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Abstract  

 

Functional properties are mechanical, physical and chemical characteristics of the material that 

make it suitable for its intended function, such as resistance to wear, corrosion and biocompatibility. 

These functions can be afforded by the bulk of the material and especially by functional surface 

films. Un example is the corrosion resistance of metals and alloys that is often attributable to the 

presence of thin layers, few nanometres thick, with a different composition from the bulk.  In this 

work, an analytical method was developed for studying the growth and characterization of such thin 

layers (used to improve the functional properties of materials such as ceramics, brass and steel), 

combining electrochemical and tribological techniques with the X-ray photoelectron spectroscopy 

(XPS) and X-ray induced Auger electron spectroscopy (XAES). The data quality in the XPS analysis 

was controlled and evaluated by periodic calibrations according to ISO 15472:2014 protocol and by 

using reference materials for an accurate qualitative and quantitative analysis.  

The first part of this thesis is focussed on the study of the corrosion behaviour of the brass CuZn37 

and the DIN 1.4456 Ni-free stainless-steel alloys exposed to different model saliva formulations, 

Darvell (D), Carter-Brugirard(C-B) and SALMO (S). Since real saliva has variable and non-reproducible 

composition, these corrosion studies are performed with model solutions i.e., simulating the 

biofluids. Their compositions mainly differ for the organic compounds content: in addition to urea 

present in all formulations, uric acid, lactic acid, and citrate are present in the case of D and the 

amino acid glycine in the case of SALMO. The corrosion behaviour of the CuZn37 and of the Ni-free 

stainless steel in contact with the artificial saliva was evaluated with electrochemical measurements 

(open circuit potential and polarization resistance) at different exposure times (1h, 3h and 16 h). 

The corrosion rate (m / year) decreased with exposure time from 48 (11) after 1 h to 15 (2) after 

16 h for D, from 27 (12) after 1 h to 1.8 (0.7) after 16 h for C-B and from 3.0 (0.3) after 1 h to 0.8 

(0.2) after 16 h for SALMO. The corrosion rate was found higher in Darvell solution. These 

differences can be explained by the results of X-ray electron spectroscopy (XPS) analyses, that 

allowed obtaining the chemical state of the elements, the composition and thickness of the thin 

films formed after the contact with the different formulations.  On the CuZn37 brass alloy following 

the contact with C-B and Salmo solutions a protective film composed of zinc phosphate was formed. 

In Darvell solution the phosphorus signal, ascribed to the presence of Zn3(PO4)2 in the samples 

exposed to the other solutions, is absent. In addition to the component ascribed to CuSCN on the S 

2p high-resolution spectra, a second sulphur component at low binding energy is also revealed. The 



surface film after the exposure to D solution is depleted in zinc, in respect with the bulk composition, 

with a Zn/Cu atomic percentage ratio of about ten times lower than those in the samples in contact 

with the other model solutions. Moreover, the thickness of the film of the sample exposed to D, 

determined by angle-resolved XPS, is lower than for those observed in other solutions. 

In the case of Ni-free stainless steel, the corrosion behaviour is similar for the three saliva 

formulations. The corrosion rate values in this case are significantly lower than the values obtained 

with CuZn37 due to the formation of a passive film on the steel. The composition of the passive film 

on the surface of the samples exposed to the D solution is enriched in chromium oxi-hydroxide and 

depleted in iron oxide in respect to the bulk composition. This can be explained by the presence of 

organic compounds such as uric acid, lactic acid and citrate in the Darvell formulation, which could 

form complexes with iron, promoting its dissolution from the surface of 1.4556 stainless steel.   

The results obtained for both brass and steel suggest that the presence of organic compounds in 

the model solutions influences the composition of the film formed on the surface and controls the 

corrosion behaviour of the materials.  

In the second part of this thesis, the focus is on the lubrication mechanism of 1-ethyl-3-methyl 

imidazolium ethyl sulfate [EMIM] EtSO4 and a mixture of [EMIM] EtSO4 + 2 wt % of an equimolar 

ratio of oleic acid and [EMIM] oleate for the sliding of a Si3N4 tribopair. The experiments were carried 

out after the running-in procedure, to achieve a conformal contact between the surfaces of the 

tribological pair and were performed in a speed range from 200 mm/s to 0.1 mm/s, in order to 

evaluate the different lubrication regimes. The influence of the water uptake during the experiment 

carried out with a relative humidity (RH) of 43.5-55% and the effect of the additive are evaluated. 

The water content influences the lubrication mechanism: the decrease in viscosity of the lubricant 

and consequently an increase of the coefficient of friction (CoF) are observed. In the presence of 

additive, a marked decrease of CoF is measured in comparison with the one in the presence of pure 

IL. The combination with the XPS analysis allows the elucidation of the possible mechanism: in the 

presence of [EMIM] EtSO4 + 2 wt % of equimolar ratio of oleic acid / [EMIM] oleate blend XPS results 

provide evidence of the formation of a tribofilm, while in the presence of the pure IL and in humid 

air the mechanism is likely a smoothing of asperities. 

This work confirms that the analytical approach based on combination of in-situ (electrochemical 

and tribological) techniques and ex-situ (XPS) techniques following a careful calibration and the 



analysis of reference materials allow the rationalization of the results, the understanding of the 

mechanisms, and the role played by the surface film composition both in corrosion and in tribology.  

 

 

 

 

 

 

 

  



   Chapter 1. Introduction  

1.1. Functional properties of surface films on materials 

Functional coatings have been used by humans throughout history, and their origin can be traced 

back to the use of natural materials such as beeswax, vegetable oils, animal fat, and clay minerals 

used to protect metallic tools from corrosion and wear, to improve water repellence, and as 

lubricants [1]. ‘Functional materials’ are designed to perform a specific function, essential for 

various applications, such as medical diagnostics, chemical and process control, and automotive. 

The properties of these materials depend on the chemical composition, structure, and 

manufacturing process. In fact, different studies based on theoretical models have been widely 

conducted on the bulk properties of functional materials and their description in the recent past. 

[2-5] Nowadays, the approach has changed in order to optimise the materials for current and future 

needs, considering the relationships between composition, microstructure, processing and 

macroscopic properties.  

The functional properties of materials such as corrosion resistance, wear resistance and friction 

reduction, are not only dependent on bulk properties (e.g. tensile strength, elasticity, hardness, 

density, etc.) but also, on the morphology, the composition, and the structure of the surface films 

formed after the contact of the material with the environment: air, aqueous solutions, lubricants, 

additives, or other media. [6] In fact, several examples are reported in the literature [7-14] 

concerning the protective function of surface films against materials corrosion.   

Although the surface of a material is a tiny part of the material itself, it plays a crucial role in terms 

of materials properties. [15] The surface of a material defines how the material interacts with the 

surrounding environment and plays a fundamental role in many processes, phenomena, and in 

designing innovative materials and devices.  Thin-film lithium batteries are an example: they have 

application in electronic devices, like cellular phones and laptops and in medical devices, as implant 

materials. These batteries have the same properties of the bulk counterpart, but their small size 

allows their application in miniaturized systems. [16] 

In recent times, in fact, surface functionalisation of materials has become an increasingly important 

area. The functional coatings studies have been evolving for a very long time and nowadays a variety 

of surface functionalisation pathways are available. The growth of films on materials, whether thin 

or thick, has several advantages as the production of complex structures, compatibility with a wide 

variety of materials (ceramics, metals, polymers), and low processing temperatures. [1, 17-18]  



The surface films and their properties are widely investigated and are of considerable industrial 

importance: the preservation of monuments, food and health safety, pollution monitoring, anti-

wear and lubrication depend on functional properties of the surfaces. [19,20] The surface of a 

material may be altered by surrounding medium either unwittingly (corrosion) or on purpose due 

to technological demands. Films and surface coatings can be applied to a variety of materials, from 

organic (polymer), to inorganic (metal, ceramics), and to hybrid materials (functionalized 

nanoparticles), in order to tailor their properties for the current challenges related not only to 

healthcare and medicine, but also to energy production, pollution detection and to long-term 

exposure with the environment and with biological systems.  [21]  

An analytical strategy aiming at surface films characterization is, therefore, crucial for understanding 

and tuning the functional properties of materials. 

 

1.2. Scope and outline of the thesis  

The scope of this thesis is to develop an analytical method aimed to characterize thin films formed 

on three different substrates and media:  

• Two metallic substrates (a CuZn37 brass alloy and a stainless-steel DIN 1.4456) following the 

contact with various solutions simulating human saliva. 

• A ceramic substrate (Si3N4) before and after sliding tests of a tribopair in contact with a room-

temperature ionic liquid (IL) and a blend of IL plus an additive. 

 The composition of the chemical species in the films and the correlation with corrosion resistance, 

anti-wear, and lubrication properties were investigated. For this purpose, in-situ analysis, as 

electrochemical and tribological measurements, and ex-situ analysis, as surface analysis by x-ray 

photoelectron spectroscopy, were performed.  

This thesis is divided into 7 chapters: the first chapter provides a brief introduction on the functional 

properties of thin films on materials, followed by the second chapter that deals more specifically 

with the role of films in corrosion and lubrication, reporting a literature review. The third chapter 

provides an overview of the physical principles and the in-situ and ex-situ techniques adopted for 

the measurements carried out in this PhD work.  The fourth chapter focuses on the corrosion 

behaviour of CuZn37 brass alloy in contact with different saliva formulations and on the composition 

of the surface films formed on brass following the contact with the model solutions. In the fifth 

chapter, the corrosion behaviour of the stainless steel 1.4456 in contact with different saliva 



formulations and the surface films characterization are reported.  The synergistic combination of 

electrochemical and surface analyses is highlighted for the comprehension of the corrosion 

mechanism and for correlating it with the functional properties of the film. 

The sixth chapter reports the investigation of the lubrication mechanism following the sliding test 

of a Si3N4 tribopair in the presence of a room temperature ionic liquid also with the addition of an 

additive (1-ethyl-3-methyl imidazolium ethyl sulphate, [EMIM] EtSO4 + 2 wt % of an equimolar ratio 

of oleic acid and [EMIM] oleate). It is shown that a combination of the tribological data and the 

surface investigations following the tribological test allows a clarification of the mechanism and the 

rationalization of the tribological behaviour. 

Then, in the seventh chapter a comprehensive conclusion on this work is drawn and the outlooks 

are given. 
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Chapter 2. Literature Review 

 

This chapter starts with a general description of thin films, and provides an overview on their 

functional properties and applications. In section 2.2 and 2.3 the role of the surface films in 

corrosion and tribology is described. Then, the analytical approaches used in the characterization of 

thin films are presented.  

 

2.1. Thin films and functional properties of materials 

 

The IUPAC definition of thin film is “a film whose thickness is of the order of a characteristic scale or 

smaller. Since a film may 'look' operationally thin or thick, according to the procedure applied, it is 

also recommended that the measurement procedure employed be specified (e.g. ellipsometrically 

thin film, optically thin film, etc.). It is recommended that the physical specification of the film 

thickness be used, whenever possible (e.g. thick compared to the electron mean free path, thin 

compared to the optical wavelength, etc.)” [1] Mechanical, optical, electrical and magnetic 

properties of thin films generally differ from those of bulk materials [2-4]. The evolution of surface 

films technology, with the development of vacuum technology and electric power facilities, has led 

to an increase in a wide range of industrial applications due to the improved properties of materials. 

Indeed, thin films are used for wear and corrosion protection, and for advanced applications such 

as photovoltaics, microelectronics and antireflective coatings. [5] Thin films were first employed for 

optical applications: for example, the reflecting properties of metallic films were used for improving 

the accuracy of the interferometer. The production of anti-reflective coatings for optical lenses was 

developed in the 1950s, starting from the studies of Rayleigh and Fraunhofer on the atmospheric 

corrosion of the lens surfaces of their instruments resulting in the increase in transmission rather 

than to decreased performance. [6] Nowadays, new applications of optical films, consisting in metal, 

dielectric, and semiconductor alone and/or in layered combinations, have emerged to produce anti-

reflective coatings for solar cells, films for energy storage systems, mirrors for lasers. The electrical 

properties of thin films are also of current interest given the ongoing development of more efficient 

and reliable electrical components, such as systems with microscopic thin-film integrated circuit 

chips and photovoltaic converters. Metal oxides films are commonly employed in photovoltaic cells 

and one of the most used oxides is TiO2  due to its adhesion properties, chemical stability, such as 

tuneable electrical conductivity, and photocatalytic properties [7-9]. The literature reports other 

different applications of thin films spacing from the improvement of mechanical properties, as in 



the case of Al and W deposited on glass, aluminium, silicon, and sapphire substrates, where the 

value of hardness and Young's modulus change according to the different composition, properties 

and the thickness of the film [10], to the improvement of the antibacterial properties of materials , 

used for implants, by depositing silver, copper and zinc oxides. [1-16] 

Thin films are acknowledged to play a very important role both in corrosion and in tribochemistry: 

they improve the stability of the metal and of alloys due to their properties. These important aspects 

will be discussed in the next section.  

 

2.2. The role of surface thin films in corrosion  

 

Parallel to the great development of thin-film technology in microelectronics, there have been 

remarkable advances in the field of protective coatings of metals. It is well-known that most metals 

and alloys are thermodynamically unstable in air and in aqueous environments [17] and, in these 

conditions, they are corroding mainly forming oxides and hydroxides as products. Thus, protective 

coatings are used to protect these metallic materials from gaseous or aqueous environments that 

cause corrosive attacks. [2, 18]. Different kinds of materials are used as protective coatings; among 

them, ceramic oxides (e.g., Al2O3, TiO2), covalent materials (e.g., diamond, SiC), transition metal 

compounds (e.g., TiC, WC) and metal alloys (e.g., CoCrAlY) can be mentioned. It is well -known that 

many metals and alloys are thermodynamically unstable in air and in aqueous solutions [17] and, in 

these conditions, they usually tend to passivate.  

An example of the widespread use of coatings is the automotive industry that for several years 

exploited coating technologies to improve the corrosion resistance of automotive bodies, typically 

made of steel.  Steel sheets are treated by phosphating in order to improve corrosion resistance and 

ensure the adhesion of organic paints. 

Another significant example of the role of surface films, only few nanometers thick, in corrosion 

protection is the passivity of stainless steels, aluminium and its alloys and titanium. Thin oxide films 

are formed spontaneously on their surface as a result of contact with the ambient and are 

responsible for their corrosion resistance. Stainless steels are used in various applications, such as 

in the chemical industry, in the transport of chemicals, in architecture and civil engineering and are 

also used in medicine and in dentistry [19-21]. In the literature [22-25], both in alkaline and saliva 

model solutions, it is reported that on the stainless steels surface, after few hours of exposure to 



the various solutions, a passive film mainly composed of oxi-hydroxide of chromium and iron is 

present that protects the material from further dissolution. 

The same behaviour was observed for brass alloys, used in different applications as in water and 

steam systems to fabricate various cast components in ocean engineering [26]. In natural seawater, 

brass showed a layered dezincification corrosion with the loss of Zn and the deposition of Cu on 

metal surface.[27] The use of organic films as the deposition of a PropS-SH silane film was found to 

be effective in reducing this dissolution. It was reported a decrease of dezincification coefficient 

from 4.45 to 0.47, for bare brass and covered brass respectively, inhibiting the dezincification 

process and improving the corrosion resistance of brass in natural seawater. [28] 

Brass alloys were also utilized in the fabrication of wind instruments and in this case the corrosion 

of the inner surfaces might occur due to the contact with saliva. An investigation carried out on the 

stability of brasses following the contact with a saliva model solution [29-31] demonstrated the 

growth of a protective film mainly composed of CuSCN and Zn3(PO4)2. The authors reported that the 

longer the brass was exposed to the solution, the less dissolution of the material was observed: the 

corrosion rate in m / year significantly decreased from 1 to 16 hours of exposure.  

Thus, the corrosion resistance and the stability of a metal and its alloys depends on various 

parameters: the bulk composition of the alloy, the chemical composition of the film formed after 

the contact with the environment and its thickness and the duration of the interaction with the 

ambient [32] 

 

 

2.3. Anti-wear and lubrication properties of thin films 

 

In tribological systems, the interactions between the lubricant and the various surfaces of materials 

are complex and usually result in the formation of a surface film. In engine-oils field, additives are 

commonly added to lubricants with the porpose of increasing the anti-wear properties. One of the 

most used anti-wear additives is zinc dialkyl dithiophosphate (ZDTP), which forms a tribological 

multi- layered film [33]. During the use, at the rubbing interface, the ZDTP molecule degrades rapidly 

to produce a variety of products as organo-thiophosphates, soluble organic sulphides (e.g. dialkyl 

sulphide), and in addition an oil insoluble component (zinc polyphosphate); these products have a 

significant role on wear protection. [34-35] Recently, the growing awareness of the ecological and 

economic impact of the use of oils and additives in industrial processes has led industries and 

governments to promote sustainability. In tribology field, this trend led to the so-called 'green 



tribology' [36], which indicates “the science and technology of the tribological aspects of ecological 

balance and of environmental and biological impacts” .[36] For these reasons and for their physical 

and chemical properties, the ionic liquids (ILs) have been recently proposed as substitutes of the 

common oils or in combination with them as additives. Indeed, ILs are highly tuneable due to the 

variety of available combinations of anions and cations that can be used for a specific application. 

In addition, the incorporation of elements (F, P or B) into the cation and/or anion, allow designing 

an IL that can react with the surface of particular material and/or can be miscible with a specific 

base oil. [37-38] Steel/steel and steel/aluminum tribopairs are the most investigated materials for 

examining ILs as lubricants, such as imidazolium tetrafluoroborates and hexafluorophosphates that 

exhibited lower friction and wear than traditional lubricants for different systems [38-40]. Metal 

fluorides, phosphates and B2O3 were detected by XPS analysis on the wear scar lubricated with these 

ILs [41-42]. It was demonstrated that IL reacted with exposed metal surfaces: the formation of 

degradation products, formed due to local temperatures and high pressures developed during 

rubbing between metal surfaces, led to the formation of a protective tribo-film. ILs have been also 

used as additives in aqueous lubrication of ceramics, but another interesting and promising 

approach is to use water-soluble brush-like copolymers. [43] For example, the adsorption of poly(L-

lysine)-graft-poly (ethylene glycol) (PLL-g-PEG) on ceramics substrates lead to a formation of a thick 

film that not only reduce the wear and friction but also preserves the lubricating effect through the 

self-healing mechanism. This mechanism allows preventing the protein adsorption on ceramic 

surface too. [44] 

 

2.4. Analytical techniques for characterizing thin films  

 

Analytical techniques for the characterisation of thin films can be divided into in-situ and ex-situ 

techniques. In-situ techniques provide information on growth and formation mechanism of the film 

present on surfaces, and the ex-situ techniques allow determining the chemical composition at the 

surface after the tests. [18] Thus, the combination of in-situ and ex-situ techniques allow analysing 

and correlating the growth mechanism to the composition of the film formed after the contact with 

the environment [45].  Nowadays, it is also possible to obtain the chemical composition during the 

tests, for example by using Raman spectroscopy and confocal Raman mapping during corrosion test 

and characterize the products formed in electrochemical reactions [46].   

In the following paragraphs, a critical review of the main techniques used for characterizing thin 

films and their advantages and disadvantages will be given. 



  

2.4.1. In-situ: Electrochemical and tribological techniques 

Electrochemical and tribological techniques are commonly used as in-situ and real-time analyses for 

characterizing thin films growth during the interaction with aqueous solution, oils, and lubricants.  

Electrochemical Techniques  
 

Electrochemical techniques, such as open circuit potential (OCP) measurements, provide 

information on film formation over time. More details on OCP and corrosion rate measurements 

are reported in chapter 3, and here a brief overview on Electrochemical Impedance Spectroscopy 

(EIS) studies on protective films on metallic substrates is provided.  

EIS is employed to investigate mass-transfer, charge-transfer, and diffusion processes [47]. It is a 

non-destructive electrochemical method for evaluating a wide variety of materials: it provides not 

only information about the electric properties of materials and of the processes taking place at the 

electrode – solution interface, but also about electrochemical mechanisms, reaction kinetics and 

corrosion phenomena.  

From EIS measurements it is possible to obtain different important parameters that allow evaluating  

the properties and thickness of the film formed: the solution resistance (or ohmic resistance) Rs, the 

film resistance, Rfilm, the oxide film capacitance, CPEfilm, the charge transfer resistance (Rct) and the 

capacitance of the double layer, CPEdl.  

EIS was exploited for example in corrosion studies of brass in artificial saliva and in neutral buffer 

solutions: [30-31] the authors reported that for the brass exposed to artificial saliva the resistive 

component associated to the thick film is high, while in the brass exposed to buffer solution the 

charge transfer resistance is much higher than the film resistance, thus in the artificial saliva the film 

resistance governs the dissolution rate. EIS spectroscopy is also used for characterizing organic films 

(amines) used as protective films on carbon steel [48] in terms of permittivity, resistivity profile, 

inhibitive efficiency, and also thickness, combining EIS as in-situ technique and XPS as ex-situ 

technique. 

Thus, electrochemical techniques are useful for investigating the corrosion rate and film formation 

in a metal/ solution system, but do not provide any direct chemical information.  For this reason, 

these techniques are usually combined with surface analysis methods.    

 



Tribological Techniques 
 

Tribological tests provide information on wear and friction mechanisms of a specific tribosystem. It 

is essential to plan a test to perform model testing that reproduces a real application. The contact 

geometry is crucial in tribological tests and it has to be taken into account the shape of the 

contacting bodies and whether the contact is conformal or nonconformal. There are several contact 

configurations for model tests that evaluate sliding wear:  pin-on-disk configuration (Figure 2a), ball-

on-disk configuration (Figure 2b), reciprocating pin against a fixed plate (Figure 2c) and reciprocating 

cylinder against a fixed plate (Figure 2d). [49] 

 

Figure 2: Contact configurations for model tests: a) pin-on-disk configuration (uniform motion), b) ball-
on-disk configuration (uniform motion), c) reciprocating pin against a fixed plate and d) reciprocating 

cylinder against a fixed plate, adapted from [49] 

 

The configuration most commonly used is pin-on-disk since it is versatile and allows examining both 

dried and lubricated contacts.  (More details are reported in chapter 3).  The sliding motion in pin 

on disk test is unidirectional. The sliding velocity is changed when the track radius or the rotating 

velocity are altered.  Also, the applied load can also change, and tests can be also performed with 

pin and disk immersed in the lubricant. During the test, the friction force is measured, and the 

rotational speed can be varied, for example by an increase sliding velocity. The output obtained with 

such a test is the friction force versus time, but also the coefficient of friction versus sliding velocity 

can be measured.  



To obtain information on the film thickness variation during testing, optical interferometry can be 

combined with the tribological techniques. It is an in-situ, non-contact and non-destructive 

technique based on the basic optical interference principle. The film thickness in the contact area 

can be determined by the light intensity value between the minimum and the maximum values, 

called the relative light intensity (eq.1). [50] 
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where λ, k, and n are the wavelength of the incident light, reflective index of lubricant and 

interference order respectively. I, Imax and Imin are the light intensity, and the maximum and 

minimum interference light intensity, respectively, I is used as the relative interference light 

intensity 𝐼 ̅ = (2I − Imax  −  Imin) (Imax  − Imin)⁄  and 𝐼0̅  represents the relative light intensity of 

zero film thickness. 

The main disadvantage of optical interferometry is that the materials with low reflective properties 

cannot be measured and the highly reflective materials produce artificial spikes. [51,52]  

Although tribological techniques provide information on friction, lubrication and the wear 

mechanism in a specific tribological system, they do not provide information on the surface 

topography and chemical composition of the surface of the counterparts. For these reasons, ex-situ 

techniques or their combination are necessary to fully understand what is happening in a real 

system in service. It is reported in the literature [53] that the combination of Raman and XPS analysis 

has enabled the understanding of the wear mechanism at different speeds for SiO2/Si tribopairs 

lubricated with fluorinated ionic liquids under anhydrous conditions and with [EMIM] and [HMIM] 

TFSI in a pin-disk configuration. 

2.4.2. Ex-situ techniques for characterizing thin films 

 

X-Ray photoelectron spectroscopy (XPS) [54,61] 
 

One of the most common ex-situ techniques is the X-ray photoelectron spectroscopy (XPS). It is a 

surface analytical technique widely used for characterizing thin films, that allow determining not 

only the chemical composition but also the thickness of the surface films, by using depth profile 

analyses. An in-depth discussion on this technique is reported in the next chapter (Chapter 3).  



In the following paragraphs an overview on other the ex-situ techniques is discussed.  

Scanning Electron microscopy (SEM) 
 

The characterization of the material surface and thus of the related thin films is possible by scanning 

electron microscopy (SEM). [2, 62 -65] As the name suggest, SEM uses an electron focused beam. 

The interaction of the electron beam with the surface of the sample affects the images received. 

The electrons ejected from the sample are used to create a detailed image, revealing information 

on topography, chemical composition, crystalline structure, and material orientation. As a result of 

the electron-sample interaction, different signals are produced: secondary electrons (SE), back-

scattered electrons (BSEs), characteristic X-rays and light (cathodoluminescence) (CL), absorbed 

specimen current and transmitted electrons.  Usually, SEs, BSEs, and emitted X-rays are detected 

with appropriate detectors. SEs are inelastically scattered and have a very low energy ( 50 eV), thus 

they derive from the outermost layer of the surface specimen no larger than several angstroms.  SEs 

give information about the topography of the sample and with the SEs detector it is possible to 

obtain a 3D well-defined image with an image resolution of about 0.5 nm. BSEs are elastically 

scattered and have a high energy as the incident electrons. They provide information about the 

elemental composition of the surface: the measured intensity depends on the element and the BSE 

increase with increasing the atomic number Z. The lighter elements reveal a lighter backscattering, 

thus the areas appear darker in the BSE image, whereas heavier elements appear brighter. The 

characteristic X-rays were exploited in SEM analysis to obtain the elemental composition. The 

combination of SEM with Energy Dispersive Spectroscopy (EDS) allows identifying and quantifying 

elements. SEM technique is commonly used for characterizing the topography and chemical 

composition of thin films, and it is used in different research fields. [62-65] In literature [66-67] it is 

reported that the SEM-EDS allows also determining the film thickness. The thickness of ZnO thin 

films on glass substrate has been determined by a cross-sectional SEM image. [66] Indeed, the use 

of EDS allow to determine the thickness by using the intensity ratio of an X-ray peak of the thin film 

to one of the substrates. Some authors [67] reported also the results of thickness measurements by 

SEM EDS for copper and CdTe films on glass substrates: according to their results the accuracy of 

the measured thickness is strongly affected by the film composition, since they reported a relative 

error lower than 11% in the case of copper film and of about 40% for the CdTe film. 

