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Abstract 

 

This thesis investigates the synthesis, mechanical properties, tribological and electro-tribological 

behavior of Ti2AlC and Ti3AlC2 MAX phases in the form of thin films. The thin films were obtained by 

deposition of a multilayer system of Titanium (Ti) - Aluminum (Al) - Carbon (C) and subsequent thermal 

annealing in a vacuum and controlled atmosphere. The Ti-Al-C multilayer system was deposited by 

magnetron sputtering on silicon substrates with a SiO2 and SixNy double-layer diffusion barrier. The 

stoichiometric of the film was controlled through the thickness of the individual monolayers. To obtain a 

500 nm thick film, the Ti-Al-C sequence was repeated 22 times with individual thicknesses of 14, 6 and 

3.5 nm, respectively. The experimental results show that the Ti2AlC phase is formed at a temperature of 

700°C, while the Ti3AlC2 phase is formed at 950°C. The structural properties of the thin films were 

characterized by X-ray diffraction, Raman microscopy and glow discharge optical emission spectroscopy 

(GD-OES). The hardness of the thin films was analyzed by nanoindentation tests, obtaining hardness 

values of 11.6 and 5.3 GPa for Ti2AlC and Ti3AlC2, respectively. The tribological behavior of the thin films 

was analyzed under dry sliding conditions using a ball-on-flat reciprocating tribometer. The counter body 

consisted of AISI 52100 steel balls of 3 mm diameter. The friction coefficients obtained were in the range 

of 0.21 - 0.2 and 0.6 - 0.91 for the Ti2AlC and Ti3AlC2 thin films, respectively. The Ti2AlC phase has a 

better tribological performance, which can be attributed to its smaller grain size, lower surface roughness 

and higher hardness compared to the Ti3AlC2 phase. The electrical resistivity of the thin films was 0.73 

and 0.45 µΩ·m for Ti2AlC and Ti3AlC2, respectively. The electro-tribological test was carried out using a 

ball-on-flat reciprocating tribometer under electrical currents of 10, 50 and 100 mA. The coefficient of 

friction and the electrical contact resistance were measured simultaneously in the same test. The results 

show that the coefficient of friction and electrical contact resistance could be related to thin-film properties 

such as hardness, roughness, grain size, and resistivity. These results of the electro-tribological behavior 

of the films provide valuable information for possible applications such as sliding electrical contacts. 
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Resumen 

 

La presente tesis investiga la síntesis, propiedades mecánicas, comportamiento tribológico y electro-

tribológico de Ti2AlC y Ti3AlC2 fases MAX en forma de películas delgadas. Las películas delgadas se 

obtuvieron mediante deposición de un sistema de multicapas de Titanio (Ti) - Aluminio (Al) – Carbono 

(C) y un posterior tratamiento térmico en vacío y atmosfera controlada. El sistema de multicapa de Ti-

Al-C fue depositado mediante pulverización catódica sobre sustratos de silicio con una barrera de 

difusión de doble capa de SiO2 y SixNy. La estequiométrica de la película se controló a través del espesor 

de las monocapas individuales. Para obtener una película de 500 nm de espesor, se repitió 22 veces la 

secuencia de Ti-Al-C con espesores individuales de 14, 6 y 3.5 nm, respectivamente. Los resultados 

experimentales muestran que la fase Ti2AlC se forma a una temperatura de 700°C, mientras que la fase 

Ti3AlC2 se forma a 950°C. Las propiedades estructurales de las películas delgadas fueron caracterizadas 

mediante difracción de rayos X, microscopia Raman y espectroscopia de emisión óptica de descarga 

luminiscente (GD-OES). La dureza de las películas delgadas fue analizada mediante ensayos de 

nanoindentacion, obteniéndose valores de dureza de 11.6 y 5.3 GPa para Ti2AlC y Ti3AlC2, 

respectivamente. El comportamiento tribológico de las películas fue analizado bajo condiciones de 

deslizamiento en seco mediante el tribómetro reciprocante ball-on-flat. El contra material utilizado 

consiste en bolas de acero AISI 52100 de 3 mm de diámetro. Los coeficientes de fricción obtenidos están 

en el rango de 0.21 - 0.2 y 0.6 - 0.91 para las películas delgadas de Ti2AlC y Ti3AlC2, respectivamente. 

La fase Ti2AlC tiene un mejor comportamiento tribológico y esto se puede atribuir a su menor tamaño de 

grano, menor rugosidad superficial y mayor dureza en comparación con la fase Ti3AlC2. La resistividad 

eléctrica de las películas delgadas fue de 0.73 y 0.45 µΩ·m para Ti2AlC y Ti3AlC2, respectivamente. El 

ensayo electro-tribológico se llevó a cabo utilizando un tribómetro reciprocante ball-on-flat bajo corrientes 

eléctricas de 10, 50 y 100 mA. El coeficiente de fricción y la resistencia de contacto eléctrico se midieron 

simultáneamente en una misma prueba. Los resultados muestran que el coeficiente de fricción y la 

resistencia de contacto eléctrico podrían estar relacionados con las propiedades de película delgada 

como dureza, rugosidad, tamaño de grano y resistividad. Estos resultados del comportamiento electro-

tribológico de las películas proporcionan información valiosa para posibles aplicaciones como contactos 

eléctricos deslizantes. 
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Chapter 1. Introduction and Motivation 

The phases Mn+1AXn (abbreviated as MAX) have received worldwide attention due to their outstanding 

properties. MAX phases are well known for their interesting combination of metallic and ceramic materials 

properties [1,2]. MAX phases have high thermal and mechanical resistance and good electrical and 

thermal conductivity [3]. MAX phases were initially synthesized and studied by Nowotny et al. in the early 

60s and 70s of the last century [4,5]. Since then, more than 150 types of MAX phases have been 

discovered [6]. Since the previous decade, MAX phases have also been used as precursors for 2D 

MXenes [7]. Due to this property combination and versatility, MAX phases have attracted considerable 

interest in applications such as protective coatings, electrical contacts [8] and structural materials in 

corrosive media [9]. Due to their ceramic-like thermal stability and corrosion resistance in a harsh 

environment, they are also interesting for high-temperature applications [10]. Considering the fascinating 

combination of properties and the growing scientific interest in these materials. This thesis aims to 

evaluate the tribological, mechanical and electro-tribological properties of Ti2AlC and Ti3AlC2 films for 

possible applications such as protective coatings and electrical contacts. 

For various industrial uses, coatings and thin films have become one of the most valuable protective 

materials against friction and wear. Since 23% of the world's total energy is required to mitigate friction 

and wear, the field of tribology, which includes friction, wear, and lubrication, has a substantial impact on 

society [11]. Finding materials and material combinations with low friction (coefficient of friction - CoF), a 

low wear rate, and a long lifetime is one of the main goals of tribological research. Various procedures 

concerning surface modifications and coating systems have been investigated to enhance the tribological 

performance of machine components. This procedure includes diamond-like carbon coatings systems 

[12–16], transition metal dichalcogenides (MoS2 and WS2) [17–20], different multilayers coating systems 

[21–28], MAX phases as potential coating materials [29–37], 2D materials as solid lubricants [38–40], 

and surface modification and textured patterns [41–47]. 

MAX phases have good electrical conductivity and tribological performance [48–61]. Thus, the MAX 

phases could be used as sliding electrical contacts [8,62–64]. The performance of sliding electrical 

contacts is strongly influenced by properties such as electrical conductivity and tribological behavior 

[60,65]. Moreover, adequate wear control is critical to sliding contact reliability [61,66–68]. Electrical 

contacts are generally subjected to various levels of mechanical load, excessive friction and wear, micro-

welding, corrosion, and electrical arc erosion, resulting in poor electrical contact performance and a short 

life cycle [61,69–71]. Commonly, electrical contacts are coated with noble and soft metals such as gold, 

palladium, silver, and other noble metals and their alloys [67,70–72]. Thus, a larger contact area is formed 
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due to the ductile nature of noble metals. This offers low electrical contact resistance or good electrical 

conductivity and provides protection against corrosion. However, in sliding contacts (non-stationary), the 

larger contact area generates high friction and excessive adhesive and abrasive wear of the electrical 

contact [60,73]. Several studies on sliding contacts have been reported emphasizing wear mechanisms 

such as adhesive wear, abrasive wear, arc ablation, oxidative wear, and arc contact erosion [74–77]. 

However, it is still necessary to go through the subject and find additional ways to coat sliding electrical 

contacts. The low coefficient of friction and low wear rate should prevail, and good electrical behavior 

should be comparable to standard metallic coatings. In this regard, the MAX phases could be an excellent 

alternative to be used as sliding electrical contacts. 

Considering the topics discussed in the previous paragraphs and taking into account the importance of 

the MAX phase in applications such as protective coatings and sliding electrical contacts. This thesis, in 

the first part, investigates the synthesis and characterization of the Ti2AlC and Ti3AlC2 phases thin films. 

These films were obtained from the same precursor formed by Ti-Al-C multilayers and subsequent 

annealing treatment. The formation of the thin films was verified by various experimental techniques such 

as XRD, GD-OES and Raman spectroscopy. Afterwards, the mechanical and tribological properties of 

these MAX phases were investigated. The tribological behavior of these MAX phases was correlated with 

the mechanical properties, texture, grain size and surface roughness. It can be observed that the Ti2AlC 

phase is harder and has better tribological performance than the Ti3AlC2 phase. Finally, the electrical 

conductivity of the Ti3AlC2 phase is higher than that of the Ti2AlC phase. However, the Ti2AlC film remains 

complete after the electro-tribological test at currents of 50 mA. In contrast, the Ti3AlC2 phase suffers a 

considerable film deterioration at a current flow of 50 mA. The different performance of both phases is 

related to their respective mechanical properties and tribological behavior. 
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Chapter 2. Fundamental Theory and State of the Art 

 

2.1 Mn+1AXn phase materials 

This chapter introduces an overview of MAX phases' crystal structure, synthesis process, and mechanical 

and tribological performance. The crystal structure is closely connected to its tribological and mechanical 

properties. On the other hand, different synthesis routes have been developed depending on their 

physical form, such as hot isostatic pressing and physical vapor deposition for bulk and thin films, 

respectively. More information on this topic can also be found at Barsoum [78], Eklund et al. [1], Sokol et 

al. [79], Berger [80] and others. 

2.1.1 The structural properties of MAX phases – Crystal structure  

MAX phases are ternary carbides and nitrides with the general formula Mn+1AXn (thus in short MAX) 

where n could take different values such as (n=1, 2 or 3); M is an early transition metal. A is an element 

of group A and X is C and/or N (see the periodic table shown in Figure 2.1). These phases represent a 

new class of solids with a hexagonal nanolayered crystal structure (see Figure 2.2). Up to now, more 

than 150 MAX phases [6] have been synthesized, and all of them share a similar crystal structure and 

chemical composition [78]. 

 

Figure 2.1 The periodic table with highlighted elements that make up the MAX phases, adapted from [81]. 
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The MAX phases generally have unique properties that make them attractive in multiple applications. 

These phases behave as metallic and ceramic materials at the same time [78,82,83]. They have good 

electrical and thermal conductivity, are machinable and resistant to thermal shocks [48,50]. In addition, 

they are resistant to corrosion and aggressive environments and retain their mechanical properties at 

high temperatures [64,84]. 

 

Figure 2.2 MAX phase crystal structure, adapted from [78]. 

 

2.1.2 The MAX phases processing techniques   

MAX phases can be found in the form of bulk material and thin films. Bulk materials are generally obtained 

from powders or some other precursors. The starting materials are often subjected to pressure and high 

temperatures to densify them. Among the techniques used to obtain bulk material are hot pressing [57], 

hot isostatic pressing [49,85], plasma spark sintering [86–88], sol-gel processes [89], and sintering 

without pressure [90]. Furthermore, the MAX phase thin films can be obtained through different 

techniques such as chemical vapor deposition (CVD) [91], pulsed laser deposition [92], physical vapor 
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deposition (PVD) such as magnetron sputtering with alternating and direct current [30,93,94] or 

radiofrequency [95] and high-power impulse magnetron sputtering [96]. 

Hot pressing is the most widely known bulk MAX phase synthesis method, and materials with high density 

and purity can be obtained. The starting materials need to be particulate or pulverized, and this is poured 

into graphite molds and pressed at high temperatures. The synthesis pressure can reach up to 50 MPa, 

and the maximum temperatures range between 1200 and 1500°C [6]. Below is a review of some bulk 

MAX phases that were synthesized by hot pressing. These are Ti2AlC [57], Ti3AlC2 [97] and Ti3SiC2 [98]. 

In this thesis, the synthesis process of magnetron sputtering is used. This technique allows exact control 

of the thickness of the deposited film, films with low contamination and high-quality films can be obtained 

[1,99]. Furthermore, MAX phase thin films offer a series of benefits, such as reduced production costs 

due to the minor amounts of material used, design flexibility, and excellent surface finish, among others 

[100–102]. 

2.2 Fundamentals concepts of tribology 

2.2.1 Roughness and characteristics of solid surfaces 

The roughness and surface properties of solids are an essential part of the study of tribology. The surface 

interaction of solid surfaces can affect friction, wear, real contact area, lubrication, thermal and electrical 

conductivity, optical properties, and appearance. Regardless of the manufacturing method, all surfaces 

exhibit irregularities or geometric deviations. These irregularities range from interatomic distances to 

macroscopic variations in shape [103]. It is worth mentioning that no machining or manufacturing process 

produces completely flat surfaces. 
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Figure 2.3 Amplified surface roughness and different surface layers on the base material, adapted from  [103]. 

Figure 2.3 shows a solid surface with various layers. These layers usually have characteristic 

physicochemical properties of the base material. The first two layers over the base material are formed 

due to the manufacturing or machining process used during its formation. These layers are usually 

deformed or work-hardened. These layers have different properties than the base material. 

Moreover, surfaces are generally reactive when they interact with the environment. That is, layers of 

certain oxides can form on surfaces. Layers can also be generated by chemisorption or physisorption of 

oxygen and water vapor from the surrounding medium [104]. The surface tension should be considered 

apart from the films formed on the surface. 

2.2.2 Friction under dry sliding conditions  

Friction is a force that opposes the relative motion during the sliding or rolling of two surfaces in contact 

(see Figure 2.4). Friction is not an intrinsic property of materials but rather a response to a tribological 

system. The tribological system usually contains materials in contact, applied normal force, sliding speed, 

surface roughness, mechanical properties and environmental conditions. The typical classification of 

friction comprises dry friction and liquid friction. This section will address only dry friction or "Coulomb" 

friction. Dry friction occurs when two dry surfaces come into contact under relative motion. Generally, 

when two smooth and clean surfaces are in contact, the value of the friction force is usually high. On 

well-lubricated surfaces, the adhesion and friction force are generally weak, although a small amount of 

liquid on smooth surfaces could cause an increase in friction force. 

Depending on the application, friction can be beneficial or detrimental. Some examples of positive friction 

are vehicle brakes, machining and polishing components, conveyor belts or power transmission by 

friction, and walking on ice. In the previously mentioned examples, the aim is to increase the value of the 
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friction force. However, in some applications, friction is undesirable, such as in bearings, gears, cams, 

and mechanical components in sliding or rotating contact motion. In the previously discussed 

applications, the value of friction coefficient should be controlled and minimized. 

 

Figure 2.4 Schematic representation of a) sliding and b) rolling contact, adapted from  [103]. 

 

Friction is usually measured by the coefficient of friction (μ or CoF). CoF is a quantitative and empirical 

parameter which should be measured by experimental tests. It is impossible to find the CoF only by 

mathematical or numerical calculations. The coefficient of friction can be static (μs) or kinetic (μk) and is 

independent of the normal load. The coefficient of friction is a scalar value given by Equation 2.1. 

