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ABSTRACT 

 

Energy saving, improving system efficiency and using alternative energy sources are 

common strategies adopted nowadays for reducing human detrimental impact on 

environment. In particular, tribologists strive to reduce friction in rubbing parts using 

coatings, advanced lubricants or modifying surface topography. In this context 

surface texture has been significantly studied in recent years, although this 

procedure usually implies extra manufacturing operations and costs. On the other 

hand, sintered materials contain themselves surface cavities that could potentially act 

as surface texture and, consequently, lead to friction reduction. This research aims to 

extend the current knowledge on the tribological influence of micro surface 

irregularities (pores and laser texture) under lubricated experimental tests and 

explore the use of these features for tribological applications. Samples were 

manufactured using both sintering and texturing processes to obtain different surface 

characteristics. Three different porosity conditions were produced for sintered steels, 

whereas grooves and dimples configurations were designed for textured steel 

samples. After that, experimental tests were performed under varying sliding-rolling 

conditions (from prevalent rolling to prevalent sliding) especially using non-conformal 

contact. Speed was also varied during frictional tests to cover a wide range of 

operational conditions and verify the effects of surface features under different 

lubrication regimes. Friction tests were carried out with two tribometers using 

configurations of pin-on-disk, roller-on-disk and ball-on-disk. Film thickness was 

measured by an ultra-thin optical interferometry rig using a methodology properly 

designed for rough samples. Samples with smooth surfaces were utilized as a 

reference bench to be compared to material with surface modification (texture or 

porosity). Main results showed that the decrease of porosity led to friction reduction 

in the sintered steel. Material with reduced porosity performed even better than 

reference smooth samples. In addition, the dimple configuration promoted friction 

reduction, whereas grooves generally performed similarly or worse than reference 

material. Even if textured dimples and small porosity on sintered material were 

produced by different techniques, they presented similar geometrical characteristics 

and consequently they both reduced friction compared to reference samples. As part 

of the outcome, main results were mapped to better understand the effect of each 

surface feature on tribological performance. Furthermore, a preliminary 

phenomenological model was proposed to predict frictional response of surface with 

micro cavities (pores or texture) from reference steel results. Main findings suggest 

that the effect of tailored surface cavities could be somehow compared to randomly 

distributed ones, even if produced by very different manufacturing techniques. 
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RESUMO 

 

Os impactos negativos no meio ambiente causados pelo ser humano são atualmente 

mitigados por políticas de redução de energia, aumento de eficiência e utilização de 

fontes de energias alternativas. Os tribologistas visam reduzir o atrito entre 

componentes em movimento utilizando recobrimentos de elevada dureza, óleos 

aditivados ou modificando a topografia dos materiais. Nesse contexto, a textura 

superficial pode possibilitar redução de atrito em determinadas condições, mas esse 

processo exige operações de manufatura e custos adicionais. Por outro lado, os 

materiais sinterizados apresentam porosidade superficial após o processo de 

manufatura, que poderia atuar como textura superficial e consequentemente levar à 

redução do atrito. Com base nisso, esta pesquisa visa ampliar o conhecimento atual 

sobre a influência tribológica das micro irregularidades superficiais (porosidade e 

textura) em testes experimentais lubrificados e explorar o uso de superfícies não-

isotrópicas para aplicações tribológicas. As amostras foram produzidas usando tanto 

a sinterização como a texturização laser para obter cavidades superficiais com 

diferentes características. Três diferentes condições de porosidade foram estudadas 

em aço sinterizado, enquanto configurações de bolsos circulares e canais foram 

texturizadas em amostras de aço cromo. Em seguida, testes experimentais foram 

realizados variando as condições de deslizamento-rolamento (de rolamento 

predominante para deslizamento predominante), especialmente usando contato não-

conforme. Diferentes velocidades foram utilizadas durante os testes tribológicos para 

cobrir uma ampla gama de condições operacionais e estudar os efeitos das 

irregularidades superficiais em diferentes regimes de lubrificação. Os testes para 

avaliação do coeficiente de atrito foram realizados utilizando dois tribômetros usando 

as configurações de pino-disco, rotula-disco e esfera-disco. A espessura de filme foi 

medida utilizando um equipamento de interferometria óptica usando uma 

metodologia direcionada para amostras com rugosidade superficial elevada. 

Amostras com superfícies polidas foram utilizadas como material de referência para 

comparação com amostras contendo alterações superficiais (textura ou porosidade). 

Os principais resultados mostraram que a diminuição da porosidade levou a redução 

de atrito em aço sinterizado. As amostras com porosidade reduzida apresentaram 

melhores desempenhos que o material de referência (não-poroso). Além disso, a 

configuração de bolsos circulares promoveu redução de atrito, enquanto os canais 

tiveram um desempenho semelhante ou pior que o material de referência. Embora 

os bolsos texturizados e os poros de dimensões reduzidas no material sinterizado 

foram produzidos com diferentes técnicas de manufatura, eles apresentaram 

características geométricas similares e, consequentemente, levaram a redução de 

coeficiente de atrito em comparação com as amostras de referência. Os principais 

resultados foram mapeados para melhor entender o efeito de cada micro 

irregularidade superficial no desempenho tribológico. Além disso, um modelo 

fenomenológico preliminar foi proposto para prever a resposta em termos de 

coeficiente de atrito das superfícies com micro cavidades (porosidade ou textura) 
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com base nos resultados do aço de referência. Os principais resultados sugerem 

que o efeito das cavidades superficiais projetadas (textura) e daquelas distribuídas 

aleatoriamente (porosidade) podem ser de alguma forma comparadas, mesmo 

sendo as modificações produzidas através de técnicas de fabricação muito 

diferentes. 

 

 

Palavras chaves: Tribologia. Sinterização. Porosidade. Textura Superficial. Relação 
deslizamento-rolamento.   
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RMS  : Root Mean Square height of surface roughness  

SEM  : Scanning Electron Microscopy 

SEHL  : Soft Elastohydrodynamic Lubrication 

SG  : Samples with textured Shallow perpendicular Grooves  
configuration 

SLIM  : Spacer Layer Imaging Method 

SP  : Small Porosity samples 

SPS  : Spark Plasma Sintering 

SRR  : Slide-to-Roll Ratio 
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Nomenclature 

 

d  : Feature depth [µm] 

E  : Elastic modulus [GPa] 

E∗  : Composite elastic modulus [GPa] 

f  : Feature area coverage [%] 

H  : Surface Hardness [GPa] 

hc  : Central film thickness [nm] 

Hs  : Hersey number [-] 

R  : Feature depth/width ratio [-] 

s  : Surface parameter [-] 

Spq  : Surface parameter of plateau root mean square height [nm] 

Sq  : Surface parameter of root mean square height [nm] 

𝑈𝑒  : Entrainment speed [mm/s] 

𝑈𝑠  : Sliding speed [mm/s] 

w  : Feature width [µm] 

 

Greek alphabet symbols 

 

β  : Mean radius of asperities [µm] 

Δ  : Δ = (
 𝐶𝑂𝐹𝑓𝑒𝑎𝑡𝑢𝑟𝑒𝑠−𝐶𝑂𝐹𝑁𝑃

𝐶𝑂𝐹𝑁𝑃
)  × 100. Friction difference between  

features and standard material response [%] 

η  : Absolute viscosity [Pa
.
s] 

Λ  : Specific film thickness [-] 

ν  : Poisson’s ratio [-] 

𝜌  : Material density [g/cm3] 

σ  : Height standard deviation of asperities [nm] 

Ψ  : Plasticity index [-] 

ω  : Rotational speed [rps] 
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Chapter 1 Introduction 

1.1 Context of the research 

 

Tribological studies in mechanical parts aimed at increasing the overall efficiency 

is not a new topic for the scientific community [1,2], however the interest in reduction 

friction has risen in recent years boosted by stricter standard emission regulations 

[3]. Tribologists used different strategies to face these restrictions and improving 

tribological performance, such as studying the effect of low viscosity and fully 

formulated lubricants, hard coating and surface topography modifications. The latter 

was especially scrutinized using texturing techniques and in particular the Laser 

Surface Texturing (LST), largely used in the last decades [4]. The application of 

designed surface patterns through texturing techniques permitted in some cases a 

significant friction reduction compared to smooth surfaces [5–8]. For this reason, the 

interest in studying tribological effect of surface texturing increased in recent years 

[4]. 