 

 



Atomic force microscopy (AFM) 
 

Atomic force microscopy is one of the most popular scanning probe microscopies and it is a high-

resolution technique that provides information on topographical, electrical, magnetic, chemical, 

optical, mechanical, etc. properties of a sample surface. Unlike the light or electron microscopes, 

AFM is based on the measurement of different forces (e.g., repulsive, attractive, magnetic, 

electrostatic, van der Waals) between a sharp tip, usually Si or Si3N4, and the sample surface. [68-

69] The force probe of AFM technique could remain stationary while the sample is moving or could 

move over a stationary sample. The AFM operation relies on a tip mounted at the end of cantilever 

with a known spring constant. The tip is positioned at a specific distance from the sample and is 

scanned over the surface by means of a piezo actuator. Little deflections due to the attractive 

interaction forces between the tip and the substrate of the cantilever can be monitored. The small 

deflection can be approximated in terms of Hook‘s law which estimate an upward restoring force 

proportional to the cantilever deflection [70]. A laser beam is focused on the cantilever and the 

reflected light is directed onto a four-segment photo-detector that detected the lateral and normal 

deflection of the cantilever. AFM can operate in different modes: contact mode, when the tip is 

raster scanned across the surface, always touching the sample, and it can be either constant force 

or height mode, and non-contact mode (also known as tapping or dynamic mode), which allows 

obtaining a 3D topographic map of the sample by measuring the change in amplitude of the 

oscillation at a constant frequency or by measuring the change in resonant frequency, in this case 

the tip is driven sinusoidally close to the resonance value of the cantilever. The non-contact mode 

is preferred for investigating soft material and in this case the tip is quite close to the sample and 

does not touch the surface. This technique is one of the principal tools for imaging, measuring and 

manipulating matter at the nanoscale. Moreover, it is an important technique for studying the 

morphology and properties of thin films, measuring their small and deep structures. [71] 

Furthermore, the principal advantage of AFM is that it can work in ambient air or even a liquid 

environment. AFM is applied in various scientific fields, such as functional coatings, or polymer 

engineering and in pharmaceutical applications as highlighted in the study about how specific drugs 

or drug dosages affect cells, due to the fact that it can be used in aqueous conditions. [70-72] 

AFM is commonly used in tribology after tribotests to detect topography at the nanometer scale 

[73-74]. Recently, some researchers are exploiting the possibility to use the cantilevers as 

tribometers in order to investigate the single asperity contact, friction, and wear. [75]. 



AFM and AFM-based techniques are also exploited in corrosion studies and in studies on corrosion 

inhibition. A recent review reports a number of examples of application of scanning probe 

techniques showing the importance of localized studies in understanding the corrosion mechanism 

of metallic substrates. [76] 

Static secondary ion mass spectroscopy (SSIMS) 
 

Static secondary ion mass spectrometry (SSIMS) emerged as a technique of importance for surface 

analysis. The prefix static is used to distinguish the technique from dynamic SIMS. The difference 

between the two lies in the current density of ion incident (or primary) used, higher for dynamic 

SIMS and thus, in the information that it can be obtained: SSIMS provides information on surface 

composition, surface contaminants present, as a function of lateral position for all types of material, 

and can also be used to study surface phenomena such as adhesion, chemisorption and 

physisorption, chemical reactivity, wettability, wear, corrosion, lubrication, surface diffusion, and 

segregation. Dynamic SIMS is related to the sputtering process and it is usually used for depth profile 

analysis. [54]  

During the SIMS experiment the sample is bombarded with a beam of positive ions and positive and 

negative secondary ions that are emitted together with other secondary particles (e.g. Auger 

electrons, neutrals, positive secondary ions, and negative secondary ions, etc.) are considered. By a 

mass spectrometer the emitted ions are analysed and in a mass spectra, that can be positive or 

negative, the intensity of the parent and fragment peaks from the surface is plotted against m/z 

ratio. Different mass analysers are available: magnetic sector, quadrupole, and time-of-flight (ToF). 

The last one is the standard analyser for the SSIMS. ToF-SIMS and SSIMS are widely used various 

fields, including corrosion studies in combination with XPS and AES [77] with electrochemical 

measurements and XPS [78], with SEM, SEM-EDX and AFM [79].  ToF SIMS is also exploited for the 

characterization of tribofilms [80-83]; it was also used for the characterization of polyphosphate 

glasses [84] that are thought to be responsible for anti-wear properties of phosphorus-based 

engine-oil additives. 

Due to the inherently destructive nature of ion bombardment, the use of the SSIM technique alone 

must be considered with caution. For this reason, it is used in combination with other surface 

techniques, usually XPS.   

 



In table 1 disadvantages and advantages of common ex-situ techniques used for characterizing 

thin films are reported. 

Table 1: Advantages and disadvantages of different ex-situ techniques. 

Technique  Advantages  Disadvantages 

OM [85] • Non-destructive 

• Colour differentiation   

• No vacuum needed 

• Low magnification 

(usually <1,500 x) 

allows for rapid, coarse 

examination 

• Easy and quick use 

• Information about 

morphology 

 
 

• Limited resolution 

• Smaller depth of field, 

compared to SEM  

• No chemical 

composition 

information 

SEM [2, 62-67] • High magnification 
(500,000 X) 

• Great depth of focus 
compared OM 

• Information about the 
topography, chemical 
composition, and film 
thickness (combined 
with EDS) 

• 2D detailed images 

• Vacuum needed 

• Grey scales only 

• Expensive 
 

AFM [68-76] • Can work in liquid or 
air environment 

• Information about 

topography 

• 3D images  

• No chemical 
composition 
information 

• Damage to soft sample 

• Slow scan speed 

XPS (XAES, ARXPS) [54-61] • Information about 

chemical composition, 
chemical state 
identification and film 
thickness 

• Qualitative and 
quantitative analysis  

• Depth resolution 0.5-
10 nm 

• Can detect all 
elements, except H 
and He 

• Imaging / mapping 

• Vacuum needed 

• Expensive  

• Samples must be 
compatible with high 
vacuum environment 
in traditional 
instruments 

• Non-conductive 
sample must be 
analysed by using a 
charge compensation 
system 
 



 
 

 

SIMS [54,77-84] • Can detect all 
elements and isotopes 
can be distinguish 

• Elemental and 
molecular analysis  

• High sensitivity for 
trace elements (ppm 
to ppb) 

• 2D e 3D Imaging and 
mapping 

• Destructive analysis 

• Complex quantitative 

analysis 

• Expensive  

• Vacuum needed 

IR (FTIR; RAIRS) [86-89] • Information about 

molecular composition 
and structure of thin 
film  

• can be used in both 
high vacuum and 
ambient pressure 
environments 

• Non-destructive  

 

• water interference 

• several considerations 
are necessary when 
analysing films 

Raman [54] • Information about 
chemical composition  

• Non-destructive  

• don't require any sort 
of sample preparation 

 

• Many compounds are 
not Raman active 

• More expensive than 
IR 

• several considerations 
are necessary when 
analysing films 

XRF[90] • Information about 
chemical composition  

• Quantitative analysis  

• Film thickness 
determination with FP 
calculation 

• Non-destructive 

• Low sensitivity for low 
atomic number 
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Chapter 3. Techniques 
 

In this chapter an overview of the physical principles and on the in-situ and ex-situ techniques 

employed during this PhD work is presented. 

First, the in-situ techniques as electrochemical and tribological techniques, are addressed. The 

principles of corrosion and how to evaluate the corrosion rate are presented. A paragraph dedicated 

to tribology follows where the most important definitions are provided together with the technique 

used to measure various parameters such as friction and wear coefficients. It is also described, in 

the body of the paragraph, the instrument used for simulating the in-service conditions. In the last 

part of the chapter, the principles of x-ray photoelectron spectroscopy (XPS) (ex-situ technique) and 

a spectrometer overview are given. 

 

3.1. Fundamentals of Corrosion [1-12] 

Introduction: Corrosion is a natural phenomenon that occurs as a result of the chemical-physical 

interaction between a metal/alloy and the surrounding environment. This process alters the 

composition of the metal and its functionality. Corrosive processes occur when the metal, being in 

an aggressive environment, tends to reach its energetically most stable state. A classification of 

corrosion processes is not easy, due to the huge variety of possible corrosive environments and 

corrosion reactions. The classification into 'dried corrosion' and 'wet corrosion' is now accepted. The 

first one usually occurs at high temperatures and without water. On the contrary, wet corrosion 

occurs when a metal is in contact with aqueous electrolytes: redox reactions can take place at the 

metal-solution interface causing the dissolution of the metal and the reduction of oxygen. As a 

result, the metal ions can be dissolved in the electrolyte or form oxides.  Since corrosion processes 

are electrochemical reactions, they can be investigated by electrochemical techniques. During the 

corrosion process of a metal or an alloy, the following reactions occur:  

• Cathodic reactions, where the reduction reactions involving electrons gain take place.  

• Anodic reactions, where the oxidation reactions take place: the metal oxidises to Mn+, losing 

electrons.  

 



Thermodynamics: If the corrosion reaction occurs spontaneously, there is a decrease in the free 

energy of the system (G < 0). Since corrosion is an electrochemical reaction, it is possible to consider 

it as the result of reduction and oxidation half-reactions.  

In an alkaline or neutral environment, oxygen reduction occurs following the reaction (r.1):  

O2 + 2 H2O + 4 e- → 4 OH-                                   r. 1 

 

                                            𝐸𝑐𝑎𝑡. =  𝐸0 + (
𝑅𝑇

4𝐹
) ln

𝑃𝑂2

𝑎𝑂𝐻−
     eq. 1 

 

Where E0 is the standard reduction potential (V), T is the absolute temperature (K), F is the Faraday 

constant (96486 C/mol), R is the universal gas constant (8.314 JK-1mol), 4 is the number of electrons 

exchanged, P is the partial pressure of oxygen and  𝑎𝑂𝐻− is the activity of the OH- ion. Being E0 = 1.23 

V, for 𝑃𝑂2
 = 1 atm the equation becomes: 

 

                                               𝐸𝑂2
= 1.23 − 0.059 𝑝𝐻    eq. 1.2 

 

In acidic environments the hydrogen reduction occurs according to the reaction (r.2):  

2H3O+ + 2e- → H2 + 2H2O                                    r. 2 

 

𝐸𝑐𝑎𝑡. =  𝐸0 − 0.059 𝑝𝐻 +  
0.059

2
log 𝑃𝐻2

   eq. 2 

 

For PH2  = 1 atm and E0 = 0 V the equation becomes: 

𝐸𝐻+ = −0.059 𝑝𝐻    eq. 2.1  

 

The anodic reaction is the oxidation of the metal: 

                                                  

M → Mn+ + n e-                                            r. 3 

 

According to Nernst’s law, the equilibrium potential E is: 



                                           𝐸𝑎𝑛𝑜𝑑. =  𝐸0 +  
𝑅𝑇

𝑛𝐹
ln 𝑎𝑀𝑛+           eq. 3 

 

Thus, the overall reaction of the corrosion process in a neutral or alkaline environment, if G were 

negative, would then be equal to:  

M + ½ O2 + H2O → M(OH)2 - G            r. 4 

Such a reaction occurs spontaneously if the change in Gibbs’ free energy is G < 0. Being,  

    G = -nFE = -nF (Ecat. –Eanod.)       eq.4  

With E = Ecat - Ean a spontaneous corrosion process can occur if Ecat>Ean. 

Once the thermodynamic conditions have been defined, it is important to consider the kinetics of 

the corrosion processes. 

Kinetics: The current flow, generated by the electron exchange between an anodic and cathodic 

reaction, causes an electrode polarization i.e. the shift of electrode potential E from its equilibrium 

value. This polarization can be measured as an overpotential  by the potentiodynamic polarization 

test and it is defined by the Tafel’s law:   

    𝜂𝑐 = 𝐸𝑐 −  𝐸𝑒𝑞,𝑐 =  −𝛽𝑐 ln
𝑖𝑐

𝑖0,𝑐
                             eq. 5 

 

                                 𝜂𝑎 = 𝐸𝑎 −  𝐸𝑒𝑞,𝑎 =  −𝛽𝑎 ln
𝑖𝑎

𝑖0,𝑎
          eq. 6 

 

Where Ec,a are the actual potentials of the electrodes (c: cathode; a: anode), Eeq.c,a are the electrodes 

equilibrium potentials, c,a are the Tafel constants (volts/decade), 𝑖c,a are the current densities and 

𝑖0c,a are the exchange current densities referring to the cathode and anode reactions (Figure 1).  

The anodic and cathodic currents have to be identical: the electrons released by the anodic reaction 

(r.3) are immediately consumed by the cathodic reaction (r.1 or r.2). Thus, the corrosion potential 

Ecorr (or open circuit potential) is determined by the electroneutrality condition between the anodic 

and cathodic reactions, so the corrosion current is icorr = ia = |ic|.  



 
Figure 1: Polarization curves plot, overpotential h vs current density (log (i)), adapted from [11]  

 

Passivation: the passivation process occurs when a metal surface is exposed to an environment 

under conditions favouring the growth of a protective film on the surface. [11-12]   

In order to study the passivation of a metal or alloy, the current density can be measured at different 

predetermined potentials applied by means of an external electromotive force (emf) source: in this 

way the potentiostatically determined E-i curves are obtained. If a metal in contact with a solution 

is considered, e.g., iron in contact with H2SO4, the E vs i curve shows three regions (Figure 2). In the 

active region, the oxidation of the metal (M  → Mn+ + ne-) is occurring and a linear increase of the 

current density with the applied E is observed (A-B region in Figure 2). For applied potentials higher 

than the potential in B, a further increase of E does not produce any significant increase in the 

current density (B-C region in figure 2). At the applied potential C, the current density drastically 

decreases.  The current and potential at point C are the critical current density (icrit) and passivation 

potential (Epp) respectively.  Increasing the applied potential, passivation is occurring. The transition 

from active to passive region can be justified with the change in the composition of the metal 

surface due to the formation of a thin film. In this region of the graph the current density (i pass ) 

remains constant if the potential increases from Epp. The ipass starts to increase in the transpassive 

region (D-E). This region can be associated to gas evolution or to the corrosion of the metal, or both, 

depending on the nature of metal/solution system.  

 



 
Figure 2: anodic E vs i curve for the metal that shows active and passive transition, adapted from [12]. 

 

3.2. Electrochemical techniques  

In order to evaluate the corrosion resistance of a material various approaches can be exploited. One 

is based on the direct measurement of the mass of the specimen before and after its exposure to 

the corrosive medium. The corrosion rate can be calculated by the weight loss using the equation 

7:  

𝑅 =
𝐾𝑊

𝐴𝑡𝐷
         eq. 7 

 

Where R is the corrosion rate, K = 8.76 · 104 is a constant that allows obtaining the corrosion rate 

in mm/year, t is the time of exposure of the sample to the solution in hours, W is the weight loss in 

grams, A is the area of the sample exposed in cm2, and D is the density g/cm3. 

Another approach exploits the electrochemical techniques that were adopted in this work. The 

measurements are carried out using a potentiostat connected to an electrochemical cell where the 

working electrode is the metal or the alloy under investigation, the reference electrode is  a 

saturated calomel electrode (SCE) and the counter electrode is a platinum grid. A scheme is given in 

Figure 3. 

 



 
Figure 3: Scheme of electrochemical cell used in this work.  

 

3.2.1. Open Circuit potential (OCP) 

The electrochemical techniques can be used for the investigation of the electrochemical reactions 

that take place when the metallic sample is immersed in a solution, which simulates the solution 

that might be in contact with the material in the real applications. The relation between current and 

potential can provide information on the corrosion rate and film formation on the material surface. 

Electrochemical reactions occurring at the metal-solution interface give rise to an electrochemical 

potential, the so-called corrosion potential Ecorr or open circuit potential, EOCP. Since the corrosion 

potential depends on the chemical/electrochemical properties of the system, this value is 

characteristic of each metal-solution system. The corrosion potential Ecorr is experimentally 

measured by a high-impedance voltmeter (in the potentiostat) as the potential difference between 

a reference electrode and the working electrode (the tested metal or alloy). During an OCP 

measurement no current is applied to the sample and the variation of the potential with time is 

registered: indicatively, if Ecorr decreases with time, a corrosion process is taking place, whereas if 

Ecorr increases upon time to more positive values, a passive film is growing at the sample surface.  

 

3.2.2. Linear polarization resistance (LPR) and potentiodynamic polarization (Tafel 

Plot) 

The corrosion current density (icorr) and, consequently, the corrosion rate (vcorr) can be calculated by 

measuring the polarization resistance.  After the OCP measurement, a small polarization potential 

(± 20 mV vs OCP) is applied to promote the oxidation and reduction reactions. This results in a plot 

showing the current density as a function of the applied potential as in figure 4.  



 

Figure 4: Example of linear polarisation curve, current density vs applied potential. 

 

There is a linear relationship between current density and potential in a small range of potential 

around Ecorr.  The slope of the straight line of the polarisation curve in icorr vs Ecorr plot corresponds 

to the inverse of the polarisation resistance (Rp). The polarisation resistance is related to the 

corrosion current by the following equation: 

                            
1

𝑅𝑝
=

1

𝑖𝑐𝑜𝑟𝑟
∙

𝛽𝑎  𝛽𝑐

2.3 ( 𝛽𝑎+ 𝛽𝑐)
            eq.7 

 

Where 𝛽𝑐 and 𝛽𝑎 are the anodic and cathodic constants, which are the slopes of the polarization 

curve, called Tafel slopes, determined by scanning the potential of  250 mV starting from the OCP 

(Figure 5). The Tafel slopes are related to the kinetics of the oxidation – reduction reactions involved 

during the corrosion reaction. [9] (eq. 5, eq. 6). 

 

 
Figure 5: Example of Tafel Plot, adapted from [9] 



 

 

From the polarization resistance it is possible to calculate the icorr when the sample undergoes to 

uniform corrosion. For a brass alloy, the Tafel constant of the anodic partial reaction can be assumed 

to be 60 mV and for the cathodic partial reaction can be assumed to be 120 mV. The corrosion rate 

vcorr (μm/year) can be calculated by using Faraday ‘s law, as:  

vcorr =
M

nFd
 ∙ icorr            eq.8 

Where M is the molar mass of the metal, d is the density (g/cm3), n is the number of electrons 

exchanged during the reaction and F is the Faraday constant. 

  



3.3. Tribological methods  

3.3.1. Fundamentals of tribology and lubrication [13-23] 

Tribology, from the Greek words τρίβω (tribo-) and λογία (-logia), literally means “the science of 

rubbing and technology of interacting surfaces in relative motion” [13] and includes friction, wear 

and lubrication.  

The interaction of two bodies in relative motion leads to energy dissipation, friction, and might 

damage them with loss of material: this phenomenon is known as wear. A lubricant is a substance 

placed between the counterparts for reducing the friction and wear [13-14]. The importance of 

investigating the tribological systems refers to numerous applications as automotive industry, 

bearings, space, sports, food, health and biomedical, renewable energy, and many others. The 

research in tribology aims to prolong the lifetime of the mechanical parts involved for saving energy 

and for improving safety [13].  

Friction – the friction force describes the resistance encountered by one body when is moving over 

another. Friction can be quantified in terms of coefficient of friction that is dependent on different 

parameters as: 

- The structure of the system, i.e. the materials and its properties. 

- The operating conditions as load, temperature, time, and kinematics. 

- The interaction among the system components. 

Whenever two bodies are in contact under a normal load, L, a force is required to initiate and 

maintain them in relative motion. This force is known as frictional force. In order to describe this 

interaction, before the 20th century, three empirical laws of friction were established [13-15]:  

1. The tangential friction force (F) is proportional to the normal force on the contact (L) in 

sliding 

2. F is independent of the apparent contact area and of the sliding velocity. 

3. F always acts in an opposite direction to the relative displacement between the 

counterparts.  

These laws can be summarized as follows: 

𝐹 = 𝜇𝐿              eq. 9 

Where μ is the proportionality between normal load L and tangential force, F; μ is nowadays 

indicated as coefficient of friction (CoF). These three statements constitute the knowledge of sliding 



friction under dried conditions. The friction derives from interactions between contacting bodies as 

the effects of adhesion and of surface asperity deformation, plastic deformation of a softer material 

by hard surface, etc. Thus, several aspects, such as the mechanical and physical-chemical properties 

of the materials in contact, the environment (i.e. T, RH%) and their surface topography define the 

relative importance of each component in the friction process. According to the model of Bowden 

and Tabor [16], energy dissipation derives from the shear strengths of the junctions formed by the 

asperities that adhere and deform plastically during the relative movement of the counterparts:  

  

                                      𝐹𝑎𝑑ℎ = 𝑠 ∙  𝐴                        eq.10 

Where, Fadh is the adhesive friction, A is the contact area (m2) and s (N/m2) is the mean value of 

shear strength of the junctions. A is proportional to the load (L) and H (N/mm²) is the hardness of 

the softer surface (under static conditions and in the presence of plastically deformed asperities):  

 

𝐿 = 𝐴 ∙ 𝐻     eq.11 

Considering the eq. 9:  

 

𝜇𝑎𝑑ℎ =
𝑠

𝐻
     eq. 12 

 

So, the coefficient of friction is dependent on the mechanical properties of the counterpart-surfaces. 

This model (eq. 12) forecasts that the coefficient of friction for dried sliding and homogenous 

samples would be always in the range of 0.2-0.3, but in the case of clean ceramics and metallic parts 

it is found to be 0.3-0.9: higher than what it is expected [16-17].  These variations from the estimated 

values can be ascribed to the effect of tangential forces on the actual contact area, resulting in 

higher predicted values. Despite the simplicity of the Bowden and Tabor model, a significant 

qualitative prediction is achieved: when the material is covered by a layer of a material with a low 

shear strength and hardness, a coefficient of friction below the estimated range for the bulk material 

can be measured. This general principle is applied in the presence of additives in oil formulations 

that are able to form low- share-strength surface layers following the physisorption or mechano-

chemical reactions. The third-body approach [18-19], proposed in the late 1970s to unify the view 

of tribology, extends the concept of tribological layers: third-body is any layer of material sited at 

the interface between the two counterparts in relative motion that differ in terms of chemical 

composition and structure from the bulk material. 



Wear - Another important concept in tribology is wear. During the contact between the 

counterparts in relative motion, different phenomena can occur as plastic deformation, 

tribochemical reactions, phase transformation, etc. leading to the removal of material as debris. The 

specific wear coefficient can be calculated as: 

 

𝑘 =
𝑉

𝐿𝑑
 [mm3N-1m-1]             eq.13 

 

Where V is the wear volume, L is the applied load and d is the sliding distance. The wear coefficient 

is also reported as dimensionless value and it is equal to:  

 

                         𝐾 = 𝑘 ∙ 𝐻               eq.14 

Where H is the hardness of the softer material.  

It is possible to identify four wear mechanisms [20]:  

1. Adhesive wear: occurs when adhesive junctions are formed between surface asperities that 

are in relative motion with each other.  

2. Abrasive wear: results in material removal on the surface which in the case of two-body 

abrasion, it is due to the asperities of the harder counterpart, while in third-body abrasion, 

it is due to loose particles entering the contact. 

3. Fatigue wear: deriving from surface damage of the material with the strain-induced on the 

surface during repeat contact cycles.  

4. Tribochemical wear: resulting in alteration of chemical composition and mechanical 

properties of the interface, following the tribochemical  reactions. The material removal is 

governed by the kinetics of growth and removal of reaction layer.  

Running-in [21] is the common procedure used in order to obtain an optimal shape and 

topography of the moving counterparts’ surface. After the running-in, a steady state is achieved 

and a low wear rate is observed. 

  



3.2.2. Lubricants and Regimes of Lubrication: The Stribeck curve  

Lubricants are used to control and to minimise the wear and the friction in a mechanical system. 

When the lubricant, may be fluid or solid, is used in a tribological system, it is possible to observe 

different lubrication regimes: hydrodynamic, mixed and boundary regime. [13,22-23]  

The plot of the coefficient of friction vs the fluid-film thickness is reported as Stribeck curve. This 

name is also used when plotting the coefficient of friction against the parameters that influence the 

lubricant film thickness as the dynamic viscosity of the fluid (Pa*s), the applied load (N/m) and the 

speed (m/s) of the two counterparts. This is a convenient representation of the lubrication regimes 

(Figure 6). 

 

Referring to figure 6 the various regimes can be identified:  

- Boundary lubrication regime: It occurs at the lowest speeds and when the applied load is 

high. In this situation the lubricant is squeezed out of the contact area and the normal load 

is carried out by the asperities present in the contact area (Sketch 1a in Figure 6).  

- Mixed lubrication regime: this regime is characterized by the presence of the lubricant but 

the film is thin and even if the solid surfaces are better separated by the fluid compared to 

the boundary regime, it does not avoid the contact among the asperities of the tribo-surfaces 

as it is schematized in sketch 1b of Figure 6. In this regime elastic deformation may occur. It 

is the transition region between the hydrodynamic/elastohydrodynamic and boundary 

lubrication regimes. 

- Hydrodynamic (HD) lubrication regime: Also called full fluid-film or thick-film lubrication. It 

occurs when at high speed the hydrodynamic pressure increases and the liquid entirely 

separates the two conformal counterparts’ surfaces as it is depicted in the sketch 1c of Figure 

6. The hydrodynamic lubrication is also defined as the ideal lubricated contact condition: no 

solid contact occurs because of the thickness of the lubricating films usually greater than the 

height of the asperities on the bearing surface. The coefficient of friction is low and depends 

on the shear forces in the viscous lubricant. 

- The transition from HD to mixed lubrication can be predicted by using the  ratio defined as:  

                                              𝜆 =
ℎ0

√𝜎𝐴
2+𝜎𝑩

2  
               eq.15 

Where h0 is the minimum film thickness, σA and σB are the roughness of the surface of the 

two bodies A and B.  



When the ratio is close to 1, the transition is expected.  

 

Figure 6: example of Stribeck curve, In the upper part of the figure three situations are depicted: 
1a, boundary regime, 1b mixed regime, 1c hydrodynamic regime.  [13,23] 

 

From the hydrodynamic theory derives another lubrication regime: the Elastohydrodynamic 

lubrication (EHL).[22] It occurs in the case of bearings and gear, with non-conformal 

lubricated surfaces. This regime considers the elastic deformation of the bodies and the 

increase in viscosity of the liquid with the raise in pressure at the inlet. A schematic 

representation of the EHL is reported in Figure 7. The pressure initially rises slowly and 

reaches a maximum value in the contact area. In correspondence of the spike, the minimum 

value of the thickness of the film (h0) is reached. Consequently, high pressures can occur 

during contact, which can increase the viscosity of the lubricant.  

 

Figure 7: Scheme of elastohydrodynamic lubrication and pressure profile, adapted from [22].  

 

 



3.2.3. Lubricants and Lubricant Additives 

The traditional lubricants are based on mineral oils. Their wide use is mainly related to their 

relatively high abundance, as they are obtained directly from crude oil. [23] To improve their 

performance, the antiwear additives, as the zinc dialkyldithiophosphate (ZDDP), or extreme 

pressure additives, as molybdenum disulfide, [24] are usually added to the oil formulations. Another 

class is that of the organic friction modifiers that are also known as boundary additives used for 

reducing friction. To this class belong fatty acids, as the oleic acid. For examples, oleic acid is 

reported [25 and 25bis] achieving superlubrication in boundary lubrication regime (CoF lower than 

0.01) in the case of diamond-like coated (DLC) - bearing steel pairs.  