 𝜇 = 𝐹𝑊 (2.1) 

Where F is the friction force, and W is the normal force. 

Coulomb (1785) states that when two objects are in relative motion, the force of kinetic friction is 

independent of the sliding speed. It is worth mentioning that the rules correlated with friction are entirely 

empirical. That is to say, in the cases in which they are not fulfilled, it does not imply a violation of the 

fundamental laws of nature [103]. 

Figure 2.5 shows the variation of the coefficient of friction as a function of the normal force. In general, 

three different behaviors can be seen. Figure 2.5a) shows the variation of the coefficient of friction as a 

function of the normal load of the steel against the aluminium. Under these conditions, the coefficient of 

friction remains constant at around 1.3. However, in the case of copper against copper, it is observed 

that the coefficient of friction depends on the normal load (see Figure 2.5b)). At low loads, a coefficient 

of friction of 0.4 can be seen. This value increases with the increasing normal load. The coefficient of 

friction undergoes a transition to stabilize at an approximate value of 1.8 for loads greater than 1 N. Some 

factors responsible for this behavior may be that the oxide film on the copper surface at low loads 
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decreases the metal-to-metal contact, reducing the contact area. The oxide film breaks down at high 

normal forces, causing metal-to-metal contact. Considering that copper is a soft material, a larger contact 

area causes the coefficient of friction and surface damage to increase. In some cases, at high normal 

forces, the coefficient of friction decreases (see Figure 2.5c)), and the formation of tribo-films could cause 

a reduction in the coefficient of friction. 

 

Figure 2.5 Friction coefficient as a function of the normal load. a) Steel sliding on an aluminum surface, b) a copper 
sliding on another copper and c) an AISI 440C stainless steel sliding on a Ni3Al alloy [103]. In all cases, the test 
was carried out under dry sliding conditions. 

 

As mentioned before, the coefficient of friction is not an intrinsic property of the material but depends on 

many factors, such as sliding, materials and environmental conditions. Friction also involves energy 

dissipation during sliding. When two surfaces are in contact, only the tips of the asperities come into 

contact, and the applied load causes deformation of the asperities, forming discrete contact points. In the 

vicinity of the contact points, adhesive forces are formed caused by physicochemical interactions of the 
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contact interface and the environment. Then friction occurs due to adhesion and deformation. Adhesive 

forces are present at all contacts and depend on the conditions of the contact interface. A traditional 

method used to reduce friction is to use protective coatings with low interface shear strength. 

2.2.3 Wear mechanisms  

Wear appears when two surfaces are in contact and relative movement. It is characterized as a 

continuous process of interface deterioration. Mechanical components fail mainly due to wear, fatigue 

and corrosion. Wear is one of the most important factors because wear can cause between 60 to 80% of 

the total volume of failures [105]. Given its importance in saving resources and energy, it is imperative to 

know the wear mechanisms and the actions that must be taken to reduce wear. 

Adhesive wear 

Adhesive wear occurs when contact surfaces move against each other, causing particles to be removed 

from the contact surface. The adhesive bond is formed when asperities are cut, resulting in particles or 

fragments of one of the surfaces. These particles adhere to the other surface in contact (see Figure 2.6). 

This operation is repeated multiple times, and the transfer or migration of material due to adhesive wear 

can change between the surfaces in contact. Sometimes, the transferred material comes off, and the 

presence of loose particles can be seen on the track. 

Adhesive wear is calculated using the model proposed by Archard (1953) [106]. In Equation 2.2, the 

contact area is assumed to be circular points, and each has a radius a. From this idealization, it is 

established that the contact area is πa2. Each contact point supports a normal load of: 

 𝑊 = 𝜋𝑎2𝐻 (2.2) 

H is the hardness of the softer material in the tribological contact interface. 

 

Figure 2.6 Schematic representation of the two break possibilities (1 and 2) during interface sliding, generating 
adhesive wear [103]. 
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Abrasive wear 

Abrasive wear occurs when a rough, hard surface or trapped hard particles slide over a soft surface, this 

interaction damages the contact interface by plastic deformation or fracture. Material loss in ductile 

materials occurs by plastic deformation, while in brittle materials, it occurs by brittle fracture. Both cases 

shown in Figure 2.7 have practical applications. In the first case, the hard surface slides over a softer 

one. This can be seen in metal removal machinings such as turning, milling, and drilling. The second 

case is when hard and abrasive particles are trapped in the contact interface (also known as three-body 

abrasion). This case can be observed in the operations of lapping or polishing materials. 

 

Figure 2.7 Schematic representation of a) a rough hard surface or surface mounted abrasive particles sliding over 
a softer surface, and (b) free abrasive particles trapped between two surfaces with at least one of the surfaces 
softer than the abrasive particles [103]. 

 

Fatigue wear 

In tribological systems, fatigue wear is produced by the formation and growth of surface or subsurface 

cracks due to the action of a large number of load and unload cycles. The superficial rupture causes the 

detachment of large fragments, causing large biting in the contact interface. Crack formation usually takes 

a short time. However, crack propagation can be quite slow [105]. Load and unload cycles before a 

fatigue failure is typically in the order of thousands or millions of cycles, so wear is negligible before 



 P a g e  | 11 

 

fatigue failure. This characteristic distinguishes fatigue wear from adhesive or abrasive wear, where 

material loss is gradual and progressive during tribological contact performance. The above shows that 

the wear rate is not an adequate parameter to measure fatigue wear. It is more convenient to predict the 

lifetime of the tribological system in terms of the number of cycles before failure occurs. 

Erosion wear 

Erosion wear occurs when hard particles impact a solid surface (see Figure 2.8). Wear can be caused 

by plastic deformation (ductile materials) or fracture (brittle materials). Erosive wear differs from abrasive 

wear because erosion considers the kinetic energy of hard particles impacting the study surface. For 

ductile materials, maximum erosion occurs at an impact angle of 20°, while for brittle materials, the degree 

and severity of wear are influenced by the shape of the abrasive particles [104]. Erosion-generated debris 

forms due to repeated impacts. 

 

 

Figure 2.8 Schematic representation of abrasive particles impacting a surface at high speed [103]. 

 

Corrosive/Oxidative Wear 

Corrosive/oxidative wear occurs when the tribological system is in a corrosive environment. Oxygen is 

the most dominant corrosive component of air. In static contacts, oxide films typically form on a surface 

less than a micron thick. However, the progressive wear of the tribological system generates new areas 

for the corrosive attack to continue. In many cases, forming oxides on the surface can be beneficial. 

Because the film isolates the metal-to-metal contact, reducing the adhesion forces and consequently 

lowering the friction coefficient and the wear rate. 
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2.2.4 Lubrication regimens  

Mechanical contact between two solid sliding surfaces can produce a high coefficient of friction and a 

high wear rate. However, the addition of lubricant can significantly reduce friction and wear. The proper 

choice of lubricant based on operating conditions requires knowledge of the Stribeck curve. Figure 2.9 

shows the lubrication regimes in which the mechanical components could work. 
Hydrodynamic lubrication is when two sliding surfaces become separated by a lubricant film. The 

thickness of the lubricant film usually ranges from 5 to 500 μm. This film is thicker than the surface 

roughness, and there is no physical contact between the asperities. The coefficient of friction in this 

regime is usually low. However, it can increase slightly with increasing the sliding speed. 

Elastohydrodynamic lubrication is a subset of the hydrodynamic regime. The thickness of the film can 

vary between 0.5 and 5 μm; in certain areas, the asperities can touch. Mixed lubrication is a combination 

of hydrodynamic and boundary lubrication. In this regime, there may be frequent asperity contacts. In 

boundary lubrication, as the speed decreases or the applied load increases, as shown by the Stribeck 

curve (see Figure 2.9), the coefficient of friction increases significantly. In this regime, the film cannot 

separate both surfaces in contact. 

 

Figure 2.9 Friction coefficient as a function of the ηU/W ratio for a lubricated sliding bearing: Stribeck curve. Where 
η is the lubricant viscosity, U is the peripheral speed of the components in contact, and W is the applied load  [107]. 
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2.2.5 Types of tribometers  

The coefficient of friction and the wear rate must be determined experimentally. For this purpose, many 

types of tribometers have been developed. Figure 2.10 shows schematic representations of the most 

commonly used tribometers. These tests allow the simulation of tribological systems, estimate the 

coefficient of friction, examine the wear mechanisms and quantify the wear rate. The parameters 

analyzed, such as the coefficient of friction and the wear rate, are a response of the tribological system 

and not just the material itself. 

The most commonly used tribometers are the pin-on-disc (Figure 2.10a), block-on-ring (Figure 2.10b), 

and pin-on-reciprocating plate (Figure 2.10c). The three cases mentioned above are asymmetrical in load 

application, so repeatability is challenging. In the cases of twin discs and ring-on-ring, the angular 

velocities must be different (Figure 2.10d and e). These last two cases are symmetric cases making 

ω1 = -ω2. The ring-on-ring configuration allows all points on the surfaces to remain in contact throughout 

the entire test [107]. 

 

 

Figure 2.10 Schematic representation of tribometers used in tribological tests a) pin-on-disc, b) block-on-ring, c) 
pin-on-plate, d) twin disc, e) ring-on-ring, adapted from [107]. 

 

2.3 Tribology of coatings and thin films 

The tribology of coatings and thin films is influenced or governed by four essential parameters: coating 

hardness, coating thickness, surface roughness, and the size and hardness of external debris or debris 
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generated in the tribological contact. The combination of these parameters defines the tribological 

behavior of the coatings. Depending on the tribo-pair conditions, different wear mechanisms can be 

observed. Figure 2.12 shows schematic representations of 12 typical tribological contacts of a hard 

sphere against a coating [108,109]. 

The relationship between the hardness of the coating and the substrate is an important parameter in the 

tribological study of thin films or coatings. Two cases can be discussed for better analysis: hard and soft 

coatings (see Figure 2.12). Bowden and Tabor [110] suggest that a soft coating reduces the friction 

coefficient, but wear could be excessive. A hard coating on a softer substrate can decrease the coefficient 

of friction and excessive wear by preventing ploughing [111]. That is why hard coatings are used in 

abrasive environments. The diamond-like carbon (DLC) coatings are perhaps the most widely used and 

studied coatings [112]. Multilayer coatings offer great possibilities for manipulating mechanical and 

tribological properties according to the required application conditions [23]. 

Coatings typically separate the substrate from the counter material, reducing friction and wear. However, 

if the substrate is soft, it cannot support the applied load [113]. Thus, the film would no longer fulfill its 

designed function (see Figure 2.11). The appropriate solution to this problem is to find the correct 

thickness according to the working conditions to which it will be subjected. 

 

Figure 2.11 Schematic representation of the fracture of a hard coating on a soft substrate [108,109]. 

 

Roughness at different scales is always present on all surfaces, depending on the type of deposition or 

method used to obtain the thin film. The substrate roughness can be reflected in the surface roughness 

of the coating. Moreover, hard asperities can scratch the contact interface during sliding, causing an 

increased friction coefficient and abrasive wear. However, rough surfaces can also reduce the real 

contact area and thus reduce friction (see Figure 2.12a), b), and f)). Debris can be generated during 
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sliding contact. The origin of this debris may be the wear of the tribo-pairs themselves, or it may result 

from the surrounding environment. The effect of debris on tribo-pairs can be mild or severe (see Figure 

2.12a), d), e), and h)). These effects depend on factors such as the size and hardness of the debris, the 

hardness relationship between the coating and the substrate, surface roughness and thickness of the 

films or coatings. 

 

 

Figure 2.12 Wear mechanisms caused by hard spherical counter-material sliding on coated surfaces. Four cases 
are considered: film hardness, thickness (a, b and f), surface roughness (a, c, e and g) and debris (a, d, e and h) 
[108,109]. 

 

2.4 Tribology of MAX phases 

Table 2.1 summarizes the publications related to the tribology of MAX phases and compounds based on 

MAX phases. It can be seen that MAX phases were intensively investigated using a wide variety of 

counter materials such as bearing steel, alumina, SiC, AISI 316L, and low carbon steels, including the 

same material or other types of MAX phases as counter material. The applied normal forces were found 

to vary from 0.05 to 106 N. In addition, a wide variation of the sliding speeds can be seen, ranging from 

5*10-5 to 60 m/s. The range of reported coefficient of friction values varies from 0.10 to 1.22. The MAX 
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phases were not only analyzed under dry sliding conditions but also under lubrication conditions such as 

deionized water, seawater, argon, etc. The main wear mechanisms reported are abrasive wear, third-

body abrasion, adhesive wear, oxidation wear, and others. Another essential aspect of MAX phase 

tribology is that MAX phases are used as components to form composite materials. This is done to 

improve the tribological performance of these materials. 

Table 2.1 Coefficient of friction of bulk and thin films MAX phases against different counter materials. 

Mn+1AXn 
phases 

Counterpart 
Applied 
force (N) 

Sliding 
speed 
(m/s) 

Friction coefficient (µ) 
Wear 

mechanisms 
Ref. 

Ti3SiC2, 
Ti2AlN y 
Cr2AlC 

Bearing steel 
100Cr6, ball 

(Ø 2.8mm) 

0.05 N and 
0.125 N 

0.00005 and 
0.00008 m/s 

0.15-0.25, 0.15-0.5 and 0.3-0.7 Adhesive wear [114] 

Ti3SiC2 
Alumina balls 

(6mm) 
0.0001 N 
to 0.24 N 0.05 m/s 0.1 to 0.8 Third body 

abrasion [115] 

Ti3AlC2 
Ball SiC, 

(Ø6.35mm) 

20, 40, 60 
and 80 N - 

In deionized water: 1Hz(0.3), 
5Hz(0.15) y 10Hz(0.08) 

In sea water: 1Hz(0.18), 
5Hz(0.14) and 10Hz(0.1-0.05) 

20N 

Tribo-chemical 
wear [116] 

Ti3AlC2 

Balls AISI 316L 

(Ø 6 mm), 

Al2O3, Si3N4 and 
SiC all with (Ø 

6.35 mm) 

20 N 0.05 m/s 
In deionized and seawater: 

(Al2O3, Si3N4: 0.52-0.60, 
316L:0.53-0.56 and SiC:0.15) 

Two and three-
body abrasive 

wear 
[117] 

Ti3AlC2 
Ball SiC, 

(Ø6.43mm) 
4.9 N 0.2 m/s 

In air: 

25°C(0.51), 400°C(0.77) and 
1000°C(0.52) 

In Argon: 

25°C(0.76), 600°C(1.02) and 

1000°C(0.60) 

Tribo-films was 
formed [118] 

Ti3SiC2/SiC 

Hemispherical pin 
of Ti3SiC2/SiC 

(Ø4mm) 

0.49 N 0.04 m/s Dry (≈0.9), Water (≈0.8) and 
C2H5OH (≈0.2) 

Oxidation wear, 
abrasive wear and 

tribo-oxidation 
[119] 

Ti3SiC2 
Ball Si3N4 
(Ø10mm) 

20, 50, 70, 
100, 150N 

15Hz, 1mm, 
30min 0.1-0.4 Decoherence and 

tribo-chemistry [120] 

Ti3SiC2 

Ti3SiC2, Al2O3, 
Si3N4, SiC, and 
bearing steel, 

100Cr6, (Ø10mm) 

34 N - 
Against (Ti3SiC2: 1.08; Si3N4: 

1.17; Al2O3: 1.30; Steel: 0.63; SiC: 
0.43) 

Mechanical wear 
and oxidative 

wear 
[121] 

Ti3SiC2 AFM tip ΔFN=kNΔz - 2x10-3-0.25 - [122] 

Ti3AlC2 

Ball of alumina 
Al2O3 

(Ø9.525mm) 

20 N - - 
Mechanical wear 

and tribo – 
oxidation 

[123] 
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Ti2AlC y 
Ti2AlSn0.2C 