The design of surface texture combined with test conditions involved a wide range 

of parameters; therefore, it is difficult to select a specific texture configuration that 

reduces friction in different tribological conditions [4,9,10]. Despite the large number 

of papers related to textured material, there are some aspects poorly understood, 

such as those related to non-conformal contact and components working under 

sliding-rolling conditions. The use of texturing technique always brings additional 

manufacturing costs and sometimes the beneficial effect in terms of friction reduction 

could not be justified in real engineering application. 

On the other hand, Powder Metallurgy (PM) is a lower cost manufacturing 

technique than texturing ones, especially used for large-scale production. PM 

materials generally present porosity, which have detrimental effects on mechanical 

properties. Surface pores could be somehow compared to surface micro cavities 

produced by texturing technique, thus porosity could potentially improve tribological 

performance in specific conditions. Mechanical effects of porosity were largely 

studied and evaluated [11–14], however only few researches ventured to attempt 

evaluating the tribological effects of pores up to now [15–17]. 
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Lack in understanding of the tribological behaviour related to textured materials 

and the scarcity of tribological studies regarding PM materials motivated this work. 

Furthermore, this research is also driven by the ambitious comparison between the 

tribological effects of surface cavities produced by two very different manufacturing 

techniques, respectively, texturing and sintering.  

 

1.2 Objectives  

 

The objectives of this research could be summarized in the following: 

 

• Manufacture steel samples (sintered and textured) for obtaining different 

surface features. It implies: 

o Produce disk and ball-shaped samples of sintered material involving a 

sequence of manufacturing and machining operations;  

o Apply surface texture on plain samples (disks) and curved ones (balls);  

• Tune sintering parameters to control porosity and pore features for obtaining 

similar morphological and geometrical characteristics of textured samples; 

• Verify the potential application of sintered materials to achieve superior 

tribological performances with reduced costs and environmental impact; 

• Improve the current knowledge on the tribological effects of micro surface 

irregularities during lubricated sliding-rolling conditions and especially non-

conformal contact; 

• Measure film thickness on sintered and textured samples using a novel 

technique designed for rough surfaces; 

• Map the tribological results based on geometrical configurations of surface 

features and propose an analytic tool that help to better understand and 

possibly predict the tribological behaviour of surface micro irregularities 

(texture and porosity).  
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1.3 Research questions  

 

A series of research questions derived from the objectives and answers for those 

were addressed during the test: 

1) How porosity characteristics in PM can be precisely controlled and designed? 

2) Can surface texture and porosity be compared in terms of geometrical 

characteristics and tribological performance? If so, which parameters can be 

used? 

3) Do the pores size and morphology distribution influence the tribological 

behaviour in PM material? If so, which characteristics can improve tribological 

performance for non-conformal contacts? 

4) In which tests conditions surface micro irregularities (texture and porosity) 

improve tribological performance? 

5) Can surface porosity in PM materials lead to similar tribological effects of 

surface texture? If so, how results can be mapped and categorized as to 

produce a comprehensive phenomenological model? 

6) Is it possible to predict the friction response of surface with micro cavities from 

results of reference material using analytic tolls?  

 

1.4 Thesis outline  

 

This thesis is divided into seven chapters, each one presenting an introductory 

and a conclusive section, which respectively present a brief content outline and main 

highlights of each chapter. 

Chapter 2 describes general aspects of sintering and texturing processes, 

especially focusing on the techniques and equipment used for manufacturing the 

experimental samples. Furthermore, the effects of sintering parameters on pore 

characteristics were described. 

Chapter 3 describes the techniques used for characterizing the microstructure, 

mechanical properties and surface conditions of samples. Specific sections were 

dedicated respectively to sintered and textured materials to better describe surface 

features characteristics. 



 

 
Introduction|4 

Chapter 4 provides a literature review of lubrication regimes and tribological effects 

of surface irregularities and texture. In the same chapter the experimental studies of 

textured material were presented. 

Chapter 5 scrutinizes the tribological behaviour of PM material through a literature 

survey. The experimental investigation of sintered material is reported in this chapter. 

Chapter 6 presents the phenomenological model proposal obtained using 

experimental results of the thesis work. Some principal results and their tribological 

effects were categorized and organized and a surface parameter s was obtained. 

Friction response of samples with surface irregularities (porosity and texture) could 

be scaled by s parameter from friction response of reference material (smooth, 

untextured or non-porous).  

Chapter 7 summarizes main conclusions of this work, original contributions and 

suggests possible future researches. Thesis outline is depicted in Figure 1.1. 

The essential information for understanding the research was reported here, and 

complementarily the main results obtained has been already published elsewhere 

[18–23]. 

 
Figure 1.1 – Schematic representation of thesis outline. 
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Chapter 2 Manufacturing processes of samples with 

surface micro cavities 

2.1 Introduction 

 

Manufacturing processes alter material geometrical characteristics and in most of 

the cases they also influence microstructure and surface conditions. In this chapter, 

the sintering and texturing techniques were briefly revised, focusing on the effects of 

control parameters on surface micro irregularities, since they influence the tribological 

behaviour. Furthermore, the manufacturing techniques used both for texturing and 

sintering samples were presented in the next sections.  

2.2 Sintering process 

2.2.1 Powder metallurgy  

 

Powder Metallurgy is a manufacturing process that allows the manufacture of 

components using powder mixtures through the sintering technique. Conventionally, 

powders are mixed to achieve the desired composition and homogeneous 

distribution of particle size and then compacted to form a solid component (named 

“green” component), which have the typical properties of the dense solids. The 

compacting process occurs by pressing the powders into suitable dies. After that, the 

“green” component is heated in a furnace below the material melting temperature 

(typically from 70 to 90% of melting temperature) [24], so that the powder particles 

fuse together by diffusion and one solid piece is created. Despite the process could 

be performed in different ways, depending on the compacting techniques and the 

furnaces used, the principal steps are powder production and mixing, compaction 

phase, extraction from the die and finally the sintering in the furnace at a controlled 

atmosphere. 

The consolidation process during sintering occurs when the compacted powder 

particles are in contact one to each other, exclusively through some portions of the 

outer surfaces, forming necks between them. Consequently, the regions that are not 

in contact will form micro cavities between the particles, called pores. Pores can be 
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open or close (occluded) depending on whether they are interconnected and 

connected with the surface of the component [25]. Many properties of the sintered 

materials are directly related to the technological process used and to processing 

parameters. One of the most important properties to be evaluated is porosity, 

resulting from the compaction characteristics or an insufficient degree of diffusion of 

the binder elements in the material. Details and information regarding this process 

are reported elsewhere [26–28]. 

Porosity in PM materials depends on both sintering parameters and powder 

particles dimension, shape and distribution [24]. Powder particle morphology mainly 

depends on production technique and parameters used. Powder produced by 

atomization generally presents regular rounded particles, whereas mechanical and 

chemical techniques lead to more irregular shapes. Similar particle dimensions and 

irregular shapes could favour compaction and reduce porosity [24]. Mechanical 

properties of powder particles also influence densification, being that plastic 

deformation could increase compacting rate of “green” parts and consequently 

reduce porosity. The principal control parameters of sintering processes are 

compacting pressure, sintering temperature and holding time. The effects of these 

parameters on porosity characteristics are evaluated in Section 2.2.3. 

 

2.2.2 Spark Plasma Sintering (SPS) technique  

 

The effect of the electric field has been the focus of a large number of 

investigations for theoretical and practical reasons for decades [29]. The application 

of an external electric field influenced the movement of crystalline defects, nucleation 

and crystal growth, evaporation and oxidation processes, as reported by Chen et al. 

[30]. The SPS process is a variation of the electric field applied technique and has 

attracted considerable attention [19,22,31–33]. 

In the SPS method, the powder samples are usually mounted in a graphite die to 

improve electrical conductivity. For instance, a pulsed direct current is used 

simultaneously with a uniaxial pressure to promote consolidation and sintering. Low 

vacuum is made into the sintering chamber to allow plasma formation between the 

particles. The passage of pulsed current forms micro discharges in the plasma 
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region. However, there is no direct evidence of plasma existing between the particles, 

thus the role of the pulsed current does not remain adequately understood [30].  