The increase of the demand of lubricants with specific applications has led to the development of a 

new large lubricants liquid class: the ionic liquids. These compounds have been proposed as 

lubricants, due to their physical and chemical properties that are interesting in lubrication because 

of their melting point lower than 100°C, their low flammability and low volatility. [26]  

Ionic liquids  

 

Room temperature ionic liquids (RTILs) are usually composed of an organic cation and a coordinating 

anion. Based on this combination, it can obtain a lubricant suited for specific purposes. They can 

also be used as pure lubricants or as lubricant additives in the mineral oils. [23]  

Several examples of their use and combination are reported in the literature: 1-ethyl-3-

methylimidazolium tris(perfluoroethyl)trifluorophosphate ([EMIM] FAP), 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM] TFSI) and 1-hexyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide ([HMIM] TFSI) were used for the silicon-based 

samples lubrication. [27]. The authors reported that both the aliphatic chain length bonded to the 

imidazolium unit and the type of anion affect the onset of film failure. This was interpreted as the 

ability of the interfacial IL layer to prevent contact between the sliding surfaces. In fact, the onset 

of film failure, in EHL regime, with [EMIM] FAP is appreciably higher than the value observed with 

the TFSI salt having the same cation, indicating that the robustness of the interfacial layer is affected 

by the aliphatic chain and the type of anion. The 1-hexyl-3-methylimidazolium ethylsulfate ([HMIM] 

EtSO4) was used in the lubrication studies of mica tribopair [28]. The authors reported how the water 

content significantly influences the lubrication mechanism, by changing the chemical and physical 



properties of the IL. The significant water absorption of the ([EMIM]EtSO4) was also studied by 

Espinosa et al. [29]  

In this work, the effect of the water content on the lubrication mechanism for Si3N4 tribopair in the 

presence of [EMIM]EtSO4 will be considered together with the effect of the oleic acid [EMIM oleate] 

as lubricant additive in the lubrication of Si3N4 tribopairs. [Chapter 6] The literature on the 

lubrication of Si3N4 in the presence of IL and IL + additives is scarce. The most common traditional 

lubricants, ILs and additives are reported in Table 1. 

Table 1: Most common lubricants and additives [23-29] 

Lubricants  Additives 

• Minerals oils (divided into chemical 

forms: paraffin, naphthene, aromatic, 

sulphur content and viscosity)  

• Synthetic lubricants: (hydrocarbon-

based, as esters, polyglycols, or 

silicones, or organohalogens, as 

perfluoro-polyethers) 

• Absorption or boundary additives: 

Fatty acids, ammine and esters of fatty 

acids.  

• Antiwear additives: 

zinc dithiophosphate, zinc dialkyl dithio 

phosphate and Tricresyl phosphate. 

• Extreme-pressure additives: 

Polysulfides, molybdenum disulfide, 

chlorinated hydrocarbons, Polymer 

esters, chlorinated paraffins, etc. 

• RT-ILs 

• ILs: as [EMIM] FAP, [HEMIM] FAP, 

([EMIM] TFSI), [EMIM]EtSO4, 

[HMIM]EtSO4 [26-29] 

 

  



3.2.4. Tribological test: Pin on disk tribometer [13] 

Tribological tests provides information on the friction mechanisms of a specific tribosystem. The 

tribological tests are performed to simulates the real working conditions by an instrument, called 

tribometer. it is essential to plan a test with the best configuration to simulate a real application. 

The first important step is to assess the geometry of the contact, i.e. the shape of the counterparts 

and whether the contact is conformal or nonconformal. Among the various contact configurations 

for model tests assessing sliding wear, the most commonly used tribotest is the pin-on-disk, due to 

its versatility.  In this work the UMT-2 tribometer (Bruker Nano Inc., Campbell, CA, USA) operating 

in pin-on-disk mode was used. A scheme of the instrument is shown in figure 8.  

 

Figure 8: Scheme of the UMT-2 tribometer in a pin-on-disk configuration, adapted from [13]. 

 

In the upper side of the tribometer, the Z and X carriage and stages are present. The Z carriage 

allows the movement in the vertical direction, the X stage is connected to the vertical stage and the 

carriage allows the horizontal movement of the force sensor. The Y/Z sensor is a load cell, in this 

case with a maximum capacity of 20 N and a resolution of 0.001 N in both directions. The calibration 

of the load cell is performed using a standard weight. For the rotary movement, a rotary motor with 

a rotational speed from 0.1 to 3000 rpm was used. The pin holder is connected to the load cell and 

it is used to mount the sphere, while the disk holder is connected to the rotary drive. The disk in 

clamped to the metallic ring, between the metallic ring and the sample, a ring of Teflon or PET in 

commonly is interposed, in order to prevent the leakage of the lubricant.  Aluminium foils are placed 

between the base of disk holder and the rotary drive so that surface sample is bring as close as 

possible to the plane normal to the rotation axes of the rotary drive.  



3.4. X-ray photoelectron spectroscopy (XPS) [30-43] 

3.4.1. Basic Principles 

X-ray photoelectron spectroscopy (XPS) is a surface sensitive analytical technique used to analyse 

the chemical composition of the samples’ surface. It is based on the photoelectric effect. Emission 

of photoelectrons can be observed from solids, liquids and gases. The most common application is 

from solid samples. [30-33] 

The photoelectric effect: Provided that the electrons in an atom have quantized energies thus the 

emitted electrons have discrete kinetic energy values, which are characteristic for each atom. 

Following the absorption of an X-ray photon of adapt energy h an electron is ejected from an 

energy level. The kinetic energy (KE) distribution of the photoemitted electrons N(KE) is 

experimentally measured by the spectrometer, and the spectrum consists of a series of discrete 

bands that correspond to the electronic structure of the atoms of the sample. The binding energy 

of the photoemitted electron (BE), which is defined by ISO 18115-1:2013 as the “energy that shall 

be expended in removing an electron from a given electronic level to the Fermi level of a solid or to 

the vacuum level of a free atom or molecule”, is a parameter that depends on the emitting atom to 

which the electron is bound, thus it allows the identification of the elements and also to recognise 

their chemical state. The kinetic energy (KE) and the binding energy (BE) are related by the Einstein 

relation: 

𝐵𝐸 = 𝐸𝑓 − 𝐸𝑖 =  ℎ𝜈 − 𝐾𝐸 − 𝜙𝑠𝑝𝑒𝑐𝑡. 

Where h is the photon energy and spectr. is the spectrometer work function, that is measured 

during the calibration of the spectrometer; h and spectr are known, KE is measured thus the BE of 

the photoelectron can be easily calculated. Note that the photoelectron binding energy is measured 

considering the sample Fermi level (not the vacuum level), which is the reason of the inclusion of 

spectr.  

 

 In the case of conductive sample, the sample is grounded, thus the Fermi level of the sample 

coincides with that of the spectrometer (Figure 9); the kinetic energy of the photoemitted electron 

referred to the sample Fermi level is equal to KE1 = h – BEF-s, where s is the sample work function 

and BEF is the binding energy of the photoelectron referred to the Fermi level (Figure 9 – left). The 

kinetic energy of the electron reaching the detector, thus the kinetic energy measured by the 



instrument, is KE2= h – BEF-s-(sp −s), where sp is the spectrometer work function that can be 

experimentally determined during calibration, as said above.   

 

Figure 9: Diagram of the energy levels in conductive samples during an XPS experiment. h: radiation 
energy; KE1: kinetic energy of the photemitted electron; KE2: kinetic energy of the detected electron;  
VB: valence band; CB: conduction band; EF

s: sample Fermi level; EF
sp: spectrometer Fermi level; EV

s: 

sample vacuum level; EV
sp: spectrometer vacuum level; s sample work function; sp spectrometer work 

function.Adapted from [33]. 
 

For an insulating sample, no conduction mechanism exists and a compensation with a flood low-

energy electrons is needed. Thus, in this case the measured kinetic energy is KE = h – BEF -s + Ee. 

Where Ee is the effective energy of the flooding electrons relative to the instrument Fermi level. [32]  

The electron photoemission is schematized in Figure 10; this process is possible if the energy of the 

incident photon is greater than the BE of the electron.  

 

 

Figure 10: Scheme of the photoemission process. Adapted from [31]. 
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Once an electron has been photoemitted, a vacancy is generated and this excited ionized state will 

relax by filling the hole with an electron from a higher energy level The atom may relax following 

two competing mechanisms: by X-ray fluorescence emission or by the emission of an Auger 

secondary electron (Figure 11).  The Auger emission is the dominant relaxation process for elements 

with low atomic number, with the increase of Z the X-ray fluorescence is the most probable 

relaxation process.  

 

Figure 11: Schematic diagram of the relaxation mechanisms after the photoemission process: a) X-ray 
fluorescence, b) Auger secondary electron emission. Adapted from [31]. 

 

X-ray fluorescence does not contribute to XP spectra since a radiation of energy hv’ and no electrons 

are produced. In the case of the emission of a secondary electron (called Auger electron) the kinetic 

energy is equal to the difference of the energy levels involved in the relaxation process  and these 

electrons will be detected and contribute with various signals to the spectrum. They are often used 

in XPS analysis. Unlike the photoelectrons, the kinetic energy of the Auger electrons is independent 

from the energy of the X-ray source since it only depends on the energy of the levels involved in the 

electron transfer. For this reason, while the BE values are typically given for photoelectron lines, the 

KE is usually provided for the Auger ones. 

The photoionization cross section: the relative intensity of a peak in a XPS spectrum is basically 

determined by the cross-section , that depends on the atomic number, quantum numbers and on 

the proximity of the photon energy to the photoemission threshold [26]. Its value depends also on 

the X-rays source, however the cross-section values for the two common laboratory source, Al k  

and Mg k, are similar. [30-32] The photoionization cross sections for elements with atomic number 

from 1 to 101 and for photon energies from 1 to 1500 keV were calculated by Scofield [34].  



The sampling depth: The depth of analysis varies with the kinetic energy of the electrons and it is 

determined by the attenuation length () that is a quantity related to the inelastic mean free path 

(λ, IMFP) and it depends on material, on the kinetic energy of the emitted electron and on the take- 

off angle [31]. IMFP is defined as “the average distance an electron with a certain kinetic energy can 

travel before inelastically scattering” as reported in [31-32]. According to the definition provided in 

ISO 18115-1:2013, the take-off angle  is “the angle between the trajectory of the photoemitted 

electron as it leaves a surface and the local or average surface plane”. Thus,  = λ sin   

The intensity of the photoelectron signal measured as function of the depth d can be described by 

the equation:  

𝐼 = 𝐼0 exp(
−𝑑

𝜆𝑠𝑖𝑛𝜙
)                  eq.16 

where I0 is the peak intensity originated from depth d,  is the take-off angle. 

The sampling depth is estimated to be given by: d = 3  sin   

An empirical approach to calculate the IMFP calculation was proposed by Seah and Dench in 1979 

[35]. According to their paper,  (nm) can be calculated by using the equation: 

𝜆 =
𝐴

𝐾𝐸2
+ 𝐵√𝐾𝐸   eq. 17 

where A and B are empirically derived parameters depending on the type of material and KE is the 

kinetic energy (eV) of the emitted photoelectron (Table 2).  

Table 2: A and B values for the eq.16. 

 A B 

Element 143 0.054 

Organic compounds 31 0.087 

Inorganic compounds 641 0.096 

 

95% of the information obtained by XPS is originated from within sampling depth (3  sin ). 

Although the X-ray can penetrate deep into the solid, only photoelectrons deriving from about 10 

nm can be detect without loss of energy. Electrons emitted from the bulk of the material lose their 

energy through inelastic collisions with other atoms. This is why XPS is a surface sensitive technique.  



3.4.2. Spectral interpretation  

 

The survey spectrum: The elemental characterization of the surface chemistry of a sample is possible 

acquiring a survey spectrum, recorded from 0 to 1400 eV. The spectrum consists of photoelectron 

and Auger signals and their height depends on the photoionisation cross section [34]. The elements 

are identified by comparing the experimentally obtained BE values with reference tables and 

electronic database. [36-37]  

High-resolution spectra: the high-resolution spectra, also known as narrow-scan or detailed spectra, 

of each element of interest are acquired. The high-resolution spectra are processed by adapting the 

synthetic curves determined on reference standard elements and/or compounds to the spectra of 

the analysed sample (curve fitting) in order to obtain information on the chemical state of the 

elements present on the sample surfaces. Typically, the first step of the curve fitting procedure is 

the background subtraction, then a model from a set of Gaussian/Lorentzian line-shape is created. 

After the curve-fitting procedure, the chemical state can be assessed on the basis of the BE values 

of the different components. 

Initial state effects and final state effects: The BE of an electron depends not only on the level from 

which the electron is ejected, but also on the oxidation state of the atom and its surroundings. The 

variation of the BE values generates a small shift of the peaks in the spectrum. This variation is so-

called chemical shift and it can vary from a fraction up to several eVs. The chemical shift, ΔBE, could 

be also expressed considering the initial state effects (i.e. changes in the core potential due to the 

alteration of the local environment) and the final state effects (relaxation effect following the 

photoemission); according to the potential model [38] it can be described by the equation:  

∆𝐵𝐸 = ∆𝑉 + ∆Φ − Δ𝑅     eq. 18 

Where ∆V is the environmentally induced change in the ground state core potential, ΔR is the 

change in relaxation energy and ∆ the change of reference potential.  

The relaxation energy contributions depend both on the intra-atomic and extra-atomic relaxations. 

The significant component in the intra-atomic relaxation refers to the rearrangement of outer shell 

electrons, that have a smaller BE than the photoemitted electron, in fact, the contribution of the 

inner shell electrons rearrangement is negligible.  The extra-atomic relaxation depends on the 

material analysed: in the case of conducting sample, such as metals, the core hole is screened by 

the valence band electrons that move from one atom to the next. For ionically bonded solids as the 



alkali halides, the electrons can be polarized by the presence of the core hole, due to the fact that 

they are not free to move among the atoms. [33] 

The Auger spectrum and the Auger parameter:  In some cases, no chemical shift on XP lines of the 

same atom in different compounds is observed. The most well-known examples are those of copper 

and zinc. In fact, from their photoelectron signals it is not possible to distinguish between Cu (I) and 

Cu (0) and between Zn (0) and Zn (II). Only the Auger signals allow an unambiguous identification of 

the species. Combining the information obtained by the Auger and the XPS spectra, by using the 

chemical state plot, it is possible an unambiguous differentiation of the species. This analytical 

strategy is exploited in this work and the results are provided in Chapter 4. 

The fine structure of the XP-spectra: Other chemical information can be obtained by analysing other 

spectrum features as the spin – orbit coupling, shake-up and shake-off satellites and the multiplet 

splitting. These features, if they are present, can give more details useful for the chemical 

investigation.  

The spin-orbit coupling is responsible of the split of peaks originated from orbitals with angular 

momentum quantum number greater than zero. The peak splits into two components due to the 

interaction of the spin angular momentum (s = ± ½) and the orbital angular momentum (l). The two 

resulting states have a different total angular momentum. The relative intensity of the two peaks is 

dependent on their relative populations and their ratio is equal to the ratio of their multiplicity; the 

binding energy difference between the doublet components depends upon the spin-orbit coupling 

constant nl which depends on 1/r3 of the orbital involved, where r is the radius. [31] In this work 

examples are given by the S2p and the Si2p signals (chapter4 and chapter 6 respectively)  

Shake-up and shake-off are due to electronic rearrangement effects after the photoemission 

process. Shake-up satellites are present when a valence electron is excited to a higher level by the 

energy relaxation of the core-hole level; shake-off satellites are originated when the photo-

ionization is followed by the excitation of an electron to a free level state.  

The XPS instrument [32] consists of an X-ray source, a sample stage, the lens system, an analyser, 

and a detector housed in an ultra-high vacuum environment. The most common X-ray sources 

employed in a XPS spectrometer are the Al K (1486.6 eV) and the Mg K (1253.6 eV). The analyser 

allows discriminating the ejected electrons on the basis of their KE and the number of emitted 

photoelectrons at a specific KE is counted by the detector. Two other essential accessories are the 



electron flood gun, used for the charge compensation generated in the case of the insulating 

samples when using a monochromatic source, and the ion gun (usually Ar+ ion) used to remove 

contaminants from the surface of the samples, for example organic contamination layers, by 

sputtering or to perform the sputtering depth-profile analysis. A detailed description of the 

spectrometer and of the experimental set up used in this work is provided in the next chapters.  

XPS provides not only qualitative information about the chemical composition of the surface, but it 

is also a quantitative technique (see paragraph 4.2.6). Moreover, it is possible to obtain information 

about the thickness of the layer by XPS, and for these reasons it is a very useful technique for the 

investigation of thin films. Different methods exist to estimate both the thickness and the 

composition of thin films: angle resolved analysis (ARXPS), depth profiling and the three-layers 

model.  

Angle resolved XPS, [31,32] also known as angle-dependent XPS, or ADXPS, is a method that allows 

the determination of the thickness of thin films and recognizing the in-depth homogeneity or non-

homogeneity of the uppermost layers of the samples. ARXPS has several advantages, the two most 

valuable are: 

- It is a non-destructive analysis; indeed, the rate of damage is usually sufficiently slow to allow 

obtaining the chemical state information of the outermost part of the surface more easily 

than depth profiling methods that involves sputtering.  

- Good absolute depth resolution. 

A disadvantage is that the analysed layers cannot be deeper than two or three times the attenuation 

length (52ca. 4-6 nm) since a signal from the substrate is required to estimate the film thickness; for 

thicker layers the substrate peak is typically too small to be accurately measured.  The intensity of 

the photoelectron signal measured as function of the depth d can be describe by the equation:  

𝐼 = 𝐼0 exp(
−𝑑

𝜆𝑐𝑜𝑠𝜃
)                  eq.19 

where I0 is the peak intensity originated from depth d,  is the emission angle that, according to 

ISO:18115-1:2013 is “the angle between the trajectory of the photoelectron as it leaves a surface 

and the local or average surface normal” and  is the attenuation length. High-resolution spectra 

are used to measure the intensities of a photoelectron peak from the substrate with the one from 

the same element in the overlayer (e.g. oxide and elements from a thin oxide layer on a metal).  

Thus, considering a thin layer, with a thickness d, of a material A on a substrate B and integrating 

the eq. 18 between 0 and d, the equation becomes: 



𝐼𝐴 = 𝐼∞
𝐴[1 − exp(

−𝑑

𝜆𝐴,𝐴𝑐𝑜𝑠𝜃
)                     eq. 19 

Where, IA is the measured intensity of the photoelectron signal from element A in specific chemical 

state and from a specific transition. 

I∞A  is the intensity of the photoelectron signal from an element A in a specific chemical state and 

from a specific transition from a thick layer of material A, and λA,A is the  attenuation length for a 

photoelectron emitted in layer A for electrons emitted from A.  is the emission angle. 

The signal from B arriving at the B-A interface is I∞
B, assuming that the layer B is thick in comparison 

with λBB. This signal is then attenuated by passing through the layer A: 

 

𝐼𝐵 = 𝐼∞
𝐵 exp(

−𝑑

𝜆𝐵,𝐴𝑐𝑜𝑠𝜃
)                          eq. 20 

Where λB,A is the attenuation length of the electrons emitted from B and passing in the layer A.  is 

the emission angle.  

The intensity ratio R of these signals has to be considered:   

𝐼𝐴

𝐼𝐵
= 𝑅 = 𝑅∞

[1−exp(
−𝑑

𝜆𝐴,𝐴𝑐𝑜𝑠𝜃
)]

exp(
−𝑑

𝜆𝐵,𝐴𝑐𝑜𝑠𝜃
)

                    eq. 21 

 

Where R∞ = 
𝐼∞

𝐴

𝐼∞
𝐵

; R could be calculated taking into account the atom number density (atom per unit 

volume) and the attenuation length in the two materials. The atom number density  is given by 

ratio of the density, D, of the material and the formula weight, F. For example, for the system 

ZnO/Zn, R∞  will be:  

R∞ = Zn,ZnOZn,ZnO / Zn,ZnZn,Zn =( D ZnOFZn/ D ZnFZnO) (Zn,ZnO / Zn,Zn).  

 

Assuming that λA,A = λB,A = λA, eq. 21 can be rearranged and taking the natural logarithm, it is possible 

to calculate the equivalent thickness of an overlayer d by the Hill equation [25,26]:  

𝑑 = 𝜆 cos 𝜃 ln (1 + 
𝑅

𝑅∞
) 

This approach could be applied to the data recorded at one angle assuming the attenuation of the 

substrate from a discrete overlayer. A more rigorous approach to obtain the thickness of an 

overlayer is to carry out an ARXPS measurement at different emission angles and to plot 

ln (1 +  
𝑅

𝑅∞
) vs 1/cos a straight line is obtained and its slope is equal to d/ λA (Figure 12).  

 



 

Figure 12: Example of a graph 𝐥𝐧 (𝟏 + 
𝑹

𝑹∞) vs 1/cos Adapted from [30]. 

 

It is important to stress that the methods here presented for the thickness estimation by ARXPS can 

be applied only if λA,A = λB,A = λA assumption holds, thus if the difference in the binding energy of the 

signals from the substrate and from the film is negligible.  

Furthermore, from ARXPS data, the surface composition vs emission angle is obtained. In the case 

of multi-layered systems, if the thickness of the layers has to be estimated, the reconstruction of 

the depth profiles from ARXPS data can be obtained by the maximum entropy method (MEM).  [39-

41] 

Elastic scattering affects ARXPS measurements: at larger emission angles more intensity from the 

substrate than expected is observed (often greater than 50 %), this effect can be avoided by using 

emission angle no greater than  = 63°.[42] At small emission angles, close to the surface normal, 

less intensity from substrate is observed than expected. This is a smaller effect, typically 5-10 % 

depending on the material and it is minimised at around  = 45°.  

The lower limit in terms of the estimation of the thickness is about 0.2 nm.  

 

I. Depth profiling 

 

Non-destructive methods such as ARXPS are limited to an assessment of the chemical profile within 

depths of less than about 10 nm. To obtain the in-depth information for thicker layers, destructive 

methods using ion bombardment, i.e. sputtering, are required. Sputtering describes a process 

where primary ions are accelerated onto a sample resulting in an etching of the sample surface. 



Typically, a positively charged argon ion at energies between 0.5 and 10 keV is used and focused 

into a beam of 2 – 5 μ m, with a current density between 5 and 50 μ A. This primary ion collides with 

the surface and lose energy through interactions with atoms and electrons of the target material. 

The XP spectra are recorded in the standard mode before the sputtering and after each sputtering 

cycle.  

The data obtained can be plot in a graph of atomic percentage of elements as function of sputtering 

time (s). If the sputtering rate is known, it is possible to obtain the thickness of the layer. For the 

determination of the sputtering rate, a sample with a known thickness is used as reference. The 

typical sample for this determination is a Ta2O5 on Ta (0) sample. When the interface between the 

oxide film and the substrate is reached, the sputtering rate can be calculated considering the 

sputtering time and the film thickness. In this work the Au/Si (20 nm) and SiO2/Si (1.45 nm) are used 

as references. More details are reported in Chapter 4 and Appendix A.  

The main disadvantage of the sputtering depth-profile analysis is that during the sputtering process, 

many artefacts can affect the chemical composition and the thickness determination; these  

artefacts can derive from the nature of the sample itself, as electrical conductivity, roughness, phase 

distribution, crystalline structure, and others are radiation – induced (e.g., atomic mixing, 

preferential sputtering, compound reduction, sputter – induced topography). [43-44] 

 

II. Three-layer model [45] 

 

For the quantitative analysis of nanometer-thick surface films and the film/substrate interface, the 

three-layer model can be applied. This model assumes the absence of concentration gradients and 

the lateral homogeneity of each layer. The photo-emitted electrons deriving from the bulk are 

exponentially attenuated by the oxide and the contamination layer, while the electrons emitted in 

the oxide layer are attenuated by the contamination layer. By the following equations, according to 

these assumptions, it is possible to determine the thickness and chemical composition of the layers: 

𝐼𝑖
𝑜𝑥 = [

(giσ𝑖
𝑜𝑥C𝑖

𝑜𝑥𝜌𝑖
𝑜𝑥Λ𝑖

𝑜𝑥)

𝐴𝑖
] ∙  [1 − exp (−𝑡

Λ𝑖
𝑜𝑥⁄ )] ∙ exp

−𝑙𝑐
Λ𝑖

𝑐𝑜𝑛⁄                      eq. A 

𝐼𝑗
𝑚 = [

(gjσ𝑗
𝑚C𝑗

𝑚𝜌𝑗
𝑚Λ𝑗

𝑚)

𝐴𝑗
] ∙  [1 − exp (−𝑡

Λ𝑗
𝑜𝑥⁄ )] ∙ exp

−𝑙𝑐
Λ𝑖

𝑐𝑜𝑛⁄                          eq. B 



Where A is the atomic weight, g is the transmission function of the spectrometer, t is film thickness, 

lc is the thickness of the contamination layer and ρ is the density (g/cm3). Equations A and B must 

be written for each element present in the system being analyzed. T and lc can be calculated as 

follows:  

𝑓1(𝑡,  𝑙𝑐) = (
𝜌𝑚

𝜌𝑜𝑐
⁄ ) ∑ 𝐼𝑗

𝑚

𝑗

𝑘𝑗
𝑚  [exp (𝑡

Λ𝑗
𝑜𝑥⁄ )] ∙ [exp

𝑙𝑐
Λ𝑖

𝑐𝑜𝑛⁄ ] − ∑ 𝑜𝑥 

𝑓2(𝑡,  𝑙𝑐) = [𝑙𝑐
𝑐𝑜𝑛  𝑘𝑐 𝜌𝑜𝑥 (1 − exp(

− 𝑙𝑐
Λ𝑐𝑜𝑛⁄ ))⁄  ] − ∑ 𝑜𝑥 

Where k are calculated as: 

𝑘𝑗
𝑚 = [

(go𝜎𝑜 Λ𝑜 𝐴𝑗)

(gj𝜎𝑗 Λ𝑗
𝑚𝐴𝑜)

] 

𝑘𝑗
𝑜𝑥 = [

(go𝜎𝑜 Λ𝑜 𝐴𝑗)

(gj𝜎𝑗 Λ𝑗
𝑜𝑥𝐴𝑜)

] 

𝑘𝑐 = [
(go𝜎𝑜 Λ𝑜 𝐴𝑗)

(gc𝜎𝑐 Λ𝑐
𝑜𝑥𝐴𝑜)

] 

 

Σ𝑜𝑥 = ∑ 𝐼𝑗
𝑜𝑥𝑘𝑗

𝑜𝑥 exp (
− 𝑙𝑐

Λ𝑐𝑜𝑛⁄ ) (1 − exp (𝑡
Λ𝑗

𝑜𝑥⁄ ))⁄  

And O refers to oxygen. 

The film and the interface compositions as well as the film thickness t and lc are calculated 

simultaneously and the acquisition of the spectra at a single emission angle is required.  

 

In chapter 4.2.6 and 5.2.5 data processing and quantitative analysis applied to the XPS experimental 

results obtained in this work will be detailed. 
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Chapter 4. Thin Films on CuZn37  

 

In this chapter the results obtained on the growth and characterization of thin films at the surface 

of the CuZn37 brass alloy in contact with three different formulations of artificial saliva are 

presented and discussed. In the first section it is provided a short introduction in order to present 

the state of the art and the scope of this work. Then the experimental details of electrochemical 

measurements and surface analysis are presented, and the results of the investigation are displayed 

and discussed. 

Part of the results reported in this chapter have been published in [1-2]. 