Low carbon steel 
(Ø300x10mm) 20-80 N 10-30 m/s 0.3-0.45 and 0.25-0.35 - [124] 

Ti3Al0.8Si0.2

Sn0.2C2 

S45C steel (AISI 
1045) 

(Ø300x10mm) 

20-80 N 5-30m/s 0.17-0.53 - [125] 

Ti3Si C2 
Bearing steel 

(Ø 16 mm) 

7.7 to 
14.7 N 7 m/s 7.7N(0.4) and 14.7N(0.5) Fracture and 

delamination [126] 

Ti3SiC2 

Ti3SiC2 and 
diamond  

(Ø 5.5 mm) 

0.98 to 
9.8 N 0.013 m/s 1.16-1.43 and 0.05 to 0.1 Adhesive wear [127] 

Ti3SiC2 

Steel (AISI 52100) 
and Si3N4, ball 

(Ø4.5 to 12mm) 

0.5 to 6 N 0.00135 m/s 

Type I: (Steel: 0.15; Si3N4: 0.11) 

Type II: (Steel: 0.25-0.4; Si3N4: 
0.35-0.45) 

Third body 
abrasion, 
adhesion 

mechanism 

[128] 

Ti3SiC2 
Bearing steel (Ø 

8.02mm) 1-10 N - 
1N (0.55), 2N(0.56), 4N(0.59), 

6N(0.62), 8N(0.5), 10N(0.5) Fretting wear [129] 

Ti3SiC2 
Bearing steel (Ø 

8mm) 1-10 N - 1N(0.55), 6N(0.62) and 8N(0.50) 

Abrasion, 
tribochemical 

layer formation 
and plastic 
deformation 

[130] 

Ti3SiC2 
Low carbon steel 

(Ø300x10mm) 
0.1-0.8 
MPa 5-60 m/s 0.53-0.09 - [131] 

Ti3SiC2 
Low carbon steel 

(Ø300x10mm) 
0.1-0.8 
MPa 5-60 m/s 0.26-3.75 - [132] 

Ti3AlC2 

AISI 52100 steel, 
SiC, Al2O3 and 

Si3N4 

(Ø 6.35 mm) 

10 N 0.06 m/s 
Ti3ALC2: SiC(0.4), AISI 52100 

steel (0.1-0,63), Si3N4 and 
Al2O3:(1.22) 

- [133] 

Ti3SiC2 
Pin of Ti3SiC2 (Ø3 

mm) 
1, 5 and 10 

N 
0.005 – 0.3 

m/s 

Ti3SiC2/ Ti3SiC2 

dry conditions:0.7-0.9 

In alcohol: 0.09-0.17 

- [134] 

Ti3AlC2 
AISI 304 

(Ø3mm) 

1, 5 and 9 
N 0.001 m/s 

TTS(1,5,9N:0.184, 0.219, 0.228), 

TSS-1 (1,5,9N: 0.245, 0.250, 
0.237), 

TSS-2 (1,5,9N: 0.257, 0.289, 
0.282) 

Third body 
abrasion [135] 

Ti3SiC2 

AISI 440C steel 

(Ø9.525mm), 
diamond belt 

5 N, 11 N 0.1 m/s, 10 
m/s 

FG and CG at 5, 1N (≈0.15, 0.35-
0.4, ≈0.82, 0.81), SS diamond FG 

(0.83) and CG (0.82) 

Two body 
abrasion wear, 

sliding wear 
[136] 

Ti3SiC2 
Bearing steel 

(Ø5mm) 
5 to 20 N 0.2, 0.35, 0.5 

and 0.6 m/s 0.45 -0.7 - [137] 

Ti3SiC2 
Low carbon steel 

(Ø300x10mm) 
0.2 – 0.8 

MPa 20 m/s 

0.2 MPa (0.35), 

0.5 MPa (0.28) and  

0.8 MPa (0.26) 

- [138] 
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Ti3AlC2 
Ball of SiC, 

(Ø4mm) 
10 N 0.06 m/s 

At RT: 0.34; 

200-400°C: 1.21; 

600-1000°C: 0.56-0.75 

Abrasive and 
delamination 

wear, oxidation 
wear 

[139] 

Ti3SiC2 
Pin of Ti3SiC2 (Ø6 

mm) 5 N 0.01 m/s 

Ti3SiC2/ Ti3SiC2: 

RT to 300°C: 0.95, 

400 to 600°C: 0.87-0.66, 

700 to 800°C: 0.53 

Mechanical wear 
at RT-300°C, 

mechanical and 
oxidation wear at 
400-600°C and 
oxidation wear 
above 700°C. 

[140] 

Ta2AlC, 
Ti2AlC, 

Cr2AlC and 
Ti3SiC2 

Alumina (Al2O3) 

(Ø55x 9.5mm) 
3 N 1 m/s 

Ta2AlC (0.92±0.01), Ti2AlC 
(0.62±0.01), Cr2AlC (0.44±0.09) 

and Ti3SiC2 (0.36±0.01) 
Adhesive wear [34] 

Ti2AlC, 
Cr2AlC, 

Ta2AlC, 
Ti3SiC2, 
Ti2AlN, 
Ti4AlN3, 
Cr2GeC, 
Cr2GaC, 
Nb2SnC 

and Ti2SnC 

Ni-based 
superalloys 

(Inconel-718 and 
Inconel- 

600) 

 

3 N 1 m/s 

At 25°C and Inc718 

Ti2AlC (0.5 ± 0.1) 

Ti2AlN (0.8 ± 0.15) 

Ti4AlN3 (0.8 ± 0.15) 

Ti3SiC2 (0.6 ± 0.15) 

Cr2AlC (0.6 ± 0.1) 

Ta2AlC (0.5 ± 0.1) 

At 25°C and Inc600 

Cr2GeC (0.5 ± 0.1) 

Cr2GaC (0.4 ± 0.1) 

Ti2SnC (0.63 ± 0.1) 

Nb2SnC (0.63 ± 0.1) 

Third body 
abrasion 

[36] 

Ti3SiC2 

Ni-Cr and Ni-Cr-Ti 
alloys 

(Ø4mm) 

5N 0.7 m/s 
Ni-Cr: up to 500°C (0.74-0.85), 
600°C (0.53), Ni-Cr-Ti (25, 500, 

600°C: 0.74, 0.53, 0.53) 
Adhesive wear [141] 

Ti3SiC2 and 
Ti3SiC2/Cu 

/Al /SiC 

Si3N4 ball 
Ø6.43mm 5 N 0.188 m/s Ti3SiC2:0.60-0.91; 

Ti3SiC2/Cu/Al/SiC: 0.46-0.80 

Abrasive wear 
dominates the 

wear mechanisms 
[142] 

Ti3SiC2/Cu 
composites 

Ball SiC,        
(Ø6.43mm) 5 N 0.2 m/s Ti3SiC2:0.79; Ti3SiC2/Cu: 0.54 

Adhesive wear 
and tribo-oxidation 

wear 
[143] 

Ti3SiC2/TiA
l 

composites 

Bearing steel, 

AISI 52100 

(Ø6mm) 

2 – 8 N 0.2 - 0.8 m/s At 10 N (0.2m/s:0.55, 0.4m/s:0.45, 
0.8m/s:0.35) 

Abrasive wear 
and delamination  [144] 

Ti3AlC2/Cu 
and Ti3Al 
(Sn)C2 

solid 
solutions 

Low carbon steel 
(Ø300x10mm) 20-80 N 30 m/s 0.13-0.33 - [145] 

Ti3AlC2 
and 

Ti3AlC2/Al2

Steel ball AISI 
52100 

(Ø4.76mm) 

5, 15 and 
25N 0.056 m/s Ti3AlC2:0.35-0.82; Ti3AlC2/ 

Al2O3:0.35-0.43 Mechanical wear [146] 
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O3 
composites 

Ti3SiC2 
and Al2O3/ 

Ti3SiC2 

AISI 52100 
bearing steel 

(Ø4mm) 

2.5, 5 and 
10 N - TSC and TSC/20A (0.4-0.5), 

TSC/10A (0.3-9.4) - [147] 

(TiB2+TiC)/
Ti3SiC2 

Bearing steel, 

AISI 52100 

(Ø4mm) 

10 to 30 N 0.03 m/s 

TiC/0B(10N:0.4, 20-30N:0.64) 

TiC/5-10B(0.64-0.68), 
TiC/15B(0.45), TiC/20B(10N:0.49, 

20N:0.44, 30N:0.60) 

Adhesive wear 
and abrasive wear [148] 

Boronized 
Ti2AlC 

Alumina 

(Ø6mm) 
1 to 10 N 0.17 m/s 

u-Ti2AlC(1N:>0.9), B-
Ti2AlC(1N:0.43), B-
Ti2AlC(4N:0.48), B-
Ti2AlC(10N:0.55) 

- [33] 

NiAl-
10wt%Ti3Si

C2 

Si3N4 

(Ø6mm) 
1 to 10 N 0.3 m/s 0.41 – 1.14 - [149] 

Ti2AlN/TiAl 
Bearing steel 

(Ø4mm) 
1 to 9 N 0.5 – 1.7 m/s At 0.5 m/s (1N:1.0, 9N:0.6) 

Micro-cutting, 
abrasive wear and 

oxidation wear 
[150] 

Ti3SiC2/Pb 
Ni-based alloys 

Inconel 718, disk 
(Ø32x8mm) 

5 N 0.1 m/s At 25°C (0.61-0.72), At 800°C 
(0.22) 

Abrasive wear 
and tribo-oxidation 

wear 
[151] 

Ti2AlC, 
coatings 

Stainless steel 
ball 

(Ø5mm) 

5, 10 and 
15N 

0.005, 0.01 
and 0.03 m/s 

At RT: 0.32 to 0.38 and 800°C: 
0.29 ± 0.02. - [152] 

Ti2AlC, 
coatings 

Alumina Al2O3, 
ball 

(Ø3mm) 

5 N 100rpm, 
30min At RT: 0.766; and 600°C: 0.603 Abrasive wear 

and ductile wear [35] 

Ti3AlC2 
coatings 

Alloy-steel 
(42CrMo4) 

43, 86 and 
106 N 

2Hz, 40000 
cycles, 1.5° 

angle 

T1 (34kW): 

43N(0.24), 86N(0.64) and 
106N(0.63) 

T2 (33kW): 

43N(0.54), 86N(0.52) and 
106N(0.51) 

Fretting wear [153] 

TiSiC 
coatings 

Ball SiC,          
(Ø6mm) 5 N - 

In the atmosphere (0.43), 
deionized water (0.25) and 

seawater (0.27) 
- [154] 

Ti3SiC2 
Bearing steel disc 

100Cr6 
(Ø160x10mm) 

0.1-0.6 
MPa 5-50 m/s 0.15-0.71 

Mechanical 
friction, arc 

erosion and the 
coupling effect 

[155] 

Ti3AlC2 
Low carbon steel 

(Ø300x10mm) 
0.4-0.8 
MPa 

20-60 m/s 

20 m/s and 0.4 to 0.8 Mpa: 0 
A/cm2 (0.18-0.14), 

 50 A/cm2 (0.29-0.23), 100 A/cm2 

(0.35-0.29) 

- [156] 
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2.5 Fundamentals concepts of electrical contacts 

2.5.1 Introduction to electrical contacts 

A separable joint between two conductors capable of carrying an electric current is called an electrical 

contact [157]. The essential purpose of electrical contact is to ensure that electrical current can flow freely 

through the contact interface. This is only possible if good metal-to-metal contact is formed (breaking 

down any insulating oxide layers at the interface). The nature of this contact conduction process is 

complex. However, they are driven by the same fundamental phenomena, the most important of which 

is contact interface degradation and resulting changes in contact resistance, load, temperature, and other 

characteristics of the real contact area. 

2.5.2 Electrical contact resistance 

All solid surfaces are rough at different scales (nano, micro or macro-scale). Roughness dimensions can 

range from atomic sizes to many micrometers. Surface roughness is composed of peaks and valleys 

whose shape, height fluctuations, lateral dimensions, average separation, and other geometric properties 

are determined by the manufacturing process details and surface finish [158]. Figure 2.13 shows how 

contact occurs between two engineering bodies at discrete locations created by the mechanical 

interaction of asperities on the two surfaces. For a wide range of contact forces, the real contact area is 

a small fraction of the nominal contact area for all solid materials [157,159]. The contact surfaces of 

electrical interfaces are often coated with oxide or other electrical insolating layers. The applied force, 

hardness and modulus of elasticity should consider for breaking these layers. The deformation 

mechanism of the contacting asperities may be elastic or a combination of plastic and elastic. The contact 

interface becomes electrically conductive when metal-to-metal contact points are formed. This happens 

when the layers of electrically insulating material break or move on the roughness of the contact surfaces. 

The electrical contact area in a typical bulk electrical contact is much less than the real mechanical 

contact area. 

Figure 2.13 shows how the electrical current lines are distorted as they approach the electrical contact 

interface, and the lines of the current flow bundle together to pass through the individual contact points 

(or "a-spots"). The volume of material required for electrical conductivity is reduced when the electrical 

current is restricted by a-spots, which increases the electrical resistance. Constriction resistance is the 

name given to this increase in resistance. The interface contact resistance is determined by the total 

interface resistance produced by the constriction and the contaminant film resistances [160]. 
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Figure 2.13 A bulk electrical contact is depicted in this diagram, adapted from [157]. 

 

A-spot contacts have a wide range of variations and have been extensively investigated. The circular 

shapes of a-spots are the most studied of all the forms of a-spots (see Figure 2.14). The equipotential 

surfaces and current flow lines near an electrical constriction are seen in Figure 2.15. The equipotential 

surfaces at the contacts are known to consist of ellipsoids governed by the following equation 2.3: 

 
𝑟2𝑎2 + 𝜇2 + 𝑧2𝜇2 = 1 (2.3) 

Where r and z are cylindrical coordinates and the length of the ellipsoid vertical semi-axis is u. Between 

the equipotential surface with semi-axis and the constriction, the resistance is given as [157]: 

 𝑅𝜇 = 𝜌2𝜋 ∫ 𝑑𝜇(𝑎2 + 𝜇2)𝜇
0 = 𝜌2𝜋𝑎 tan−1 (𝜇𝑎) (2.4) 

Where ρ is the resistivity of the electrical conductor, the µ increases considerably when it is far enough 

from the constriction region. The spreading resistance or constriction resistance between the 

equipotential surface and the contact area (constriction) can be given by the following equation 2.5: 

 𝑅𝑠 = 𝜌4𝑎 (2.5) 

As a result, the total constriction resistance for both contact interfaces is equal to two times the spreading 

resistance: 

 𝑅𝑐 = 𝜌2𝑎 (2.6) 
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Figure 2.14 Schematic representation of the different contact areas, adapted from [160]. 

 

If the electrical contact is formed by materials with different resistivities, that is, ρ1 and ρ2. Then, the 

propagation resistance associated with each half is ρi/4, where i=1,2. Thus, the contact resistance 

becomes: 

 𝑅𝑐 = (𝜌1 + 𝜌2)2𝑎  (2.7) 

 

Figure 2.15 (a) Near the electrical constriction, equipotential surfaces and current flow lines appear. The vertical 
axis of the vertical ellipsoidal surface is the parameter µ. The curves corresponding to the current flow show the 
limits that enclose the current fraction. (b) Show a conducting cylinder of radius R with a circular constriction of 

radius a [160]. 
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2.5.3 Influence of the load in electrical contacts 

The number of asperity contacts available for forming a-spots should increase with increasing normal 

load. Contact between two flat surfaces occurs in clusters of a-spots. The large-scale waviness of the 

contact surfaces determines the locations of the contact clusters, while the small-scale surface roughness 

determines the a-spots (real contact area). The number and dimensions of the a-spots and the group 

and size of the clusters define the contact resistance. Electrically conductive a-spots are created only 

when the insulating layers crack or disperse in the contact interface. The electrical contact could be 

mechanically connected at multiple points, but that does not guarantee that there is electrical contact. In 

addition, the fracture of the oxide films can be affected by the plastic or elastic deformation mode of the 

asperities in contact. The number of metal-to-metal a-spots is challenging to predict and may be 

significantly less than the number of mechanically connected asperities. 