Regarding the features of the SPS process, it takes few minutes to complete a 

sintering cycle, whereas the conventional one generally lasts hours. Shorter sintering 

time is related to higher heating rates easily achieved in the SPS, due to the internal 

heating of samples by electric current passage rather than to the external one (from 

the furnace atmosphere to the external surface of the sample) experienced in the 

case of conventional sintering. The heating rates normally reached in conventional 

furnace range from 5 to 10 °C/min, thus from 2 to 4 hours are necessary to reach a 

temperature of 1200 °C. On the other hand, heating rates of approximately 

100 °C/min are easily obtained through SPS [29], hence the same temperature can 

be reached in few minutes. Moreover, the holding time at the sintering temperature is 

reduced compared to traditional techniques [34]. Figure 2.1 shows a schematic 

representation of SPS process. 

 

 
Figure 2.1 – Schematic representation of SPS sintering chamber, adapted from [30]. 

 

It is also possible to inhibit grain growth using SPS technique, being that high 

relative density values are reached in very short times. For these reasons, 

nanostructured or nanocomposite ceramics can be easily prepared, presenting 

significant densification and few defects [35–37]. 

Main aspects of SPS and conventional sintering technique are compared in Table 

2.1 [34]. The "+" signs indicate that for a given criterion one technique is better than 

the other, whilst the "-" signs have opposite meaning. In terms of samples geometry, 
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the SPS technique is limited to reduced dimension samples and limited geometries, 

generally only cylindrical shape. Note that the compaction and sintering are two 

different steps in the conventional sintering techniques, whereas they happen 

simultaneously using SPS.  

 

Table 2.1 – Direct comparison between main characteristics of conventional and SPS technique. 

Technique  Productivity Speed Flexibility Sample geometry  Energy  

Conventional + – – + – 
SPS – + + – + 

 

2.2.3 Sintering parameters effects on porosity and pores morphology  

 

Pressure is applied to compact the powder and consequently it reduces total 

porosity. The increase of compacting pressure leads to more dense components 

(less porosity), although mechanical characteristics and morphology of powder 

particles play an important role in favouring or limiting the compaction. Pressure 

mainly controls total porosity, whilst pore morphology depends also on sintering 

process. 

The driving force for sintering is the reduction of free surface energy between the 

particles [26,38]. This energy could be reduced by decreasing the total surface of 

particles (increase of particles size) or by reducing the interface solid-vapour and 

creating necks between the particles (densification process), Figure 2.2. 

 

  
(a) (b) 

Figure 2.2 – (a) Ball models and (b) real example of particle necks formation during sintering, adapted 
from [39]. r is the radius of the particles, x is the radius of the neck and ρ is the radius of 
curvature.  
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The increase of particles size causes pores coalescence, thus larger pores 

expand and smaller ones restrict. On the other hand, the reduction of surface area 

and pores volume cause material densification [39]. 

The reduction of surface area forms more spherical or less irregular cavities, 

whereas pore volume reduction is due to necks formation between particles or to 

grain growth, see Figure 2.3. 

 

 

Figure 2.3 – (a) Green-compacted (initial phase of sintering), (b) intermediate phase with formation of 
necks and (c) final sintering phase, porosity reduction and formation of rounded pores, 
adapted from [38]. 

 

These phenomena involve surface and volumetric diffusion, physical mechanisms 

of evaporation, condensation and viscous flow, as explained in [38]. Time and 

especially sintering temperature have a direct influence on diffusion and 

consequently on mechanisms related to surface free energy reduction. Temperature 

favours densification, decreases porosity and pores size, and improves the cavities 

shape, forming more rounded and less irregular pores [15,17]. On the other hand, 

time leads to larger diffusion distance. 

 

2.2.4 Sintered samples for experimental studies: manufacturing methods and 

parameters used 

 

A commercial available steel powder mixture (Astaloy 85Mo from Höganäs Brasil) 

was used for the sintered material. This steel mixture contained 0.85%wt of 

Molybdenum and 0.3%wt of Carbon. 

The conventional technique was utilized for manufacturing disk-shaped samples. 

The process was conducted at the company “BRATS” in Cajamar (São Paulo, Brazil) 
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specialized in the production of metal filters. The compacting pressure varied from 

400 MPa to 600 MPa to obtain different pore sizes and characteristics, see Table 2.2. 

The SPS technique was used for manufacturing of both ball and disk specimens 

where sintering parameters (time, temperature and pressure) were varied, see Table 

2.2. The DR. SINTER® SPS1050 machine is available at the University of São Paulo 

(Brazil). Holding time, compacting pressure and sintering temperature used for SPS 

process were much reduced than for conventional technique (Table 2.2.), as reported 

in literature [29,34] and previously highlighted in Table 2.1 . 

 
Table 2.2 – Parameters adapted for sintering ball (B) and disk (D) specimens through SPS and 

conventional sintering technique. 
 Sintered disks  Sintered balls and disks 
 Conventional Sintering SPS 
 D4 D5 D6 B8/D8 B9/D9 B10/D10 

Sintering temperature (ºC) 1280 1280 1280 800  900  1000  

Compacting pressure (MPa) 400  500  600  35 70 70 

Holding time (min) 60 60 60 1 5 5 

 

After sintering, disk samples were machined to achieve geometrical standard for 

tribological tests and then ground for ensuring parallelism. The production of sintered 

balls required more mechanical operations, since samples produced by SPS are 

cylinder-shaped. The cylinders were machined to obtain ball-shaped samples with 

very precise dimensional tolerance, see Figure 2.5. 

All the sintered samples were heat treated (HT, water quench at 850 ºC) and the 

“test surface” were polished for reducing the effect of surface irregularities before 

tribological tests. The specimen microstructure was composed by ferrite and perlite 

after sintering and martensite after quenching, see Figure 2.4. 

SPS disks presented reduced dimensions compared to those produced by 

conventional sintering technique, as highlighted in Table 2.1. For instance, SPS disks 

were 20 mm in diameter, whereas conventional sintering ones were 46 mm. Sintered 

balls were drilled to be fixed on the tribometer and they presented a diameter of 

19.05 mm, see Figure 2.6. Disks and balls samples were tested using different 

tribometers, as explained in Chapter 5. 
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(a) (b) 

Figure 2.4 – Microstructure of PM samples after (a) sintering and (b) quenching processes [19]. 
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(a) (b) 
Figure 2.5 – (a) Schematic process for manufacturing sintered (a) balls and (b) disks samples. 

 

 
Figure 2.6 – Sintered disk (SPS) on the left hand side, sintered ball (SPS) on the right and disk 

sintered through conventional technique in the middle. 

 

20 mm 
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2.3 Texturing process 

2.3.1 Texturing techniques  

 

Surface texture aims at reducing friction, improving lubrication conditions and/or 

decreasing wear in tribological application. Textured surfaces are generally no longer 

ideal isotropic due to the introduction of surface micro irregularities. This technique 

was largely applied for the first time in 1940s. The piston-ring linear of diesel engine 

presented significant wear and seizure due to absence of lubricant during harsh 

operation conditions (high load and speed). Cross-hatched grooves were applied on 

piston linear to improve lubrication and prevent failures [40]. After that in the 1950s 

and 1960s, texture was utilized for mechanical manufacturing processes (lamination, 

extrusion and forging) to limit adhesion between parts [1]. Lately in 1990s, the Laser 

Surface Texturing (LST) technique boosted the disclosure of texturing, especially for 

mechanical seals [41–45]. The presence of surface micro cavities improves lubricant 

hydrodynamic pressure, which it is zero for ideally smooth and parallel surfaces [46]. 

Material could be textured adding or removing material on smooth surfaces, as 

explained by Gachot et al. [9]. For techniques based on adding material, masks are 

generally used for inhibiting or favouring material growth. Main techniques are 

electrodeposition, application of films and surface coatings [9]. Techniques based on 

removing material can be classified based on the removal source. Although a laser 

beam through LST is the most common technique, an electron or ion beam could be 

used for removing material. FIB (Focused ion beam) allows high precision removal of 

material in nanometric scale, however this process is slow and expensive [47]. 

Material can also be removed chemically through Photochemical texturing technique 

(PCT), where a mask is applied by photolithography and then the material is 

removed by chemical / electrochemical etching. Finally, material can be removed by 

mechanical techniques, such as honing or micro machining. 

Technique selection tackles several factors, such as the geometry and possible 

dimensions achieved by the texturing process, cost and compatibility between 

technique and material. Gachot et al. [9] provided a useful table to help researchers 

selecting the appropriate texturing technique for a specific application.  