4.1.  Introduction 

In recent studies on historical brass wind instruments from a collection hosted at the Burri museum 

(Bern, CH), a non-destructive electrochemical method was developed to provide information on the 

corrosion state inside the instruments. An electrochemical sensor to be used in-situ was developed 

[3]; this sensor was then applied to analyse both reference brass alloys [4] and historical brass wind 

instruments. [3] 

The electrochemical sensor did not provide any information on the chemical composition of the 

patina inside the instruments, but the authors of those studies, combined the information obtained 

from electrochemical measurements on reference brass alloys in contact with artificial saliva 

solution, with XPS analyses of the surface of the alloys after the contact with the solution, in order 

to be able to develop a  model that allows “predicting” the composition inside the instruments from 

non-destructive electrochemical measurements. [5-7] 

Such studies were conducted using the formulation proposed by Tani and Zucchi [8] for artificial 

saliva. This formulation is one the most used artificial saliva solutions in electrochemical studies and 

it is mainly composed of inorganic salts (KSCN, NaHCO3, KCl, NaH2PO4) with urea and small amounts 

of α-amilase as the only organic compounds. Despite its diffusion in corrosion studies, Tani Zucchi 

formulation does not contain any possible component that may act as a ligand for the metal ions 

present the films formed at the surface of the alloys, that might potentially alter the corrosion 

behavior. In this study three different formulations for artificial saliva are considered for the 

corrosion studies of CuZn37 brass to evaluate the influence of the testing solutions on th e 

composition and thickness of the film formed on brass and on its corrosion behavior. The three 



different formulations here adopted will be called Darvell (D) [9], Carter-Brugirard (C-B) [10]and 

SALMO [11]in the following paragraphs. They are solutions of chlorides, thiocyanates, phosphates, 

carbonates, and urea, but in D uric acid, sodium citrate and lactic acids are also present. The results 

here obtained will be compared with previous studies that showed that the dissolution of the brass 

was under anodic control, that increasing the exposure time the corrosion rate decreased [5], and 

that the dissolution rate was controlled by the resistance of the protective film formed on the 

surface [7] that was mainly composed of CuSCN and Zn3(PO4)2. [5] 

4.2. Experimental  

4.2.1. Materials and surface preparation 

In this work brass alloy CuZn37 samples (Brütsch/Rüegger Werkzeuge AG, CH) were examined. The 

nominal composition of the brass was 63 wt% copper and 37 wt% zinc. The ‘as received’ samples 

(Figure 1) show various scratches, thus before the electrochemical measurements, they were 

mechanically polished (MP) with diamond paste to a ‘mirror-like’ finish following the steps reported 

in Table 1. This procedure removes the contamination and the oxide film naturally present at the 

surface of the samples and ensures that composition and roughness of the starting surface are 

similar among different samples before the exposure to the different formulations. An argon stream 

was used to dry the MP brass; the dried samples were then transferred to the fast entry chamber 

of the XPS spectrometer and analysed by XPS before the electrochemical tests.  

 
Figure 1: picture of as received CuZn37 brass alloy sample. 

 

 

 

 



Table 1: Mechanical polishing procedure 

Step Grinding Polishing 

Surface 
2400 SiC 

paper 

4000 SiC 

paper 

DP Dur cloth 

with 1 mm 

diamond paste 

DP Dur cloth with ¼ 

mm diamond paste 

Lubricant 
Bi-distilled 

water 
Ethanol Ethanol Ethanol 

Time [min.] 5 - 10 5 5 5 

 

 

4.2.2. Model solutions 

The chemical composition of the saliva model solutions used in this work, Darvell (D), Carter-

Brugirard (C-B) and SALMO [9-11] is reported in Table 2. These formulations were selected from 

those reported in the literature since they are similar to the previously adopted Tani-Zucchi [8] 

formulation as far as the thiocyanates, phosphates, chlorides and carbonates content, but they 

differ in the organic compounds content: C-B solution contains only urea, SALMO solution contains 

urea and glycine and D solution contains urea, trisodium citrate, uric acid and lactic acid. D and C-B 

are transparent and colourless solutions, while SALMO solution is turbid with suspended white 

particles. The solution pH is 6.81 (0.01), 7.26 (0.02) and 8.06 (0.01) for D, C-B and SALMO 

respectively. All reagents used were at least of ACS grade and double-distilled water with a specific 

conductivity of 1.1 ± 0.1 S cm-1 at 293.16 K was used to make up the solutions. 

  



 

Table 2: Chemical composition (g / dm3) of saliva solutions. *Darvell solution was prepared by 
adding 10 cm3 of stock A, 20 cm3 of stock B and 10 cm3 of stock C in 1 dm3, following the 
procedure describe in literature [9] 

D* C-B SALMO 

Stock A (g / dm3) 
56         NaH2PO4  

150       NaCl 
22         NH4Cl   
2.2        Na3C6H5O7 . 2 H2O 
7.0       lactic acid (C3H6O3) 

0.70      g / dm3         NaCl 
1.20      g / dm3         KCl 
0.26      g / dm3        KH2PO4 

0.33      g / dm3       KSCN 
0.19      g / dm3       Na2HPO4 

1.50      g / dm3       NaHCO3 

0.13      g / dm3       Urea 
(CH4N2O) 

0.52      g / dm3         NaCl  
0.58      g / dm3         KCl         
0.23      g / dm3         CaCl2        
0.10      g / dm3         MgCl2 . 6H2O      
0.19      g / dm3         K2SO4       
0.11     mg / dm3       NaF     
0.96      g / dm3         NaHCO3  
1.48      g / dm3         K2HPO4       
0.19      g / dm3         NH4Cl          
0.19      g / dm3         KSCN         
0.03      g / dm3         Glycine 
(C2H5NO2)        
0.20      g / dm3         urea (CH4N2O)            

Stock B (g / 2 dm3) 
20.0      urea (CH4N2O) 
1.5        Uric acid (C5H4N4O3) 
0.4        NaOH 

Stock C (g / dm3) 
60.0       NaHCO3 
20.0        NaSCN 

 

4.2.3.  Optical microscopy (OM) 

The morphology of brass surface was examined by optical microscopy. The optical micrographs 

were acquired by using an optical microscope Zeiss, Axiolab A (Carl Zeiss Jena GmbH). Digital images 

at various magnifications were taken by a camera connected to the optical microscope. The 

calibration was performed using a TEM grid with a hole size of about 56 m as reference.  

 

4.2.4. XRF analysis  

The X-ray fluorescence spectroscopy (XRF) was exploited to obtain the bulk composition of the alloy 

by a hand-held standard-less- XRF spectrometer SPECTRO xSORT (Spectro Analytical Instruments 

GmbH, Kleve, Germany). The instrument is equipped with a miniaturized X-ray Rh-anode and in 

these measurements an acceleration voltage of 50 kV was applied. The analysis method used in this 

work was “precious metals”. The instrument calibration is carried out by the instrument, and it is 

based on the ICAL algorithm that determines the current detector resolution, calculates the 

spectrum-energy-correlation and furthermore the X-ray intensity. The experimentally determined 

composition calculated as mean value over three independent samples was: Cu = 64.5 (0.1) wt % 

and Zn = 35.5 (0.1) wt %.   

 



4.2.5. Electrochemical tests    

A plexiglass three-electrode cell [12-13], with a 0.785 cm2 lateral porthole (ø 1 cm), was used to 

perform the electrochemical tests. The MP samples were positioned and pushed against the o-ring 

sealing of the hole. 200 cm3 of the test solutions were used for each electrochemical measure. A 

potentiostat/galvanostat model VersaSTAT3 (Ametek Scientific Instruments Inc., USA) was 

employed, with a platinum counter electrode and a saturated calomel reference electrode (E = + 

0.241 V vs. NHE). The reference electrode was placed into an intermediate vessel filled with a 

saturated KCl solution and inserted into a Haber-Luggin capillary filled with the test solution. This 

set-up was necessary in order to prevent the SCE from undergoing ion exchange with the saliva 

solutions.   All potentials are referred to the saturated calomel electrode (SCE). The electrochemical 

tests were carried out at 25 ± 1 °C and the data are reported as mean value over at least three 

independent measurements; the standard deviation is given in parentheses. The scheme of the cell 

is shown in Figure 2 together with the picture of the potentiostat.  

 

 

Figure 2: Scheme and picture of the cell. 

 

Open Circuit Potential (OCP) and Linear Polarization resistance (LPR)  

The open circuit potentials (OCP) of the brass samples were acquired open to air after 1 h, 3h and 

16 h of contact with the three different artificial saliva solutions. At the end of OCP experiments, 

the linear polarization resistance (LPR) measurements were performed applying a potential of ± 20 



mV vs OCP and with a scan rate equal to 0.2 mV s-1. From these measurements it was possible to 

determine the polarization resistance values (Rp).  

 

Cathodic and anodic polarization curves  

Cathodic and anodic polarization curves were acquired with a scan rate of 0.2 mV s-1, following the 

OCP measurements for 1 h of contact with the different formulations. For the cathodic 

potentiodynamic curves a potential of – 250 mV vs OCP was applied and then the scan run to + 250 

mV vs OCP for the anodic potentiodynamic curves. The anodic (a) and cathodic (c) Tafel constants 

were extrapolated from the curves using Versa studio software [14]. 

4.2.6. XPS surface analysis   

The surface composition was investigated by X-ray photoelectron spectroscopy (XPS) using a 

ThetaProbe spectrometer (ThermoFisher, East Grinsted UK) equipped with a monochromatic Alk  

source (h = 1486.6 eV). The beam diameter used in this work was 400 m, operating at 6.7 mA and 

15kV (100 W). Survey and high-resolution spectra were acquired with a step size of 1 eV and 0.05 

eV respectively, in fixed analyser transmission mode (FAT). The pass energy was 200 eV for the 

acquisition of survey and 100 eV for the high-resolution (HR) spectra, in standard lens mode.  In 

these conditions the full-width at half-maximum (fwhm) of the peak height for Ag 3d5/2 was found 

to be 0.93 ± 0.05 eV. The linearity of the binding energy scale was checked according to ISO 

15472:2014 with an accuracy of ± 0.1 eV. 

The instrument is equipped with an argon ion gun. For depth profile experiments an acceleration 

voltage of 1 kV and an ion current of 661 nA were used in this work. The sputtered area was 3*3 

mm2. The sputtering rate was determined using a thin SiO2 of 1.45 (0.07) nm measured by ARXPS 

on a Si wafer and it was found to be 0.02 nm/seconds. The accuracy on the thickness value was 

calculated referring to a Au/Si sample of a thickness of 20 nm (determined by ellipsometry) and it 

was found to be ± 1.3 %, more details are reported in (Appendix A - Figure A.1). The value of 

thickness d, on the mechanically sample, was determined considering the seconds at the cross point 

of the curves of Zn (0) and O 1s and by knowing the etch rate.  Moreover, high-resolution spectra 

were acquired in angle resolved lens mode at 16 emission angles, ranging from 24.88–83.13°, and a 

pass energy of 150 eV. The intensity vs angles response of the instrument was checked during the 

periodic calibration of the instrument by using a flat sputter-cleaned Ag [15].   



Data were processed with CASA XPS software (v2.3.24, Casa Software Ldt., Wilmslow, Cheshire, UK). 

The Shirley-Sherwood background subtraction routine was applied before the curve fitting 

procedure [16]. The parameters Gaussian/Lorentzian ratio and width at half maximum of the signal 

of the model functions determined on spectra acquired on pure alloys and on analytical grade 

copper and zinc compounds, analysed under the same experimental conditions [6], were used for 

the curve fitting of the spectra of the analysed samples. The quantitative composition of the film 

was calculated on the basis of the first-principle method [17] assuming the sample homogeneity, 

thus, starting from the experimental areas (intensities) corrected for the sensitivity factors that take 

into account the Scofield ionization cross section [18], the asymmetry factor [18], the spectrometer 

transmission function [20] and the inelastic mean free path [21], (eq. 1-2).  

                                                 𝑋𝐴 =  

𝐼𝐴
𝑆𝐴

∑
𝐼𝑗

𝑆𝑗
𝑗

     eq. 1  

where I is the measured peak area in cps*eV and S is the sensitivity factor. The sensitivity factor is 

calculated for each element, using the following formula:  

                                                𝑆 = 𝜎ℎ𝜈 ∙ 𝐿𝐴(𝛾) ∙ 𝑇 (𝐸𝐴) ∙ 𝛬𝑀𝐴      eq.2 

Where, h is the Scofield factor, LA()  is the asymmetry factor, T (EA) is the spectrometer 

transmission function and  =  cos  is the attenuation length.   is the inelastic mean free paths 

(IMFP) and the emission angle  =   for the Theta Probe when used in the standard lens mode. 

Since Cu 2p and Zn 2p do not show chemical shift between Cu (0) and Cu (I) and between Zn (0) and 

ZnO, [6] it is not possible distinguishing the different chemical state of copper and zinc considering 

exclusively the binding energy of the photoelectron signals. The x-ray induced Auger signal (XAES) 

show clear shifts in kinetic energy (KE) and different shape for metals and oxide states [6]. Thus, in 

this work, the percentage of 2p areas of copper and zinc ascribed to oxidised species was calculated 

starting from the oxidised element/metal ratios (eq. 3) determined on the Auger signals, following 

the strategy developed in previous studies [6]. 

                                                              𝑘 =
𝑅𝑜𝑥

𝑅𝑚𝑒𝑡
 eq.3  

Where Rox is the intensity ratio for the oxidized component and Rmet is for metallic component 

calculated as (eq.4): 



 

                                                                     𝑅 =
𝐼2𝑝

𝐼𝐿𝑀𝑀
       eq.4 

k is equal to 1.5 for copper and 0.8 for zinc.  

4.3. Results  

 

4.3.1. Morphology  

The surface of the as received and mechanically polished samples was observed by an optical 

microscope. Some features such as several scratches are revealed on the as received alloy (Figure 

3a), but following the mechanical polishing a less rough surface, with almost no detectable scars is 

obtained (Figure 3b), indicating a proper polishing of the samples for the subsequent XPS and 

electrochemical analyses. 

The area of the CuZn37 surface after the contact with the saliva model solutions, using the 

electrochemical cell described in paragraph 3.2, was opaque and the presence of a film was clearly 

visible as it also appeared in the micrographs (Figures 1c-h). Crystallites are present on the CuZn37 

samples exposed to the D solution: their size increase upon the exposure time (Figures 3c and 3d). 

The same effect was not observed on the samples exposed to C-B (Figures 3e and 3f) and SALMO 

(Figures 3g and 3h) formulations. 

 



 

Figure 3: Optical micrographs of the brass surfaces - objective Epiplan 100 X / 0.75: a) CuZn37 as received; 
b) CuZn37 mechanically polished; c) CuZn37 after 1h in contact with D; d) CuZn37 after 16 h in contact 
with D; e) CuZn37 after 1h in contact with C-B; f) CuZn37 after 16h in contact with C-B; g) CuZn37 after 

1h in contact with SALMO; h) CuZn37 after 16 h in contact with SALMO. 
 

4.3.2. Electrochemical results 

Open circuit potential (OCP) 

 

The open circuit potential (OCP) of the mechanically polished CuZn37 alloy was measured for 1 h, 3 

h and 16 h of exposure to the solutions in equilibrium with air and at ambient temperature (25±1°C). 

The average values of the OCP at the various time are reported in Table 3.  

Immediately after the contact of the CuZn37 samples to the model saliva solutions, the OCP 

decreased for few minutes (Figure 4a). This behaviour can be ascribed to the dissolution of the thin 

surface film developed during mechanical polishing procedure. After the initial decrease, in the case 

of the brass in contact with C-B and SALMO formulations the OCP significantly increased for about 

4 h, then, after 7 hours a plateau is reached and the OCP stayed almost constant at  – 150 mV SCE 



for C-B and at about -200 mV SCE for SALMO solutions up to 16 hours (Figure 4b and Table 3). The 

CuZn37 samples in contact with the D formulation show a decreasing of the OCP in the first hour, 

then it slowly increases reaching the value of -285 (18) mV SCE after 16 hours of exposure (Figure 

4b, Table 3). The reason of this different behaviour will be clarified exploiting X-ray photoelectron 

spectroscopy (vide infra). 

Table 3: OCP mean values (mV vs. SCE) of CuZn37 in contact with the artificial saliva solutions, 
recorded after t= 0 s (E0), t = 1h (E1h), t = 3 h (E3h) and t = 16 h (E16h). Standard deviations are given 
in parentheses. Adapted from [1] 
 

Model solutions Darvell 
Carter-

Brugirard 
SALMO 

OCP vs SCE 
(mV) 

E0 -293 (11) -301(13) -309 (5) 

E1h -327 (1) -311(1) -282 (2) 

E3h -311 (8) -303 (17) -277 (19) 

E16h -285 (18) -164 (6) -190 (15) 

 

  



 

 
 

Figure 4: OCP vs time curves for CuZn37 in contact 1 h (a) and 16 h (b) to Darvell (D), Carter-Brugirard (C-B) and 

SALMO solutions. The results of three independent measurements are reported for each solution. Adapted from 

[1] 

 

 

Potentiodynamic polarization curves (Tafel plot) 

 

The polarization curves of CuZn37 samples exposed in all saliva model formulations examined 

(Figure 5) showed a cathodic branch, an active passive transition and an anodic region. The cathodic 

Tafel region showed c values of -195 (22) mV/dec for C-B, -207 (10) mV/dec for SALMO and -206 

(14) for D respectively, thus quite similar. The anodic Tafel slopes (although not very pronounced)  

a were found to be equal to 60 mV/dec. These values allowed calculating the coefficient B, required 

to determine the corrosion current density from polarization resistance values (section 4.2.5.), 

according to eq. 1:  

                          B = 
βaβc

2.303(βc+βa) 
    (1) 

B values were found to be 20 (2) mV for the three artificial saliva solutions D, C-B and SALMO.  

After the current maximum, an anodic plateau is observed; the current density for C-B and SALMO 

were in the range of 1.5 – 2.5 A/cm2 while the CuZn37 samples exposed to D solution showed a 

current density of 7 – 8 A/cm2 thus higher than in the other formulations. 



   
Figure 5: Potentiodynamic polarization curves of brass after 1 h of exposure to a) D, b) C-B and c) 
SALMO. The results of three independent measurements are reported for each solution. Adapted from 
[1] 

 

  



Linear Polarization resistance (LPR) and corrosion rate 

 

Following the OCP measurements, LPR measurements were carried out for each immersion time of 

1 h, 3 h and 16 h. The linear polarization resistance measurements (Appendix A- Figure A.2) are 

curves characterized by a linear region at ± 20 mV around the OCP. The slope of the linear region 

provides the polarization resistance (Rp) values. In Table 4 the Rp values obtained for each 

immersion times and formulations are given. The Rp values increased upon the exposure time and, 

for each time, the values obtained with D solution were the lowest. The corrosion current density 

(icorr) was calculated from the Rp measurements by equation proposed by Stern and Geary. [22] The 

constant B was experimentally calculated according to equation 1. 

The average corrosion rates vcorr (Table 5) were calculated over three independent measurements 

for each immersion time by equation 8 in chapter 3 (Farady’s law). The highest corrosion rate were 

observed the for the D solution and for each formulation it decreased upon immersion time.  

 

 

Table 4: Polarization resistance (Rp) mean values at various immersion times for each model solution. 
Standard deviations are given in parentheses. Adapted from [1]. 

Model solutions Darvell 
Carter-

Brugirard 
SALMO 

Rp1h 

[k . cm2] 
4.8 (0.6) 8 (1) 16 (2) 

Rp 3h 

[k . cm2] 
9 (4) 23 (10) 136 (54) 

Rp 16h 

[k . cm2] 
89 (6) 256 (41) 338 (79) 

 

 

 

 



Table 5: Corrosion rate (vcorr) mean values at various exposure times for each model solution. 
Standard deviations are given in parentheses. Adapted from [1]. 

Model solutions Darvell 
Carter-

Brugirard 
SALMO 

vcorr1h 

[m / year] 
48 (11) 30 (8) 15 (2) 

vcorr 3h 

[m / year] 
27 (12) 10 (5) 1.8 (0.7) 

vcorr 16h 

[m / year] 
3.0 (0.3) 0.9 (0.2) 0.8 (0.2) 

 

 

4.3.3. XPS results 

CuZn37 mechanically polished  

 

The XPS survey spectrum (Figure 6a) shows the presence of the Cu and Zn signals, that belong to 

the alloy, C and O due to the exposure of the brass surface to the ambient during the mechanical 

polishing procedure and the sample transfer to the spectrometer. The high-resolution spectra of 

copper and zinc show Cu 2p3/2 signal at 932.5 (0.1) eV and Zn 2p3/2 at 1021.7 (0.1) eV (Figure 6b and 

Figure 6c). As it is well known, that Cu 2p and Zn 2p signals do not show a chemical shift between 

Cu (0) and Cu (I), and Zn (0) and Zn(II) in ZnO at the energy resolution commonly available with 

laboratory XP-spectrometers. Nevertheless, the Auger electron signals [4-21] induced by the x-ray 

excitation of the material allows distinguishing them. The CuL3M4,5M4,5 and ZnL3M4,5M4,5 Auger 

signals have a quite complex shape since they consist of five and four components for Cu(0) and Cu 

(I) respectively, and of five components for both Zn (0) and ZnO. [6]; it is thus necessary to use a 

curve fitting procedure to separate the peaks in order to be able to determine the kinetic energy 

due to the various chemical states. In this work the approach proposed in [6] based on the 

parameters obtained by analysing reference materials was performed. In Figures 6b and 6c, the 

envelope of the components assigned to metallic copper and zinc are showed in blue while the 

envelope of the components assigned to Cu(I) and Zn (II) are showed in red. The energy values, 

FWHM and line shapes of both photoelectron and Auger peaks (GL ratio and tail function) are 

provided in Table 6. For both copper and zinc, the kinetic energy of the Auger peaks provided in 

Table 6 refers to the most intense 1G component of the metal and oxides multiple peaks.[6]  



The CuL3M4,5M4,5 signal showed a major contribution of Cu (0) at 918.5 (0.1) eV (kinetic energy) and 

a weak component due to Cu (I) at 916.7 (0.1) eV (Figure 6d). The ZnL3M4,5M4,5 signal (Figure 6e) 

showed the presence of two components ascribed to Zn (0) and to Zn (II) at 992.1 (0.1) eV and 987.9 

(0.1) eV respectively [6-23-24] suggesting that a thin oxide layer mainly composed of ZnO is growth 

on the MP CuZn37 surface.  

  



 

 

  

Figure 6: a) Survey spectrum of mechanically polished CuZn37. b) High-resolution spectra of Cu 2p3/2 of 
mechanically polished CuZn37 c) High-resolution spectra of Zn 2p3/2 of mechanically polished CuZn37 
d) X-ray induced Auger spectra (XAES) of Cu L3M4,5M4,5 and e) of ZnL3M4,5M4,5 of mechanically polished 
CuZn37. Adapted from [2] 
 

a) 

d) 

e) 



Table 6: Peak parameters for fitting the Cu 2p3/2, Zn 2p3/2, O1s, Cu L3M4,5M4,5 and Zn L3M4,5M4,5 

spectra of CuZn37 samples following mechanical polishing. 

Brass CuZn37 alloy after mechanical polishing  

Peak BE  

(eV  0.1) 

FWHM (eV± 
0.1) 

Line shape 

Cu 2p3/2 932.5 1.4 GL (82)T(2.5) 

Zn 2p3/2 1021.7 1.7 GL (92)T(2) 

O 1s 530.4 2.0 GL (45) 

O 1s 532.0 2.0 GL (45) 

O 1s 533.9 2.0 GL (45) 

Signal KE (eV  0.1) 

Cu L3M4,5M4,5 metal 918.5 

Cu L3M4,5M4,5 oxide 916.7 

Zn L3M4,5M4,5 metal 992.1 

Zn L3M4,5M4,5 oxide 987.9 

 

In order to determine the thickness of the film formed after mechanical polishing, both angle-

resolved analyses and compositional depth profile by Argon ion etching were performed. The 

thickness of the layer is supposed to be in the nanometre range since the metallic component of 

copper and zinc were detected and the surfaces did not appear porous in the micrographs (Figure 

3).  

Since copper seems to be mostly present as Cu (0) and Zn is present both as Zn (0) and Zn (II), zinc 

is considered for thickness estimation by angle resolved XPS (ARXPS). The ARXPS results showed 

that the metallic zinc component was detectable even at high emission angles (Figure 7) 

substantiating the hypothesis of the presence of an oxide film less thick than the sampling depth in 

XPS analysis that is estimated to be about 2 nm for Zn (at 53° emission angle) ( Appendix A -Figure 

A.3). 

  



 

Figure 7: Zn L3M4,5M4,5 XAES spectra acquired at two different emission angles 24.9° and 66.1° of a 
mechanically polished CuZn37 sample. 

 

The spectra show the presence of two convoluted signals having the KE at 992.1 (0.1) eV and at 

987.9 (0.1) eV assigned to Zn(0) and ZnO respectively. 

 The metal component decreases as the angle of emission increases, while the oxide component 

increases (Figure 8).   

 

Figure 8: Angle resolved results acquired on mechanically polished CuZn37. Apparent concentrations in 
atomic percentage versus the emission angle are reported considering Zn(0) and ZnO.  Mean and 
standard deviations were calculated over three independent measurements. 

 

 

 



Different methods were used to determining the thickness, analysing the zinc spectra:  

1. A more rigorous approach, recording a complete series of angle resolved data (16 angles 

were recorded, from 24.9° to 83.1°) and using the equation: 

ln [1+R/ R∞] = d/ (λZnO cosθ) eq. 1 

where R is the ratio of intensities of metallic and oxide components experimentally 

determined and R∞ is the ratio of the same intensities considering a thick sample (thickness 

> 100 nm) [17], d is the layer thickness considering the contamination layer.  

The range between 24.9° and 66.1° was considered, because at higher emission angles the 

elastic scattering effects affect the spectra [17].  Thus, by plotting, for each angle, the left-

hand side of this equation vs (1/cosθ), it results in a straight line whose slope is equal to 

d/λZnO, (where λZnO is the attenuation length of the Zn2p3/2 photoelectrons that move toward 

the surface through a ZnO layer calculated applying G1 equation [25] using the NIST Electron 

Inelastic-Mean-Free-Path Database [26]);   

 

2. In the second method the intensities of the metallic zinc component 𝐼𝑚 at two different 

emission angles, 24.9 ° (𝜃1= “bulk” angle) and 66.1 ° (𝜃2 = surface angle) are considered by 

using the equation:  

𝐼𝑚(𝜃1)/𝐼𝑚(𝜃2) = exp [d 𝜆𝑜𝑥 (1/𝑐𝑜𝑠𝜃2−1/𝑐𝑜𝑠𝜃1)] eq.2 [17, 27] 

being 1,2 two emission angles, Im( 1) and Im( 2) are the intensities of the photoelectrons 

emitted by the metallic components (Zn(0) in Figure 6) at 1 and 2,  ox is the inelastic mean 

free path of the zinc oxide and d is the total thickness of the overlayer equal to the sum of 

the contamination and the oxide layer thicknesses. 

3. The equation (1) was also exploited to estimate the thickness considering only one angle 

(24.9°). 

4. Compositional depth profile was obtained by bombarding the sample with Argon ions, the 

details are reported in section 4.2.6.   

The values of the layer thickness and the respective standard deviations determined using the 1-3 

methods are reported in table 7.  

  



 

Table 7: Thickness values obtained by 1-3 methods. Standard deviations are reported in 
brackets. 