The a-spots of the contact are treated as if the spots were circular to facilitate the calculation of the 

contact resistance. Greenwood [161] showed for the simplest case of n a-spots within a single cluster, 

and the contact resistance is given by the following equation 2.8: 

 𝑅𝑐 = 𝜌 ( 12𝑛𝑎 + 12𝛼) (2.8) 

Where 𝑎 is the average radius of the a-spots, determined as follows ∑ 𝑎𝑖 𝑛⁄ 𝑖 (Where 𝑎𝑖 is the radius of 

the ith spot). The cluster radius is 𝛼, also known as Holm´s radius. 

The real electrical contact area is much smaller than the apparent contact area. Therefore, the a-spots 

support local pressures in the range of the mechanical resistance of the materials in contact. The plastic 

deformation of the projecting asperities determines the real contact area. Greenwood and Williamson 

[159] suggest that the contact area is controlled by the mechanical properties of both materials in contact, 

the roughness and the surface density of the asperities. Generally, plastic deformation of the asperities 

occurs in most practical applications. The asperities of the softer material support the applied normal 

force. Equation 2.9 relates the normal force (𝐹) to the mechanical contact area (𝐴𝑐) and the hardness (𝐻) 

of the softer contact material. 

 𝐹 = 𝐴𝑐𝐻 (2.9) 

Considering that there are no insulating oxides at the electrical contact interface and assuming that there 

are a large number of dispersed a-spots within a Holm radius 𝛼 , the contact resistance could be 

approximated using the following equation 2.10. 
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 𝑅𝑐 = 𝜌2𝛼 (2.10) 

The contact area is determined using the following equation 2.11. 

 𝐴𝑐 = 𝜂𝜋𝛼2 (2.11) 

Where η is an empirical coefficient that depends on the surface conditions of the contact interface, it 

takes the value of 1 for clean surfaces. The contact resistance can be determined by combining 

Equations 2.9 and 2.11 and expressed as follow: 

 𝑅𝑐 = (𝜌2𝜂𝜋𝐻4𝐹 ) (2.12) 

Figure 2.16 shows that the electrical contact resistance decreases with increasing applied mechanical 

force. This behavior is due to the increase in the real contact area. By increasing the contact force, the 

asperities are elastically and plastically deformed. In addition, due to the load, the oxide layers on the 

surface are broken, considerably increasing the real area of electrical contact, thus reducing the contact 

resistance. 

 

Figure 2.16 Contact resistance as a function of the load applied to the gold electrical contacts [162]. 
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2.5.4 The voltage-temperature relation in electrical contact interfaces 

Figure 2.17 shows the temperature rise of aluminum-aluminum, copper-copper, and brass-brass 

electrical contacts as a function of the voltage drop across the electrical contact interface. The initial 

temperature T1 (20°C and 100°C) has a marked effect at low voltages. Voltage drops larger than 0.1 V 

can cause an increase in the temperature, causing softening of the electrical contact material [160]. 

Equation 2.13 correlates the maximum temperature with the material parameters and the voltage drop at 

the contact interface. 

 𝑇𝑚 − 𝑇1 = 𝑉28𝜆𝜌 (2.13) 

 

Where Tm is the maximum temperature at the interface, T1 is the initial temperature at the ends of the 

electrical contacts of the bulk materials, V voltage drop across the electrical contact, λ is the thermal 

conductivity and ρ the electrical resistivity of the conductors. 

 

Figure 2.17 Voltage as a function of temperature for copper-copper, aluminum-aluminum and brass-brass 
electrical contacts for T1 temperatures of 20°C and 100°C [160]. 

 



 P a g e  | 26 

 

Chapter 3. Synthesis of Ti2AlC and Ti3AlC2 MAX 
phases thin films 

 

3.1 Experimental details  

The synthesis process was divided into two stages. It started with the deposition of the Ti-Al-C multilayers 

by magnetron sputtering and finished with rapid thermal annealing. These synthesis steps are described 

below in much more detail. Torres et al. [163] investigated the synthesis process and characterization of 

Ti2AlC and Ti3AlC2 films. 

3.1.1 The deposition process of Ti2AlC and Ti3AlC2 MAX phases thin films 

The deposition of the thin films was carried out using a CS400ES Von Ardenne sputter cluster chamber 

equipment. This equipment has three independent magnetrons and a sample holder located in the lower 

part (see Figure 3.1). The synthesis of Ti2AlC and Ti3AlC2 thin films was carried out in two stages. The 

first stage consists of depositing multilayers of titanium (Ti), aluminum (Al) and carbon (C) on a 4-inch Si 

(100) wafer. An amorphous layer of 20 nm of SiO2 was thermally grown on the silicon wafer, and 80 nm 

of SixNy was obtained by plasma-enhanced chemical vapor deposition (PE-CVD) (see Figure 3.2a). 

These two layers between the film and the silicon wafer act as a diffusion barrier during the annealing. 

The stoichiometry of the thin films was controlled by the individual thicknesses of the monolayers, for 

which 14 nm, 6 nm and 3.5 nm of Ti, Al and C were deposited, respectively.  
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Figure 3.1 Schematic representation of the CS400ES Von Ardenne sputter cluster chamber equipped with three 
individual magnetrons and substrate holder of the Center for Micro and Nanotechnologies at TU Ilmenau, adapted 

from [164]. 

 

In order to obtain an approximate thickness of 500 nm, the Ti-Al-C sequence was deposited 22 times 

(see Figure 3.2b). The targets were sputtered using a magnetron power of 200 W for Ti and Al and 500 W 

for C, respectively. The deposition of the films was carried out under a high-purity argon atmosphere with 

a flow rate of 30 sccm and a working pressure of 5*10-3 mbar. 

 

Figure 3.2 Schematic representation of Ti2AlC and Ti3AlC2 thin film deposition. a) diffusion barrier and substrate 
and b) Ti-Al-C multilayer systems. 
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3.1.2 Annealing treatment 

Rapid thermal processing (RTP) was used for annealing the components in a halogen lamp-based 

furnace (Jet First, Joint Industrial Processors for Electronics) with an Ar(600 sccm)/H2(10 sccm) gas flow. 

The samples (silicon wafers with multilayers) were cut into 1x1 cm pieces (see Figure 3.3a). Inside the 

oven chamber, the square pieces were subjected to a vacuum. The samples were first heated at 200°C 

for 5 minutes to remove any remaining adsorbed water molecules (see Figure 3.3b). The samples were 

separated into two groups, and each group was heated at 10 K/s until a maximum temperature of 700°C 

and 950°C to obtain Ti2AlC and Ti3AlC2 phases, respectively. The holding time at the maximum 

temperature was 300 seconds. After that, the pieces were cooled down at a rate of 5 K/s until room 

temperature. Square samples with lateral dimensions of 1x1 cm2 were used for structural and mechanical 

characterization, tribological and electro-tribological analyses (see Figure 3.3a). 

 

 

Figure 3.3 a) 1x1 cm square thin film samples after annealing for mechanical and tribological tests b) Thin films 
annealing temperature vs time. 
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Chapter 4. Characterization of the structural 
properties, composition and morphology of Ti2AlC 
and Ti3AlC2 thin films 

 

4.1 Thin film characterization techniques are used to obtain structural properties and 
chemical composition as well as the surface roughness and morphology 

The chemical composition of the thin films was performed by glow discharge optical emission 

spectroscopy (GD-OES, GDA 750, Spectuma Analytik GmbH Hof/Saale, Germany). This equipment 

includes a 2.5 mm diameter Grimm-type glow-discharge source and a Paschen-Runge type 

polychromator (2400 groves/mm, 750 mm diameter of Rowland's circle). This characterization was 

performed before and after annealing the films. Profiles of atomic concentration as a function of 

penetration depth were measured in DC and RF excitation modes.  

The crystal structure of the thin films, density and lattice parameters were analyzed using X-ray diffraction 

patterns obtained by Bruker D8 Discover diffractometer with Cu Kα radiation (λ=1.5406 Å). Diffraction 

patterns were obtained in the 2θ range of 5-80° using a fixed incidence angle of incidence of 2° for the 

grazing incidence (GI-XRD) setup and a Goebel mirror to obtain a parallel beam. This setup was used to 

minimize the influence of the silicon substrate in the results. The acceleration voltage and current used 

were 40 kV and 40 mA, respectively. Lattice parameters and densities were calculated by using the GI-

XRD patterns, Bragg's law, and the interplanar distance for the hexagonal crystal structure [165]. A 

Lorentzian fit [166] was applied to calculate the intensity and angular values corresponding to the 

diffraction peaks. The coefficient of determination (R2) of the GI-XRD fits for Ti2AlC and Ti3AlC2 was 0.967 

and 0.995, respectively. 

The film's texture was determined by analyzing the diffraction patterns obtained by the Bragg-Brentano 

configuration (BB-XRD). This was done using the Bruker D8 Discover equipped with an Euler cradle 

(μXRD) and a Goebel mirror. This configuration with a parallel beam is known as a pseudo-BB. The type 

of scanning applied was coupled 2θ/θ with a 2D Vantec 500 detector. Quantitatively, the texture 

coefficient of the films was determined using equation 3.1  [167,168]. 

 𝑅𝑇𝐶(ℎ𝑘𝑙) = 𝐼ℎ𝑘𝑙 𝐼ℎ𝑘𝑙,𝑝⁄∑ 𝐼ℎ𝑘𝑙 𝐼ℎ𝑘𝑙,𝑝⁄𝑛1 ∙ 100% (4.1) 
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Where 𝑅𝑇𝐶(ℎ𝑘𝑙)  represents the relative texture coefficient of a given hkl plane, 𝐼ℎ𝑘𝑙  represents the 

intensity corresponding to the hkl plane obtained from the thin film BB-XRD measurement, 𝐼ℎ𝑘𝑙,𝑝 is the 

intensity in the hkl plane of the untextured Ti2AlC and Ti3AlC2 powder samples. This information was 

extracted from the powder diffraction file (PDF) database PDF 29-0095 (Ti2AlC) and PDF 52-0875 

(Ti3AlC2) [169]. The intensity of the peaks and the angles corresponding to the hkl planes were 

determined by a Lorentzian fit. The Lorentzian fit's coefficient of determination (R2) was 0.956 and 0.992 

for Ti2AlC and Ti3AlC2, respectively. 

The structural characterization of the vibrations of the bonds between atoms was determined by Raman 

spectroscopy. This characterization was performed using a Renishaw inViaTM confocal micro-Raman 

microscope. The spectrometer was equipped with a 1200 groove/mm diffraction grating and a 100x 

objective lens with 0.85 numerical aperture (N.A.). The excitation wavelength of the laser used was 

633 nm (He-Ne laser). The characteristic vibrational frequencies of the chemical bonds allow the 

identification of Ti2AlC and Ti3AlC2 phases. 

The surface roughness of the Ti2AlC and Ti3AlC2 films were determined by atomic force microscopy 

(AFM, Dimension Icon device from Bruker). Surface scanning was performed using the PeakForce 

tapping mode equipped with a ScanAsyst air probe (made of silicon nitride with a spring constant of 

0.4 N m-1 and a resonance frequency of 70 kHz) in an Ar-filled glove box. Measurements were carried 

out at a constant scan rate of 1 Hz, and the PeakForce setpoint was set at 0.05 V. 

4.2 The chemical composition profiles of Ti2AlC and Ti3AlC2 

Figure 4.1 shows the elemental composition profiles of the films in at% as a function of the penetration 

depth obtained using the GD-OES technique. Figure 4.1a) shows a schematic representation of the cavity 

left by the GD-OES test. It can be seen that the resolution of the measurement decreases with depth. 

This is due to the redeposition of the sputtered material at the edges of the analyses crater and increasing 

inhomogeneities at the crater bottom [170]. An excellent resolution on the nanometer scale can be 

obtained in depths close to the surface (first few nanometers). The as-deposited film (Figure 4.1b)) shows 

a clear multilayer structure of individual layers with sudden changes in Ti-Al-C concentration as a function 

of thickness. At approximately 500 nm depth, the Ti-Al-C atomic concentration tends to zero, which 

verifies the total film thickness. Mainly nitrogen, oxygen and silicon are observed between 500 and 

600 nm. Thus in this depth, the composition of the diffusion barrier composed of SiO2 and SixNy was 

measured. At a depth greater than 600 nm, only the silicon of the wafer is shown. 

The concentration profiles shown in Figure 4.1c) and d) correspond to the films annealed at 700°C 

(Ti2AlC) and 950°C (Ti3AlC2), respectively. In both cases, along the whole film thickness, a reasonably 
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homogeneous concentration can be observed mainly in the middle part of the film. However, a 

considerable variation in concentration on the surface and at a depth of approximately 500 nm can be 

seen. The latter may be due to the decrease in resolution with the depth of the GD-OES technique. In 

the case of Figure 4.1d), an explicit diffusion of Al can be observed towards the film's top surface. In 

combination with the oxygen present, the formation of aluminum oxide on the film's surface could be 

assumed [163,171]. The decrease of Al along the film thickness due to diffusion towards the surface 

could be responsible for the formation of the Ti3AlC2 phase at a temperature of 950°C. Furthermore, it is 

observed that nitrogen tends to diffuse slightly into the film with increasing the annealing temperature. 

 

 

Figure 4.1 a) Schematic representation of GD-OES measurement of thin films. Composition profiles as a function 
of the thickness of (b) Ti-Al-C multilayer systems, c) Ti2AlC, and d) Ti3AlC2. 
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4.3 XRD and Raman measurements 

The X-ray diffraction patterns of the thin films and their respective crystallographic planes are shown in 

Figure 4.2a). The crystalline nature of both thin films is verified by the characteristic diffraction patterns 

of the MAX phases observed in the X-ray diffraction measurement. The diffusion process induced by the 

annealing treatment results in the formation of two different MAX phases even though the same initial 

multilayer system was used. Based on the results obtained by X-ray diffraction, the samples heated to 

700°C only indicates the presence of the Ti2AlC phase, while at 950 °C, the Ti3AlC2 phase is 

predominantly observed with smaller traces of aluminum oxide (Al2O3). The aluminum diffuses towards 

the surface, promoting the formation of the Ti3AlC2 phase. Additionally, recent publications report that the 

Ti3AlC2 phase also shows the development of low concentrations of Al2O3 near the surface [163,171]. 

 

Figure 4.2 a) GI-XRD patterns and b) Raman spectra of Ti2AlC (blue color) and Ti3AlC2 (red color) MAX phase 
thin films obtained at 700°C and 950°C, respectively. 