 



 
 

 
Manufacturing processes|13 

2.3.2 Manufacturing methods of textured samples for experimental studies 

 

For this study, removal techniques were selected to produce surface micro 

cavities. Particularly, LST techniques were used for being very precise, generally 

avoiding materials edges and compatibility with steel samples. A laser beam is 

applied on the material surface for creating micro surface geometries through laser 

ablation. The high control capacity of laser parameters and movement, the process 

flexibility and high laser frequency (up to femtosecond) allow the creation of very 

precise geometries limiting materials edges, which favours lubrication conditions [6–

8,48]. 

Two different LST techniques were used in this study, being respectively: 

femtosecond pulse lasers (Ti-Sapphire) and Direct Laser Interference Patterning 

(DLIP) [49].  

The femtosecond pulse lasers allowed achieving very precise patterns (see Figure 

2.7a), using short pulses with high energy, however long processing times are 

required [50]. Surface features could assume complex shape, being that laser 

movement is precisely controlled. On the contrary, DLIP requires reduced processing 

time, since the laser beam is split and then combined using mirror, lens and beam 

splitters for texturing greater area than pulsed lasers. Note that area of approximately 

1 mm2 could be textured by one single pulse using laser interference technique, see 

Figure 2.7b. This technique is similar to lithography, however no masks or etching are 

required here. Despite this technique requires lower processing times than 

femtosecond lasers, it generally produces periodic patterns, avoiding the 

manufacture of complex shapes and different spacing between features [51]. 

Furthermore, interference process generally leads to less precise patterns due to 

melting and defect formation during the process [51], see Figure 2.7c. More details 

about DLPI could be found in [49,52–55]. 
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(a) (b) (c) 

Figure 2.7 – Grooves textured by (a) femtosecond pulse lasers and (b) laser interference metallurgy 
(DLIP). The area (1 mm x 1 mm) textured using one laser pulse (DLIP) is highlighted in 
figure (b) and detailed in figure (c). 

 

Surface texture was applied both on plain (disk) and curved (ball) surface samples 

before being tested using different tribometers; the texture procedures are as follows: 

• Disk samples were textured using a Ti-sapphire laser (PRO 400 seeder 

amplified by Femtopower Double 10 kHz both from Femtolasers). This equipment is 

available at the Nuclear Energy Research Institute (IPEN, São Paulo, Brazil) 

operated by Prof. Dr. Wagner De Rossi. The linearly polarized laser had pulse length 

of 30 fs, emission centred at 800 nm, 10 kHz maximum repetition rate and 200 μJ 

maximum energy per pulse. 10X doublet lens were used to focus the laser beam. 

Three-axis translator stage (Aerotech ANT130) allowed samples movement through 

G-codes programming [56]. 

• Ball textures were applied by Philipp Grϋtzmacher, functional materials, 

Saarland University (Germany) [57]. Curved surface were textured both using 

femtosecond (Ti:Sapphire laser, Spectra-Physics, Spitfire Pro) and interference 

lasers (high-power pulsed solid state Nd:YAG laser, Quanta Ray Pro 290, Newport 

Spectra Physics) [58]. This work was developed in collaboration with Prof. Carsten 

Gachot, Institute of Engineering Design and Logistics Engineering, TU Wien 

(Austria). Details of surface texture characteristics and laser parameters can be 

found in Chapter 3. 

 

2.4 Conclusions and final remarks of the chapter 

 

This chapter addressed the general aspects related to the manufacturing 

techniques utilized in this research. The following conclusion may be drawn: 

1 mm 

1 mm 
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• Pores features in PM materials depend both on the power particles 

characteristics and on the sintering parameters (time, temperature and 

pressure); 

• Conventional and SPS sintering techniques were used to obtain different 

porosity both for ball and disk-shaped samples; 

• The LST technique was selected to manufacture precise texture patterns on 

the wrought disks and balls; 

• Surface textured using Ti-Sapphire laser were more precise and time 

consuming than those produced by DLIP (Nd:YAG laser). Furthermore, only 

periodic patterns (fixed spacing between features) were achieved using 

interference laser. 
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Chapter 3 Characterization of the specimens 

3.1 Introduction 

 

Mechanical properties, wear and friction mechanisms depend on a complex 

system that involves the interaction of rubbing surfaces in a dynamic environment. 

Many aspects are involved such as contact mechanics, lubrication, mechanical 

behaviour of material and microstructural studies. For these reasons, characterization 

of the specimens represents a fundamental part for tribological studies. In this 

section, the characterization techniques used in this research are listed and briefly 

described. Furthermore, two special sections are dedicated to the characterization of 

randomly distributed surface irregularities (porosities), since they represent a crucial 

point for understanding the tribological behaviour of PM materials. A section of this 

chapter was used for detailing surface feature characteristics of textured samples. 

Finally, a summary table containing the samples nomenclature (both sintered and 

textured) and surface characteristics was proposed to facilitate interpretation of the 

results and understanding through the next chapters. 

3.2 General characterization 

 

Materials were characterized before tribological tests to evaluate bulk and surface 

features. Microstructural studies were conducted using metallographic preparation of 

samples (polishing and chemical etching) and optical analysis (Light Optical 

Microscope – LOM, Leika DCM3D). Higher magnification and semi-qualitative 

analysis of chemical composition (EDS – Energy-dispersive X-ray spectroscopy) 

were carried out by Scanning Electron Microscopy (SEM) Jeol JSM – 6010LA. 

Vickers hardness was measured varying the load from 10 gf up to 10 kgf, depending 

on material properties, porosity and microstructure. Digital Vickers tester Buehler 

VMT-7 and microhardness tester MMT3 were utilized. 

Surface morphology and roughness were assessed using a 3D optical 

interferometry system – Taylor Hobson model CCI MP (magnification of 25X and 

50X, TalyMap software). This analysis was conducted on the tested surfaces before 

and after tribological tests to evaluate initial surface roughness and wear 
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mechanisms, see Figure 3.1. Furthermore, dimensional characteristics of surface 

textures were evaluated by quantitative metallography techniques using optical 

microscopy.  

 

 

Figure 3.1 – Schematic representation of process operation. 

 

Lubricant properties were measured using an Anton Paar SVM 2001 viscometer [59]. 

3.3 Porosity and pore morphology measurements  

 

Porosity characterization of PM materials plays a crucial role, since pores 

significantly influence mechanical and tribological properties [11,14,16,19,60]. 

Besides total (volume) porosity, also pore distribution and main geometrical 

characteristics should be considered [15,22,23].  

PM material density was estimated using Archimedes’ principle [61]. Relative 

density (%) was determined by comparing the measured and theoretical density of 

PM material, calculated using mixture rule (7.83 g/cm3 for the mixture used). Relative 

density measurements (%) were used to obtain an estimation of total material 

porosity. 

A 2D image analysis was conducted to confirm porosity values obtained by density 

measurements and to better characterize distribution and dimensional properties of 

surface pores. Quantitative metallography is a conventional technique used for this 

analysis. This method allows determine the quantity, shape, size and distribution of 

phases or defects. The procedure basically consists in placing a network of points on 

a certain area of the microstructure for determining specific parameters, see Figure 

3.2. 

  

 
Figure 3.2 – Examples of points networks used for quantitative metallography, adapted from [62]. 



 
 

 
Characterization of the specimens |18 

These parameters are obtained by counting the number of points crossing 

different types of crystalline defects. More details about the technique and the 

parameters used could be found in [62]. 

Several measurements at a specific magnification should be conducted to obtain 

statistically reliable results. For this reason, a digital image analysis was adopted. 

Surface images were analysed by the commercially available software Image J® to 

quantify porosity and pore morphology. The images were obtained using SEM with 

secondary electrons detectors to highlight pores presence. 2D porosity analysis of 

SPS disks was depicted in Figure 3.3. Optical images were filtered and processed 

using ImageJ® to better visualize pores and enhance porosity evaluation. 

