.2 M

phosphate buffer with number of scan cycles at different applied loads. In previous

chapters (see Chapter 3 and 4.1), we observed a decay of friction force with repeated
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scanning in the low-load regime. Here, at higher loads, the friction force increases

with number of scan cycles and then approaches a stable value.

Figure 4.3.1. Friction force as a function of number of scan cycles on ZrNiTi MG in 0.2 M

phosphate buffer for different normal loads indicated in the respective frames.

Figure 4.3.2 shows the topography of the scan track and corresponding friction

force images after 16 scan cycles in the central 1.0 × 0.125 μm2 region at an applied

normal load of 20 nN. Friction is increased by a factor of about 1.3 within the central

slide track compared to the surrounding area for all loads. However, the topography

differs significantly after experiments at different loads. At a load of 0.58 μN, the

slide track is difficult to distinguish in the topography, while there is strong contrast

between the central and surrounding area in the friction signal. At a higher load of

1.10 μN, a topography with ridges and valleys distinguishes the slide track from the

surrounding area. The line-scan height profile in Figure 4.3.2c reveals a pattern of

ripples 0.4~0.8 nm high and ~50 nm apart. A similarly rippled topography has been
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Figure 4.3.2. AFM topography and friction force images recorded on ZrNiTi MG in phosphate

buffer after scanning the central area (1 × 1 μm2) 16 times and the corresponding line profiles at a

applied normal load: (a) 0.58 μN; (b) 0.83 μN; (c) 1.10 μN. The imaging load is 20 nN.

reported for friction measurements on surfaces of different materials, such as

metals138,139, ionic crystals140,141 and polymers142. Several mechanisms have been

suggested for the ripples formation: interplay between the developing surface

corrugation and the frictional stress produced by the moving tip143,144, an erosion

process induced by a periodic increase of the strain produced by the scanning tip141

and others. There is no noticeable wear accompanying the ripples formation. Thus, we

attribute it to surface deformation caused by mechanical interaction with the tip. The

surface deformation is a load dependent process that cause the topographical
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evolution from surface scanned at 0.58 to 1.10 μN. Periodicity and amplitude of ripple

patterns are affected by the size and shape of the scanning tip141,143.

This rippled topography exhibits a higher friction force, as revealed by the

line-scan height and friction profiles in Figure 4.3.2c. However, topography is not the

main factor for increased friction on the slide track. The track also shows a higher

friction force than the surrounding area at the load of 0.58 μN, where the topography

is hardly changed by the scanning tip (Figure 4.3.2a). In previous chapters, we have

shown that the growth of oxide film on the surface by electrochemical polarization

(see Chapter 3) or immersion in corrosive solutions (see Chapter 4.1) increases

friction. Tribofilms are known to form on tribologically stressed surfaces, as a result

of complex mechanochemical interactions between surface materials and chemical

components of surrounding environment, usually called “tribochemical reaction”.

Gosvami et al.139 reported a significant increase of friction force within the region of

tribofilm growth compared to the surrounding iron oxide substrate and found that

repeated sliding at sufficiently high loads leads to abundant tribochemical reactions

and the associated nucleation and growth of tribofilms. Cai et al.145 found that

mechanical stimulation changes the reaction pathway with a lower activation energy

for the corrosion of aluminum. Therefore, we conclude that the repeated scanning at a

high applied load leads to the enhanced growth of the surface oxide film as a result of

tribochemical reactions at the tip-sample interface and thereby increase the friction.
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Figure 4.3.3. Friction force as a function of number of scan cycles on ZrNiTi MG in (a) NaCl

solution and (b) phosphate buffer.

Now we will compare the results in NaCl solution and phosphate buffer at high

loads. For all measurements shown below, we scan a smaller region 1 × 0.125 μm2.