The Raman spectra of Ti2AlC and Ti3AlC2 are shown in Figure 4.2b). The vertical lines represent the 

locations of the peaks reported by Presser et al. [172]. Table 4.1 shows the peaks of Ti2AlC and Ti3AlC2 

obtained from the Raman spectra (experimental and calculated) and their corresponding vibrational 

modes. The values measured in this work are in good agreement with those found in the literature (see 

Table 4.1). For the Ti2AlC sample, all Raman-active modes ω2, ω3 (~264.8 cm-1) and ω4 (360.3 cm-1) are 

associated with the Ti-Al vibrations, whereas no displacement involves C atoms [173,174]. In the current 

study, as Feng et al. [175] reported, the peak ω1 (usually at ~150 cm‒1) associated with Ti2AlC cannot be 

distinguished from the background. Moreover, the peak corresponding to ω3 is not clearly distinguishable 

from ω2. Wang et al. [176] reported the same experimental values for ω2 and ω3 (266.0 cm-1). Leaffer et 

al. [177] suggested this could happen in MAX phases. The reason for this is still unclear but might be 

related to how the crystals are aligned concerning the Raman laser source [178]. The Ti3AlC2 sample 
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shows six Raman-active modes. The peaks ω1 (124.5 cm-1), ω2 (182.6 cm-1), ω3 (201.2 cm-1), ω4 (270.9 

cm-1), ω5 (628.0 cm-1) and ω6 (659.1 cm-1) can be associated to Ti-C vibrations while the peaks related 

to the Ti-Al vibrations correspond to the peaks ω1, ω3, and ω5 mentioned above [173]. The additional 

peaks that appear at ~297 cm-1, ~380 cm-1, ~575 cm-1 and ~705 cm-1 can be attributed to the presence 

of Al2O3 at the surface [179,180]. The XRD findings and Raman results confirm the formation of Ti2AlC 

and Ti3AlC2 MAX phases thin films. 

 

Table 4.1 Raman-active vibrational modes for Ti2AlC and Ti3AlC2 based on [172]. 

MAX 

phase 
Wavenumbers (ω, in cm−1) and their corresponding Raman vibrational modes 

Ti2AlC 

ω1, E2g ω2, E2g ω3, E1g ω4, A1g Comments, reference 

- 264.8 264.8 360.3 This work 

- 269.0 269.0 359.0 Exp., [175] 

153.3 260.9 270.3 358.7 Exp., [172] 

- 266.0 266.0 359.0 Exp., [176] 

149.9 262.1 268.1 365.1 Exp., [174] 

146.0 265.0 266.0 365.0 Cal., [172] 

151.0 256.0 270.0 366.0 Cal., [177] 

Ti3AlC2 

ω1, E2g ω2, E1g ω3, E2g ω4, A1g ω5, E1g and E2g ω6, A1g 
Comments, 

reference 

124.5 182.6 201.2 270.9 628.0 659.1 This work 

- 183.4 201.5 270.2 632.2 663.2 Exp., [172] 

125.0 182.0 197.0 268.0 620.0 and 621.0 655.0 Cal., [172] 

 

4.3.1 Lattice parameters and density of Ti2AlC and Ti3AlC2  

Figure 4.3a) and b) show the crystalline unit cell of the Ti2AlC and Ti3AlC2 phases, respectively. The 

variables c and a observed in both figures are the lattice parameters which define the unit cell. The 

distance between two parallel planes is known as the interplanar distance (dhkl). The interplanar distance 

is given by half of the lattice parameter c. Bragg's law determines this distance (see Equation 4.2). The 

layered crystalline structure of the MAX phases is anisotropic; therefore, their properties depend on the 

preferred orientations. 

 𝑑ℎ𝑘𝑙 = 𝑛𝜆2 𝑠𝑖𝑛 𝜃 (4.2) 
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Where n is an integer usually equal to 1, λ is the wavelength of the X-rays, and θ is the angular position 

corresponding to the crystallographic planes. 

 

Figure 4.3 Crystal structure and lattice parameters of the MAX phases. a) Ti2AlC and b) Ti3AlC2. 

 

Figure 4.4a) shows the Miller indices of the Ti2AlC phase with their respective crystallographic planes. 

This data was obtained from the PDF 29-0095 database. Miller indices can be represented indistinctly 

by two types of notations (hkl) and (hkil), where i is a function of the two other components h and k:       

i = -(h+k). Using these Miller indices offers the possibility of locating the positions of the atoms in the unit 

cell. In Figure 4.4a) all the possible crystallographic planes are shown since this data corresponds to an 

XRD measurement of powder material. Powders commonly are non-textured materials or without 

preferred orientation. At the same time, the planes highlighted in blue correspond to the Ti2AlC thin film 

prepared in this work. As the film has a preferred orientation, certain crystallographic planes are not 

present in the XRD diffractogram. Figure 4.4b) shows the spatial orientation of the planes corresponding 

to the Ti2AlC thin film. 
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Figure 4.4 a) Miller index obtained from data base PDF 29-0095 and b) crystallographic planes of Ti2AlC. 

Figure 4.5a) shows the Miller indices of the Ti3AlC2 phase with their respective crystallographic planes. 

This data was obtained from the PDF 52-0875 database. Figure 4.5b) shows the spatial orientation of 

the planes corresponding to the Ti3AlC2 thin film. It can be seen that the Ti3AlC2 phase, unlike the Ti2AlC 

phase, shows two basal planes (002) and (004). These two planes are the most intense in X-ray 

diffraction. The relative texture coefficient results indicate that this phase has a preferred basal 

orientation. 

 

Figure 4.5 a) Miller index obtained from data base PDF 52-0875 and b) crystallographic planes of Ti3AlC2. 
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The lattice parameters a and c can be determined using equation 4.3. In order to use this equation, the 

Miller indices of the crystallographic planes must be known. Since equation 4.3 has two variables a and 

c, the solution of this equation is restricted to first using the basal planes in order to determine one of the 

lattice parameters. The other lattice parameter can be determined using the previously determined lattice 

parameter. Where dhkl is the interplanar distance corresponding to each crystallographic plane, h, k and 

l are the Miller indices, a and c the lattice parameters that define the unit cell. 

 
1𝑑ℎ𝑘𝑙2 = 43 (ℎ2 + ℎ𝑘 + 𝑘2𝑎2 ) + 𝑙2𝑐2 (4.3) 

If the lattice parameters a and c were determined, it would be possible to find the volume of the unit cell 

using equation 4.4. It is worth mentioning that the hexagonal structure is composed of three rhomboid 

prisms. To determine the density of the Ti2AlC and Ti3AlC2 films, the volume of the unit cell must be 

determined as well as the total atomic weight of the atoms contained in the unit cell. Equation 4.5 

connects the density with the number of atoms present in the unit cell. Where ni is the number of atoms 

of Ti, Al, and C. Awi represents the atomic weights of Ti, Al, and C. V is the unit cell volume, and NA is 

Avogadro's number (6.0222·1023 at/mol). 

 𝑉 = √3𝑎2𝑐2  (4.4) 

 

 𝜌 = ∑ 𝑛𝑖𝐴𝑤𝑖3𝑖=1𝑉𝑁𝐴  (4.5) 

Table 4.2 shows a summary of the data used to calculate the lattice parameters and the density 

corresponding to the Ti2AlC phase. 

Table 4.2 Values used for calculating the lattice parameters and the density of the Ti2ALC phase. 

Variables Values Units 

λ 0.15406 nm 

n 1 -  

nAl 2 N° Atoms of Al 

AwAl 26.982 The atomic weight of Al (g/mol) 

nC 2 N° Atoms of C 

AwC 12.011 The atomic weight of C (g/mol) 

nTi 4 N° Atoms of Ti 

AwTi 47.876 The atomic weight of Ti (g/mol) 

V 1.089·1022 Unit cell volume (cm3) 
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Table 4.3 shows the values used, and the results of the calculations performed to determine the lattice 

parameters and the density of the Ti2AlC phase.  

Table 4.3 Process for obtaining the lattice parameters and the density of Ti2AlC thin film. 

Ti2AlC MAX phase 

Miller Index PDF 29-0095  Ti2AlC - Fit Lattice parameters a and c Density 
Miller 
Index 2θ Intensity 2θ Intensity θ dhkl-Spacing a c Volume ρ 

h k l (°) I(hkl),p (°) I(hkl) (°) nm nm nm nm3 cm3 g/cm3 

0 0 2 13.01 14281 12.97 11.98 6.48 0.682   1.364 0.110 1.1E-22 4.05 
1 0 3 39.55 36619 39.35 3.89 19.67 0.229 0.306       
1 0 6 53.29 5127 52.85 0.34 26.43 0.173  1.372 0.112 1.1E-22 3.99 
1 1 0 60.90 5127 60.23 0.20 30.11 0.154 0.307       
2 0 0 71.63 732 71.31 0.57 35.65 0.132 0.305       
1 1 6 75.21 4028 74.31 0.28 37.15 0.128           

       Lattice 
parameters (nm) 0.306 1.368 Density (g/cm3) 4.02 

       Standard 
deviation 0.001 0.004 Standard deviation 0.03 

 

Table 4.4 summarises the data used for calculating the lattice parameters and the density corresponding 

to the Ti3AlC phase.  

Table 4.4 Values used for calculating the lattice parameters and the density of the Ti3ALC2 phase. 

Variables Values Units 

λ 0.15406 nm 
n 1 -  

nAl 2 N° Atoms of Al 

AwAl 26.982 The atomic weight of Al (g/mol) 

nC 4 N° Atoms of C 

AwC 12.011 The atomic weight of C (g/mol) 

nTi 6 N° Atoms of Ti 

AwTi 47.876 The atomic weight of Ti (g/mol) 

V 1.530·1022 Unit cell volume (cm3) 

 

Table 4.5 shows the calculations performed to determine the lattice parameters and the density of the 

Ti3AlC2 phase. It should be mentioned that the Ti3AlC2 phase has a higher volume than the Ti2AlC phase. 

Furthermore, the Ti3AlC2 phase contains more atoms within its unit cell and is somewhat denser. 
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Table 4.5 Process for obtaining the lattice parameters and the density of Ti3AlC2 thin film. 

Ti3AlC2 MAX phase 

Miller Index PDF 52-0875 Ti3AlC2 - Fit Lattice parameters a and c Density 

Miller 
Index 2θ Intensity 2θ Intensity θ dhkl-Spacing a c Volume ρ 

h k l (°) I(hkl),p (°) I(hkl) (°) nm nm nm nm3 cm3 g/cm3 

0 0 2 9.52 9887 9.48 54.211 4.74 0.932   1.864 0.153 1.53E-22 4.22 
0 0 4 19.15 1831 19.01 3.362 9.50 0.467  1.866 0.150 1.5E-22 4.32 
1 0 4 39.04 36619 38.88 5.845 19.44 0.231 0.308       
1 0 5 41.82 10253 41.96 0.357 20.98 0.215 0.304       
1 0 9 56.57 4394 56.36 0.577 28.18 0.163  1.856 0.152 1.52E-22 4.25 
1 0 11 65.67 1831 65.57 0.348 32.79 0.142  1.850      
2 0 0 70.57 4028 70.62 1.081 35.31 0.133 0.308         

       Lattice 
parameters (nm) 0.307 1.859 Density (g/cm3) 4.26 

       Standard 
deviation 0.002 0.006 Standard deviation 0.04 

 

So far, literature states that thin films are less dense than the same bulk materials as the thin-film density 

depends on deposition conditions [181,182]. In Table 4.6, the lattice parameters obtained by XRD are 

shown. This allows an estimation of the thin film densities, which can be correlated to the mechanical 

properties. It can be seen that the lattice parameters and density values of Ti2AlC and Ti3AlC2 thin films 

are similar to those reported in the literature for the same bulk MAX phases. The density of Ti2AlC 

(4.02 ± 0.03 g/cm3) is slightly less than the theoretical value (4.11 g/cm3). The accuracy of density 

measurements depends on the characterization technique. In this sense, Cullity [165] suggests that the 

bulk density determined from weight and volume or Archimedes' method is generally lower than values 

obtained from XRD. This is ascribed to defects such as minor cracks and porosities. In contrast, the 

density of Ti3AlC2 (4.26 ± 0.04 g/cm3) is slightly higher than DFT values (4.22 and 4.21 g/cm3) from Table 

4.6. Tzenov and Barsoum [183] reported the density of Ti3AlC2 (4.20 g/cm3) with ~4 vol% of impurities or 

secondary phases (mostly Al2O3). The defects in the crystal structure, impurities, and internal stress could 

be reasons for the variation of these reported values based on XRD measurements. 
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Table 4.6 Lattice parameters and density of bulk MAX phases from literature and thin films of this work. 

MAX phase 
Lattice parameters [Å] 

Density [g/cm3] 
Density obtained 

method 
Reference 

a C 

Ti2AlC 

3.060 ± 0.001 13.684 ± 0.004 4.02 ± 0.03 XRD measurements This work 

3.040 13.600 4.11 Theoretical calculation [78] 

3.051a 13.637a 4.10b Archimedes' method [53,184] 

3.067 13.750 3.99 DFT simulations [185] 

3.050 13.647 3.97 Archimedes’ method [49] 

Ti3AlC2 

3.066 ± 0.002 18.592 ± 0.006 4.26 ± 0.04 XRD measurements This work 

3.075 18.578 4.25c XRD measurements [186] 

3.079 18.589 4.23 XRD measurements [85] 

3.072 18.732 4.22d DFT simulations [187] 

3.083 18.660 4.21 DFT simulations [185] 

3.065 18.487 4.20 - [183] 

- - 4.21 Archimedes' method [188] 

afrom Ref. [184], bfrom Ref. [53], c and d calculated using lattice parameters from Ref. [186] and Ref. [187], 

respectively. 

 

4.3.2 Texture analysis of Ti2AlC and Ti3AlC2 

The thin films were analyzed by two-dimensional X-ray diffraction (2D-XRD). Figure 4.6a) and b) show 

the X-ray diffraction patterns with their respective crystallographic planes identified by their Miller indices. 

The diffraction patterns of both films were obtained by integrating both 2D macros in the gamma direction 

(see Figure 4.7). 2D-XRD gives valuable information such as grain size, internal stress and texture. 
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Figure 4.6 BB-XRD diffraction patterns of a) Ti2AlC and b) Ti3AlC2, respectively. 

In Figure 4.7, the preferred crystallographic orientation of thin films can be seen qualitatively as the 

intensity variation along the gamma direction of diffraction rings. The Ti2AlC thin film shows as preferred 

orientation four planes (002), (103), (006), (200) and (206). In the same way, the preferred orientations 

for Ti3AlC2 are mainly the following basal planes (002), (004), (008) and (0016). For both frames, the dark 

ellipse on the left side is the total reflection of the primary beam on the surface, and the dark spot on the 

right side is the silicon substrate peak. 

 

Figure 4.7 Two-dimensional (2D) XRD 2θ-θ frames of a) Ti2AlC and b) Ti3AlC2, respectively. 
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Figure 4.8 shows the RTC values corresponding to the different crystallographic planes of Ti2AlC and 

Ti3AlC2 thin films. Both samples possess a hexagonal crystal structure and are textured. The qualitative 

information of the texture shown in Figure 4.7 agrees with the results calculated and shown in Figure 4.8. 

A polycrystalline material would show an equal distribution of the possible orientations in the crystal, 

leading to an RTC of 14.29% for the seven orientations shown. Thus, all values of the RTC higher than 

14.29% could be considered as preferred crystallographic orientation or texture. 

Figure 4.8a) shows the basal (002), prismatic (200) and pyramidal ((103) and (206)) planes as preferred 

orientations for Ti2AlC thin film. On the other hand, Ti3AlC2 shows preferred orientation mainly in the basal 

planes (002), (004), (008), and (0016) as can be seen in Figure 4.8b). The texture of Ti2AlC has a mix of 

basal, prismatic and pyramidal planes, while the Ti3AlC2 shows only basal planes parallel to the surface 

of the thin films. Therefore, it can be expected that this texture of the Ti3AlC2 MAX phase thin film will 

predominantly influence its mechanical properties. On the other hand, for the Ti2AlC phase thin film, the 

mix of preferable orientations lead to less anisotropy. Thus, the properties are less susceptible than the 

highly textured films. 

 

Figure 4.8 The intensity changes in the gamma direction suggest that both films have preferential orientations. 
The relative texture coefficients for a) Ti2AlC and b) Ti3AlC2, respectively. 