High sintering temperatures (increasing from 800 ºC for D8 and 1000 ºC for D10) 

decreased porosity and pore dimensions, see Figure 3.3 and Table 2.2. This 

qualitative visual evaluation was supported by statistical analysis using ImageJ®. The 

software ImageJ® can quantify total porosity and pores features, such as pore 

perimeter, area, distribution, mean distance and average size. In this research, only 

the most commonly used parameters [63] were considered:  

 

 

Pore size =  (
A

π
)

½

 (1) 

Circularity index =  (
4πA

P2
) (2) 

 

where P and A represent respectively the perimeter and the area of pore. The 

circularity index ideally ranges from 0 to 1, being that highly irregular features 

assume values close to 0 and rounded ones close to 1. 

Pore size and circularity index distribution of SPS disk were shown in Figure 3.4. 

Three different regions of PM samples were studied to obtain reliable results. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3.3 – Surface porosity of disks sintered by SPS. (a), (c), (e) SEM and (b), (d), (f) filtered images 
to highlight porosity. 

 

  
(a) (b) 

Figure 3.4 – Pore size (a) and circularity index (b) distributions of disk sintered using SPS technique. 

D8 D8 

D9 D9 

D10 D10 
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Small pores (≈ 2 µm) were predominant for the three sintering configurations, 

whereas the amount of pores decreased with the increase of pore size, see Figure 

3.4a. However, more porous disk (D8) still presented a significant quantity of large 

sized pores. The increase of pore size generally led to more irregular shape (low 

circularly index), as depicted in Figure 3.4b.  

The same porosity characterizations were conducted for disks sintered by 

conventional technique (D4, D5 and D6). The increase of compacting pressure (from 

400 MPa of D4 to 600 MPa of D6) reduced total porosity and pore dimensions. 

Furthermore, large size pores were less abundant than small ones and presented 

more irregular shape. The results regarding surface porosity and pore morphology of 

sintered disks were summarized in Table 3.1. 

 

Table 3.1 – Surface porosity and pore characteristics of disks sintered through SPS and conventional 
technique. 

 Sintered disks  
 Conventional Sintering SPS 
 D4 D5 D6 D8 D9 D10 

Density (g/cm3) 6.7 6.9 7.0 6.6 7.4 7.5 

Relative density (%) 86% 88% 89% 84% 94% 96% 

Surface porosity 14% 12% 11% 16% 6% 4% 

Maximum pores size (μm) 49 40 38 28 13 11 

Average pores size (μm) 7.1 6.5 5.4 3.7 2.3 2.3 

Average circularity index 0.5 ± 0.3 0.6 ± 0.2 0.6 ± 0.2 0.5 ± 0.3 0.6 ± 0.2 0.8 ± 0.2 

 

Compacting pressure and sintering temperature played a similar role for reducing 

porosity in conventional and SPS disks, see Table 2.2 and Table 3.1. Particularly, 

average and maximum pore size decreased when using higher compacting pressure 

(D6) and sintering temperature (D10). Furthermore, pores presented more regular 

shape (higher circularity index) of less porous disks (D6 and D10). 

PM balls were sintered using the same parameters of SPS disks (see Table 2.2), 

therefore they presented same bulk density and porosity, see Table 3.1. However, 

machining operations from cylinders to ball-shaped specimens (see Figure 2.5) 

caused plastic deformation on the surface. Surface pores collapsed for less porous 

balls (B9 and B10), whereas a reduced part of surface cavities (approximately 2%) 

remained open for more porous samples (B8), see Figure 3.5.  

Manufacturing operations (surface grinding, see Figure 2.5) for sintered disks did 

not cause significant surface deformation, therefore surface pores remained open.  
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(a) (b) (c) 

Figure 3.5 – SEM surface images of sintered balls (a) B8, (b) B9 and (c) B10. 

 

Surface and bulk characteristics of sintered balls were summarized in Table 3.2. It 

is worth noting that bulk properties were evaluated on ball cross sections and 

presented same values of SPS sintered disks, see Table 3.1. Residual surface pores 

on B8 samples were round-shaped and small sized (around 2 μm). 

 

Table 3.2 – Bulk and surface porosity characteristics of ball-shaped samples sintered through SPS. 

  Sintered Balls  

  SPS 

  B8 B9 B10 

 

Bulk properties 

Density (g/cm3) 6.6 7.4 7.5 

Relative density (%) 84% 94% 96% 

Bulk porosity 16% 6% 4% 

Maximum pores size (μm) 28 13 11 

Average pores size (μm) 3.7 2.3 2.3 

Average circularity index 0.5 ± 0.3 0.6 ± 0.2 0.8 ± 0.2 

Surface properties Surface porosity Residual porosity 
(≈2%) 

Pores closure 

 

3.4 Determination of elastic properties and roughness evaluation of PM 

samples  

 

Mechanical properties of PM materials could be evaluated using mechanical 

standardized tests, requiring the manufacturing of test samples with specific 

dimensions.  This procedure should be executed for each PM samples, resulting in 

an expensive and time-consuming process. For this reason, several experimental 

models were proposed in literature to obtain mechanical properties of PM materials 

depending on porosity [13,64–67]. Bulk material properties are used as a reference 

bench and PM properties are estimated (scaled) depending on total porosity or 

relative density.  

Surface pores 
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Elastic properties of materials are fundamental for contact mechanics and for the 

evaluation of contact conditions during tribological tests.  After a literature review, two 

equations were selected for estimating elastic modulus (𝐸) and Poisson’s ratio (𝜈) 

[17,68]: 

 

E = E′ (
𝜌

𝜌′
)

3.4

  (3) 

 

ν = ν′(1 − Cv ∗ p)1.6  (4) 

 

where 𝜌 is the material density, p the pore volume fraction and symbol ′ represents 

bulk reference values. The coefficient Cv is calculated from the elasticity theory and is 

defined in [68]: 

 

Cv =
5

9
+

11ν′

18
−

1

18ν′
  (5) 

 

Mechanical properties of sintered material were used to determine the plasticity index 

Ψ and, consequently the plastic proportion of asperity contact: 

 

Ψ =  (
E∗

H
) (

σ

β
)

1

2
  

(6) 

 

where, 𝐸∗ is the composite elastic modulus, 𝐻 the surface hardness,  𝜎 the standard 

deviation of height and 𝛽 the mean radius of asperities [69]. The composite elastic 

modulus is defined as follows [70]: 

 

1

E∗ =  (
1−ν1

2

E1
) + (

1−ν2
2

E2
)  (7) 

 

Surface topography analysis of PM samples is not easily performed, since porosity 

represents surface micro valleys and negatively affect most of roughness parameters 

associated with surface height distribution. For these reasons, surface roughness of 

reference smooth samples and PM materials cannot be directly compared following 

conventional surface roughness analysis. In this thesis, a pre-processing procedure 
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was adopted to discard surface pores and cut-off length was carefully selected for 

avoiding pore contour effects on surface waviness. Furthermore, the Spq (plateau root 

mean square height) parameter was adopted for PM materials for mitigating any 

negative influence of pores. This parameter was largely adopted for roughness 

measurements of honed cylinder liners [71–73], since it excludes valley (pores) 

effects. Sq (root mean square height) parameter was used for evaluating reference 

smooth material. Roughness parameters of sintered samples are presented in 

Section 5.3.2. 

 

3.5 Surface characterization of textured features  

 

Surface texture was applied both on smooth steel balls and disks samples (AISI 

52100). The specimens had smooth surfaces (Sa=6 nm and Sq=20 nm) and standard 

dimensions for tribological tests: disks were 46 mm in diameter and 6 mm in 

thickness, whereas balls were 19.05 mm (3/4”) in diameter, see Figure 3.6. 

 

 
Figure 3.6 – Standard dimensions balls and disks from PCS Instruments London used for tribological 

tests, adapted from [74]. 

 

 

 

 

 

 

20 mm 
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• Linear rows of dimples and radial curved grooves were manufactured on steel 

disks, using the schematized configuration in Figure 3.7.  

 

 
Figure 3.7 – Schematic representation of texturing configurations manufactured on smooth disks, top 

view of disks. Ue represents the entrainment speed, adapted from [18]. 

 

Different dimensional features were obtained by changing laser control 

parameters, resulting in two texture configurations for grooves and one for dimples, 

see Table 3.3. Textured disks are identified as DG1 (Disk Grooves configuration 1), 

DG2 (Disk Grooves configuration 2) and DD (Disk Dimples configuration). Groove 

configuration was designed to present different feature depth, being DG2 deeper 

than DG1. For this reason, the laser pulse energy and the number of overlapped 

shots was increased and the laser speed was decreased for DG2, see Table 3.3. 