Figure 4.3.3a shows the friction force on ZrNiTi MG in 0.2 M NaCl solution as a

function of number of scan cycles at three different normal loads. Different from

friction results in phosphate buffer (Figure 4.3.1), we see a transition from friction

increase to friction decay with repeated scanning when the load is increased. At a load

of 0.58 μN, friction force increases with number of scan cycles. At a load of 0.83 μN,

the friction force first increases and then decreases with repeated scanning. When the

load is 1.10 μN, the friction force only decreases with repeated scanning. Friction

results in phosphate buffer (Figure 4.3.3b) are similar with those obtained in large

scan regions (Figure 4.3.1). At the load of 0.58 and 0.83 μN, the friction values are

similar in two solutions. However, at the load of 1.10 μN, the initial value of friction

in borate buffer becomes much higher than that in phosphate buffer.
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Figure 4.3.4. AFM topography images recorded on ZrNiTi MG in NaCl solution and phosphate

buffer after scanning the central area (1 × 0.125 μm2) 16 times and the corresponding line profiles

at a normal load of (a) 0.58 μN; (b) 0.83 μN; (c) 1.10 μN; (d) 1.93 μN in NaCl solution.

Figure 4.3.4 presents AFM topography images of the slide tracks after 16 scan

cycles in NaCl solution and phosphate buffer, corresponding to the friction results in

Figure 4.3.3. In phosphate buffer, we see the rippled topography with the load

increasing from 0.58 μN to 1.10 μN. Wear can be clearly observed with ploughing of

material aside of the tracks in NaCl solution. At the load of 1.93 μN, the depth of the

wear track in NaCl solution is ~12.6 nm, while the depth of the track is only ~ 1.0 nm

in phosphate buffer. ZrNiTi MG exhibits a higher corrosion resistance in phosphate

buffer than that in NaCl solution (see Chapter 4.1). Corrosion in NaCl solution is

governed by serious pitting, while the sample is passivated spontaneously in

phosphate buffer. Therefore, we conclude that the more corrosive electrolyte

significantly enhances the wear of MGs.

Mechanical stimulation reduces the activation energy for corrosion and enhances
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Figure 4.3.5. Depth of slide track as a function of the load applied to the AFM tip during 16

repetitive scans. The smooth curve is fit of the data to an exponential function.

corrosion under tribological load145. The friction results have shown that repeated

scanning leads to the enhanced growth of the surface oxide film (Figure 4.3.2). The

accelerated corrosion in NaCl solution results in a stronger dissolution, which is more

likely to cause severe wear compared to the phosphate buffer. In Chapter 4.2, we

found that the surface in borate buffer is softer than that in phosphate buffer. Similarly,

a softer surface can be expected for the NaCl solution compared to the phosphate

buffer. The oxide film formed in NaCl solution is then more susceptible to removal by

the sliding tip. The depth of slide track after 16 repetitive scans in NaCl solution is

plotted as a function of the applied normal load in Figure 4.3.5. The depth increases

exponentially with the load. A exponentially increased rate of the tribochemical

reaction with the applied stress has been reported132, which could be the reason for the

increase in the depth of slide track. The wear in NaCl solution depends on the

stress-assisted tribochemical reaction (tribochemical wear). When the load is lower

than 0.83 μN, the depth is kept at a low value (< 1.0 nm). Ripples can be observed on
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the bottom of the wear tracks. The tribo-oxidation is still the main friction process in

these loads. Above the load of 0.83 μN, the depth increases significantly. Here, we

conclude that the tribochemical wear occurs from the load of 0.83 μN. As shown in

Figure 4.3.3a, the transition from friction increase to friction decay with repeated

scanning can be seen at the load of 0.83 μN. Therefore, the decay of friction with

scanning in Figure 4.3.3 should be due to the onset of wear in NaCl solution.

Figure 4.3.6. Friction force as a function of the load applied to the AFM tip at the first and last

scan on ZrNiTi MG in 0.2 M NaCl solution and phosphate buffer.