 

The layered crystalline structure makes the MAX phases slightly anisotropic concerning properties such 

as mechanical, electrical, magnetic, etc. [189]. The RTC values give a good first approximation of the 

behavior of the MAX phases when they are subjected to friction and wear. It is known that macroscopic 

properties such as resistance, hardness, ductility, and friction depend on elastic constants. The constants 

c11 and c33 describe the deformation stiffness parallel to the a and c axes, respectively [190,191]. The 

elastic constants for these materials are c11 = 338 GPa and c33 = 348 GPa for Ti2AlC and c11 = 277 GPa 

and c33 = 242 GPa for Ti3AlC2, respectively [192,193]. 
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4.4 Atomic force microscopy of Ti2AlC and Ti3AlC2 

The surface morphology of both thin films as determined by AFM is depicted in Figure 4.9. Ti2AlC and 

Ti3AlC2 have an average surface roughness (Ra) of around 4 and 12 nm, respectively. The Ti2AlC film 

seems to have smaller grains, according to the AFM images, whereas the Ti3AlC2 film gives the 

impression of showing much coarser grains close to the surface. This observation may be explained by 

the fact that Ti3AlC2 was annealed at a higher temperature. 

 

Figure 4.9 AFM images of the surfaces of a) Ti2AlC and b) Ti3AlC2 thin films, respectively. 

 

4.5 Conclusions 

This chapter evaluated the composition and structural properties of Ti2AlC and Ti3AlC2 thin films. GD-

OES, XRD and Raman spectroscopy results confirmed the formation of thin films of the pure phases 

Ti2AlC and Ti3AlC2 at annealing temperatures of 700 and 950°C, respectively. The density obtained from 

X-ray diffraction shows that the Ti2AlC phase (4.02 ± 0.03 g/cm3) is less dense than the Ti3AlC2 phase 

(4.26 ± 0.04 g/cm3). This could be attributed to the Ti3AlC2 phase containing more atoms within its unit 

cell. The Ti2AlC thin film has a mixed preferred orientation, while the Ti3AlC2 phase has a preferred basal 

orientation. AFM measurements reveal that the average surface roughness (Ra) of Ti2AlC and Ti3AlC2 is 

approximately 4 and 12 nm, respectively. These properties will be correlated with the results of the 

tribological and electro-tribological tests. 
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Chapter 5. Mechanical and tribological performance 
of Ti2AlC and Ti3AlC2 thin films  

 

5.1 Introduction  

This chapter begins with the experimental details of hardness and tribological measurements. In this 

chapter, the mechanical properties are correlated to the tribological performance of the two types of thin 

films. Furthermore, for a better discussion, the results obtained in chapter 4 (characterization of Ti2AlC 

and Ti3AlC2 films) are used. In addition, the hardness of Ti2AlC (11.6 ± 0.3 GPa) and Ti3AlC2 (5.3 ± 

0.9 GPa) thin films is reported and analyzed. Moreover, the friction coefficients of both films are 

investigated. These results are discussed based on the film's texture, grain size and surface roughness. 

Finally, the track left by tribological tests is studied. 

5.2 Experimental details 

5.2.1 Hardness measurements of Ti2AlC and Ti3AlC2 

The hardness of the thin films was determined using the nanoindenter (Picodentor HM500, Helmut 

Fischer GmbH). This device features a diamond indenter with a typical Vickers indenter shape. Hardness 

was determined using the model proposed by Oliver and Pharr [194]. In addition, hardness 

measurements were performed following the Enhanced Stiffness Procedure (ESP) developed by Helmut 

Fischer GmbH. For this later, a maximum load of 10 mN was used. This normal load was divided into 20 

cycles of loading and unloading. The unloading was carried out until reaching 65% of the force applied 

in the previous cycle. Since the film's hardness depends on the measurement's depth, the substrate's 

influence is almost unavoidable. This method is advantageous since it estimates the hardness at low and 

different penetration depths. In this way, the effect of the substrate is reduced. The reported hardness 

values were measured at a depth of 50 nm. This depth is equivalent to 10% of the film thickness, as 

suggested by DIN EN ISO 14577 - 4:2017 [195] and ASTM E2546 - 15 [196]. In total, ten measurements 

were taken for each sample, and average values were obtained with their respective standard deviations. 

5.2.2 Tribological measurements of Ti2AlC and Ti3AlC2 

Tribological measurements were performed under dry sliding conditions and at room temperature using 

a reciprocating ball-on-flat micro tribometer (Tetra-Basalt Must, Germany). The micro tribometer uses a 

100Cr6 (AISI 52100) bearing steel ball (3 mm diameter) as a counter material. 100Cr6 steel is corrosion-

resistant and is often used in various moving machine components. The coefficient of friction (CoF) was 
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calculated using the ratio of Ft/Fn. Where Ft and Fn represent the friction force and the normal force, 

respectively. The sliding speed (Vs) was set at 0.5 mm s-1. The tests were performed using the following 

three normal forces: 50, 250 and 500 mN (see Figure 5.1). The total stroke length was 2.5 mm, and the 

number of cycles for each test was 100, resulting in a total sliding distance of 500 mm. For each force, 

three repetitions were performed with the test conditions described above. The average values of the 

CoF with their respective standard deviations are reported. 

 

Figure 5.1 Ball on flat reciprocating Micro-Tribometer Tetra–Basalt. a) a general view of the used tribometer and 
b) details of the test configuration. 

 

5.2.3 Chemical composition and wear profile of worn tracks 

The chemical composition of the worn tracks and the possible formation of tribofilms were investigated 

using Scanning Electron Microscopy (SEM, FEI Quanta 650). This device features an energy-dispersive 

X-ray detector (EDX). The acceleration voltage and emission current were set to 10 kV and 25 μA, 

respectively. 

3D wear profiles were determined by atomic force microscopy (AFM, Dimension Icon device from 

Bruker). Due to the large size of the worn track, a scan rate of 0.1 Hz was used to avoid probe tip damage. 

A linear flattening procedure was applied to the wear track to eliminate tilt error. 
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5.3 Results and discussion  

5.3.1 Mechanical performance of Ti2AlC and Ti3AlC2 

Figure 5.2a) shows the load-displacement curves for Ti2AlC, Ti3AlC2 and silicon, respectively. It can be 

seen that the lowest depth of penetration corresponds to the Ti2AlC phase indicating the highest 

hardness. On the other hand, Figure 5.2b) shows the hardness of Ti2AlC, Ti3AlC2 and pure silicon as a 

function of the penetration depth. The results show that, at a depth of 50 nm, the hardness value of the 

Ti2AlC phase (11.6 ± 0.3 GPa) is approximately two times higher than the value corresponding to the 

Ti3AlC2 phase (5.3 ± 0. 9 GPa). This can be mainly attributed to its smaller grain size (see Figure 4.9). 

Grain boundaries act as energy barriers that impede the movement of dislocations [197,198]. 

 

Figure 5.2 a) Curves corresponding to the load-displacement and b) hardness as a function of the penetration 
depth of Ti2AlC, Ti3AlC2 and pure silicon tested at 10 mN. 

 

The hardness reported in the literature varies between 4.5 – 15.8 GPa and 1.0 – 11.4 GPa for Ti2AlC and 

Ti3AlC2, respectively [163]. It is observed that the results obtained are within the reported ranges. In 

Figure 5.2b), a significant dispersion of hardness can be seen at low penetration depths at around 10 nm. 

This variation in hardness is more critical in the rougher and softer film. The literature reports that this 

effect could be due to the surface roughness and the indentation size effect [199]. The surface roughness 

of the thin films was determined in Chapter 4, which are 4 nm and 12 nm for Ti2AlC and Ti3AlC2, 

respectively. At low penetration depths, a higher roughness increases the standard deviation of the 

measurements. At high penetration depths, it is observed that the hardness decreases for the Ti2AlC 

phase while it increases for the Ti3AlC2 phase. In both cases, they tend to be a constant at high 

penetration depths and furthermore resemble the hardness close to silicon. These results can be 
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attributed to the influence of substrate hardness. However, for the softer phase, the effect of the substrate 

is much more significant [200]. For example, at 150nm penetration, the hardness of the Ti3AlC2 phase 

approaches the hardness of pure silicon, a typical case of the hardness behavior of a soft film on a harder 

substrate [109,201]. 

5.3.2 Tribological behavior of Ti2AlC and Ti3AlC2 

Figure 5.3a) shows a schematic representation of the tribological test of thin films against the bearing 

steel ball. Figure 5.3b) shows the CoF results obtained for the Ti2AlC and Ti3AlC2 phases as a function 

of the normal force. The results suggest that the CoF depends on the applied normal force [115,126]. 

The CoF of Ti2AlC thin films exhibits an increasing trend from 0.21 to 0.42 with increasing normal force 

from 50 to 500 mN. While the Ti3AlC2 phase shows a more marked CoF increase from 0.64 to 0.91 for 

50 and 250 mN, respectively, and then shows a slight decrease to 0.83 for a force of 500 mN. 

 

 

Figure 5.3 a) a) Schematic representation of the wear track resulting from the tribological tests. b) The CoF of 
Ti2AlC and Ti3AlC2 against 100Cr6 for different normal loads (connection lines are visual guides only). 

 

Based on the results found in Chapter 4, it can be stated that the thin films of Ti2AlC and Ti3AlC2 show a 

certain degree of texture. In addition, they have different grain sizes, hardness and roughness levels. 

These properties influence the tribological behavior of the films. The reciprocating nature of the 

tribological test leads to a change in the tangential force direction with each cycle (see Figure 5.3a). Also, 

the tangential force acts parallel to the surface of thin films. Depending on the preferred orientation or 

texture of the films, the basal planes of the nanolaminate thin films can be oriented in the direction parallel 

to the surface. The tangential force could delaminate these basal planes quite easily. The layered crystal 
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structure of the MAX phases is very similar to the crystal structure of graphite [192]. The RTC results 

suggest that the Ti3AlC2 phase has a preferred orientation in the direction of the basal planes, which is 

parallel to the surface of the Ti3AlC2 film. In contrast, the Ti2AlC phase combines preferred orientations 

(basal, prismatic and pyramidal). As explained previously, the basal planes of the Ti3AlC2 phase are 

edge-indented by the tangential force and the direction of the indentation changes with each cycle. This 

causes delamination of the nanolaminar layers due to sliding dislocations of the basal planes. This 

generates cracks and laminar debris parallel to the basal planes in the worn track [133]. In contrast, due 

to the mixed preferred orientation for the Ti2AlC phase, delamination and debris generation is expected 

to be reduced. 

The variation of the CoF as a function of the applied normal force is shown in Figure 5.3b). This transition 

from low CoF at low forces to high CoF at high forces can be attributed to the accumulation of wear debris 

between the friction surfaces. This causes abrasion of the third body. Since the Ti2AlC phase is harder 

than the Ti3AlC2 (see Figure 5.2b)), the hardness becomes important in this thin-film tribological system. 

The higher hardness of Ti2AlC reduces the probability of generating wear debris, reducing third-body 

abrasion and, thus, the coefficient of friction. 

5.3.3 Wear track analysis  

Figure 5.4 shows the SEM micrographs and the results of the chemical composition of the track obtained 

by EDX. Measurements were taken on the Ti2AlC wear track in a direction perpendicular to the slip 

direction. These measurements were taken for three different normal loads (50, 250 and 500 mN). Figure 

5.4a), c), and e) show the linear scan measured in the SEM micrographs, while Figure 5.4b), d), and f) 

summarize the elemental chemical composition obtained along the blue arrow indicated in their 

respective SEM micrograph. 

In the region outside the wear track, the concentration of the elements (Ti, Al and C) of the Ti2AlC phase 

remains almost constant. Additionally, small amounts of Si, O and N can be observed, and these 

elements are used as a diffusion barrier (SixNy and SiO2) and are present in the substrate (Si). An 

acceleration voltage of 10 kV was used to quantitatively identify the atomic concentration of the film and 

the substrate. These data provide qualitative information on the change in thickness produced by 

tribological wear. An increase in silicon concentration indicates a reduction in thickness. 
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Figure 5.4 SEM-EDX analysis of Ti2AlC at 10 kV. SEM-micrographs of the wear track at a) 50, c) 250, and e) 
500 mN. Track composition at b) 50, d) 250, and f) 500 mN. 
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Figure 5.4b) shows line scan results corresponding to a normal force of 50mN. The curves corresponding 

to this measurement show an almost constant trend of the atomic concentration inside and outside the 

track. These results suggest that the wear is minimal and does not alter the atomic concentration of the 

measurements. On the other hand, Figure 5.4d) and f), corresponding to normal forces of 250 and 

500 mN, respectively, show slight changes in atomic concentration within the wear track. A slight increase 

in the concentration of silicon and a decrease in the concentration of titanium and aluminum are shown. 

This suggested a reduction in film thickness at the wear track and increased CoF due to debris. 

Furthermore, for a normal load of 500 mN, an increase in the width of the wear track and silicon 

concentration in the track is observed compared to the other wear tracks. 

Finally, it is possible to detect tiny traces of iron atoms (around 1.50 at. %) in the wear tracks for 50 and 

500 mN. The presence of iron atoms in the wear track indicates a transfer of material from the counter 

material to the film, thus verifying adhesive wear. 

Similar to the results described for Ti2AlC, Figure 5.5a) to f) show the wear tracks and the chemical 

composition of Ti3AlC2 thin films after tribological testing with normal loads of 50, 250, and 500 mN, 

respectively. Figure 5.5b), d), and f) show an almost constant elemental composition of the MAX phase 

at the track limits for all tracks. For the track obtained at 50 mN (Figure 5.5b)), a slight increase in the 

oxygen and iron concentration in the middle of the track can be observed. However, all remaining 

elements do not show significant changes, which suggests that only minor wear has occurred.  

Figure 5.5d) and f) show that the amount of iron and oxygen notably increases with increasing normal 

load. At the track limits, the elemental composition remains almost constant. Furthermore, it can be 

observed that oxygen increases in the same proportion as iron. The presence of oxygen and iron verifies 

material transfer from the counter-material and points towards the potential formation of iron oxides 

during friction. Additionally, the concentration of silicon increases in the wear track, while the main 

elements of the MAX phase decrease with increasing normal load. This can be attributed to a 

considerable decrease in film thickness due to wear, which holds especially true in the middle part of the 

track (highest velocity) and for higher loads. 

Furthermore, comparing the SEM micrographs tracks of Ti3AlC2 and Ti2AlC, the Ti3AlC2 phase 

demonstrates a considerably larger width. For instance, at 50 mN, the wear track width for Ti3AlC2 is 

approximately 130 µm, whereas the width of Ti2AlC is only about 10 µm. 
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Figure 5.5 SEM-EDX analysis of Ti3AlC2 at 10 kV. SEM-micrographs of the wear track at a) 50, c) 250, and e) 
500 mN. Track composition at b) 50, d) 250, and f) 500 mN. 
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Figure 5.6a) shows a 3D AFM image of the wear track of Ti2AlC at 500 mN. The track has a width of 

approximately 15 µm. The debris formation can be explained by layer delamination, kinking band 

formation, and crack generation in the basal planes as described in [115]. Furthermore, Figure 5.6b) 

shows a part of the wear track of Ti3AlC2 at 500 mN. In this case, the wear track is considerably broader 

and did not fit into the measurement range of the AFM. Nevertheless, Figure 5.6b) reveals that the surface 

of the Ti3AlC2 has a higher roughness than the wear track of Ti2AlC. Since Ti3AlC2 has a lower hardness, 

the sample demonstrates more severe wear, thus resulting in extensive damage and higher friction. 

 

 

Figure 5.6 Wear track profiles measured by AFM after tribological tests using a normal of 500 mN for a) Ti2AlC and 
b) Ti3AlC2 (part of the track), respectively. 