Methods Thickness (nm) 

1 (ten emission angles from 24.9° to 66.1°)  1.3 (0.1) 

2 (two different emission angles: 24.9° and 

66.1°) 
1.2 (0.4) 

3 (one emission angle 24.9°) 1.4 (0.1) 

 

The compositional depth profile is presented in Figure 9: the abscissa reports the sputtering time 

together with the estimated depth, the ordinate is the atomic fraction. The sputtering rate was 

determined using a SiO2 layer on a silicon wafer and more details on the method followed here 

for determining the interface between the surface layer and the substrate alloy are provided in 

paragraph 4.2.6. After 20 seconds of ion-sputtering the C 1s signal is no more revealed, 

suggesting that this element belonged to the most outer layer also known as contamination 

layer; It is possible to estimate that the contamination layer is about 0.4 nm thick. The value of 

the thickness d is estimated to be about 1.6 nm, being d the total thickness, i.e. the sum of the 

outer layer and of the surface layer grown on the brass surface.  

  



 

 

 

Figure 9: Example of a compositional depth profile obtained by Argon ion sputtering of a 
mechanically polished CuZn37 sample. 

 

This value is in good agreement with the values obtained by ARXPS and with the thickness of the 

film on mechanically polished brass reported in previous works. [6,27] 

  



CuZn37 exposed to saliva formulations 

 

In all three saliva solutions a surface film visible to the naked eye was formed on the surface of 

the CuZn37 samples as shown in the micrographs (Figure 3). The XPS analysis was performed in 

small-area mode selecting the center of the exposed area to the solution and using a spot size 

of 400 m in this condition the analysed area was reported to be 0.5 mm2. [28] In the contact 

area, in addition to Cu, Zn, C and O, sulphur and nitrogen signals were detected in the survey 

spectra of all the samples; on the surface of the brass samples exposed to C-B and SALMO model 

solutions, phosphorus signals were also detected, while P2p was not revealed on the sample 

exposed to D (Figure 10). In the samples exposed to SALMO calcium is also revealed.  

 

 

Figure 10: XPS Survey spectra of a mechanically polished CuZn37 alloy after 1 h of contact with D, C-
B and SALMO saliva solutions. Adapted from [1] 

 

The binding energy (BE) and the kinetic energy (KE) of the most intense photoelectron and Auger 

peaks are provided in Table 8. The Cu 2p3/2 signal showed a single peak at 932.5 (0.1) eV for all 

samples (Figure 11). The Zn 2p3/2 signal was found at 1021.7 (0.1) eV when the brass samples 

were exposed to D solution, This signal might contain Zn(0) and ZnO contributions. After 1h of 

exposure to SALMO and C-B solutions the Zn 2p3/2 signal was revealed at 1022.9 (0.1) eV and in 



this case the signal was attributed to zinc-phosphate suggesting that on the surface a zinc 

phosphate film was grown during the contact with this saliva solution (Figure 11) [29-30]. The 

main component of the Zn L3M4,5M4,5 Auger signals was found at 985.6 (0.1) eV. On the CuZn37 

samples exposed to D formulation, only metallic zinc and oxide components were revealed 

(Figure 12a). The Auger signal was found at 987.8 (0.2) eV and it was assigned to ZnO according 

to the literature [4]. The main component in the Cu L3M4,5M4,5 spectra was located at 915.5 (0.1) 

eV after 1 h of contact with SALMO and C-B. In the case of the samples exposed to D, the Cu(I) 

component was found at 916.0 (0.3) eV and it was attributed to CuSCN [5,7,27] (Figure 12b). 

The Auger parameters ’, were also calculated according to [31-33] and are listed in Table 8.    

  



 

 

 

Figure 11: High-resolution XP-spectra on the left: Cu 2p3/2, on the right: Zn 2p3/2 of CuZn37 alloy 
exposed for 1 h to D, C-B and SALMO (from top to down respectively). A Shirley-Sherwood 
background subtraction was applied prior curve-fitting.  

  



  

 

(a) 
 

 (b) 
Figure 12: a) High-resolution  XP-spectra of Cu L3M4,5M4,5 and b) Zn L3M4,5M4,5 of CuZn37 alloy 
exposed for 1 h to D, C-B and SALMO (from top to down respectively). A Shirley – Sherwood 
background subtraction was applied before curve-fitting. 

, , 



Table 8: Binding energy (BE) of the most intense photoelectron peaks, kinetic energy of Auger peaks of 
the elements detected on CuZn37 surface after 1h of contact with Darvell (D), Carter-Brugirard (C-B) and 

SALMO saliva model solutions. Auger parameters (’ = BE + KE) of Zn and Cu are also reported. Standard 
deviations are given in parentheses. Data reported in [2] 

CuZn37 
D 1h 

 

C-B 1h 

 

SALMO 1h 

 

BE (eV) BE (eV) BE (eV) 

C 1s (-SCN) 285.8 (0.1) 
286.0 
(0.1) 

286.1 (0.1) 

Cu 2p3/2 932.5 (0.1) 
932.5 
(0.1) 

932.5 (0.1) 

N1s 398.7 (0.1) 
398.7 
(0.1) 

398.7 (0.1) 

N1s 400.2 (0.1) 
400.2 
(0.1) 

400.2 (0.1) 

O1s 530.8 (0.2) 
531.6 
(0.1) 

531.7 (0.2) 

O1s 532.0 (0.1) 
532.5 
(0.1) 

532.5 (0.1) 

O1s 533.2 (0.3) 
533.4 
(0.2) 

533.9 (0.2) 

S 2p3/2  

(-SCN) 
163.2 (0.1) 

163.5 
(0.1) 

163.5 (0.1) 

S 2p (II) 161.9 (0.1) - - 

P 2p3/2 - 
134.2 
(0.1) 

134.4 (0.1) 

Ca 2p3/2 - - 348.7 (0.1) 

Zn2p3/2 
1021.7 

(0.2) 
1022.9 

(0.1) 
1022.9 (0.1) 

 KE (eV) ’ KE (eV) ’ KE (eV) ’ 

Cu L3M4,5M4,5 

film 
916.0 (0.3) 

1848.5 
(0.2) 

915.5 
(0.1) 

1848.0 
(0.1) 

915.5 (0.1) 
1848.0 

(0.1) 

Zn L3M4,5M4,5  

film 
987.8 (0.2) 

2009.5 
(0.3) 

985.7 
(0.1) 

2008.6 
(0.1) 

985.4 (0.1) 
2008.3 

(0.1) 

 

Quantitative composition (at %) of the main elements detected and the Zn to Cu ratio on CuZn37 

surface after 1h of contact with Darvell (D), Carter-Brugirard (C-B) and SALMO artificial saliva 

solutions are reported in Table 9. The Zn/Cu atomic concentration ratio differs on the surfaces 

exposed to the different formulations: the samples exposed to D formulation show a lower ratio 

than in the other cases. 

 



Table 9: Quantitative composition (at %) of the main elements detected and Zn to Cu ratio on CuZn37 
surface after 1h of contact with Darvell (D), Carter-Brugirard (C-B) and SALMO saliva model solutions. 
Standard deviations are given in parentheses. Data reported in [2] 

 CuZn37 

D 1h C-B 1h SALMO 1h 
SALMO 1h 

With calcium 

at % at % at % at % 

C 1s (-SCN) 19.0 (1) 14.8 (0.3) 13.4 (0.4) 13.0 (0.5) 

Cu 2p3/2 film 28.0 (2) 10.0 (0.6) 12.4 (0.4) 12.1 (0.3) 

N1s 13.0 (2) 7.4 (0.5) 8.7 (0.4) 8.5 (0.4) 

N1s 2.1 (0.5) 0.7 (0.2) 0.7 (0.2) 0.7 (0.2) 

O1s 12.0 (2) 32.0 (1) 31.3 (0.4) 30.6 (0.4) 

S 2p3/2 (-SCN) 17.0 (3) 12.0 (0.5) 14.1 (0.5) 13.8 (0.5) 

S 2p (II) 5.0 (2) - - - 

P 2p - 7.4 (0.4) 7 (1) 7 (1) 

Ca 2p - - - 2.5 (0.7) 

Zn2p3/2 film 4 (1) 15 (1) 12.0 (0.6) 11.7 (0.6) 

 D 1h C-B 1h SALMO 1h 

Zn film / Cu 
film 

0.15 
(0.03) 

1.5 (0.2) 0.97 (0.07) 

 

The S 2p high-resolution spectra (Figure 13a) show on all samples the presence of a doublet 

located at 163.4 (0.1) eV assigned to -SCN. [3,5,7,27]. A second doublet with the peak maximum 

of the S 2p3/2 is at 161.9 (0.1) eV, is only found following the exposure of the CuZn37 alloy to D 

solution. The interpretation of this second component is provided in the Discussion section.  

P 2p signal at 134.3 (0.1) eV was ascribed to a phosphate [5,7,27,29-30]. This signal was only 

present on the brass exposed to SALMO and C-B formulations. On the CuZn37 surface exposed 

to D formulation no P signal was revealed (Figure 13b).  



The N 1s high-resolution spectra (Figure 13c) showed on all samples the presence of two 

components, one at 398.7 (0.1) eV attributed to a -SCN and the other one at 400.2 (0.1) eV that 

might be due to organic residuals, such as urea, according to the literature. [3,5,7,27]  

The Ca 2p signal (Appendix A- Figure A.4) at 348.7 (0.1) eV was attributed a CaCl2 [34] present in 

the SALMO formulation, no Cl signals were revealed. 

 

 

 

 

Figure 13: a) High-resolution spectra of S2p and b) P2p c) N1s of CuZn37 after 1 h of contact with 
(top to bottom) Carter-Brugirard (C-B), SALMO and Darvell (D) formulations. A Shirley – Sherwood 
background subtraction was applied before curve-fitting. Adapted from [2] 

 

The angle-resolved analyses were also performed for the sample exposed to the saliva solutions. 

The apparent concentrations vs emission angles considering the film composition are reported in 

Figure 14.  

 

 



 

 

 

Figure 14: Angle resolved results acquired on samples exposed to a) D, b) C-B, c) SALMO. Apparent 
concentrations in atomic percentage versus the emission angle are reported, considering the film 
composition. 

 

The apparent concentration vs angles plot for the sample exposed to Darvell solution (Figure 14 a) 

shows a quite homogenous film in composition at all angles, mainly composed of CuSCN, as reported 



in Table 9. The film formed after the contact with C-B solution (Figure 14b) results enriched on near 

surface (66.1 °) in CuSCN: the atomic percentages of phosphorous, oxygen, and zinc (attributed to 

zinc phosphate) decrease with the increasing of the emission angle. In the case of the brass exposed 

to SALMO solution, also calcium was revealed (Table 9). Ca is detected also at small emission angle, 

suggesting that it is part of the film. Also in this case, the film results enriched on CuSCN at surface 

angles.  

Since the samples exposed to Darvell show the presence of metallic copper and zinc component at 

all the considered angles, the thickness of the film by using 1-3 methods (eq. 1-2) was also 

determined and will be discussed in the next paragraph. (Figure 15). The metallic components 

markedly decrease with the increase of emission angles.  

 

Figure 15: Apparent concentrations in atomic percentage versus the emission angle. Angle resolved 

results acquired on samples exposed to a) D. Metallic and oxidized zinc and copper components are 

reported.  

 

  



4.4. Discussion  

4.4.1. Effect of exposure time  

No differences on the open circuit potential at the beginning of the exposure (E0) were observed 

with the different formulations and it was found to be 301 (12) mV vs SCE.  After few minutes of 

contact the OCP decreased (Figure 4) reaching a minimum due to the dissolution of the film formed 

at the surface of the brass upon mechanical polishing. [3,5,7,27] Increasing the exposure time, the 

open circuit potential becomes more positive in all the formulations (Figures 4b and 16a) and in the 

case of the C-B and SALMO, the OCP trend was similar to the trend observed for the CuZn37 in 

contact with Tani-Zucchi artificial saliva. [3,5,7,27] Upon contact between the brass and D solution, 

the OCP reached lower values in comparison with C-B and SALMO (Table 3 and Figure 16a).  In 

parallel, a marked increase with exposure time of the polarization resistance, Rp, is observed for all 

the solutions (Figure 16b) being the Rp measured after 16 hours about 20 times higher than the Rp 

measured after 1 hour. This is probably due to the formation of a protective film that leads to a 

decrease of the corrosion rate.  

a) 

 

b) 

 

Figure 16: a) Open circuit potential versus time and b) polarization resistance (Rp) vs time for CuZn37 exposed 
for 1, 3 and 16 h to D, C-B and SALMO.  Three independent measurements for each solution were performed. 
adapted from [1] 

 

4.4.2. Dissolution mechanism  

The log Rp vs OCP plot can be exploited with the aim of clarifying the electrochemical mechanism 

of dissolution of the brass CuZn37 in contact with the artificial saliva formulation (Figure 17). Rp 

increases exponentially with OCP resulting in a straight line in the log Rp vs OCP plot for all the 



solutions here adopted; the same trend was observed also for CuZn37 in contact with the Tani -

Zucchi formulation from previous works. [5,7,27] The exposure time increases from the left side to 

the right side of of figure 17. The slope of the line ∆log Rp / ∆OCP is positive , and it is about 120 mV 

decade-1. 

 

 

Figure 17: Diagram log Rp vs. OCP for CuZn37 after 1, 3 and 16 hours of contact with Darvell, SALMO and 
Carter-Brugirard. For comparison, the results previously obtained with Tani-Zucchi saliva are also 
reported [5,7,27]. Three independent measurements for each solution were performed. adapted from 
[1] 

 

These results allow concluding that that the dissolution of the CuZn37 alloy is under anodic control 

for all the tested solutions: the rate of the anodic reaction decreases with exposure time due to the 

formation of a protective film that slows down the dissolution of the alloy, in agreement with [3,5-

7,27]. EIS results on brass alloys with different composition exposed to Tani-Zucchi formulation [7] 

demonstrated that the corrosion rate was limited by the surface film formed following the brass 

dissolution. 

4.4.3. Practical implications - corrosion rate  

The corrosion current density (icorr) decreased with exposure time (Figure 18) reaching values 

between 0.05 and 0.1 µA / cm2 after 16 hours. The proportionality factor of 12 was found between 

the corrosion rate and the icorr (1 µA / cm2 corresponds to 12 µm of section loss per year). The icorr 

values after 16 hours of exposure to D solution were about three times than the icorr measured after 

contact with C-B and SALMO. (Table 5).  Even if the composition of human saliva were similar to that 

of the solutions here adopted, corrosion damage on brass wind instrument would show only after 

years of use. Furthermore, the results here presented were obtained on mechanically polished 



CuZn37 samples; the presence of the natural patina on the surface of real brass wind instruments 

slows down the dissolution of the alloy.  

 

 

 

 

Figure 18: Corrosion density icorr for CuZn37 after 1, 3 and 16 hours of contact with Darvell, SALMO and 
Carter-Brugirard. For comparison, the results previously obtained with Tani-Zucchi saliva are also 
reported [5,7,27]. Three independent measurements were performed for each solution. Adapted from 
[1] 

 

4.4.4. Influence of saliva composition  

The different corrosion behaviour of CuZn37 exposed to D can be related to the presence of sodium 

citrate, lactic acid and uric acid, together with urea in this formulation while in C-B and SALMO the 

main organic constituent was urea. the presence of these components seems to influence the 

corrosion rate, despite the low concentration. Also, in the Tani-Zucchi formulation, urea was the 

main organic constituent ad from previous XPS studies on CuZn37 exposed to Tani-Zucchi artificial 

saliva [5,7,27] the presence of a film mainly composed of copper (I) thiocyanate and zinc phosphate 

was reported.    

 

 



4.4.5. Effect of citrate on film composition  

Following the contact of the brass with the solutions for one hour, sulfur signals were detected in 

XPS survey spectra recorded on all the samples; P signals were only revealed on the samples 

exposed to C-B and SALMO (Figure 7) despite the phosphate concentration was similar in all the 

formulations. The absence of P signals and the lowest Zn/Cu ratio observed on CuZn37 exposed to 

Darvell solution allowed excluding the formation of zinc phosphate. In Darvell solution there are 

constituents that could act as ligand for Zn leading to the formation of a soluble zinc complex that 

might limit the growth of the protective films made of Zn3(PO)4 that was observed on the surface of 

CuZn37 exposed to SALMO and C-B solutions. Citrate and lactic acid might form soluble complexes 

with zinc, but from the formation constant values (Kf) [35] it can be seen that the formation of zinc 

citrate (Figure 19) is favoured (Table 10). To demonstrate the role of citrate ion, a mechanically 

polished CuZn37 sample was exposed for 1h to a solution of trisodium citrate dihydrate with the 

same concentration of trisodium citrate in D solution. Also, in this case the Zn/Cu ratio is about 3 

times lower than on mechanically polished CuZn37 (Figure 20a and Table 11). Comparing the Zn  

L3M4,5M4,5 (Figure 20 b and Figure 20 c) and C1s spectra (Figure 20d and Figure 20 e) of the sample 

exposed to the citrate solution and the MP sample, there are no great differences, thus confirming 

the hypothesis of the possible formation of the soluble zinc-citrate complex.  

  



Table 10: Apparent dissociation costant Kapp or conditional constants for zinc citrate and zinc 
lactate, referring to pH value 7,7 ; Kd = 1/Kf. [35] 

 

Zinc ligands Kd app * 

Citric acid (citrate) 1,17 * 10-12 M2 

Lactic acid (lactate) 1,38 * 10 -2 M 

 

 

Figure 19: Zinc citrate complex structure, adapted from. [35]  

 

Table 11: Zn/Cu atomic ratio for MP sample and the brass exposed to citrate.  

Zn / Cu 

CuZn37 MP 0.90 (0.02) 

CuZn37 Citrate 0.28 (0.02) 



 

4.4.6. Effect of uric acid  

Cu (I) usually coordinates the SCN- ion via sulphur atom, since it is soft Lewis acid [34] SCN- ion is an 

ambidentate ligand and if it is the only ligand present, its mode of bonding generally follows the 

 

 a) 

 

 

Figure 20: a) Survey spectra of mechanically polished (MP) CuZn37 and CuZn37 samples after 1h of 
contact to trisodium citrate solution; b) Zn L3M4,5M4,5 spectra of CuZn37 alloy after 1 h of contact to the 
citrate. solution; c) Zn L3M4,5M4,5  spectra of the MP CuZn37; d) C 1s spectra of  CuZn37 alloy exposed for 
1 h to the citrate solution; e) ) C 1s spectra of  MP CuZn37. Adapted from [2] 



hard (M-NCS) or soft (M-SCN) principle [34]. When other ligands are present, the metal can behave 

as hard- or soft ion resulting in different thiocyanate complexes [36-38]. The presence of a sulphur 

component at 161.9 eV might be explained with the presence of Cu (I) sulphide [38-40], or of a 

mixed complex where thiocyanate coordinates copper both via S and via N, in analogy with the 

results reported in literature in the presence of ligands as bipyridine with other metal ions.  [43-45] 

To investigate the possible formation of the mixed complex due to the presence of uric acid in D 

solution, a pure copper sample was exposed for 1 h to a solution containing of NaSCN and uric acid 

with the same concentration as in D.  The same experiment was repeated replacing the uric acid 

with lactic acid. When uric acid (Figure 21) and sodium thiocyanate were simultaneously present, 

the S2p showed the presence of the component at 161.9 (0.1) eV (Figure 22). This result 

corroborates the hypothesis of the formation of a mixed complex where SCN- coordinates Cu (I) 

both via S- and via N- atoms due to the steric and electronic effects exerted by uric acid. The 

presence of Cu2S can be ruled out if the chemical state plot of copper is taken into account.  

  



 
Figure 21 : uric acid structure. (Public domain, copyright not applicable)  

 

 

4.4.7. Wagner plots  

A powerful tool for determining the chemical state is the Wagner chemical state plot [31- 33, 34]: it 

combines the kinetic energy of the X-ray induced Auger lines (y-axis) and the binding energy of 

photoelectron lines (on the x-axis) of the same element. With the sum of them, another important 

parameter could be determined: the Auger parameter ’. This sum will be the same, independent 

of sample charging, and is found in the chemical state plot as a series of diagonal lines representing 

equal ’ (Figure 23). The chemical state plot allows a more accurate assignment of the chemical 

state of the same element, in particular for copper and zinc compounds.    

The points of Zn (0), ZnO and Zn-phosphate fall in different regions of Zn- chemical state plot (Figure 

23a); also in the case of copper, Cu(0), Cu2O and CuSCN are clearly distinguishable in the Wagner 

plot (Figure 23b). At the surface of the MP sample Cu (0), Zn (0), ZnO and Cu2O are detected due to 

the presence of a thin oxide at the brass surface, confirmed also by the ARXPS and depth profile 

data (Table 9 and Figure 10). When CuZn37 is exposed to C-B and SALMO, Zn3(PO4)2 and CuSCN are 

a) 

 

b) 

 

Figure 22: High-resolution spectra of S2p signal of a) pure copper exposed to NaSCN (0.20 g / dm3) and 
lactic acid (0.07 g / dm3) solution and b) pure copper exposed to NaSCN (0.20 g / dm3) and uric acid (15 
mg / dm3) solution. Adapted from [2] 



the main constituents of the protective film, while only Zn (0) and ZnO are revealed upon the contact 

with D solution.  The ’ values of Zn for the CuZn37 exposed to C-B (’ = 2008.6 (0.1) eV) and SALMO 

(’ = 2008.3 (0.1) eV) are in agreement with those obtained for standard of Zn3(PO4)2, while ’ value 

for CuZn37 exposed to D (’ = 2009.5 (0.3) eV) is close to the value reported for ZnO [4,46] and for 

Zn(acac)2 and for Zn (Captopril). [31] Captopril, acetylacetonate and citrate ligands coordinate zinc 

atoms in a similar way, thus preventing the possibility of ruling out the presence of surface 

complexes in this case. 

As far as copper, the Auger parameter values obtained for CuZn37 exposed to C-B and SALMO (’ = 

1848.0 (0.1) eV) are typical for copper thiocyanate where SCN- is bonded via sulphur in analogy with 

results obtained on CuZn37 exposed to Tani-Zucchi artificial saliva [5-7,27] and for the complexed 

of copper with 1-(D-3-mercapto-2-methylpropionyl)-L-proline (captopril, CAP) [46]. ’ values for 

CuZn37 exposed to D (’ = 1848.5 (0.2) eV) showed a slight positive shift that might be related to 

CuSCN where SCN- is bonded via S- and via N- due to the presence of uric acid. This slight positive 

shift of ’ reflects differences in the extra atomic relaxation energies, determined by the differences 

of the polarizability of the ligand electronic cloud towards the cor e holes formed in copper atoms 

upon photo-emission in analogy with results reported by Battistoni et al [47] for copper polynuclear 

compounds. 

 

 



 a) 

 

b) 

 

Figure 23: Wagner chemical state plot of a) zinc and b) of copper using data obtained in this 

work and data from literature [5-7,27, 29,30] for CuZn37 MP, exposed 1h to artificial saliva, and 

for reference materials (Zn(0), ZnO and Cu(0), Cu2O, CuSCN).    

 



4.4.8. Effect of the thickness 

The thickness of film determined for the MP sample is in good agreement among the methods used 

and also with the literature [6,26]. For the samples exposed to Darvell solution, the presence of the 

metallic component on XAES spectra of Cu and Zn indicates the presence of a very thin film (Figure 

9). The thickness of the film formed after 1 hour of exposure of Darvell solution was calculated by 

using three different methods starting from ARXPS data and the values are reported in Table 12.  As 

for the MP sample, the ratio of ZnO and Zn(0) intensities was taking into account.  

Table 12: Thickness values of film formed after 1 hour of brass exposure to D solution obtained 
by 1-3 methods. Standard deviations are reported in brackets.  

Methods Thickness (nm) 

1 (different emission angles 
from 24.9° to 66.1°) 

0.57 (0.05) 

2 (two different emission 
angles 24.9° and 66.1°) 

0.7 (0.2) 

3 (one angle 24.9°) 0.57 (0.08) 

 

For the samples exposed to C-B and SALMO solution, the metallic component was revealed only at  

a small emission angle. For this reason, the thickness can be estimated taking into account only the 

smallest emission angle, considering for R calculation the intensity ratio between Zn(0) and Zinc 

phosphate, and for R∞ , the density the molar mass, and the  value calculated for zinc phosphate. 

The thickness was found to be 5.2 (0.1) nm for SALMO and 6.6 (0.5) nm for C-B. Considering that 

the sampling depth (3cos) for metallic zinc at 53 ° is about 2 nm, the thickness obtained could be 

a reasonable value for the films formed in these samples. These facts could explain the high 

corrosion rate observed for brass exposed to the D solution: the film formed was less protective 

than the ones formed in SALMO and C-B solutions.  

Despite the film thickness estimation taking into account a single emission angle is quick and useful, 

it is less accurate when complex systems are considered. Not only the acquisition and analysis of a 

complete set of ARXPS data allow obtaining a more accurate thickness estimation, but in  the case 

of in-depth inhomogeneous layers it allows also highlighting the presence of gradients. The 

thickness estimation by equation 1 does not allow for distinguishing between the thickness of the 

film and of the organic contamination layer.  



For multi-layered films, if the thickness of the layers has to be estimated, equation 1 cannot be 

applied due to the fact that it only allows obtaining the thickness of the whole film; in such cases, 

the reconstruction of the depth profiles from ARXPS data can be obtained by algorithms based for 

example on the maximum entropy method (MEM).  [49-51] 

  

4.5. Conclusions 

On the basis of the results obtained in this work, the following conclusions can be drawn:  

• The corrosion behaviour of brass and the composition of the surface film are strongly 

influenced by the composition of the model solution:  

• From OCP and Rp measurements it can be concluded that the dissolution 

mechanism of CuZn37 is under anodic control for all the considered 

formulations.  

• The corrosion rate varies in the order: D > C-B > SALMO and it significantly 

decreases upon the exposure time. 

• The corrosion rate depends on the presence of organic ligands in the model 

solutions: citrate ions in Darvell formulation favour zinc dissolution and 

hinder the precipitation of zinc phosphate that is found to play a protective 

role against further corrosion together with CuSCN. 

• The films thickness for the samples exposed to saliva solutions was found to 

be about 0.6 nm, for Darvell, and in the range of 7-9 nm for SALMO and C-B. 

These facts could explain the high corrosion rate observed for brass exposed 

to D solution: the film formed was less protective than the ones formed in the 

other solutions.  

• The Auger parameters and chemical state plot allowed to unambiguously assign the 

chemical state of zinc and copper.  

• The synergistic combination of electrochemical and surface analytical results allows us to 

correlate surface composition and corrosion rates. 
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Chapter 5. Thin Films on stainless steel DIN 1.4456  

 

This chapter shows the results obtained on the growth and characterization of thin films at the 

surface of the Ni-free 1.4456 stainless steel in contact with three different formulations of artificial 

saliva. The first section provides a short introduction aiming to explain the purpose of the work. 

Then, the experimental details of the electrochemical measurements and of surface analysis are 

presented. The results of the investigation are displayed and discussed in the last two sections. 

The electrochemical experiments in this section are performed in collaboration with Giulia Usai, 

undergraduate student at the University of Cagliari, under my tutoring.  

 

5.1. Introduction 

Nickel allergy is the most common allergy in the world population and it is more common in women 

than in men with a prevalence of 17% and 3%, respectively. [1]. Due to the diffusion of Ni allergy, 

the European Commission in 1994, prohibited the use of products that allow a Ni release per week 

higher than 0.5 μg/cm2. [2] 

In sensitized subjects, contact with nickel causes the appearance of dermatological symptoms, 

regardless the contact with the epidermis. In fact, these symptoms were also found in patients with 

dental or orthopedic prostheses. [1] For these reasons, Ni-bearing alloys used for implants have to 

be replaced with more suitable Ni-free materials.  