Texture design selection was based on literature review [4,9,10]. Features depth was 

around 0.5 µm for shallow configurations (DG1 and DD) and higher than 1 µm for 

evaluating the performance of deeper features (DG2). Texture tangential spacing 

(~300 µm) was maintained higher than the contact width (~170 µm – Hertz contact 

theory, see Section 4.5.1) to assess the influence of singular texture row within the 

contact and verify the potential application of low-density texturing (reduce production 

costs) in real applications. 
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Table 3.3 – Geometrical characteristics and laser parameters used for disk texturing (Ti-Sapphire 
laser), adapted from [18].  

 Radial Curved Grooves Dimples 

Texture profile 

 

 

 

 

Texture name DG1 DG2 DD 

Features width w (µm) 25 20 15 
Features depth d (µm) 0.35 1.35 0.5 
Features tangential* spacing (µm) 300 300 300 
Features transversal** spacing (µm) / / 10 
Area coverage f (%) 12.5 10 1 
Features aspect ratio (R = depth/width) 0.01 0.06 0.03 

Laser pulse energy (µJ/pulse) 2.8 3.5 1.4 
Laser number of overlapped shots 4 5 30 
Laser processing speed (mm/s) 9 7 / 
Laser spot size (µm) 3.6 3.6 2.4 

*tangential direction is the same direction of entrainment speed 
**transversal direction is perpendicular to entrainment speed 

 

• Texture on ball samples were also designed in the configuration of dimples 

and grooves, however configurations were quite different from textured disks, see 

Figure 3.8. 

 

    
BD BLG1 BLG2 BPG 

Figure 3.8 – Schematic representation of texturing configurations manufactured on smooth balls. Ue 
represents the entrainment speed. 

 

Textured balls are identified as BD (Ball Dimples configuration), BLG1 (Ball 

Longitudinal Grooves configuration 1), BLG2 (Ball Longitudinal Grooves 

configuration 2) and BPG (Ball Perpendicular Grooves configuration).  Geometrical 

features details, texturing technique and laser control parameters were summarized 

in Table 3.4. 
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Table 3.4 – Geometrical characteristic, laser techniques and parameters used for ball texturing. 

 Dimples Grooves 
  Longitudinal Perpendicular 

Texture profile 

   

Texture name BD BLG1 BLG2 BPG 

Features width w (µm) 50 35 7 7 
Features depth d (µm) 0.1 0.1 0.4 0.4 
Spacing p (µm) 200 200 15 15 
Area coverage f (%) 14 21 47 47 
R = depth/width 0.002 0.003 0.06 0.06 

Laser Ti-Sapphire Ti-Sapphire Nd:YAG Nd:YAG 
Pulse duration  100 fs 100 fs 10 ns 10 ns 

 

Feature depth was maintained below 0.5 µm for all configurations for improving 

performance in non-conformal test conditions, see Section 4.4. Large spacing 

(~200 µm) was used for Ti-Sapphire laser, since the manufacturing times are 

significantly long, especially for a curved surface. On the contrary, spacing was 

around 15 µm for Nd:YAG laser due to operational conditions (see Section 2.3.2). 

Considering Hertzian contact diameter of ~170 µm (see Section 4.5.1), the influence 

of singular texture row was analysed for Ti-Sapphire laser, whereas multiple features 

were contained within the contact for Nd:YAG. Furthermore, feature width is 

significantly higher for Ti-Sapphire laser rather than Nd:YAG one, see Table 3.4. 

Note that Nd:YAG reduced texturing time, however surface morphology is more 

similar to roughness, being that a periodic pattern was obtained, see Figure 3.9. 

 

Figure 3.9 – 3D profile image of grooves produced by Nd:YAG laser. 
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Both for textured and sintered samples, reference smooth surface specimens are 

used as reference benches. These samples are denominated NP (Normal 

Production) along the text. 

Surface characteristics of features produced by sintering and texturing were 

summarized in Table 3.5 to improve results interpretation in next sections. 

 

3.6 Conclusions and final remarks of the chapter 

 

This chapter listed the general characterization techniques and the specific ones 

used for PM materials. The following conclusions can be drawn: 

• Microstructural characterization studies were conducted using optical analysis 

and hardness measurements; 

• Surface roughness and surface features characteristics were evaluated by 3D 

optical interferometry; 

• Porosity, relative density and pore characteristic were carried out using a 2D 

digital image analysis; 

• Elastic properties of PM materials were evaluated using experimental models 

proposed in literature. Furthermore, the plastic proportion of asperity contact 

was obtained by plasticity index Ψ calculation; 

• A specific procedure was developed for roughness analysis of sintered 

material to avoid negative pores effects on surface conditions. 
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Table 3.5 – Summary of surface micro features topographical characteristics.  

 Sintered Textured 

 
Ball 

   
    

B8 B9 B10 BD BLG1 BLG2 BP 

 
 
 
 

Disks 

   

 

 

 
 

 

 
 

 

D8 D9 D10 
 

 

 

 

 

 

D4 D5 D6 DD DG1 DG2 

 

This table intends to visually summarize surface features characteristics of both textured and sintered samples. Detailed information 

should be consulted in Table 3.1, Table 3.2, Table 3.3 and Table 3.4. 
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Chapter 4 Tribological studies of textured material 

 

Tribological evaluations regarding textured surfaces have been extensively 

scrutinized in literature [4] as compared to sintered materials, therefore this chapter is 

presented before those related to sintering sample tribology. 

4.1 Introduction 

 

The presence of surface micro irregularities alters lubrication conditions and 

influences component tribological behaviour. Relevant tribological aspects related to 

lubrication and surface topography effects on frictional response are scrutinized in 

this chapter. Furthermore, Section 4.4 summarized principal tribological effects of 

surface texture in different testing conditions, attempting to create guidelines for 

future texture designs. Finally, main experimental results of textured material are 

presented.  

4.2 Lubrication regimes 

 

According to Hamrock [46], four lubrication regimes could be identified: boundary, 

mixed (or partial), hydrodynamic (HL) and elastohydrodynamic (EHL). 

In HL regime, there is no contact between asperities and a lubricant film 

completely separates the surfaces. The hydrodynamic pressures developed within 

this lubricated film sustain the applied load. Friction depends on lubricant bulk 

properties (viscosity) and it is governed by lubricant shearing. Low friction and wear 

characterize this regime, which is typical of contacts involving low pressures 

(conformal contacts). Film thickness depends on lubricant viscosity, contact geometry 

and operational conditions (speed and load). No elastic mechanisms are considered, 

since the contact pressure is low (5 MPa maximum) in conformal contact.  

EHL is a type of hydrodynamic lubrication (no asperities contact) that involves high 

contact pressures (non-conformal surfaces), causing significant elastic deformation of 

surfaces and often viscosity changes of the lubricant. This regime could be further 

divided into Hard (HEHL) and Soft (SEHL), for materials with respectively high 
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(metals) and low (elastomers) elastic modulus. In HEHL, surface elastic deformation 

and pressure-viscosity effects are both relevant. For this reason, besides the 

parameters used for HD, film thickness also depends on elastic properties of material 

(composite elastic modulus) and lubricant pressure viscosity coefficient. On the other 

hand, in SEHL only elastic properties should be considered due to large deformation 

even for low pressure [46]. Load in EHL has restrained effects on film thickness 

compared to HL.  

In boundary lubrication, lubricant film is lower than composite surface roughness, 

therefore load is supported by asperity contact. Friction behaviour depends on 

physical and chemical characteristics of the thin surface film formed during the 

contact, frequently called tribofilm. The mechanisms involved in this regime are 

complex and generally require a multidisciplinary approach, including phenomena 

related to chemical and physical absorption and chemical reaction on the surface 

substrate. Friction and wear are higher than EHL and HL due to solid contact 

between asperities. 

Finally in the mixed regime, part of the load is supported by asperities and part by 

lubricant film between surfaces. Friction depends both on bulk and surface film 

properties of lubricant. The transition between EHL and mixed happens gradually, 

whereas for HL it happens suddenly. Friction magnitude is between boundary and full 

film condition (EHL or HL).   

Lubrication regime effect on frictional behaviour is normally depicted using the 

Stribeck curve, see Figure 4.1. The coefficient of friction (COF) is plotted as a 

function of Hersey number (Hs), defined as follows: 

 

Hs =  η ×  (
ω

p
) (8) 

 

Where η, p and ω are respectively absolute viscosity (Pa
.
s), pressure (Pa) and 

rotational speed (rps). 
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Figure 4.1 – Example of Stribeck curve, adapted from [46]. 