 

Some recent experimental studies and atomistic simulations on the deformation mechanism of layered 

crystalline solids suggest the formation of ripplocation boundaries at the initial state, which are capable 

of propagating rapidly, thus forming kinkings [202,203]. Figure 5.7 shows the kinking formation in the 

wear track of Ti2AlC at 500 mN. During the tribological test, the normal and tangential forces (friction 

forces) are perpendicular and parallel to the basal planes, respectively. In this case, the friction force acts 

on the basal planes in edge-on compression. After tribological testing, kink bands in opposite directions 

can be observed (Figure 5.7), which may originate from ripples of the atomic layers or ripplocations [204]. 

The current literature is mainly limited to simulations and experimental studies on monocrystalline 

materials. In these studies, an edge-on compression load is applied in the basal planes. More detailed 

analyses of normal and tangential forces acting on polycrystalline materials are needed. 

 

 

 

 



 P a g e  | 52 

 

 

Figure 5.7 SEM micrographs of the kinking formation were observed in the wear track after tribological testing of 
Ti2AlC at 500 mN. 

 

5.4 Conclusions 

In this chapter, the hardness and tribological properties of the Ti2AlC and Ti3AlC2 phases were evaluated. 

Tribological properties obtained under dry sliding conditions were correlated with hardness and the 

results of roughness, grain size, and texture. Nanoindentation tests show that the Ti2AlC phase 

(11.6 ± 0.3 GPa) is harder than Ti3AlC2 (5.3 ± 0.9 GPa). This higher hardness of the Ti2AlC phase can 

be attributed to the preferred mixed orientation and smaller grain size compared to the Ti3AlC2 phase. 

The Ti2AlC/bearing steel ball system shows a CoF between 0.21 and 0.42 in a normal load range of 50 

to 500 mN. However, the Ti3AlC2/bearing steel ball system shows CoF values between 0.64 and 0.91 for 

the same normal load range. Based on the results, the Ti2AlC phase shows better tribological properties 

than Ti3AlC2. This behavior can be attributed to its higher hardness, smaller grain size and lower surface 

roughness. The SEM-EDX analysis of the worn tracks reveals that there is a transfer of material from the 

ball to the thin film (Ti3AlC2). This generated a wear debris accumulation between the sliding surfaces, 

causing a third-body abrasion and a high frictional force and wear. 
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Chapter 6. Electro-tribological performance under 
electric current of Ti2AlC and Ti3AlC2 thin films 

 

6.1 Introduction  

This chapter correlates electrical and mechanical properties with thin film electro-tribological 

performance. The resistivities of the Ti2AlC and Ti3AlC2 thin films were 0.73 and 0.45 µΩ·m, respectively. 

Tribological tests were carried out under electric current. The variation of the coefficient of friction (CoF) 

and the electrical contact resistance (ECR) is evaluated as a function of the sliding distance. A connection 

between the CoF and the ECR is evident. In small sections, it can be seen that the CoF increases while 

the ECR decreases. Furthermore, the wear track left by the tribological tests is studied. SEM-EDX 

analyzed the contact surface of the counter material. Fusion and material transfer between the film and 

bearing steel ball were found. 

6.2 Experimental details 

6.2.1 Electrical resistivity measurements of Ti2AlC and Ti3AlC2 thin films 

The electrical resistivity of the thin films was determined using the linear Van der Pauw method applying 

an electrical current of 0.1 mA. The measurement system consists of a Keithley 2400 current source and 

two Keithley multimeters to measure the resulting current and voltage. The four contact tips use a spring 

system to maintain uniform pressure on the film and establish good electrical contact. Current-voltage 

measurements were performed to ensure that all samples have ohmic behavior. 

6.2.2 Setup of tribology under electrical currents of Ti2AlC and Ti3AlC2 

Figure 6.1 shows a schematic representation of the tribological test under electric current. The Keithley 

SourceMeter device was used to supply 10, 50 and 100 mA electrical current during the tribological 

experiments. The electric current and voltage passing through the electrical contact between the ball and 

the MAX phase thin film were measured using an amperemeter and voltmeter. These current and voltage 

data were collected using the LabVIEW program to process the data later and determine the Electrical 

Contact Resistance (ECR). Tribological tests under electric current were carried out using a reciprocate 

ball-on-flat micro-tribometer similar to the previously shown measurements (Tetra-Basalt Must, 

Germany) with a 3 mm diameter 100Cr6 bearing steel ball as a counter material. The normal forces used 

were: 50, 250 and 500 mN, the sliding speed was 0.5 mm/s. The stroke length was 2.5 mm, and the 

number of cycles was 100, resulting in a total sliding distance of 500 mm for each measurement. 
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Figure 6.1 Schematic representation of the tribological test under electric current. 

 

6.3 Results and discussion  

6.3.1 Electrical properties of Ti2AlC and Ti3AlC2 

The electrical conductivity in MAX phases predominantly involves the transport of electrons. The 

electrons should overcome grain boundaries, which might act as barriers to electron movement. The size 

of the grains influences the electrical resistivity of thin films. The resistivity increases with decreasing 

grain size. This is mainly due to electron scattering at the grain boundaries and the film surface [70,205–

207]. On the one hand, the Ti2AlC thin film has a small grain size of ~10 nm. Thus, the resistivity of the 

Ti2AlC film (0.73 µΩ·m) is slightly higher than the values reported in the literature 0.36-0.44 µΩ·m (see 

Table 6.1). On the other hand, the Ti3AlC2 thin film has a considerably larger grain size than the Ti2AlC 

phase. Figure 4.9 shows a qualitative comparison of the grain size of both phases. Therefore, a lower 

resistivity is expected due to the lower dispersion effect of the grain boundaries. Thus, the Ti3AlC2 phase 

has a resistivity of 0.45 µΩ·m, and this value is within the range reported in the literature for this phase 

(0.29-0.51 µΩ·m). 
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Table 6.1. Electrical resistivity and hardness of Ti2AlC and Ti3AlC2 MAX phases. 

MAX phase 
Electrical resistivity [µΩ·m] Hardness [GPa] 

Experimental Literature Experimental Literature 

Ti2AlC 0.731 ± 0.002 

0.36[53], 0.36[208], 

0.37[184], 0.40[49], 

0.44[209], 

11.6 ± 0.3 

4.5[184], 4.8[210], 

5.5[208], 5.8[49], 

15.8[35] 

Ti3AlC2 0.452 ± 0.001 
0.29[188], 0.35[183], 

0.387[211], 0.51[209], 
5.3 ± 0.9 

1.0[212], 3.5[183], 2.5-

4.7[188], 11.4[85] 

 

6.3.2 Tribological performance under electrical current of Ti2AlC and Ti3AlC2 

Figure 6.2-3 and 6.5-6 show the results of the tribological tests under the electric current of the Ti2AlC 

and Ti3AlC2 thin films, respectively. It is worth mentioning that the CoF and the ECR were determined 

simultaneously in the same electro-tribological experiment. 

6.3.2.1 Tribology and electrical contact resistance of Ti2AlC thin film 
 

Figure 6.2a), b), c), and d) show the evolution of the CoF and the ECR for the Ti2AlC film as a function 

of the sliding distance. The testing parameters were 50 mN and the electric currents of 0, 10, 50 and 

100 mA. Figure 6.2a) shows the evolution of the CoF for the Ti2AlC phase at 50 mN but without electric 

current. In this case, the CoF remains around 0.19. In the tests with electric current, a slight increase in 

CoF is observed with the increasing electric current. This increase in CoF could be due to welding, 

erosion, and material transfer due to friction under electrical current flow. 

Figure 6.2b) shows a high variation of the ECR during the electro-tribological test under 50 mN and 10 mA 

conditions. This suggests that the ECR depends on the normal force, the applied current intensity and 

the surface conditions of the real contact area. The 100Cr6 steel ball has an initial roughness of 16 nm 

[114], and the Ti2AlC and Ti3AlC2 films have a roughness of 4 and 12 nm [30]. In addition, the ball and 

film may have a surface layer of insulating oxide and adsorbed water molecules. The force of 50 mN and 

the current of 10 mA are not enough to establish good electrical contact. This results in a wide variation 

of the ECR, with a slight reduction at the end of the test. Figure 6.2c) shows a much more stable and 

lower ECR at the same 50 mN force but with an electrical current of 50 mA. Here it should be noted that 

a current intensity of 50 mA might lead to removing possible oxide layers. Thus, the formation of better 

electrical contact results in higher stability and a decrease in the ECR. This effect is known as softening 

of the interface due to the increase in temperature by the electric current. This softening could increase 
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the contact area. Figure 6.2d) shows a similar trend to that described previously but an even lower ECR, 

with specific local and momentary trends to decrease when CoF increases. 

 

Figure 6.2 Coefficient of friction and electrical contact resistance of Ti2AlC at 50 mN: a) 0, b) 10, c) 50, and 

d) 100 mA. 

Figure 6.3a), b), c), and d) show the CoF and ECR at 500 mN and 0, 10, 50 and 100 mA for Ti2AlC thin 

films. It is observed that a higher electric current has a more stable and lower value of ECR, while an 

increase in CoF is observed compared to the tests using a force of 50 mN. The real electrical contact 

area between the ball and the thin film available for conduction increases due to the increasing normal 

force [160]. This decreases the ECR and, at the same time, increases the CoF. However, even 

mechanical contact between the ball and the film exists. Still, it does not guarantee excellent electrical 
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contact because it could be insulating oxide layers at the interface generated by the tribological test. The 

oxides or tribo-films of the track decrease the CoF but increase the ECR. Investigations on sliding 

contacts suggest that the electric current favors the formation of insulating oxide layers, resulting in a 

reduction of CoF [74,213,214]. On the other hand, the results suggest that the possible fracture and 

dispersion of the oxides increase the CoF and decrease the ECR momentarily. The sudden change and 

possible loss of the real electrical contact area due to the tribological test explains the large dispersion of 

the ECR values. 

 

Figure 6.3 Coefficient of friction and electrical contact resistance of Ti2AlC at 500 mN: a) 0, b) 10, c) 50, and d) 

100 mA. 
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The contact interface temperature can exceed the melting point if the contacts become momentarily 

separated [157] or if tribo-films composed of insulating oxides form at the interface. For steel, the boiling 

temperature corresponds to a voltage difference between the contacts of 0.55 V [160]. The final part of 

the boiling stage manifests as an explosion of superheated ionized steam, the same one that precedes 

the formation of the electric arc with an arc voltage of 10 to 15 V [157]. 

Figure 6.4a) and b) show the tracks of the Ti2AlC samples tested at 50 mN (10 mA) and 500 mN (100 mA), 

respectively. The worn track at 50 mN is considerably smaller than the track obtained after the 500 mN 

test. This change in size is somewhat to be expected using a force with a difference of 10 times between 

both tracks. Furthermore, the increase in the size of the track at 100 mA could be due to the softening of 

the contact interface as a result of the increase in temperature. In addition, it is observed that the films 

were not removed from the substrate. 

 

Figure 6.4 SEM micrographs of the Ti2AlC tracks. a) 50 mN and 10 mA, and b) 500 mN and 100 mA. 

 

6.3.2.2 Tribology and electrical contact resistance of Ti3AlC2 thin film 
 

Figure 6.5 shows the friction coefficient and electrical contact resistance of the Ti3AlC2-steel ball tribo-

pair at a normal force of 50 mN under electrical currents of 0, 10, 50 and 100 mA. The CoF of the tribo-

pair without electric current (0 mA) and at 10 mA is in the range of 0.6-0.85 and 0.4-0.95, respectively. In 

addition, a running-in effect can be seen at the beginning; after this effect, the CoF decreases 

progressively with sudden increases due to possible momentary welds. Figure 6.5b) shows the ECR and 

CoF at 50 mN and 10 mA. In the beginning, it can observe a slight increase in the ERC to later remain 

stable around 300 Ω. The CoF and ECR results suggest that the film remains intact under these test 
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conditions. Figure 6.5c) shows the results of ECR and CoF at 50 mN and 50 mA, below 250mm of sliding 

distance; a stable value is observed with slight increases in ECR. The CoF shows the typical initial 

running effect in this material. However, at a sliding distance greater than 250 mm, an apparent abrupt 

increase in ECR and change in CoF is observed. This undoubtedly suggests the complete removal of 

the film. Figure 6.5d) shows the results of ECR and CoF at 50 mN and 100 mA. The trend is very similar 

to that previously described, but at 100 mA the results suggest that the film is removed from the substrate 

even at a shorter sliding distance (~150 mm). 

 

Figure 6.5 Coefficient of friction and electrical contact resistance of Ti3AlC2 at 50 mN: a) 0, b) 10, c) 50, and 

d) 100 mA. 
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The previously discussed phenomena could be attributed to the interface temperature of the tribo-pair 

being slightly higher than the system temperature in good electrical contact. However, in sliding contact 

due to the formation of oxides, the interface temperature increases and accelerates the deterioration of 

the contact area. The damage is cumulative, leading to increased ECR, increased interfacial temperature, 

erosion, possible momentary welding joints, material transfer, short-circuit conditions, and eventual 

failure of the contact interface [160].  

Figure 6.6 shows the CoF and ECR of Ti3AlC2-steel ball tribo-pair, at normal force of 500 mN, under 

electrical currents of 0, 10, 50 and 100 mA. Figure 6.6a) shows that the CoF remains constant without 

electric current at around 0.9. Figure 6.6b) shows the CoF and ECR at 500 mN and 10 mA. The CoF 

remains constant at approximately 0.55; similarly, a stable ECR is observed at about 400 Ω. As in the 

previous case at 10 mA, the CoF and ECR results suggest that the film remains intact under these test 

conditions. Figure 6.6c) shows the CoF and ECR at 500 mN and 50 mA. The results show that the CoF 

increases progressively with the increase of the sliding distance. The abrupt increase of the ECR 

demonstrates that the film becomes removed at sliding distances less than 100 mm. Figure 6.6d) shows 

the CoF and ECR at 500 mN and 100 mA. The CoF shows a running effect, which varies between 0.45-

0.75 until reaching the sliding distance of 350 mm, to increase subsequently. The ECR shows different 

behavior for sliding distances less than and greater than 250 mm. The low ERC at distances less than 

250 mm could be due to the higher normal force (500 mN) favors the formation of good electrical contact 

between the film and the steel ball. It shows a temporary increase in the ERC due to possible losses of 

electrical contact by sliding and reciprocating movement of the tribological test. But above 250 mm, a 

progressive rise in ECR is observed. This result suggests that, at this point starts, the film's destruction. 

The previously discussed behavior could be due to the CoF being increased by debris on the track, flash 

welds, and eroded interface. As the electrical contact interface deteriorates, these molten and eroded 

zones rub over new areas in the worn path, causing the electrical contact to overheat and oxides to form 

due to high-temperature material transfer and reaction chemistry with the surrounding medium. In the 

same way, the ERC is also increased, mainly because the oxides in the contact interface and the erosion 

reduce the real electrical contact area, increasing the resistance to the passage of the electric current. 
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Figure 6.6 Coefficient of friction and electrical contact resistance of Ti3AlC2 at 500 mN: a) 0, b) 10, c) 50, and 

d) 100 mA. 

 

Figure 6.7a) shows the tracks of the Ti3AlC2 samples tested at 50 mN and 10 mA. A medium-worn track 

with no evidence of film removal is shown in this micrograph. However, Figure 6.7b) shows the 

catastrophic failure of the Ti3AlC2 film after the electro-tribological test at 500mN and 100 mA. The film 

was completely removed during the electro-tribological test. In addition, electric arcs are responsible for 

the film's deterioration and remotion from the substrate. 
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Figure 6.7 SEM micrographs of the Ti3AlC2 tracks. a) 50 mN and 10 mA, and b) 500 mN and 100 mA. 