In previous research [3], the stability and the reactivity of the Ni-free 1.4456 stainless steel in contact 

with a solution simulating human saliva, made up according to the formulation proposed by Tani 

and Zucchi (TZ), [4] was investigated by the combination of electrochemical techniques and  x-ray 

photoelectron spectroscopy, in order to evaluate the possibility of exploiting this SS for orthodontics 

applications. The main inorganic constituent of TZ solution was KCl (0.02 mol/dm3) together with 

Na2HPO4 (0.0014 mol/dm3), NaHCO3 (0.0015 mol/dm3) and KSCN (0.0053 mol/dm3). As far as the 

organic components, only urea (0.017 mol/dm3 and -amilase (0.1 g/dm3) were present. The 

authors showed that for prolonged exposure time the passive film formed at the surface of the SS 

was enriched in chromium oxy-hydroxide and depleted in FeO and manganese. Manganese 

depletion was observed also on the alloy beneath the passive film. Since for the longest exposure 



time the maximum corrosion rate was found to be 0.1 m/year, the authors demonstrated that the 

1.4456 can be used in orthodontics due to its good biocompatility at 37°C. [3] 

This part of the work studied the corrosion behavior of the same Ni-free 1.4456 stainless steel in 

contact with the same artificial saliva formulations exploited for the study on brass corrosion, thus 

Darvell (D) [5], Carter – Brugirard (C-B) [6] and SALMO [7]. Also in this case, the effect of the different 

organic constituents, especially in D formulation, on the corrosion behavior and on the composition 

of the films is analyzed and discussed. 

 

5.2. Experimental  

5.2.1. Materials and surface preparation 

In this work stainless-steel DIN 1.4456 samples (Kretzschmann GmbH & Co. KG, Birkenfeld / 

Germany) were examined. The composition of the steel is reported in Table 1.  The ‘as received’ 

samples (Figure 1) show various scratches, thus before the electrochemical measurements, they 

were polished with diamond paste to a mirror-like finish according to the procedure described in 

Table 2. The samples were washed with bi-distilled water after each grinding step, and with EtOH 

after each polishing step. The mechanically polished samples were washed with EtOH and dried 

under an argon stream, then, they were transferred to the fast entry air lock of the XPS spectrometer 

and analysed by XPS before the electrochemical tests.  

Table 2: Composition (wt %) of the DIN 1.4456 stainless-steel.  

 

 

Alloying 

elements 
Fe Cr Mn Mo Ni C S Si N P 

wt % 60.1 17.9 18.4 1.9 0.18 0.06 0.04 0.9 0.8 0.025 



 
Figure 1: picture of as received stainless-steel DIN 1.4456 sample. 

 

 

Table 2: Mechanical polishing procedure 

Step Grinding Polishing 

Surface 
500 SiC 

paper 

1200 SiC 

paper 

2400 SiC 

paper 

DP Plus 

cloth with 

3 m 

diamond 

paste 

DP Plus 

cloth with 1 

m 

diamond 

paste 

DP Plus cloth 

with ¼ m 

diamond paste 

Lubricant 

Bi-

distilled 

water 

Bi-distilled 

water 

Bi-distilled 

water 
Ethanol Ethanol Ethanol 

Time [min.] 3 3 2 1.30 1 1 

 

5.2.2. Model solutions 

The artificial saliva formulations employed in this work are Darvell (D), Carter-Brugirard (C-B) and 

SALMO. [5-7] Their chemical composition is reported in Table 2 Chapter 4.2. All reagents used were 

at least of ACS grade and double-distilled water with a specific conductivity of 1.1 ± 0.1 S cm-1 at 

293.16 K was used to make up the solutions. 



5.2.3.  Optical microscopy (OM) 

The morphology of steel surfaces was examined by optical microscopy. The optical micrographs 

were acquired by using an optical microscope Zeiss, Axiolab A (Carl Zeiss Jena GmbH). Digital images 

at various magnifications were taken by a camera connected to the optical microscope. The 

calibration was performed using a TEM grid with a hole size of about 56 m as reference.  

 

5.2.4. XRF analysis  

The X-ray fluorescence spectroscopy (XRF) was exploited to obtain the bulk composition of the alloy 

by a hand-held standard-less- XRF spectrometer SPECTRO xSORT (Spectro Analytical Instruments 

GmbH, Kleve, Germany). The details on instrument set-up and calibration are provided in chapter 4 

(§4.2.4). The results over three independent measurements are reported in table 3 and the 

experimentally determined composition is in very good agreement with the expected one (Table 1).  

 

Table 3: stainless-steel composition by XRF.  

 

 

 

 

 

5.2.5. Electrochemical tests    

A plexiglass three-electrode cell [8,9], with a 0.785 cm2 lateral porthole (ø 1 cm), was used to 

perform the electrochemical tests. The MP samples were positioned and pushed against the o-ring 

sealing of the hole. 200 cm3 of the test solutions were used for each electrochemical measure. A 

potentiostat/galvanostat model VersaSTAT3 (Ametek Scientific Instruments Inc., USA) was used, 

with a platinum counter electrode and a saturated calomel reference electrode (E = + 0.241 V vs. 

NHE). The reference electrode was placed into an intermediate vessel filled with a saturated KCl 

solution and inserted into a Haber-Luggin capillary filled with the test solution. All potentials are 

referred to the saturated calomel electrode (SCE). The electrochemical tests were carried out at 25 

Alloying 

elements 
Fe Cr Mn Mo Ni 

wt % 59 (1) 20 (1) 18.2 (0.1) 1.91 (0.05) 0.13 (0.03) 



± 1 °C and the data are reported as mean value over at least three independent measurements; the 

standard deviation is given in parentheses. The data are acquired using Versa studio software [10]. 

 

Open Circuit Potential (OCP) and Linear Polarization resistance (LPR)  

The open circuit potentials (OCP) of the stainless-steel samples were acquired open to air after 1 h, 

3h and 16 h of contact with the three different artificial saliva solutions. At the end of OCP 

experiments, the linear polarization resistance (LPR) measurements were performed applying a 

potential of ± 20 mV vs OCP and with a scan rate equal to 0.116 mV s-1. From these measurements 

it was possible to determine the polarization resistance values (Rp).  

 

Cathodic and anodic polarization curves  

Cathodic and anodic polarization curves were acquired with a scan rate of 0.2 mV s -1, following the 

OCP measurements for 1 h of contact with the different formulations. The scan was started applying 

a potential of – 1400 mV vs OCP for the cathodic region and then run to the transpassive potential 

for the anodic potentiodynamic curves.  

 

5.2.6. XPS surface analysis   

The surface composition was investigated by X-ray photoelectron spectroscopy (XPS) using a 

ThetaProbe spectrometer (ThermoFisher, East Grinsted UK) equipped with a monochromatic Alk  

source (h = 1486.6 eV). The beam diameter used in this work was 400 m, operating at 6.7 mA and 

15kV (100 W). Survey and high-resolution spectra were acquired with a step size of 1 eV and 0.05 

eV respectively, in fixed analyser transmission mode (FAT). The pass energy was set at 200 eV for 

the acquisition of survey and 100 eV for the high-resolution (HR) spectra in standard lens mode. In 

these conditions the full-width at half-maximum (fwhm) of the peak height for Ag 3d5/2 was found 

to be equal to 0.93 ± 0.05 eV. The linearity of the binding energy scale was checked according to ISO 

15472:2014 with an accuracy of ± 0.1 eV. 

High-resolution spectra were acquired in angle-resolved lens mode at 16 emission angles, ranging 

from 24.88–83.13°, and a pass energy of 150 eV. The angular response of the instrument was 

checked by using a flat sputter-cleaned Ag and the intensity vs angles data were collected during 

the angle signature acquisition procedure [11].   



Data were processed with CASA XPS software (v2.3.24, Casa Software Ldt., Wilmslow, Cheshire, UK). 

The Shirley-Sherwood background subtraction routine was applied before the curve fitting 

procedure [12]. The quantitative composition of the film was calculated on the basis of the first-

principle method [13] assuming the sample homogeneity. The experimental areas are corrected for 

Scofield ionization cross section [14], the asymmetry factor [15], for the spectrometer 

Intensity/energy response function and for  =  cos  where   is the inelastic mean free paths 

(IMFP) calculated according to [16] and  is the emission angle;  =  for the Theta Probe 

spectrometer when used in the standard lens mode. More details are provided in chapter 4 (§ 4.2.6). 

 

5.3. Results  

5.3.1. Morphology  

The surface of the as received and mechanically polished samples was observed at the optical 

microscope. Surface defects, such as scratches, are revealed on the as received alloy (Figure 2a), the 

mechanical polished sample, indeed, shows a less rough surface, with almost few scars (Figure 2b). 

Following the contact with the model solutions using, the area of the brass surface was slightly 

opaque and the presence of a film was visible as it also appeared in the micrographs (Figures 2c-h). 

All samples show the presence of small particles on the surface. These particles are bigger in the 

samples exposed to D solution after 1 hour and their amount increases significantly upon the 

exposure time (Figures 2c and 2d). The same effect was not observed on the samples exposed to C-

B (Figures 2e and 2f) and SALMO (Figures 2g and 2h) formulations. 



 

Figure 2: Optical micrographs of the stainless-steel DIN 1.4456 surfaces - objective Epiplan 100 
X / 0.75: a) as received stainless-steel; b) mechanically polished stainless-steel; c) stainless-steel 
after the exposure to D for 1h; d) stainless-steel after the exposure to D for 16 h; e) stainless-
steel after the exposure to C-B for 1h; f) stainless-steel after the exposure to D for 16h; g) 
stainless-steel after the exposure to SALMO for 1h; h) stainless-steel after the exposure to 
SALMO for 16h. 

 

 

 

 

 



5.3.2. Electrochemical Results 

Open circuit potential (OCP) 

 

The open circuit potential (OCP) of the mechanically polished stainless  steel was measured for 1 h, 

3 h and 16 h of exposure to the solutions in equilibrium with air and at ambient temperature (25 ± 

1°C). The average values of the OCP at the various times are reported in Table 4.  Immediately after 

the exposure of the samples to the artificial saliva solutions, the OCP decreases reaching a minimum 

after few minutes, suggesting the dissolution of the thin surface film formed during mechanical 

polishing (Figure 3); The OCP in the samples exposed to D, at the first hour increases more slowly 

than the others (Figure 3a). For all samples, after 16 hours the OCP values rise toward positive 

values, indicating the growth and the increasing stability of the passive film (Figure 3b).  

 

Figure 3: Open circuit potential versus time curves for stainless-steel DIN 1.4456 exposed for 1 h (a) and 
16 h (b) to Darvell (D), Carter-Brugirard (C-B) and SALMO solutions.  Three independent measurements 
for each solution were performed and in this picture all measurements are shown. 



Table 4: Open circuit potential mean values (mV vs. SCE) of stainless-steel DIN 1.4456 exposed to model 
solutions, recorded after t= 0 s (E0), t = 1h (E1h), t = 3 h (E3h) and t = 16 h (E16h). Standard deviations are 
given in parentheses. 

Model 

solutions 

OCP vs SCE (mV) 

E0 E1h E3h E16h 

Darvell ‐198 (20) ‐294 (3) ‐258 (18) ‐171 (2) 

Carter-

Brugirard 
‐263 (9) ‐232 (6) ‐221 (1) ‐195 (3) 

SALMO ‐265 (27) ‐252 (8) ‐241(3) ‐217 (19) 

 

Potentiodynamic polarization curves (Tafel plot) 

The polarization curves of stainless-steel DIN 1.4456 samples in all saliva solutions tested (Figure 4) 

showed a cathodic branch, an active passive transition and a broad passive range. A similar 

behaviour of anodic and cathodic curves of the Tafel plot was observed for samples exposed to D, 

C-B and SALMO (Figure 4a, 4b and Figure 4c) while the samples exposed to D solution showed a 

difference in the anodic curve at about 600 mV vs SCE an increase in current density is observed.   

The cathodic curves show, for all samples, a shoulder at low cathodic current density of about 8*10-

6 A/cm2 due to diffusion limited oxygen reduction. Then the current density increases exponentially 

again at more negative potential from -860 mV vs SCE to –1600 mV vs SCE when hydrogen evolution 

occurs. 

 



(a) 

(b) 

 (c) 

Figure 4: Potentiodynamic polarization curves of stainless-steel DIN 1.4456 after 1 h of contact to a) D, 
b) C-B and c) SALMO. Three independent measurements for each solution were performed. 

 



Linear Polarization resistance (LPR) and corrosion rate 

 

Linear polarization resistance measurements were carried out at the end of the OCP measurements 

for each exposure period of 1 h, 3 h and 16 h. The LPR plots measured (Appendix A-Figure A.5) in 

saliva solutions are curves characterized by a linear region at ±20 mV around the OCP, and the Rp 

values are determined from the slope of the linear region. The average Rp values and standard 

deviation for each formulation and for the different exposure times are reported in Table 5. The Rp 

values increased with longer exposure times and, for each time, the values of the different solutions 

were similar. The corrosion current density (icorr) was estimated from the Rp measurements applying 

the Stern–Geary equation [17] (eq. 7 Chapter 3). As the anodic Tafel constant was difficult to 

determine, a value of B= 52 mV usually assumed for steel in the passive state was used. [18] 

The corrosion rates vcorr were calculated for the different model solutions at the various exposure 

times by using Faraday’s law; the conversion factor is icorr 1A/cm2 = 11.7 m/year considering the 

density and molar mass of iron. The average values and standard deviation are reported in Table 6. 

The corrosion rate values decreased upon time for all solution. The high value was obtained for C-B 

after 1 hour, but for prolonged exposure it decreased markedly compared to the others.  After 16 

hours the values were found to be quite similar among the solutions.  

 

Table 4: Polarization resistance (Rp) mean values at various exposure times for each model solution. 
Standard deviations are given in parentheses. 

Model solutions 
Rp1h 

[M . cm2] 

Rp 3h 

[M . cm2] 

Rp 16h 

[M . cm2] 

Darvell 0.42 (0.06) 0.6(0.1) 1.2 (0.1) 

Carter-

Brugirard 
0.3 (0.1) 1.1 (0.2) 1.9 (0.6) 

SALMO 0.38 (0.02) 0.6 (0.2) 1.2 (0.3) 

 

 

 

 



Table 6: Corrosion rate (vcorr) mean values at various exposure times for each model solution. Standard 
deviations are given in parentheses. 

Model solutions 
vcorr 1h 

[m / year] 

vcorr 3h 

[m / year] 

vcorr 16h 

[m / year] 

Darvell 1.5 (0.2) 1.0 (0.2) 0.5 (0.1) 

Carter-Brugirard 2 (1) 0.6 (0.1) 0.3 (0.1) 

SALMO 1.6 (0.1) 1.1 (0.5) 0.5 (0.2) 

 

5.3.3. XPS results  

Stainless steel DIN 1.4456 mechanically polished  
 

The samples were mechanically polished using the protocol described in Table 2 and characterized 

by XPS.  The XPS survey spectra (Figure 5a) show the presence of iron, manganese, chromium and 

molybdenum belonging to the alloy, oxygen due to the oxidation of the surface of the sample, and 

carbon due to organic contamination layer. The high-resolution spectra of Fe2p, Cr2p, Mn2p and 

Mo3d are showed in Figure 5 and in Table 7 the binding energy of the photoelectron lines and the 

curve fitting parameters are listed.  

- The Fe 2p3/2 signal shows four components (Figure 5b); the component at 707.0 (0.1) eV is 

assigned to metallic iron while, as far as the oxidized components, Fe (II) is found at 709.7  

(0.1) eV with its satellite at 715.2 (0.1) eV, Fe (III) oxide at 710.9 (0.1) eV and the oxy-

hydroxide component at 712.4 (0.1) eV. (Table 7) 

- The Cr 2p3/2 signal consists of three components (Figure5c): metallic chromium at 574.0 (0.1) 

eV, Cr (III) oxide at 576.5 (0.1) eV and Cr (III) hydroxide at 578.1 (0.1) eV.  

- The manganese Mn 2p3/2 spectra show five contributions (Figure 5d): the metallic 

manganese at 638.7 (0.1) eV, Mn (II) oxide at 640.9 (0.1) eV and the Mn (IV) oxide at 642.5 

(0.1) eV.  

-  Molybdenum 3d peak (Figure 5e) is complex due to the lower signal-to-noise ratio and the 

superposition of two contributions of the spin-orbit doublet (3d5/2 and 3d3/2 with a difference 



in binding energy of 3.15 eV . The metallic component was found at 227.9 (0.1) eV, the Mo 

(IV) oxide at 231.0 (0.1) eV and Mo (VI) hydroxide at 232.7 (0.1) eV. 

The binding energies of the revealed components for the main constituents of the stainless steel 

are in agreement with the literature. [3, 18-23]  

 

a) 

 

b) 

 

 



c) 

 

d) 

 

e) 

  

Figure 5: Stainless steel DIN 1.4456 mechanically polished a) Survey; High-resolution spectra of b) Fe 
2p3/2 c) Cr 2p3/2 d) Mn 2p3/2 e) Mo 3d. A Shirley-Sherwood background subtraction was applied prior 
curve-fitting. 

 

  



Table 7: Peak parameters for fitting Fe 2p, Cr 2p, Mn 2p and Mo 3d spectra of stainless-steel. 

Peak BE (eV ± 0.1) Fwhm (eV ± 0.1) Line shape 

Fe 2p3/2 met. 707.0 1.2 GL(85)T(0.80) 

Fe 2p3/2 (II) oxide 709.7 2.6 GL(30) 

Fe 2p3/2 (II) sat. 715.2 2.6 GL(30) 

Fe 2p3/2 (III) oxide 710.9 3.1 GL(30) 

Fe 2p3/2 (III) oxy-

hydroxide 
712.4 3.1 GL(30) 

Cr 2p3/2 met. 574.0 1.4 GL(65)T(1) 

Cr 2p3/2 (III) oxide 576.5 2.2 GL(30) 

Cr 2p3/2 (III) hydroxide 578.1 2.2 GL(30) 

Mn 2p3/2 met. 638.7 1.0 GL(80)T(0.55) 

Mn 2p3/2 (II) oxide 640.9 2.1 GL(90) 

Mn 2p3/2 (II) sat. 647.0 2.1 GL(90) 

Mn 2p3/2 (IV) oxide 642.5 2.1 GL(90) 

Mo 3d5/2 met. 227.9 1.2 GL(60)T(1.2) 

Mo 3d5/2 (IV) oxide 231.0 2.8 GL(45) 

Mo 3d5/2 (VI) oxide 232.7 1.7 GL(45) 

 

 

Stainless steel DIN 1.4456 exposed to saliva solutions  

The survey spectra of the stainless-steel exposed to the saliva solutions are reported in Figure 6. In 

all sample the Fe, Cr, Mn, Mo, C, O and P signals were revealed. On the samples exposed to SALMO 

also calcium was revealed.  

The survey spectra (Figure 7) show different ratio Fe/Cr among the samples: the film formed on the 

samples exposed to D solution is enriched in chromium.  



 

Figure6: Survey spectra of stainless-steel DIN 1.4456 exposed for 1 h to D, C-B and SALMO (S) saliva 
solutions (from top to bottom respectively). 

 

The binding energy (BE) of the most intense photoelectron peaks are provided in Table 8.  

− The Fe 2p3/2 signal shows for all samples (Figure 8a) six components: the metallic component 

at 706.9 (0.1) eV, the FeO at 709.5 (0.1) eV, and its satellite at 715.1 (0.1) eV. The at Fe2O3 

710.8 (0.1) eV and the Fe(III)–OOH component at 712.3 (0.1) eV. The component ascribed to 

FePO4 was found to be at 713.8 (0.1) eV.  

In the sample exposed to D solution (Figure 7a top) the signal is mainly composed of the metallic 

component. The phosphate component is less intense compared to the signal from the samples 

exposed 1 h to C-B and SALMO (Figure 7a centre and bottom respectively).  

− The Cr 2p3/2 signal shows for all samples (Figure 7b) four components: The Cr(0) component 

at 574.0 (0.1) eV, the Cr (III) oxide at  576.5 (0.1) eV. The CrPO4 component was found to be 

at 577.1 (0.1) eV according to [24], then the Cr(III) hydroxide at 578.1 (0.1) eV.  

The samples exposed to D solution (Figure 7a top) are strongly enriched in Cr(III) oxi-hydroxide and 

phosphate (Table 9 ). The contribution of CrPO4 relative to Cr(III) oxi-hydroxide is higher as 

compared to the samples exposed to C-B and SALMO (Figure 7b centre and bottom respectively).  



− The Mn 2p3/2 peak shows for all samples (Figure 7c) three components:  the metallic one at 

638.6 (0.1) eV, the Mn(II) oxide at 641.0 (0.1) eV and the Mn (IV) oxide at 642.3 (0.1) eV.  

Also in this case, the sample exposed to D (Figure 7c top) show a high contribution of the metallic 

component compare the Mn 2p3/2 signal observed for the samples exposed to C-B and SALMO 

(Figure 7c centre and bottom respectively). For these sample the major contribution derived 

from the MnO component.  

− The Mo 3d peak (Figure 7d) shows three components: the binding energy for the metallic 

component was 227.8 (0.1) eV; for Mo (IV) oxide it was 230.9 (0.1) eV and in the case of the 

Mo (VI)oxide the peak was found at 232.6 (0.1) eV.  

For this peak, there are no great differences among the samples.  

− The P 2p signal (Figure 7e) shows the P 2p3/2 peak at 133.5 (0.1) eV for all samples, ascribed 

to Fe and Cr phosphates and probably also to calcium phosphate in the case of samples 

exposed to SALMO, since when the stainless steel is exposed to this formulation, the only 

one containing calcium ions due to the presence of CaCl2, Ca 2p3/2 peak at 347.8 (0.1) eV is 

detected (Appendix A-Figure A.6).  

 



 



 



 

Figure 7: High-resolution spectra of a) Fe 2p3/2 ; b) Cr 2p3/2; c) Mn 2p3/2; d) Mo 3d; e) P 2p of stainless-

steel exposed for 1 h to D, C-B and SALMO (from top to down respectively). A Shirley-Sherwood 

background subtraction was applied prior curve-fitting. 

 

 

 

 

 

 

  



Table 8: Average binding energy (eV) of the intense photoelectron peaks of the element detected on 
stainless-steel DIN 1.4456 after 1h of exposure to D, C-B and SALMO saliva model solutions.  

Peak BE (eV ± 0.1) 

Fe 2p3/2 met. 706.9 

Fe 2p3/2 (II) oxide 709.5 

Fe 2p3/2 (II) sat. 715.1 

Fe 2p3/2 (III) oxide 710.8 

Fe 2p3/2 (III) oxy-

hydroxide 
712.3 

FePO4 713.8 

Cr 2p3/2 met. 574.0 

Cr 2p3/2 (III) oxide 576.5 

CrPO4 577.1 

Cr 2p3/2 (III) hydroxide 578.1 

Mn 2p3/2 met. 638.6 

Mn 2p3/2 (II) oxide 641.0 

Mn 2p3/2 (IV) oxide 642.3 

Mo 3d5/2 met. 227.8 

Mo 3d5/2 (IV) oxide 230.9 

Mo 3d5/2 (VI) oxide 232.6 

P 2p3/2 133.5 

Ca 2p3/2 * 347.8 

*Calcium detected only for the samples exposed to SALMO. 

  



Quantitative composition (at %) of the main elements detected on stainless-steel DIN 1.4456 

surface after 1h of exposure to Darvell (D), Carter-Brugirard (C-B) and SALMO saliva model 

solutions are reported in Table 9. 

The main result observed is that samples exposed to Darvell solution show a much higher 

concentration of Cr(III) oxide and phosphate components compared to SALMO and C-B solution. 

The Fe oxide and phosphate components, indeed, were higher on the samples exposed to C-B 

and SALMO than in samples exposed to D. The high at % determined on the steel exposed to 

SALMO solution for the phosphorous signal might be ascribed to the presence of calcium, as 

calcium phosphate. The Mn (0) component resulted higher in the samples exposed to D 

compared to the other samples. 

This is seen more clearly when calculating the composition of the film (all oxidized components) 

separately from the metallic substrate beneath (Table 10). The passive film of samples exposed 

1h to D solutions is enriched in Cr(III) and depleted in Fe(II) and Fe(III); these results are in 

agreement with those observed for the potentiodynamic curves (Figure 4a).   

The composition of the alloy beneath the oxide film formed after 1h of immersion in C-B and 

SALMO results approximately close to the bulk composition, with a slight depletion in 

manganese. Moreover, the composition of the alloy beneath the oxide film formed after the 

exposure to the D solution results depleted in iron and enriched in molybdenum.  

  



Table 9: Quantitative composition (at %) of the main elements detected on stainless-steel DIN 1.4456 
surface after 1h of exposure at Darvell (D), Carter-Brugirard (C-B) and SALMO saliva model solutions. For 
all elements the metallic (met.) contribution, the sum of oxides and hydroxides contribution (ox.) and the 
phosphate contribution are reported. Standard deviations are given in parentheses. *Calcium is detected 
only in the samples exposed to SALMO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
At % 

D 

At % 

C-B 

At % 

SALMO 

O 1s  68 (1) 68 (1) 67 (2) 

Cr 2p3/2 met. 1.9 (0.4) 1.0 (0.1) 0.9 (0.1) 

Cr 2p3/2 ox. 7.4 (0.9) 5.1 (0.4) 4.1 (0.3) 

CrPO4 4.2 (0.7) 0.8 (0.3) 0.6 (0.2) 

Fe 2p3/2 met. 4.7 (0.8) 3.3 (0.2) 2.8 (0.4) 

Fe 2p3/2 ox. 4.3 (0.6) 10.6 (0.8) 11 (1) 

FePO4 0.3 (0.2) 1.1 (0.4) 1.9 (0.5) 

Mn 2p3/2 met. 1.3 (0.3) 0.5 (0.1) 0.4 (0.1) 

Mn 2p3/2 ox. 1.6 (0.3) 2.4 (0.3) 2.4 (0.2) 

Mo 3d5/2 met. 0.43 (0.04) 0.29 (0.02) 0.22 (0.03) 

Mo 3d5/2  ox. 0.55 (0.07) 0.40 (0.02) 0.32 (0.02) 

P 2p3/2 4.9 (0.4) 6.2 (0.6) 8.3* (0.8) 



Table 9: Composition of the substrate and of the film formed at the surface of the 1.4456 stainless steel 
after one hour of contact with the three formulations. The compositions of the substrate and of the film 
are calculated taking into account the metallic components of Cr, Fe, Mn and Mo signals and the oxidized 
components of the same elements as the sum of oxides, hydroxides and phosphate (for Cr and Fe). 
Standard deviations are given in parentheses.  

 

Substrate composition (at%) 

 D C-B SALMO 

Cr - met 23.1 (0.7) 20.2 (1.1) 20.0 (0.4) 

Fe - met 56 (1) 64.1 (1.0) 66 (2) 

Mn - met 15 (1) 10.0 (1.7) 9 (1) 

Mo - met 5 (1) 5.7 (0.6) 5.0 (0.4) 

Film composition (at) 

 D C-B SALMO 

Cr – ox +P 64 (5) 29 (3) 23 (1) 

Fe – ox+P 25 (4) 57 (3) 63 (2) 

Mn - ox 9 (1) 12 (1) 12 (1) 

Mo - ox 3.0 (0.4) 2.0 (0.1) 1.6 (0.1) 

 

 

5.4. Discussion 

Dental alloy materials should have good mechanical properties and a high corrosion resistance to 

be biocompatible. The biocompatibility (IUPAC definition) “is the ability to be in contact with a living 

system without producing an adverse effect” [25]. The corrosion of metals and alloys may release 

allergenic, toxic/cytotoxic or carcinogenic (e.g., Ni, Co, Cr, V, Al) species that cause the failure of 

implants. [26,27] The oral cavity is a potentially highly corrosive environment for the materials used 

for dental alloys, such as stainless steels, thus, they have to show only negligible corrosion rates.  