 

Stribeck curve could be also traced using specific film thickness Λ [46], instead of 

Hersey number. Hs and Λ both assume respectively low and high values for boundary 

and full film conditions (EHL and HL), presenting intermediate values for mixed 

lubrication. It is generally assumed that boundary regime had Λ<1, mixed 1< Λ<3 and 

for full film conditions Λ > 3 [46]. The parameter Λ is defined as follows: 

 

Λ =
ℎ𝑐

√𝑅𝑀𝑆1
2+𝑅𝑀𝑆2

2
  (9) 

 

where 𝑅𝑀𝑆1and 𝑅𝑀𝑆2 are the root mean square height of the surface roughness (in 

this study, Sq parameter for NP material and Spq for PM, see Section 3.4) and hc is 

the central film thickness. hc could be estimated by Hamrock/Dowson equation [75] 

and more accurate evaluations [76–78] or it could be measured using interferometry 

[79–81], capacitance [82], fluorescence [83] and ultrasound [84] methods. Optical 

interferometry was used in this study and main principles of this technique are 

scrutinized in Section 4.5.1. 

 

4.3 Tribological effect of surface topography  

 

The frictional influence of surface topography onset studies started  more than 50 

years ago [2]. This work showed how non-conventional topographic conditions (non-

isotropic) and the presence of micro surface irregularities can have a direct influence 
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on the lubricant load carrying capacity, especially for conformal contact [2]. The 

presence of micro irregularities changes the local topography and surface roughness 

conditions possibly influencing lubrication conditions. The application of surface 

texture on smooth surface changed the traditional concept of isotropic surfaces for 

improving tribological behaviour. 

According to the classical theory of lubrication [46], the hydrodynamic pressure 

generated between two parallel and flat smooth surfaces is zero under steady state 

conditions. Several factors can promote local pressure rise, such as physical and 

density wedge effect, local expansion, stretch, normal and transverse squeeze [46]. 

The effect of surface micro irregularities can be somehow similar to physical wedge 

effect ("hydrodynamic micro bearings"), since surface cavities represent divergent-

convergent regions, see Figure 4.2. 

 

 

Figure 4.2 – Converging and diverging regions of textured micro features, adapted from [9]. 

 

These superficial irregularities generate an asymmetry of the field of hydrodynamic 

pressures, due to cavitation in the divergent region [5,85,86]. In successful cases, the 

passage of the counter body causes a local increase of pressure close to converging 

regions of micro cavities, generating a local viscosity increment, improving lubricant 

carrying capacity [87]. Furthermore, when the inlet pressure (diverging region) is 

lower than atmospheric, the lubricant is “sucked” in the feature (inlet suction) 

supplying extra load support [88,89]. 

The tribological studies of surface topography also involve lubricant 

characteristics. For instance, when asperities are in contact (boundary and mixed 

regimes) it is possible to activate some additives present in the lubricant to generate 

a specific superficial tribofilm able to reduce friction [90,91]. Some types of additives 

could be activated at high contact pressure (Extreme pressure – EP). Contact 

pressure is higher when using limited contact area, therefore EP additives are 
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generally first activated on asperities peaks on rough surfaces, rather than smooth 

ones [19]. Surface features directionality also represents a key factor to be analysed 

when using additives [91]. 

Honing in cylinder liner is a machining process related to surface feature 

orientation [92,93]. In this process, the feature directionality is controlled and usually 

assumes angles between 40º and 50º [94]. These grooves are made for promoting 

lubrication and reducing excessive wear and seizure problem, especially with high 

load and temperature conditions [40]. In this case a more "irregular" surface with 

superficial scratches can provide better performance and less wear than a smooth 

surface due to the topography effect on lubrication.  

 

4.4 Tribological effect of surface texture 

 

Feature shape is probably the first parameter considered during texture design. 

Although it could ideally assume any shape, the most common geometries are 

generally dimples, grooves, chevrons and crosshatch, see Figure 4.3.  

 

    
Crosshatch Chevrons Dimples Grooves 

Figure 4.3 – Schematic examples of crosshatch, chevrons, dimples and grooves. 
 

After defining the shape, dimensional parameters should be selected, i.e. depth, 

width, spacing and distribution. Geometrical design of texture depends on operational 

conditions of mechanical components. It includes type of contact (conformal or non-

conformal), lubrication regime, lubricant characteristics and test parameters (load, 

speed, temperature, type of movement). The large number of parameters to be 

controlled for texturing design implied a relevant experience or a significant literature 

study. For this reason, different authors attempted to support future projects with 

comprehensive review papers [4,9,10].  
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Surface texture generally aims at reducing friction and wear, having specific 

tribological effects on different lubrication conditions, see Table 4.1. For solid-to-solid 

contact (boundary lubrication), surface micro features could reduce wear, since they 

act as debris trapping and offer extra lubrication (oil reservoirs) [95]. In some cases, 

surface micro features could increment local hydrodynamic pressure (“micro bearing 

effect”), promoting friction reduction. However, high area coverage of texture reduced 

contact area, altering local stress condition and possibly increasing friction and wear.  

During mixed regime, surface micro features still represent oil reservoirs and can 

act as debris trapping, however the “micro bearing effect” becomes more relevant 

[6,96,97]. The effects of texture in HL are well established, being that surface 

features generally increment lubricant carrying capacity reducing friction [98,99] for 

conformal contact. In addition, surface micro irregularities may shift Stribeck curve 

[97,100,101], favouring mixed and full film conditions for smaller Λ values. Finally, the 

tribological effect of surface texture in EHL is still under discussion, since some 

configurations increment friction, whereas others have opposite effects [102–105]. 

Albeit texture geometrical characteristics are designed for specific operational 

conditions, a general guide could be created for supporting future texturing projects. 

For instance, most used and “successfully” geometries were summarized in Table 

4.1, based on the more extensive and comprehensive review paper [9]. The values 

presented in Table 4.1 were taken from different literature [9], hence they are 

indication, not strict rules.  

 

Table 4.1 – Geometrical characteristics and main effects of most common texture configurations. 
Adapted from Gachot et al. [9] 

Lubrication Regime 

 Boundary Mixed/HL EHL 

Effect 

Debris trapping 
Lubricant reservoir 

Increase hydrodynamic 
pressure 

Increase load support 
Secondary oil effects 

 

Increase/decrease film 
thickness 

Features depth d (µm) 2-15 1-10 < 0.5 
Features width w (µm) < contact width 5-100 < contact width 
Features aspect ratio 
(R = depth/width) 

-* ≈ 0.1 < 0.1 

Area coverage f (%) - 7-12% 10-20% 
Shapes Pockets/Grooves Pocket/Grooves/Chevrons Pocket/Grooves 
Directionality - Perpendicular Perpendicular 

*- not available 
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In general, texture width should be smaller than elastic contact dimension (Hertz 

theory) and grooves should be oriented perpendicular to counter-body movement. 

Lubricant squeezes along longitudinal features, avoiding any local increment of 

lubricant pressure. Geometrical characteristics are quite similar for mixed and HL 

lubrication, presenting a feature aspect ratio R of approximately 0.1. For EHL, 

dimensional properties are not well established, however friction reduction is 

generally obtained using shallow features (< 0.5 µm) with R lower than 0.1. 

4.5 Experimental studies of textured surfaces 

 

4.5.1 Tribological testing 

 

Tribological testing consisted on friction and film thickness measurements. 

Synthetic base oil PAO 6 was used for all tribological tests. The kinematic viscosity of 

the oil was 31 mm2/s at 40 ºC.  

• Friction was evaluated using a ball-on-disk rig (MTM2 – Mini Traction 

Machine, PCS Instruments London) during lubricated tests, see Figure 4.4. After the 

ball and disk specimens are fixed on the shafts, the temperature controlled pot is 

filled with lubricant and the test could start. 

 
(a) 

 
(b) 

Figure 4.4 – (a) Schematic representation of friction test configuration and (b) details of MTM2 rig, 
adapted from [18]. 