 

6.3.2.3 Analysis of the balls used in the electro-tribological test. 
 

Figure 6.8 shows various SEM micrographs and the composition of the ball as a counter body after the 

electro-tribological assay of Ti2AlC against 100Cr6 at 500 mN and 100 mA. Figure 6.8a) shows a general 

view of the 3 mm diameter ball used in the measurements. Figure 6.8b) offers a magnification of the 

contact area. Figure 6.8c) shows the eroded surface in greater detail. The formation of pores, 

solidifications, pits and protuberances produced by the electric arcs formed during the test can be seen. 

Due to the high energy of the electric arc, it is observed that certain points of the contact surface of the 

ball melt and subsequently solidify. Figure 6.8d) shows a typical brittle fracture in the enlarged image of 

the eroded area B. The generation and propagation of cracks could be due to embrittlement resulting 

from the high temperatures and the formation of oxides on the ball contact area. Figure 6.8e) shows an 

enlarged image of area A, showing circular cavities produced by material erosion. Figure 6.8f) shows the 

composition of certain points of interest in the contact area. The presence of Ti, Al and C atoms is 

observed. This clearly indicates a material transfer from the thin film (Ti2AlC) to the ball. In addition, a 

high oxygen concentration could be observed in the different zones, which suggests that due to the high 

temperatures generated by the electric arc and the interaction in the surrounding medium, aluminum, 

titanium and iron oxides are formed. The other elements observed in less quantity are typical of the 

composition of 100Cr6 steel. 

Only a tiny part of this eroded area could conduct electrical current, whereas on the rest of the surface, 

due to the formation of insulating oxides and debris from arcing and abrasive wear, no electric current 

flows. This real electrical contact area dramatically influences the electrical contact resistance. This is 
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why a significant variability of the ECR can be observed described in the previous sections. When electric 

current passes through the contact surfaces, the current flow is concentrated at the contact points or 

asperities. The local current density increases to a very high value, generating heat in the contact area. 

Depending on the resistance of the oxide film (tribo-films) formed during the electro-tribological test, the 

current's slow passage or the arc's formation in the contact zone occurs. The main consequence of arcing 

is the wear of the film and counterpart surfaces by removing molten material in the arc, resulting in cracks 

and burnt craters (see Figure 6.8c)). Due to this, the surface roughness and the mechanical wear of both 

surfaces are increased. Arcing, cratering, mechanical polishing of contact surfaces, and released metal 

particles cause rust on the worn path and counterpart. Therefore, the deterioration of the contact surfaces 

gradually increases. 

 

Figure 6.8 SEM micrographs and composition of the AISI 52100 ball after the electro-tribological test against Ti2AlC 
film at 500 mN and 100 mA. a) ball, b) contact region, c) enlarged of b), d) crack propagation, e) porous, and e) 
chemical composition of the contact region. 
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Figure 6.9 shows SEM micrographs and the composition of the ball after the electro-tribological test of 

Ti3AlC2 against 100Cr6 at 500 mN and 100 mA. Figure 6.9a) shows a low-magnification general view of 

the 100Cr6 ball. Figure 6.9b) shows a magnification of the contact area. The eroded area is considerably 

more significant than in Figure 6.8b). In addition, the hardness of the Ti3AlC2 film is lower than that of the 

Ti2AlC film. The softer film favors a higher contact area under the same test conditions. Figure 6.9c) 

shows an enlargement of the eroded area, showing the formation of craters, pores, solidifications, pitting 

and protuberances resulting from tribological wear and the electric arcs formed during the test. Figure 

6.9d) shows an enlarged image of region B of Figure 6.9c). The debris formation can be seen in greater 

detail. Figure 6.9e) shows an enlarged image of region A of Figure 6.9c). The material removal in the 

form of circular craters and the erosion caused by the high energies produced by the electric arc are 

observed. Figure 6.9f) shows the composition of specific points of interest on the eroded surface of the 

contact area. A higher concentration of Ti, Al and C is observed compared to the composition of         

Figure 6.8f). It can also observe a high oxygen concentration in all the analyzed points, which suggests 

the formation of aluminum, titanium and iron oxides; these oxides are a product of the electric arc and 

the chemical reactions that occurred during the electro-tribological test. 

Due to the soft nature of the film, more significant plastic deformation is generated. This greater contact 

area causes an increase in the CoF and an additional increase in the interface temperature due to the 

electric current. The formation of insulating oxides on the surface (tribo-film) causes the properties of the 

tribo-pair to change during the test. This generation of debris and oxides are decisive in changing the 

ECR, CoF, and the film's subsequent destruction. However, the formation of oxides is not entirely 

negative since TiO2 and SiO2 improve the wettability of the molten material and suppress spattering, 

reducing the erosion of the film [215]. 
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Figure 6.9 SEM micrographs and composition of the AISI 52100 ball after the electro-tribological test against 
Ti3AlC2 film at 500 mN and 100 mA. a) ball, b) contact region, c) enlarged of b), d) eroded area, e) porous and e) 
chemical composition of the contact region. 

 

Figure 6.10a) and b) show that the Ti2AlC phase compared to the Ti3AlC2 phase, is less susceptible to 

the increase in CoF with increasing normal force. This behavior of the Ti2AlC phase can be attributed to 

the fact that it is harder, has a smaller grain size and has less surface roughness [30]. The softer phase 

could generate the formation and accumulation of wear debris on the contact surfaces, causing third-

body abrasion. Furthermore, previous results show that the Ti2AlC thin film has a mixed preferred 

orientation, while the Ti3AlC2 phase has a preferred basal orientation. Figure 6.10c) and d) show that a 

current of 50 mA or more is critical for both phases. However, phase Ti2AlC experiences a lower increase 

in ECR compared to phase Ti3AlC2. The different behavior of CoF and ECR for both phases tested under 

the same conditions shows that the films' hardness, roughness and electrical properties affect the CoF 
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and ECR. The variation of the ECR depends on many factors, as mentioned before. However, at low 

normal loads, the variation of the ECR is higher. This variation of the ECR becomes less noticeable when 

the normal contact force increases [47]. 

 

Figure 6.10 General summary of CoF for a) Ti2AlC and b) Ti3AlC2, and the ECR for a) Ti2AlC and b) Ti3AlC2. 

 

6.4 Conclusions 

In this chapter, the electrical properties and electro-tribological performance of Ti2AlC and Ti3AlC2 films 

were assessed. The results show that the electro-tribological behavior is influenced by the normal force, 

the electric current and the tribofilms generated in the dry sliding contact. CoF and ECR were analyzed 

under forces of 50, 250 and 500 mN and an electrical load of 10, 50 and 100 mA. Local trends of friction 

coefficient decrease are observed when the contact resistance increases. This could be due to the tribo-

films in the track working as electrical insulators. For hard Ti2AlC film, a force of 50 mN is insufficient to 
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maintain good electrical contact. This results in a high deviation of the contact resistance value. The 

contact area is a function of the normal force. However, for the soft Ti3AlC2 film, a force of 50 mN 

generates a stable value of contact resistance, which could be due to the significant increase in the 

contact area for the lower hardness film. An increase in electrical current from 10 to 100 mA for Ti2AlC 

causes the contact resistance to decrease considerably. This could be because a higher electrical current 

increases the temperature at the interface. The contact interface becomes softened by temperature, 

reflecting an increase in the real contact area. 

In contrast, an increase in electric current from 10 to 100 mA for Ti3AlC2 causes film erosion and arc 

formation at the contact interface. This could be due to the Ti3AlC2 phase having a lower hardness than 

Ti2AlC. Additionally, before the film rupture, the lower resistivity of the Ti3AlC2 phase and the higher value 

of CoF help maintain lower ECR values. SEM-EDX analysis of the ball shows internal cavities and an 

eroded surface due to electric arcs. Furthermore, these results suggest that the increase the contact 

resistance could be due to the formation of oxides. 
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General conclusion and future works 

 

General conclusion 

This thesis investigates the synthesis and structural characterization, mechanical and tribological 

properties, and the electro-tribological performance of the Ti2AlC and Ti3AlC2 thin films. The films were 

obtained by depositing a Ti-Al-C multilayer system and subsequent annealing in a vacuum and controlled 

atmosphere of argon and hydrogen. The Ti-Al-C multilayer system was deposited by sputtering on silicon 

substrates. A double layer of SiO2 and SixNy was used as a diffusion barrier between the film and the 

substrate. The thicknesses of the individual monolayers controlled the stoichiometry of the film. To obtain 

a 500 nm thick film, the Ti-Al-C sequence was repeated 22 times with individual thicknesses of 14, 6 and 

3.5 nm, respectively. The results of XRD, GD-OES and Raman spectroscopy confirm that the Ti2AlC 

phase forms at a temperature of 700°C, while the Ti3AlC2 phase forms at 950°C. The density determined 

from the XRD measurements shows that the Ti2AlC phase (4.02 ± 0.03 g/cm3) is less dense than the 

Ti3AlC2 phase (4.26 ± 0.04 g/cm3). This could be because the Ti3AlC2 phase contains a higher number 

of atoms contained in its unit cell. The Ti2AlC thin film has a mixed preferred orientation, while the Ti3AlC2 

phase has a preferred basal orientation. AFM measurements reveal that the average surface roughness 

(Ra) of Ti2AlC and Ti3AlC2 is approximately 4 and 12 nm, respectively. 

The tribological performance of Ti2AlC and Ti3AlC2 films is correlated with hardness, surface roughness, 

grain size and texture. Nanoindentation tests show that the Ti2AlC phase (11.6 ± 0.3 GPa) is harder than 

Ti3AlC2 (5.3 ± 0.9 GPa). This higher hardness of the Ti2AlC phase can be attributed to the preferred mixed 

orientation and smaller grain size compared to the Ti3AlC2 phase. The Ti2AlC/bearing steel ball system 

shows a CoF variation between 0.21 and 0.42 in a normal load range of 50 to 500 mN. Meanwhile, the 

Ti3AlC2/bearing steel ball system shows CoF values between 0.64 and 0.91 for the same normal load 

range. Based on the results, the Ti2AlC phase shows better tribological performance than Ti3AlC2. This 

behavior can be attributed to its higher hardness, smaller grain size and lower surface roughness. The 

SEM-EDX analysis of the worn tracks reveals a material transfer from the ball to the thin film (Ti3AlC2). 

This causes an accumulation of debris between the sliding surfaces, which causes a third-body abrasion 

and, consequently, a higher frictional force and wear. 

The electrical properties and electro-tribological performance of Ti2AlC and Ti3AlC2 films are investigated. 

The results show that the electro-tribological performance is influenced by the normal force, the electric 

current and the tribo-films generated in the sliding contact. The electrical resistivity test shows that the 

Ti2AlC phase (0.731 ± 0.002 µΩ·m) has mayor resistivity than Ti3AlC2 (0.452 ± 0.001 µΩ·m). This could 
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be attributed to the smaller grain size of the Ti2AlC phase, which is an obstacle to the movement of 

electrons. In addition, the CoF and the ECR were evaluated under forces of 50, 250 and 500 mN and an 

electrical load of 10, 50 and 100 mA. The results show local trends of a decrease in CoF when the 

electrical contact resistance increases. This could be due to the tribo-films present in the wear track. It is 

shown that a force of 50 mN on the Ti2AlC film is insufficient to maintain good electrical contact. This is 

because the hardness of the phase reduces the real contact area. This resulted in a high deviation of the 

ECR value. The real contact area is a function of the normal force. In contrast, for the soft Ti3AlC2 film, a 

force of 50 mN generates a stable value of the ECR, which could be due to the significant increase in the 

real contact area since it is a film with less hardness. An increased electrical current from 10 to 100 mA 

for Ti2AlC causes the ECR to decrease considerably. This could be because a higher electrical current 

increases the temperature at the interface, softening the contact surfaces and increasing the real contact 

area. While an increase in electric current from 10 to 100 mA for Ti3AlC2 causes film erosion and electric 

arc formation at the contact interface. SEM-EDX analysis of the ball shows the formation of internal 

cavities, brittle failure and an eroded surface due to electric arcs. Furthermore, the SEM-EDX results 

suggest the formation of oxides that would increase the contact resistance. In an electro-tribological 

sliding contact, the variation of the ECR could be used to control the state of the thin films and the possible 

formation of tribo-films. 

 

Future works 

As discussed in the theoretical background part, the hardness of thin films is one of the most critical 

parameters in the tribological study. In this thesis, the films of Ti2AlC and Ti3AlC2 were evaluated. These 

films had different values of hardness. The Ti2AlC phase is harder than the Ti3AlC2. A better tribological 

behavior was observed for the hard phase. In contrast, the Ti3AlC2 phase evaluated at 10 mA and 10 mN 

shows a good electro-tribological performance with lower ECR values than the Ti2AlC phase. This could 

be attributed to a larger contact area. Bowden and Tabor [110] and others suggest that soft coatings can 

reduce the coefficient of friction. However, this could cause excessive adhesive wear. On the other hand, 

a hard coating on a soft substrate can reduce wear by preventing ploughing [216]. Hard films have a 

good tribological performance in abrasive environments [109]. If the substrate is softer than the film, the 

hardness of the substrate should be increased to reduce the deflection failure of the coating [13]. Since 

the hardness of the film influences the tribological behavior, it is proposed to investigate the tribological 

behavior of both phases with different hardness values. For example, the film's hardness can be modified 

by changing the grain size and texture. 



 P a g e  | 70 

 

As previously discussed, the thickness of the thin film influences tribological behavior. The thesis focused 

on evaluating the mechanical, tribological and electro-tribological properties of the Ti2AlC and Ti3AlC2 

phases of a single thickness of approximately 500 nm. Coatings are usually used for different purposes, 

including aesthetics, reducing friction and/or wear, functionalizing the surface, etc. Furthermore, if the 

substrate is not hard enough to support the film and the applied loads, the film could fail due to deflection 

[217]. This could be solved by increasing the thickness of the thin film [218]. Based on the previous 

discussion, it is highlighted that the thickness of the film plays a fundamental role in the mechanical and 

tribological behavior of films. It is suggested to investigate Ti2AlC and Ti3AlC2 films with different thickness 

values. The thicknesses reported in the literature vary from a few nanometers to micrometers. For 

example, Su et al. [219] obtained polycrystalline Ti2AlC films ranging from 150 nm to 400 nm. Furgeaud 

et al. [220] investigated the fabrication of the Ti3SiC2 thin films of 100 and 300 nm thick. On the other 

hand, Garkas et al. [221] fabricated coatings of 6 μm for Ti2AlN and 2.5 μm for Ti2AlC. 

In the present thesis, silicon was used as the substrate on which the multilayers were deposited to 

subsequently form the MAX phases by annealing heat treatment. In many industries, it is possible to find 

various applications on various substrates. Reports in the literature show that MAX phases can be 

successfully obtained on multiple substrates. Go et al. 2018 [222] obtained the Cr2AlC phase on stainless 

steel substrates using cold spray technology. Lu et al. [223] obtained a Ti3AlC2 coating on SS 304 

stainless steel substrate by direct current and pulse magnetron sputtering. MAX phases have good 

electrochemical and electrocatalytic properties [224]. Furthermore, in vitro cytotoxicity studies towards 

various human cells suggest that the toxicity is almost negligible. Being considered safe and with 

biocompatible characteristics for future biomedical applications [225]. Given the previous discussion, it is 

suggested to synthesize the Ti2AlC and Ti3AlC2 phases on biocompatible substrates for possible 

biomedical applications. 

Two-dimensional materials known as MXenes have attracted increasing attention in the field of tribology. 

These materials could be used in solid lubrication due to their low shear stress, as they are similar to 

graphene [39]. MXenes can form tribo-films resistant to wear and have low friction and self-lubricating 

capacity [40]. MAX phases can be used as precursors for creating MXenes [7]. In future work, obtaining 

the MAX phase on different substrates is suggested, subsequently generating the MXenes by chemical 

selective etching of the A element. The successful formation of MXenes on varied substrates could be a 

potential candidate for tribological applications. 
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