In the following, the effect of the exposure time on the corrosion rate and the effect of the model 

solutions on the film composition are discussed. 

 

 

 

 



Influence of exposure time 
 

The present section of this work investigates the corrosion behaviour of the nickel-free stainless-

steel DIN 1.4456 after exposure to different artificial saliva solutions for 1h, 3 h and 16 h. The 

obtained results clearly indicate that a passive film is formed on the nickel -free stainless-steel DIN 

1.4456 in all artificial saliva model solutions.  

The OCP values tend to increase with the exposure time (Figure 8).  

a) 

 

b) 

 

Figure 8: Open circuit potential versus time and b) polarization resistance (Rp) vs time for DIN 1.4456 
exposed for 1, 3 and 16 h to D, C-B and SALMO.  Three independent measurements for each solution 

were performed. 

 

The increase of the OCP passing from 1 h to 16 h is more pronounced for the samples exposed to 

Darvell solution compared to the samples exposed to C-B ad SALMO. This trend in OCP with 

exposure time is typical for the formation of the passive film and it was also observed for the same 

Ni-free stainless steel in contact with Tani-Zucchi formulation both at 25 °C [28] and at 37 °C [3 ]. 

Together with the increase of the OCP values, also the increase in the polarization resistance (Figure 

8b) is observed and, consequently, the corrosion rate values show a marked decrease with exposure 

time (Figure 9).   



 

Figure 9: Evolution of the corrosion rate vs exposure time for the DIN 1.4456 stainless steel exposed to 
D, C-B and SALMO formulations. Data from [28] for the same material exposed to Tani-Zucchi solution 
at 25°C are reported from comparison.  

 

 

Furthermore, the corrosion rate values are in agreement with those reported after contact with 

Tani-Zucchi for 1h, 3 h and 16 h at 25°C [28] (Figure 9) and they are comparable with the results 

obtained when the nickel-free stainless-steel DIN 1.4456 is in contact with Tani-Zucchi formulation 

at 37°C. [3,29] 

Observing the icorr vs OCP (mV) graph it is possible to appreciate that is occurring the same 

mechanism (anodic control) for the Ni-free DIN 1.4456 in contact with all the three solutions here 

adopted (Figure 10) and this is also the same mechanism observed for the same stainless steel 

exposed to Tani-Zucchi at the same temperature adopted in this work (25°C) [28]. The findings of  a 

previous study demonstrated that the same mechanism also occurs after the contact with Tani-

Zucchi at 37°C [3.] 

 



 

Figure 10: corrosion current density, icorr, versus open circuit potential, OCP. DIN 1.4456 exposed to D, 
C-B and SALMO at 25°C. Data from [28] are reported as a comparison (grey squares). 

 

Effect of model solutions on the film composition 

 

Despite the fact that there were no significant differences in terms of corrosion rate among the 

samples exposed to D, C-B and SALMO, the Tafel plots showed different behaviour for the sample 

exposed to D. The Tafel plots recorded on the samples exposed for 1h to C-B and SALMO solutions, 

in fact, show a typical behaviour of a steel in the passive state [3, 18-21] with a dynamic passive 

current density of about 2*10-6 A/cm2. The samples exposed to D solution (Figure 4a), however, 

showed an increase in the current density at ca. 600 mV SCE, typical for chromium-enriched steels 

and this is due to the oxidation of chromium (III) to chromium (VI).   

The presence of a Cr (III) enriched film formed after the contact with D solution at the open circuit 

potential (ca. -250 mV SCE, in the passive range) is confirmed by the XPS results (Figure 7, Table 9).  

In figure 11 the composition of the film determined taking into account only the oxidized 

components of Fe, Cr, Mn and Mo in 1.4456 after 1h of contact with D, C-B and SALMO, is compared 

with the bulk composition obtained by XRF and with the composition of the film reported for the 

same stainless steel after the contact for 1h with Tani-Zucchi formulation [3,29]. 



 

Figure 11: composition (at %) of the film determined taking into account only the oxidized components 

of Fe, Cr, Mn and Mo in 1.4456 after 1h of contact with D, C-B and SALMO, compared with the bulk 

composition obtained by XRF and with the composition of the film reported for the same stainless 

steel after the contact for 1h at 37 °C with Tani-Zucchi formulation. [3,29] 

 

A dramatic increase in oxidized Cr content is found in the case of D solution compared to both the 

Cr content in the alloy and to Cr content in the film formed following the contact with other 

formulations. In parallel, a strong iron and manganese depletion is observed (Figure 10). In the case 

of Mn, the pronounced depletion was observed also by Elsener et al. [3] together with an iron 

content in the oxide slightly lower than in the bulk. The quantitative composition here obtained with 

C-B and SALMO are in pretty good agreement with those observed with Tani- Zucchi. 

This result supports the hypothesis that also in the case of DIN 1.4456 stainless steel, the organic 

components of D solution play an important role in the film composition, similarly to what was 

observed for brass. While C-B, SALMO and Tani-Zucchi have a similar composition as far as the 

organic compounds, being the urea the major organic constituent, and no possible ligands are 

present, in D solution sodium citrate, uric acid and lactic acid are present. All these three compounds 

might form soluble complexes with iron [30-32] and this might be confirmed by the presence of the 

intense contribution of the metallic component in Fe 2p3/2 peak (Figure 8a bottom) when 1.4456 is 

in contact with D. In this case, the Fe/Cr atomic ratio in the film is about 7 times lower than the ratio 

calculated for the films formed upon contact with C-B and SALMO. 

 



Estimated weight loss 
 

From the corrosion rate values, the weight loss (WL: gcm-2week-1) can be estimated by the formula:  

𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 =  
𝑣𝑐𝑜𝑟𝑟×𝐴×𝐷×100

52
 

Where vcorr is the corrosion rate (m/year), A = 0.785 cm2 is the area of the porthole, D = 7.874 is 

the density (g/cm3), 52 is the number of weeks per year and 100 is a factor that takes into account 

the conversion of m to cm and of g to g.  

The weight loss calculated taking into account the vcorr after 16 h of exposure (Table 6) is reported 

in Table 10. 

 

Table 10: vcorr and weight loss calculated for the Ni- free DIN 1.4456 stainless steel exposed to D, C-B and 
SALMO for 16 hours.  

 v
corr 

(m/year) Weight loss 

(g/cm2week) 

DARVELL 0.52 (0.06) 6.2 (0.7) 

C-B 0.3 (0.1) 4 (2) 

SALMO 0.5 (0.2) 6 (2) 

 

The weight loss values observed for D- C-B and SALMO are comparable taking into account the 

uncertainty on the measurements. It is noteworthy that the steady state, after 16 hours, might have 

not been already reached. The literature data indicate,  after 16 [29] hours and 24 hours [3] of 

exposure to Tani-Zucchi at 37° C, a weight loss of 9 g/cm2week and 3 g/cm2week respectively. 

Therefore, it is plausible that also in the present case, for prolonged times and in steady state 

conditions, the weight loss decreases.  

Furthermore, it has to be considered that the data of this work are referred to a mechanically 

polished surface. According to literature, the amount of released iron, chromium and nickel from 

an abraded 316L stainless steel after 168 hours of contact with an acidic simulated body fluid was 

found to be four times higher than the amount of released ions from the as received steel. [33] 

Consequently, the use of Ni-free DIN 1.4456 stainless steel in the real conditions seems to meet the 

requirements of biocompatibility and good resistance to corrosion for application in orthodontics. 

  



5.5. Conclusions 

From the combination of electrochemical and XPS analyses on the Ni-free DIN 1.4456 

stainless steel in contact with three different formulations of artificial saliva, the following 

conclusions can be drawn:  

• The corrosion behaviour of the DIN 1.4456 is similar, despite the different 

composition of the three solutions, especially regarding the organic components. 

• The corrosion resistance of the stainless-steel increases upon time due to the 

formation of a passive film. 

• Despite the presence of possible ligands for iron in one of the three solutions, 

which seems to promote iron dissolution from the DIN 1.4456, the corrosion 

behaviour of stainless steel is comparable with the results observed with the 

solutions that do not contain organic ligands. 

• When organic ligands are present, the passive film is strongly enriched in 

chromium oxi-hydroxide and it protects the stainless steel from further oxidation.  
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Chapter 6. Thin films on Si3N4 

 

In this chapter the tribochemical behaviour of Si3N4 tribopair in the presence of a hydrophilic ionic 

liquid: [EMIM EtSO4] is presented together with the results obtained adding to the IL 2 %wt of oleic 

acid and EMIM oleate. After a short introduction, the experimental details used in the 

characterization of the thin films present on Si3N4 before and after mechanical tests are presented. 

The effect of the RH% and of the water absorption is also investigated and discussed. 

The NMR spectra were acquired by Dr. E. Benetti at ETH, Zurich and they were interpreted by myself.  

6.1. Introduction 

Many investigations have been carried out since 2001 [1-2] on the lubrication capabilities of Ionic 

Liquids. This class of compounds appeared to be very promising because they can contain 

imidazolium, phosphonium, or ammonium cations and sulphate, sulphonates and fluorinated 

anions just to mention few of the possible combinations within the rich number of organic 

compounds that are available. Tribological tests carried out using steel tribopairs [3] and silicon pairs 

[4] showed that they can lower the coefficient of friction to very low values. In those works the role 

of environmental humidity on the lubrication of the pairs was highlighted together with the 

influence of the structure of the IL. 

The presence of long chain lengths in the alkyl attached to the imidazolium ring has been 

demonstrated to have a beneficial effect for lubrication while the thermo-oxidative stability is 

reduced. The results obtained using hydrophobic ionic liquids as the fluorinated ones provided 

evidence of degradation and led to the conclusion that the product of degradation could be so 

aggressive to corrode the material. These results pointed out that the tribochemistry in the presence 

of ILs is rather complex and X-ray photoelectron spectroscopy can be used for gaining very useful 

information on the tribolayer composition and growth as to rationalize the tribological data. 

So far few papers report tribological results using Si3N4 despite the fact that ionic liquids have a 

beneficial effect on the running in of this material when added to water (see for example the work 

of [5]). Furthermore, Si3N4 ceramics are very interesting materials because they have low density 

(3.2 g/cm3); high fracture toughness (7 MPam1/2), operating temperature 1300°C and it has been 

reported that hydrodynamic lubrication is promoted by tribochemical wear. [6-8]  



In this investigation the tribological measurements are carried out at various levels of relative 

humidity (RH), measuring the viscosity of the ionic liquid EMIM EtSO4 and the blend obtained adding 

oleic acid and EMIM oleate as friction modifier. There are also performed tribological tests in a very 

controlled manner, the XPS measurements, using the small-area mode, in order to be sure that the 

obtained information is from the contact and non-contact areas of the samples. 

  

6.2. Experimental 

6.2.2. Materials 

The balls (2 mm Ø) and the disks (25 mm Ø) used in the pin-on-disk tribological tests were made of 

Si3N4 (Toshiba, Japan). The ionic liquid (IL), 1-ethyl-3-methyl imidazolium ethylsulfate, [EMIM] EtSO4 

with purity ≥ 95%, purchased from Sigma Aldrich, Darmstad, Germany, was tested for the lubrication 

of Si3N4 tribopairs. The [EMIM] EtSO4 ≥ 95% (pH 7.7 in water) was dehydrated by placing about 4 

cm3 into a sealed vessel connected to a rotary pump (∼10−2 mbar) at ambient temperature (T= 23 

± 2 °C) for about 1 hour. Oleic acid (FluoroChem, England), purity ≥ 99% and an equimolar mixture 

of oleic acid and [EMIM] oleate (synthesized at UniPi [9], Italy) were used as an additive.  

The IL and the [EMIM] oleate were characterized by attenuated-total-reflection Fourier-transform 

infrared spectroscopy (ATR – FTIR, Alpha-P Bruker) and by nuclear magnetic resonance (NMR, 

Bruker BioSpin GmbH, 300 MHz) (see Appendix-A Figure A.7 and Figure A.8). The viscosity of the 

dried [EMIM] EtSO4 ≥ 95% and of the blend ([EMIM] EtSO4 ≥ 95% + 2 wt % of equimolar oleic 

acid/[EMIM] oleate) was measured using an Anton Paar viscometer SVM 3000 Stabinger. The 

viscosities were found to be 91.4 (0.2) mPa*s and 89.4 (0.1) mPa*s for dried IL and the dried blend 

respectively. In addition, c.a. 1 cm3 of the dried IL and c.a. 1 cm3 of the dried blend were equilibrated 

at relative humidity (RH) of 45% (23 ± 2 °C) into a sealed vessel using a saturated solution of 

potassium carbonate for about 1 week. In these conditions the water uptake (measured by 

weighting) was 7.9 (0.5) % for IL and 9.8 (0.8) % for the blend. 

  



6.2.3. Surface preparation 

To obtain a smooth surface, the disks were polished using a rotating polishing machine LaboPol-25 

(Struers GmBH, Germany), diamond bonded grinding disks and polishing suspension (Struers GmBH, 

Germany) (Table 1). Milli-Q water (conductivity at 25 °C, 0.055 μS cm−1, Merck, Millipore, Billerica, 

Massachusetts, USA) was used as a lubricant throughout all the steps. Between each step the disks 

were sonicated in milli-Q water for 5 min to avoid contamination of the disk with abrasive residues. 

The disks were dried under a nitrogen stream. The last step of the polishing protocol with DP -Mol 

cloth was carried out by hand to avoid possible contaminations before the tribological and the XPS 

tests.  

Table 3: Mechanical polishing procedure for Si3N4 samples. 

Cloth   Diamond paste Lubricant Speed  Time  

MD-Piano 80  - Water  300 rpm 5’ 

MD-Piano 220  - Water  300 rpm 5’ 

MD-Allegro 9 μm  DiaPro 9 μm Water 300 rpm 5’ 

MD-Allegro 6 μm  DP-Spray P 6 μm Water 300 rpm 5’ 

MD-Allegro 3 μm  DP-Spray P 3 μm Water 300 rpm 5’ 

MD-Allegro 1 μm  DP-Spray P 1 μm Water 300 rpm 5’ 

DP-Mol cloth - Water - - 

 

6.2.4. Optical microscopy and Profilometry 

Optical images of Si3N4 tribopairs were acquired by using an AXIO 10 Imager M1m (Carl Zeiss AG, 

Oberkochen, Germany) in bright-field mode, equipped with a CCD camera and processed with the 

AxioVs40 software (v4.5.0.0). To investigate the topography of the samples a Sensofar PLu NEOX 3D 

profilometer (Sensofar-Tech S.L., Terrassa, Spain) was used (Figure 1). Data were acquired by using 

SensoSCAN software (Sensofar-Tech, SL) and processed by SensoMAP software (Digital Surf, 



Besancon, France) and by Gwyddion 2.55 software (Czech Metrology Institute). The 2D images of 

the disks were acquired in phase-shifting interferometry (PSI) mode, using a DI 50X-N and DI 10X-N 

objective. The 2D images of the spheres were acquired in confocal mode, using an EPI 20X-N 

objective and 10X-N in PSI mode. 

 

 

Figure 1: Sensofar PLu NEOX 3D profilometer.  

 

6.2.5. Tribological tests 

The mechanical tests were carried out using a UMT-2 tribometer (Bruker Nano Inc., Campbell, CA, 

USA) operating in pin-on-disk mode (Figure 2a). A load cell with a maximum capacity of 20 N and a 

resolution of 0.001 N (manufacturer’s data) was used for all the experiments. The planarity was 

adjusted by placing metal foils of known thicknesses between the sample holder and rotational 

drive. The running-in was carried out in water under an applied load of 4.5 N.  

All the experiments were carried out using 300 L of sample at relative humidity RH = 43.5-55% (T 

= 23 ± 2 °C) equilibrated in the custom-made system built on top (Figure 2 b) of the tribometer cup. 

In order to investigate the transition from hydrodynamic- to mixed- and boundary lubrication 

regimes, ramp tests consisting of a sequence of steps in which the speed gradually decrease from 

200 mm/s to 0.1 mm/s were performed. The Stribeck curves were repeated one after the other in 



the same track. The RH% was monitored by a sensor and the test started when the RH% value was 

constant – usually the waiting time did not exceed five minutes. Each time mechanically polished 

disks were checked by XPS for the contamination before the tribological test. After the ramp test 

the balls and disks were washed three times with milli-Q water and then with 2-propanol and dried 

by using powder free paper wipes (Kimtech, Kimberley Clark, United States). Slow tests of 2 minutes 

at 6 mm / s with water and without liquid (dried) were also performed after the ramp test.  

 

 

Figure 2: a) UMT-2 tribometer in pin-on-disk mode; b) custom made humidity chamber with sensor. 

 

  



6.2.6. XPS surface analysis  

The XPS spectra of Si3N4 disks mechanically polished and tribopairs after the tribological test were 

acquired with a PHI QuanteraSXM (ULVAC-PHI, Chanhassen, MN, USA). Analyses were carried out 

with a monochromatic AlKα source (h = 1486.6 eV), using a beam diameter of 100 μm for the 

mechanically polished disk and 50 μm for the tribostressed tribopairs (ball and disk) with the 

purpose of analyzing the track area (contact area). Constant-analyzer energy (CAE) mode was 

selected for the spectra acquisition. The high-resolution spectra were recorded using pass energy 

and the step size of 69 eV and 0.125 eV, respectively. The energy resolution given as full width at 

half-maximum (fwhm) of the peak height of the Ag 3d5/2 was 0.7 eV. Survey spectra were acquired 

setting the pass energy at 280 eV and using a step size of 1 eV. In both cases, the emission angle 

was 45°. The linearity of the binding energy scale was checked following the ISO 15472:2014 and it 

was found an accuracy of ± 0.1 eV. The analyses were carried out while using a low-voltage argon 

ion source/electron neutralizer to compensate for possible sample charging [10]. The X-ray-excited 

secondary-electron images (SXI) were also collected in order to select the points in the contact area 

on the ball and on the disk, following tribological tests. The high-resolution spectra were processed 

using CasaXPS software (v.2.3.24, Casa Software Ltd., Wilmslow, Cheshire, UK).  The Shirley-

Sherwood background subtraction routine was applied before the curve fitting procedure [11]. The 

parameters Gaussian/Lorentzian ratio and width at half maximum of the signal of the model 

functions were used as reported in the literature [4, 10] and are reported in the section 6.3.4 of the 

present work. 

 

  



6.3. Results 

The Ionic liquids characterization for its use in the tribotest are presented in this section.  

6.3.1. Viscosity   

The mean values of the viscosity measurements at 25 °C of [EMIM] EtSO4 and of the blend [EMIM] 

EtSO4 + 2 wt % equimolar oleic acid/[EMIM] oleate are given in table 1. The IL and the blend were 

dried before the measurements as described in section 6.2.2. The density and the kinematic 

viscosity were also measured.  

Table 1:  Experimental viscosity, kinematic viscosity and density at 25 °C and relative standard deviation 
of dried IL and blend. 

 
Dried 

 [EMIM] EtSO4  Blend  

Viscosity  (mPa * s) 91.4 (0.2) 89.4 (0.1) 

Kinematic Viscosity 

 (mm2 * s-1) 
74.0 (0.2) 72.4 (0.1) 

 

(g * cm-3) 
1.2354 (0.0001) 1.2347 (0.0001) 

 

The results are in agreement with the literature data [12] and the effect of the additive on the 

viscosity seems to be negligible. The viscosity of the dried IL and of the IL + additive blend was also 

measured at different temperatures, in the range 293.15 K – 325.15 K and the results are reported 

in Table 2 and in Figure 1.   

  



Table 2: Experimental viscosities of dried IL and IL + additive as a function of temperature. 

[EMIM] EtSO4 – Dried 

 

IL + additive – Dried 

 

T (K)  (mPa * s) T (K)  (mPa * s) 

293.15 117.6 293.15 115.1 

298.15 91.6 298.15 89.5 

303.15 72.5 303.15 70.9 

308.15 58.4 308.15 57.1 

313.15 47.7 313.15 46.7 

318.15 39.6 318.15 38.7 

323.15 33.2 323.15 32.5 

 

 

a) b) 

Figure 1: a) Experimental viscosities of the dried [EMIM]EtSO4 as a function of temperature; b) 
Experimental viscosities of the dried IL+ additive as a function of temperature (range 293.15-323.15 K) 
 

As illustrated, in the temperature range considered (293.15 – 323.15 K), the viscosity drastically 

decreases with the increase of the temperature. 

6.3.2. Morphology  

Si3N4 mechanically polished 

 

Following the mechanical polishing, the sample morphology and topography were characterized by 

optical microscopy and by profilometry (Figure 2). The roughness was checked and was found Sq = 

2.6 (0.7) nm and Sa = 1.7 (0.3) nm (Figure 2b). The Rq value is calculated with a Gaussian filter 0.025, 

was found to be equal to 0.9 (0.3) nm (Figure 2c). Where Sq is the “root mean square height of the 

surface”, Sa is the “arithmetical mean height of the surface” and the Rq value is “root mean square 

roughness” according to ISO 25178: Geometrical Product Specifications (GPS) – Surface texture: 

areal.   



 

a) 

 

b) 

 

c) 

 

Figure 2:  a) Optical image of Si3N4 mechanically polished- objective 10x; b) Topography of Si3N4 
Mechanically polished. Objective 50X; c) Roughness topography of Si3N4 mechanically polished, 
gaussian filter 0.025. 

 

 

Si3N4 disk and the pin after Stribeck Tests in the presence of [EMIM]EtSO4 

 

The morphology and topography of the disk (fig.3) and pin (fig.4) after the tribotest in the presence 

of [EMIM]EtSO4 were characterized by optical microscopy and by profilometry. The track size in the 

presence of [EMIM]EtSO4 was found to be 274 (2) m and 284 (2) m for the disk and the pin 

respectively. The minor differences between the samples tested with IL and IL + additive are 

probably attributable to the running in.  The running‐in procedure, in fact, generates smooth contact 

surfaces and during this procedure the majority of wear occurs.  

 

 



 

a) 

 

b) 

 

c) 

 

Figure 3:  a) Optical image of Si3N4 disk after tribotest in the presence of [EMIM]EtSO4 - objective 10x; b) 
Topography of Si3N4 disk after tribotest in the presence of [EMIM]EtSO4. DI 10X-N PSI mode; c) Profile 
on the disk track after tribotest in the presence of [EMIM]EtSO4. 

 

  



 

 

a) 

 

b) 

 
c) 

 
 

 

Figure 4:  a) Optical image of Si3N4 pin after tribotest in the presence of [EMIM]EtSO4 - objective 10x; b) 
Topography of Si3N4 pin after tribotest in the presence of [EMIM]EtSO4 - DI EPI-20X confocal mode; c) 
Profile pin track after tribotest in the presence of [EMIM]EtSO4. 

 

  



Si3N4 disk and the pin after Stribeck Tests in the presence of [EMIM]EtSO4 + 2 wt % Oleic 

acid/[EMIM]oleate 50/50 

 

The morphology and topography of the disk (fig.5) and pin (fig.6) after the tribotest in the presence 

of [EMIM]EtSO4 + 2 wt % Oleic acid/[EMIM]oleate 50/50 was characterized by optical microscopy 

and by profilometry. The track size was found to be of 302 (1) m and 306 (2) m for the disk and 

the pin respectively. These minor differences between the sample tested with IL and IL+ additive are 

probably attributable to the running‐in procedure (section 6.2.5). 

a) 

 

b) 

 

c) 

 

Figure 5:  a) Optical image of Si3N4 disk after tribotest in the presence of the blend- objective 10x; b) 
Topography of Si3N4 disk after tribotest in the presence of the blend; DI 10X-N PSI mode c) Profile pin 
track after tribotest in the presence of the blend 

 



a) 

 

b) 

 

c) 

  

Figure 6:  a) Optical image of Si3N4 pin after tribotest in the presence of the blend - objective 10x; b) 
Topography of Si3N4 pin after tribotest in the presence of the blend- DI EPI-20X confocal mode; c) Profile 
pin track after tribotest in the presence of [EMIM]EtSO4. 

 

  



6.3.3. Tribological results 

Stribeck curves in the presence of dried and equilibrated [EMIM]EtSO4 

 

The CoF vs speeds trends observed using the dried [EMIM] EtSO4 and the equilibrated [EMIM] EtSO4 

are reported in Figure 7.  

a) 

  

b) 

 

Figure 7:  Coefficient of friction (CoF) vs speed (mm / s). Ramp test: decreasing sliding speed from 200 
mm/s to 0.1 mm/s. a)  Stribeck curves in the presence of dried [EMIM]EtSO4 - RH % (during the tests) = 
45.0- 55.0 % - T= 25° C- applied load 4.5 N; b) Stribeck curves in the presence of equilibrated [EMIM]EtSO4 
- equilibrated for 1 week at 45% RH, water uptake* = 7.9 (0.5) % - RH % (during the tests) = 43.5- 54.0 % 
-T= 25° C - applied load 4.5 N. 

 

The vast majority of wear occurs during the running-in in water: it results in hydrodynamic bearing-

like contact. The viscosity increases from 1 mPa*s (water) to 10-100 mPa*s depending on the water 

amount in the IL. Regarding the case of the test in the presence of dried [EMIM]EtSO4, an increase 

of the coefficient of friction at lowest speeds from the first to the third run due to the water 

absorption was observed (Figure 7a). Comparing the test with dried [EMIM]EtSO4 and the test with 

equilibrated [EMIM]EtSO4 (Figure 7b), it is possible to observe the increase of CoF values at lowest 

speeds and the shift of the curves in the transition from HDL to mixed regime.  

Stribeck curves in the presence of dried and equilibrated [EMIM]EtSO4 + 2 wt% Oleic 

acid/[EMIM]oleate 50/50 

 

The CoF vs speeds trends observed using the dried blend and the equilibrated blend are reported in 

Figure 8.  Also in this case, in the presence of the dried blend (Figure 8a) the increase of the 

coefficient of friction at lowest speeds from the first to the third run due to the water absorption is 

observed. Comparing the test carried out in dried blend and the test with the blend following 1 week 



at RH % = 45 (equilibrated) (Figure 8b), it is possible to observe the increase of CoF values at lowest 

speeds and the shift of the curves in the transition from HDL to mixed regime.  

 

a) 

  

b) 

 

Figure 8:  Coefficient of friction (CoF) vs speed (mm / s). Ramp test: decreasing sliding speed from 200 
mm/s to 0.1 mm/s. a) Stribeck curves in the presence of dried blend - RH % (during the tests) = 45.0- 
55.0 % - T= 25° C- applied load 4.5 N; b) Stribeck curves in the presence of equilibrated blend - 
equilibrated for 1 week at 45% RH, water uptake* = 9.8 (0.3) % - RH % (during the tests) = 44.7- 54.7 % 
-T= 25° C - applied load 4.5 N. 