Friction forces at the first and last scan are plotted against the load applied to the

AFM tip on ZrNiTi MG in Figure 4.3.6. In phosphate buffer, the friction force at the

first scan is always lower than that at the last scan, due to the tribo-oxidation. Only at

the load of 1.93 μN, the initial value of friction becomes very close to the final value,

due to the weak wear in this case, revealed in Figure 4.3.4d. In NaCl solution, When

the load is lower than 0.83 μN, the lower initial value of friction forces can been seen,

similar with those in phosphate buffer. After the onset of wear at the load of 0.83 μN,
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the initial value of friction becomes higher than the final value and larger significantly

than those in phosphate buffer. The increased friction force in wear regime is caused

by the significantly increased contribution of plowing to friction67. A decreased wear

rate with number of scans has been observed on the aluminum surface in NaCl

solution145, indicating a decreased plowing depth with scanning. Therefore, the

friction decay with number of scan cycles in wear regime can be understood as

reduced plowing contribution.

Figure 4.3.7. Friction force as a function of number of scan cycles on ZrNiTi MG in NaCl

solution at a normal load of 0.15 μN.

In order to confirm the existence of the phenomenon of friction decay described in

previous chapters (see Chapter 3 and 4.1), Figure 4.3.7 shows the friction force on

ZrNiTi MG in 0.2 M NaCl solution as a function of number of scan cycles at a low

applied load. Now the decay of friction force with number of scan cycles can be

observed, which demonstrates that tribochemical reactions or tribo-oxidation induced

by mechanical interaction can only occur at a sufficiently high load.

To summarize, Figure 4.3.8 provides a schematic illustration of the
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load-dependent friction processes:

Figure 4.3.8. Schematic illustration of load-dependent friction processes on ZrNiTi MG in

corrosive environments.

(1) Low-load regime: At a low load, no tribochemical reactions occur and the

surface is in a natural corrosion state. The surface oxide film has a bilayer structure

with a protective inner layer underlying a precipitated outer layer. This outer layer can

be gradually removed during repeated scanning, resulting in a decay of the friction

force with number of scan cycles towards a steady state, in which the tip slides on the

stable inner layer. The growth of the outer layer, originating from the surface

dissolution, depends on corrosion properties in corrosives environments.

(2) Intermediate-load regime: Mechanical stimulation leads to the enhanced

growth of the surface oxide film as a result of tribochemical reactions or
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tribo-oxidation at the tip-sample interface. Consequently, the friction force increases

with repeated scanning. A surface deformation with formation of quasiperiodic ripples

can also be observed which is attributed to mechanical interaction between the surface

and the scanning tip. Friction in this regime is load-dependent and has no significant

difference in different corrosive environments, in terms of the stability of the surface

oxide film.

(3) High-load regime: Friction is high in this regime due to onset of wear.

However, it decreases with repeated scanning, caused by a decreased wear rate with

number of scans. The wear process strongly depends on the corrosive environment.

More aggressive corrosive electrolytes significantly enhance the wear and thus leads

to strong friction, which can be attributed to the accelerated dissolution.

4.3.3 Conclusion

Nanoscale friction experiments on ZrNiTi MG in phosphate buffer and NaCl

solution are performed with an increased applied normal load. Three different

mechanisms can be identified for three different load regimes: removal of the outer

layer of native oxide films in corrosive solutions at low load, stress-assisted

tribo-oxidation and surface deformation in the intermediate-load regime, and

tribochemical wear in the high-load regime. The tribo-oxidation leads to the enhanced

growth of the surface oxide film and an increase of friction force with number of

scans. The two solutions do not exhibit significant difference in friction due to the

stability of the oxide film in this load regime. The tribochemical wear increases
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friction and results in a friction decay with number of scans. The wear strongly

depends on the corrosive electrolyte: the accelerated dissolution in NaCl solution

significantly enhance the wear.
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Chapter 5: Conclusions and Outlook

5.1 Conclusions

Metallic glasses (MGs) have attracted widespread interest for their successful

applications in micromechanical systems, where tribological performance of

microcomponents involving mechanical contact is crucially important. In this thesis,

nanotribological experiments are performed on MGs in corrosive solutions by means

of an atomic force microscope (AFM). Our findings advance the understanding of

microscopic mechanisms controlling friction and wear of MGs in corrosive

environments. The main conclusions obtained in this thesis are summarized at a

glance:

(1) We provided a new method to investigate in situ the structure of surface

oxide films formed in corrosive environments using friction force microscopy. The

oxide film has a bilayer structure with a mechanically stable inner layer underlying a

mechanically unstable outer layer. The latter can be gradually removed during

repeated scanning with the AFM tip, as evident from an exponential decay of friction

force with number of scan cycles towards a steady state, in which the tip slides on the

bare inner layer. The inner layer is identified with a compact protective layer, and the

outer layer with a precipitated dissolution layer, which have been described in the

literature of MG corrosion.

(2) Nanoscale friction was studied on oxidized surfaces of MGs after



99

potentiostatic polarization. The dependence of friction forces on the film-formation

potential reveals the growth mechanism of the oxide film and highlights the role for

the frictional response of MGs. At low polarization potentials, oxide growth and weak

dissolution of the surface film lead to higher friction force on the rougher inner layer

and significantly lower friction of the outer layer. At higher polarization potentials, the

transpassive dissolution causes a rapid growth of the outer layer and a corresponding

increase of its friction contribution.

(3) We investigated nanoscale friction on MGs upon immersion in corrosive

solutions to elucidate the influence of corrosion on friction. The evolution of friction

and adhesion with increasing immersion time in different solutions reveal the

interrelation of the physicochemical processes of surface dissolution at the interfaces

of the two layers and of friction on MGs. The competitive processes of metal cation

dissolution and diffusion determine the accumulation of surface charge on the inner

layer and thereby the adhesion. The competitive processes of hydrate formation at the

outer layer and diffusion into solution determine the growth and thus the friction

coefficient of the outer layer.

(4) We examined atomic-scale friction processes on MGs under corrosion

conditions. An irregular stick-slip motion is observed and attributed to the amorphous

nature of the corroded surfaces. A simple model based on the disordered surface

interaction potential provides an explanation for the load dependence of slip lengths

and general guidance to understand atomic-scale friction on amorphous surfaces. The
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stronger corrosion leads to a significant increase in the probability of multiple slips

accompanied by larger slip forces and thus a higher friction force on the corroded

surface.

(5) High-load friction experiments were performed to study tribochemical

processes. Beyond the removal of the outer oxide layer in low-load regime, we found

two other processes at increasing load: stress-assisted tribo-oxidation in an

intermediate load regime and tribochemical wear in the high-load regime. The

tribo-oxidation leads to enhanced growth of the surface oxide film and thus an

increase of friction force with scan repetitions. Tribochemical wear leads to strong

initial plowing friction which decreases when the deepening wear track supports the

load of the tip’s slopes. The wear strongly depends on the corrosive electrolyte: the

accelerated dissolution in a more aggressive electrolyte significantly enhances the

wear.

5.2 Outlook

(1) This work introduces methods to explore fundamental aspects of corrosion of

MGs by nanoscale friction experiments. Understanding corrosion is of great

importance for technological applications of MGs in micro-devices. Although the

results are based on MGs, we suggest that the methods can be extended to the

understanding of corrosion mechanisms in other metal and alloy systems. For

example, friction force microscopy could be used to investigate surface oxide films on

different phases of multiphase alloys and their growth in corrosive environments.
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(2) In our experiments, the atomic-scale stick-slip friction on MGs was studied

after immersing the samples into the solution for 1 h, but experiments at larger scale

have demonstrated that friction force microscopy can reveal mechanism of oxide

growth with time of polarization or immersion. Therefore, future investigations

should analyze the microscopic mechanisms of electrochemical oxidation through

measurements of frictional stick-slip motion.

(3) Friction experiments at high load led to tribo-oxidative stress and to

tribochemical wear. It can be expected that the evolution of wear is accompanied by

formation of a tribofilm, whose structure and chemical composition should be

addressed in an extension of this works in order to elucidate the interplay of

mechanical stress and electrochemical reactions on metallic glasses.
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