 

 

  



6.3.4. XPS results 

Si3N4 disk mechanically polished 

 

The Survey spectrum (Figure 9a) of the mechanically polished Si3N4 disk showed the photoelectron 

Si 2p, Si 2s, N 1s, C 1s, O1s and Auger N KLL, C KLL, O KLL peaks expected for the substrate, oxide 

and the contamination layer. The Al 2p and Y 3p were also detected: these elements are often 

present in Si3N4 ceramics as additives for improving the mechanical properties of the material. 

a) 

 

  



b) 

 

c) 

 

d) 

 
Figure 9:  a) Survey spectrum of Si3N4 mechanically polished; b) Si 2p H-R spectrum of Si3N4 
mechanically polished; c) N 1s H-R spectrum of Si3N4 mechanically polished; d) O 1s H-R spectrum of 
Si3N4 mechanically polished. 

 

The high-resolution Si 2p spectrum shows three components (Figure 9b). The Si 2p3/2 peaks at 101.7 

(0.1) eV and at 102.5 (0.1) eV, can be assigned to a Si-N component and to a Si-NxOy component 

respectively. According to the literature [13-15], the other contribution at 103.5 (0.2) can be 

assigned to the Si-O bond, The N 1s spectrum consists of an intense component ascribed to Si-N 

bonds in Si3N4 contribution at 397.6 (0.1) eV and of a low intensity shoulder at 399.7 (0.1) eV due to 

the NH2/N-O contribution, as reported by Bertoti et al. [14]. The O 1s spectrum consists of a major 

contribution at 532.4 (0.1) eV, assigned to the Si-O bond. An additional contribution at 531.4 (0.1) 

eV can be attributed to hydroxides. A final contribution to the O1s spectrum at 533.1 (0.2) eV can 

be ascribed to adsorbed water remaining from the cleaning process. The peak parameters and the 

binding energies of Si 2p3/2, N1s and O1s are reported in Table 3. 

 

 



Table 3: Peak parameters of Si 2p3/2, N1s and O1s spectra of mechanically polished disk. Standard 
deviations are reported in parentheses 

 Line Shape Component 
Disk MP 

FWHM (eV) 
BE (eV) 

Si 2p3/2 GL(30) 

Si-N 101.7 (0.1) 1.4 (0.1) 

Si-NxOy 102.5 (0.1) 1.4 (0.1) 

Si-O 103.5 (0.1) 1.4 (0.1) 

N 1s GL(30) 
N-Si 397.6 (0.1) 1.6 (0.1) 

N-H/N-O 399.7 (0.1) 2.3 (0.1) 

O 1s GL(50) 

O-H 531.4 (0.1) 2.0 (0.1) 

O-Si 532.4 (0.1) 2.0 (0.1) 

O-cont. water 533.1 (0.1) 2.0 (0.1) 

 

  



Si3N4 disk and pin after the test in the presence of equilibrated [EMIM]EtSO4 

 

The high-resolution Si 2p, N 1s, O 1s and S 2s spectra recorded on the disk and the pin after the test 

in the presence of equilibrated [EMIM]EtSO4, both in the contact area and in the non-contact one, 

are reported in Figure 10 and Figure 11 respectively. The peak-fitting was performed by applying to 

the synthetic components the same parameters adopted for the mechanically polished sample.  

Disk: Non- contact area Disk: Contact area 

 

 

 

 
 

 

 

 
 

 
 

 

 

  



 
 

 

Figure 10: XPS spectra of Si3N4 disk after the test in the presence of equilibrated [EMIM]EtSO4; Left : 
Non-contact area; right: Contact area; from top to down: Si 2 p spectrum; N 1s spectrum; O 1s 
spectrum; S 2s spectrum.  

 

As far as the Si3N4 disk after the test, no significant differences between the non-contact area (Figure 

10 left panel) and contact area (Figure 10 right panel) are observed (Table 4). The Si 2p3/2 

components at 101.5 (0.1) eV and at 102.3 (0.1) eV and at 103.3 (0.1) eV can be assigned to Si-N, to 

Si-NxOy and to Si-O respectively, for both areas. The N 1s spectra showed the presence of the Si3N4 

contribution at 397.4 (0.1) eV and a shoulder at higher binding energy 399.4 (0.1) eV corresponding 

to the NH2/N-O contribution.  The O 1s spectrum consisted of a major contribution at 532.5 (0.1) 

eV, in contact area and 532.3 ± 0.1 eV out the contact area, corresponding to the Si-O bond. An 

additional contribution at 531.3 (0.1) eV, more intense in the contact area than in the non-contact 

one, can be attributed to hydroxide or carbonate bonded to a NH3 species. No S 2s signal is detected. 

 

 

 

 

 

 

 

 



Pin: Non- contact area Pin: Contact area 

 

 

 

 
 

 

 

 
 

 

 

 



 

 

 
Figure 11: XPS spectra of Si3N4 pin after the test in the presence of equilibrated [EMIM]EtSO4; Left : Non-
contact area; right: Contact area; from top to down: Si 2 p spectrum; N 1s spectrum; O 1s spectrum; S 2s 
spectrum.  

 

The spectra of the pin after the test in the presence of equilibrated [EMIM]EtSO4 show a different 

shape on the Si 2p and O 1s signals when comparing non-contact area and contact area (Figure 11). 

The Si 2p spectrum of the contact area shows the main component at 101.4 (0.1) eV and  at 101.6 

± 0.1 eV in the non-contact area attributable to Si-N component. Two other components were 

revealed:  at about 102.3 (0.1) eV attributed to SiNxOy and to Si-O component at 103.4 (0.1) eV for 

both areas. The two components at ascribed to SiNxOy and the Si-O are markedly less intense in the 

contact area, after the test, than in the non-contact area. 

 The N 1s spectrum contained a major contribution of N-Si component at 397.5 (0.1) eV and the N-

H/N-O component was found at 399.1 (0.1) eV. The S 2s signal could not be processed due to its low 

signal to noise ratio, but it might be present in the contact area. These data are summarized in Table 

4.    

 

 

 

 

 



Table 4: Peak parameters of Si 2p3/2, N1s and O1s spectra of disk and pin after the test in the presence of 
equilibrated [EMIM]EtSO4. Standard deviations are reported in parentheses. 

 Component 

Disk out 

contact area 

Disk 

tribostressed 

in the presence 

of 

[EMIM]EtSO4 

Pin out 

contact area 

Pin 

tribostressed 

in the 

presence of 

[EMIM]EtSO4 

BE ± 0.1(eV) BE (eV)  BE ±0.1 (eV)  BE (eV) 

Si 2p3/2 

Si-N 101.4 101.5 (0.1) 101.6 101.4 (0.1) 

Si-NxOy 102.2  102.3 (0.1) 102.4 102.3 (0.1) 

Si-O 103.2 103.3 (0.1) 103.4 103.5 (0.1) 

N 1s 
N-Si 397.3 397.5 (0.1)  397.5 397.5 (0.1) 

N-H/N-O 399.3 399.4 (0.1) 399.1 399.1 (0.1) 

O 1s 
O-H 531.2 531.3 (0.1) 531.2 531.4 (0.1) 

O-Si 532.3 532.5 (0.1) 532.4 532.4 (0.1) 

 

  



Si3N4 disk and pin after the test in the presence of equilibrated [EMIM]EtSO4 + 2 wt % Oleic 

acid/[EMIM]oleate 50/50 

 

The high-resolution Si 2p, N 1s, O 1s and S 2s spectra of the disk and pin after the test in the 

presence of equilibrated blend are reported in Figure 12 and Figure 14 respectively for the contact 

and non-contact area. 

 

Disk: Non- contact area Disk: Contact area 

 

 

 

 

  
  



  
 

 
 

 
 
 
 

Figure 12: XPS spectra of Si3N4 disk after the test in the presence of equilibrated [EMIM]EtSO4 + 2 wt % 
Oleic acid/[EMIM]oleate 50/50; Left: Non-contact area; right: Contact area; from top to down: Si 2 p; N 
1s; O 1s; S 2s.  

 

Also in this case, the high-resolution spectra of the Si3N4 disk after the test in the presence of 

equilibrated [EMIM]EtSO4 + 2 wt % Oleic acid/[EMIM]oleate 50/50 show no significant differences 

between the non-contact area (Figure 12 – left panel) and contact area (Figure 12 – right panel). 

The Si 2p3/2 peaks at 101.5 (0.1) eV and at 102.3 (0.1) eV and at 103.3 (0.2) eV can be assigned to a 

Si-N component, to a Si-NxOy and to Si-O component respectively, for both areas. The N 1s spectrum 

exhibited the presence of the Si3N4 contribution at 397.5 (0.1) eV and a shoulder at 399.4 (0.1) eV 

that might be assigned to the NH2/N-O contribution [14].  The O 1s spectrum consisted of a major 

contribution at 532.5 (0.1) eV, which is assigned to the Si-O bond. An additional contribution at 

531.2 (0.2) eV can be attributed to hydroxides. No S 2s signal is detected.  

Significant changes in the XPS were revealed in the C 1s spectra during the acquisition of the spectra 

(Figure 13). The comparison of C1s signal of the contact area acquired at the beginning and at the 



end of the XPS experiment, allows observing that the intense shoulder detected at 286.5 ± 0.1 eV, 

this signal in the C1s acquired at the beginning of the experiment (Figure 13 a)  and ascribed to C-

OH component, is no longer detected at the end (Figure 13 b). A less intense peak shifted towards 

low binding energy values (285.8 ± 0.1 eV) is observed. This behaviour is probably attributable to 

soft X-ray damage that occurs during the experiment. 

The damage process seems to be fast, since if the C1s signal is acquired as a second region, therefore 

after about 1.2 minutes of X-ray exposure, the shape of the signal coincides with that shown in 

Figure 13b. 

 

Figure 13: a) C1s signal acquired at the beginning of the XPS experiment; b) C1s signal acquired at the end of the 
XPS experiment.  

 

The spectra of the pin after the test in the presence of equilibrated blend show a different shape Si 

2p and O 1s signals comparing non-contact area and contact area (Figure 14). The Si 2p spectrum 

shows the main component at 101.6 (0.1) eV Si-N in both areas. The SiNxOy component was found 

at about 102.4 (0.1) eV and the Si-O component was found at 103.4 (0.1) eV for both areas.  

The N 1s spectrum contained a major contribution of N-Si component at 397.5 (0.1) eV and the N-

H/N-O component at 399.3 (0.1) eV in contact area and at 399.1 ± 0.1 eV in non- contact area.   



The O 1s spectrum shows the major contribution at 532.5 (0.1) in both contact and non-contact 

areas.  The S 2s signal is not detectable. The binding energy of Si2p, N1s and O1s for all samples are 

reported in Table 5.   



Pin: Non- contact area Pin: Contact area 

 

 

 

 

  
 

 

 

 
  



  
Figure 14: XPS spectra of Si3N4 pin after the test in the presence of equilibrated [EMIM]EtSO4 + 2 wt % 
Oleic acid/[EMIM]oleate 50/50; Left: Non-contact area; right: Contact area; from top to down: Si 2 p H-
R spectrum; N 1s H-R spectrum; O 1s H-R spectrum; S 2s H-R spectrum.  

 

  

  



Table 5: Peak parameters of Si 2p3/2, N1s and O1s spectra of disk and pin after the test in the presence 
of equilibrated blend.  

 Component 

Disk out 

contact area 

Disk 

tribostressed 

in the presence 

of 

The blend 

Pin out 

contact 

area 

Pin 

tribostressed 

in the presence 

of 

The blend 

BE (eV) ±0.1 BE (eV)  
BE (eV) 

±0.1 
BE (eV) 

Si 2p3/2 

Si-N 101.5 101.5 (0.1) 101.6 101.6 (0.1) 

Si-NxOy 102.4 102.4 (0.1) 102.4 102.5 (0.1) 

Si-O 103.3 103.3 (0.2) 103.4 103.3 (0.1) 

N 1s 
N-Si 397.4 397.5 (0.1)  397.5 397.6 (0.1) 

N-H/N-O 399.4 399.4 (0.1) 399.1 399.3 (0.1) 

O 1s 
O-C 531.2 531.2 (0.2) 531.2 531.3 (0.1) 

O-Si 532.5 532.5 (0.1) 532.4 532.5 (0.1) 

  



6.4. Discussion 

The profilometer traces of the disk and pin showed no remarkably differences between the tests in 

the presence of [EMIM]EtSO4 and in the presence of [EMIM]EtSO4 + Oleic acid/[EMIM]oleate 50/50, 

since the vast majority of wear occurs during the running-in in water. It is reported [8,16] that the 

running‐in procedure generates smooth contact surfaces, thus preventing the occurrence of micro 

fracture and debris formation. In this work the running-in procedure was carried out before the test 

in order to obtain the hydrodynamic bearing-like contact and to evaluate the effect of the lubricant 

and additive in the boundary lubrication.  

 

6.4.1. Effect of the water content on lubrication  

Water seems to play a critical role on lubrication mechanism since the water content influences the 

viscosity of the investigated lubricants (Table 6). The comparison of Figures 7a-b, and 8a-b allows 

observing an increase of the coefficient of friction at low speeds with the adsorption of water in the 

case of both the dried IL and the dried blend during the test. In addition, the shift of the curve 

observed in the transition from HDL to mixed lubrication between the dried and the equilibrated 

lubricants can be assigned to the change in viscosity: from about 100 mPa * s (for dried IL and blend) 

to c.a. 10 mPa * s (for equilibrated IL and blend).  The water molecules coordinate the ionic l iquid 

and this leads to the direct contact between the surfaces of the disk and the sphere, consequently, 

the coefficient of friction increases, influencing the lubrication. 

  



 

Table 6: Water content and experimental viscosity after 1 week at 45 % RH of [EMIM]EtSO4 and 
[EMIM]EtSO4 + Oleic acid/[EMIM]oleate 50/50.  

 

 

 

 

 

 

6.4.2. Effect of the blend composition on lubrication 

During the tribological tests in the presence of IL and in the presence of the blend, two possible 

mechanisms can occur [17]:  

1) tribochemical wear effect, in which the interactions between the two surfaces take place in the 

form of asperities colliding and smoothing with each other; 

2) tribochemical film effect, with chemical reactions between lubricant molecules and surfaces that 

usually accompany such collisions producing a tribofilm.   

The XPS and the tribological results obtained in this work suggest that the tribochemical wear effect 

probably prevails during the running-in in water and in the presence of equilibrated IL.  In fact, there 

are no changes in the XPS spectra after the test with the [EMIM]EtSO4 and no sulphur signals are 

detected. R.S. Gate & S.M. Hsu [17] showed that the substituted imidazoline reduced wear and 

friction, but no visible film was found in the wear scar after the test, and the same was observed for 

Si3N4 in contact with sulfurized fatty acids. Thus, it is observed the absence of tribofilm on the 

surface after the test and the cleaning before the XPS analyses.  

The tribochemical effect, indeed, probably predominates when the IL + additive is present. The 

tribological results showed that the CoF significantly decreases of about ten times in the presence 

of the additive at the lowest speeds. In addition, the shift of the Stribeck curve observed in the 

mixed lubrication regime in the presence of additive, is not due to the change in viscosity (as 

observed in the case of water absorption) but it suggests a different lubrication mechanism. The XPS 

data of the pin following the tribotests with the IL and the blend showed different shape of the Si 

Lubricant Water content after 
1 week at 45 % RH  

Viscosity  (mPa * 
s) at 45 % RH   

[EMIM]EtSO4 7.9 (0.5) % 12.2 (0.1) 

[EMIM]EtSO4 + Oleic 
acid/[EMIM]oleate 50/50 

9.8 (0.3) % 12.3 (0.1) 



2p signal between no-contact area and contact area (Figure 11 and Figure 14).   These findings can 

be explained by the oxidation of the Si3N4 surface after the interaction with the environment and 

this oxide film is partially removed during the tribotest, as showed by the decrease in intensities of 

the Si-NxOy and Si-O component (Figures 11 and 14).  

Interesting results were observed in the presence of the additive: the Si 2p signal showed higher 

intensities of Si-O component compare to the IL presence case. This can be associated to the 

interaction between oleic acid/ [EMIM] oleate and the surface, that probably leads to the formation 

silyl ester (Figure 14). These reactions might explain why the acid functional groups can lubricate 

Si3N4.[17] These results, in addition with the degradation of C1s signal observed in the disk after the 

test with the blend, suggest the formation of a thin tribofilm in the presence of additive.  

 

Figure 14: possible reaction that could occur in the presence of additive, adapted from [17]. 

 

6.4.3.    Slow tests: tribochemical film effect 

Slow tests for 2 minutes at 5 mm / s in water and without liquid (dried) were performed following 

the mechanical tests, in order to evaluate the effect and the presence of the tribofilm (Figure 15).  

The slow test in water shows that as the CoF increase up to a value ca. 0.9 between 0 – 60 s. Then, 

there are peaks whose intensity and amplitude increase upon time (Figure 15b). Indeed, in the test 

without liquid, it is possible to observe how the CoF value ranges between about 0.1 and 0.27 (Figure 

15d). These values are close to those obtained with the ionic liquid as lubricant. This might suggest 

and confirm the formation of a tribofilm on the surface in the contact area between the two 

counterparts, also without lubricants conditions, that play a role in the lubrication mechanism of 

Si3N4.  



 

 

Figure 15: slow test 2 minutes at 6 mm / s.  a) test in water (blu line): Force (x) vs time (s) and b) CoF vs 

time; test in dried conditions (black line): c) Force (x) vs time (s) and d) CoF vs time (s). 

 

6.5. Conclusions 

The tribological behaviour of Si3N4 tribopairs lubricated with [EMIM]EtSO4 and with the blend 

[EMIM]EtSO4 + 2 wt % Oleic acid/[EMIM]oleate 50/50 has been investigated, and it is possible to 

draw the following conclusions:  

- The vast majority of wear occurs during the running-in in water: it results in hydrodynamic 

bearing-like contact.  

- Tribological data showed that the water content significantly influences the lubrication 

mechanism and the CoF increases. The water played an important role in the lubrication 

behavior since water influences the viscosity of the IL; the water molecules coordinate the 

ionic liquid leading to the direct contact between the asperities of the disk and the sphere 

and consequently the friction increases, influencing the lubrication. 

- The mechanism probably predominant in the presence of equilibrated [EMIM] EtSO4 is a 

smoothing of asperities; no film formation is observed by XPS.  



- In the presence of oleic acid and [EMIM] oleate 50/50, the lubrication mechanism is 

different: the CoF is about 0.04 at the lowest speeds. This is probably explained by the 

formation of a film due the mechanical stress, also confirmed by the XPS and the slow test.  
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Conclusions and outlooks 
 

In this thesis a method for the study of growth, characterization and functional properties of thin 

films formed on brass, steel and ceramic substrates was developed and the following conclusions 

can be drawn:  

• The presence of small quantities of organic compounds in the near neutral saliva model 

solutions affect the corrosion behaviour of the material exposed to them and consequently 

the composition of the surface film formed after the exposure.  

• The corrosion rate of both CuZn37 and Ni-free 1.4456 alloys exposed to different saliva 

solution formulations decreases with time, the corrosion mechanism is anodic control. In the 

case Ni-free steel the corrosion rates determined are markedly lower than those observed 

in CuZn37. This difference is due to the formation of a passive film in the Ni-free stainless-

steel surface.  

•  The increasing of the CoF in the case of Si3N4 tribopair lubricating with dry IL ([EMIM] EtSO4) 

can be explained by the water absorption, with the consequently decrease of viscosity and 

lubricant leakage, which led to the contact of surface asperities. Similar behaviour was 

observed with the dry blend of IL and oleic acid/[EMIM] oleate. 

• The presence of oleic acid / [EMIM] oleate as additive, markedly influences the mixed and 

boundary lubrication mechanism. A significant decrease of the coefficient of friction was 

observed.   

• The XPS analyses allow explaining the different corrosion behaviour of the alloys and the 

different lubrication mechanism observed with pure IL and the IL + additive since XPS 

provides the chemical evidence of different thin film composition:  



• The higher corrosion rate observed on the CuZn37 exposed to D compared to C-B 

and SALMO solution can be explained by a formation on a thinner film compared to 

the brass exposed to the other solutions. In addition, the film results enriched in 

CuSCN and depleted in zinc and phosphate, indicating a pronounced dissolution of 

zinc due to the presence of ligands in the formulation;  

• The different anodic Tafel curve behaviour observed in the case of the Ni-Free steel 

exposed to D solution is typical for a passive film enriched in chromium, showing the 

oxidation of Cr (III) to Cr (VI). This is confirmed by the XPS analysis: the film results 

enriched in chromium and depleted in iron. 

• The different lubrication mechanism of the Si3N4 observed in the presence of IL and 

additive might be explained with the probable formation of a silyl-ester thin tribofilm.   

The analytical method developed in this work is proved to be effective in studying the growth, the 

characterization, and the functional properties of thin films formed on different substrates tested 

in various media (saliva model solutions and ionic liquids). The combination of in-situ and ex-situ 

techniques provided insight into corrosion and wear phenomena.  

In the case of brass and steels in contact with a saliva formulation, it has been shown that in the 

presence of organic compounds, the corrosion rate and consequently the film thickness and 

composition are affected.  

This work is innovative in studying the corrosion resistance of brass in the presence of sodium 

citrate, uric acid and lactic acid. In order to evaluate the effects even after a long exposure time (16 

h), it would be interesting not only to analyse the surface composition, but also the concentration 

in the solution of zinc and copper after 16 h in the presence of these organic compounds.  

Tests could also be performed by exposing for 16 hours the brass to solutions containing the 

different organic compounds, by using a microcell. After the exposure, in addition to the 

determination of the surface composition of the brass by XPS, the solutions could be analysed by 

using spectroscopic techniques, such as inductively coupled plasma optical emission spectroscopy 



or inductively coupled plasma mass spectrometry (ICP -OES or ICP-MS), in order to measure the 

release rate of zinc and copper.  

Usually, model salivary formulations consist mainly of inorganic salts, but real human saliva also 

contains organic compounds and proteins. The results obtained in this thesis could pave the way for 

new analytical investigations, especially in the orthodontic field. In fact, as observed for organic 

compounds, the presence of proteins in the saliva formulation could also influence the corrosion 

behaviour of the materials and thus their biocompatibility. For this reason, would be interesting to 

include proteins in the formulations to evaluate their role in corrosion mechanism. 

The same considerations can be made for the case of lubrication phenomena. This work has shown 

how the addition of an additive (oleic acid/[EMIM] oleate) in ionic liquids seems to greatly influence 

boundary lubrication. Furthermore, through surface investigations, it was possible to reveal the 

formation of a thin film that preserves lubrication conditions over time. This work provides the 

guidelines for the interpretation of the phenomena that could occur in the presence of novel 

lubricants and demonstrates that the formulation of lubricants plays a role in lubrication 

mechanism. Moreover, would be interesting to evaluate the properties of different blends, with 

different ILs/ additives ratio. 

  



Appendix A 

Chapter 4 - Section 4.2.6. Details about sputtering rate determination. Depth profile of SiO2/Si 

sample (Figure A.1a) and of Au/Si sample (Figure A.1b). 

a) 

 

b) 

 

Figure A.1: Depth profile (at % vs sputtering time s) of a) SiO2/Si (1.45 (0.07) nm) for 
sputtering rate determination. Ion gun: 1kV 661nA; gas in: 5.2-5.4 10-8 mbar; Area 
= 3x3. After 72 seconds, no SiO2 could be detected. b) Au/Si 20 nm (determined by 
ellipsometry), Ion gun: 3kV 2uA; gas in: 5.2-5.4 10-8 mbar; Area = 3x3. Thickness 
accuracy = 1.3%.  

 

 

 



Chapter 4 – Section 4.3.2. Linear Polarization Resistance (LPR) of the brass samples exposed to D, C-

B and SALMO 1h Figure A.2 (a1-3), 3h Figure A.2 (b-1-3) and 16h Figure A.2 (c1-3).  

a1) 

  

b1) 

 

c1)

 

a2) 

 

b2) 

 

c2) 

 

a3) 

 

b3) 

 

c3) 

 

Figure A.2: LPR plots current density (mA cm-2 vs potential vs SCE mV) of CuZn37 after:  1 h of exposure to 
a1) D; a2) C-B; a3) SALMO; 3 h of exposure to b1) D; b2) C-B; b3) SALMO; 16 h of exposure to c1) D; c2) C-
B; c3) SALMO;  

 

 

 

 



Chapter 4 – Section 4.3.3. Angle resolved – XPS analysis of MP CuZn37 (ARXPS) 

Angle resolved results acquired on mechanically polished (MP) CuZn37. Apparent concentrations in 

atomic percentage versus the emission angle are reported considering the film and the 

contamination (Figure A.3).  

 

Figure A.3: Angle resolved results acquired on mechanically polished CuZn37. Apparent concentrations (at 
%) versus the emission angle are reported considering the film. Mean and standard deviations were 
calculated over three independent measurements. 

 

  



Chapter 4 – Section 4.3.3. CuZn37 exposed to saliva formulations.  

High-resolution spectrum of Ca 2p in CuZn37 exposed 1h to SALMO (Figure A.4) 

 

Figure A.4: High-resolution spectra of Ca 2p of CuZn37 after 1 h of contact with SALMO formulation. A 
Shirley – Sherwood background subtraction was applied before curve-fitting. 

 

 

 

 

  



Chapter 5 – Section 5.3.2. Linear Polarization Resistance (LPR) of the steel samples exposed to D, C-

B and SALMO 1h Figure A.5 (a1-3), 3h Figure A.5 (b-1-3) and 16h Figure A.5 (c1-3).  

a1) 

 

b1) 

 

c1) 

 

a2) 

 

 

b2) 

 

 

c2) 

 

 

a3) 

 

 

b3) 

 

 

c3) 

 

 

Figure A.5: LPR plots current density (mA cm-2 vs potential vs SCE mV) of stainless-steel DIN 1.4456 after:  

1 h of exposure to a1) D; a2) C-B; a3) SALMO; 3 h of exposure to b1) D; b2) C-B; b3) SALMO; 16 h of 

exposure to c1) D; c2) C-B; c3) SALMO; 



 

Chapter 5 – Section 5.3.3. Stainless-steel exposed to saliva formulations.  

High-resolution spectrum of Ca 2p in Stainless-steel exposed 1h to SALMO (Figure A.6) 

 

Figure A.6: High-resolution spectra of Ca 2p of CuZn37 after 1 h of contact with SALMO 
formulation. A Shirley – Sherwood background subtraction was applied before curve-fitting. 

 

 

 

  



Chapter 6 – Section 6.2.1. Characterization of [EMIM]EtSO4 and [EMIM] oleate by attenuated-total-

reflection Fourier-transform infrared spectroscopy (ATR – FTIR, Alpha-P Bruker) (Figure A.7) and by 

nuclear magnetic resonance (NMR, Bruker BioSpin GmbH, 300 MHz) (Figure A.8).  

a) 

 

b) 

 

 

Figure A.7: a) ATR-FTIR spectra of Dry [EMIM] EtSO4 ≥95% b) ATR-FTIR spectra of [EMIM] oleate supplied 
by UniPi. Transmittance (%) vs Wavenumber (cm-1) 



 

a1) 

 

 

a2) 

 

 

b1) 



 

b2) 

 

Figure A.8) a1) ) 1H NMR (300 MHz, CDCl3) spectra of [EMIM] EtSO4; a2) 13C NMR (76 MHz, CDCl3) spectra 
of [EMIM] EtSO4 ≥95 %; b1) 1H NMR (300 MHz, CDCl3) spectra of [EMIM] oleate; b2) 13C NMR (76 MHz, 
CDCl3) spectra of [EMIM] oleate.  
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