 

Ball and disk are driven by two independent motors, permitting continuous 

variations of speeds and slide-to-roll ratio (SRR). The SRR is defined as the ratio 

between sliding 𝑈𝑠 and entrainment 𝑈𝑒 (also known as rolling speed): 
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𝑆𝑅𝑅 = 100 ×
 𝑈𝐷𝑖𝑠𝑘−𝑈𝐵𝑎𝑙𝑙

(𝑈𝐷𝑖𝑠𝑘+𝑈𝐵𝑎𝑙𝑙)/2
= 100 ×

 𝑈𝑠

𝑈𝑒
 (10) 

 

SRR values range from 0% (pure rolling) up to 200% (pure sliding). 

Both SRR and 𝑈𝑒 varied during tribological tests (see Table 4.2) to scrutinize a 

vast range of operational conditions and of lubrication regimes. Tests were repeated 

twice to ensure statistical reliability.  

 

Table 4.2 – Test parameters used for friction (MTM2 rig) and film thickness (EHD1 rig) measurements, 
textured samples. 

 MTM2 rig  EHD1 rig 

Range of entrainment speed, Ue (mm/s)  2000 – 10  2200 – 20 

Slide-to-roll ratio, SRR (%) 5 – 20 – 50 – 80 – 100 – 120 – 150 – 180  0 

Temperature (ºC) 40   40  

Contact pressure (GPa) 0.6   0.5  

 

The rig could measure electrical contact resistance (ECR) between the specimens 

during the test, since ball and disk are electrically insulated. ECR could be used for 

identifying lubricant regime transitions, since it could qualitatively estimate the 

amount of solid-to-solid contact. For instance, ECR assumes values of 100% when a 

lubricant film prevents asperities contacts (EHL). On the contrary, ECR is 0% when 

the load is fully supported by asperities (boundary lubrication) and the bodies are in 

contact. Under mixed lubrication, ECR ranges from 0% to 100%, since the load in 

both supported by asperities and lubricant film. Furthermore, ECR could be used to 

identify transitional speed from mixed to full-film regime, defined as lift-off speed (lf) 

[82]. The electrical resistance technique of MTM2 rig does not directly measure film 

thickness, therefore a specific rig was used to evaluate lubricant gap between the 

bodies. This methodology is explained in the next paragraphs. 

Textured balls and disks were tested separately against non-porous (NP) samples, 

whereas untextured (hereafter designated as NP – normal production) pairs were 

used as reference bench material, see Figure 4.5. 

   
(a) (b) (c) 

Figure 4.5 – Schematic representation of test configurations. (a) Reference bench pair NP x NP, (b) 
textured balls x NP disk and (c) NP ball x textured disk. 
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• Film thickness measurements were carried out by the optical interferometry 

technique, using the EHD1 rig (PCS Instruments London), see Figure 4.6a. A steel 

ball is loaded against a glass disk and a white light is emitted on the contact between 

the bodies, as showed in Figure 4.6b. Part of the light passing through the glass disk 

is reflected by a thin Cr layer at the bottom of the disk and another part is reflected by 

the steel ball after passing through the SiO2 spacer layer and the thin lubricant film. 

After that, the two light beams are recombined using a beam splitter, focused on a 

spectrometer and captured by a white CCD (Charged Coupled Device) camera. It is 

possible to determine the central film thickness measuring the light wavelength using 

the spectrometer. More details about the principles of optical interferometry could be 

found in the literature [79–81]. 

 
 

 

 
(a) (b) 

Figure 4.6 – (a) EHD1 tribometer [74] and (b) details of the configuration of ball on disk using the 
spectrometer. 

 

The spectrometer permits to determine only the central film thickness, however it 

is possible to use a RGB (red, green and blue) colour camera to grab high resolution 

images of the whole contact. This more complex and accurate technique is named 

Spacer Layer Imaging Method (SLIM). PCS software is used to calibrate the system 

and produce a film thickness map of the whole contact. The EHD1 tribometer of PCS 

uses a white light source for the SLIM. However a brighter light (two led sources) is 

necessary for rough surfaces, as explained in [106,107]. The EHD1 used in this study 

is available at Imperial College London (UK) and it was modified by Dr. Johan 

Guegan during his PhD to enhance film thickness measurement of rough surfaces 

[108]. The modifications mainly consist in improving both the acquisition system and 
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the light source to extend the range of film thickness measurement. Furthermore, a 

custom-made MatLab® program was developed to analyse the interferograms and 

obtain film thickness profile, area and also the solid-to-solid contact (%). The reader 

is referred to Guegan’s publications and thesis [106–108] for a full description of the 

technique and experimental set-up. This novel technique was applied to rough 

surfaces produced by lathe machining in [106,107] and it is now applied for the first 

time on sintered and textured samples in this research.  

Sintered and textured balls were tested against glass smooth disks and the 

obtained results were compared to those of a smooth steel ball (NP). The tests were 

conducted using the parameters summarized in Table 4.2. SRR variations presented 

limited effects on film thickness [106,107,109], therefore only pure rolling (SRR 0%) 

was evaluated using EHD1 rig, see Table 4.2. 

Material type and applied load for friction and film thickness evaluation assume 

different values, see Table 4.2. Lubricant film measurements could be used for 

conditions tested in MTM2 rig through a transformation based on Hamrock-Dowson 

equation [75]: 

 

 ℎ𝑀𝑇𝑀2

ℎ𝐸𝐻𝐷1
= (

E∗
𝐸𝐻𝐷1

E∗
𝑀𝑇𝑀2

)
0.073

× (
 𝑊𝐸𝐻𝐷1

𝑊𝑀𝑇𝑀2
)

0.067

= 0.99 (11) 

 

Where h, E∗ and W represent respectively film thickness, composite elastic module 

and load used for EHD and MTM rig. This analysis made it possible to obtain film 

thickness values of metal-to-metal contact (hMTM) for specific speeds based on 

measurements conducted on EHD1 (hEHD). Furthermore, friction response (MTM2 

rig) could be evaluated in term of specific film thickness values (Λ). 

Film thickness was measured for textured balls, since a plain steel disk could not 

be used for interferometry measurements. NP balls were used as reference bench 

material for friction tests. 

The contact diameter (Hertz theory) was around 170 µm for MTM2 tests and 

around 270 µm for EHD1 rig. 

Both MTM2 and EHD1 require standard dimensions samples. Standard steel 

samples (NP) were purchased at PCS Instruments London, see Figure 3.6. Surface 

texture was applied on NP smooth samples as explained in Section 2.3. 
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4.5.2 Results and discussion   

 

This section focuses on frictional response rather than wear behaviour, since the 

load applied for tribological tests did not cause significant surface modification and 

wear. Textured balls results (see configuration in Figure 4.5b) are presented first, 

followed by textured disks configuration (see Figure 4.5c). Finally, wear and surface 

analysis after testing are also reported. 

 

• Textured balls X NP disk  

 

Variation of entrainment speed (𝑈𝑒) and sliding-rolling conditions (SRR) during 

tribological tests permitted to obtain a friction surface response, also defined as 

traction map. The coefficient of friction (COF) could be traced as a function of 𝑈𝑒 and 

SRR, as depicted in Figure 4.7. 

Traction maps were displayed with the same scale and colour map to facilitate 

comparisons between different configurations, see Figure 4.7. Differences can be 

noticed at low entrainment speed (𝑈𝑒), especially between NP and longitudinal 

grooves BLG1 and BLG2 (see Figure 4.7a, c and d). In general, dimples (BD) and 

perpendicular grooves (BPG) decreased friction compared to NP at low SRRs and 

𝑈𝑒, whereas longitudinal grooves configurations (BLG1 and BLG2) seemed to 

present detrimental results. All samples behaved similarly in the plateau region (dark 

blue), presenting a friction coefficient of approximately 0.03.  

Traction maps enhance general comparisons between different configurations and 

permit to detect in which operational conditions friction reduction is achieved. 

However, a more detailed analysis is required to quantify and better visualize 

frictional behaviour in different lubrication regimes. For these reasons, COF was 

depicted varying 𝑈𝑒  and maintaining fixed the SRR, see Figure 4.8. This curve 

response is also known as “Stribeck like” due to similarities with Stribeck curves, see 

Figure 4.1. Four SRRs conditions ranging from prevalent rolling (SRR 20%) to 

prevalent sliding (SRR 180%) were selected to accurately assess texture frictional 

behaviour, see Figure 4.8. 
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BD BLG1 BLG2 BP 

 
 

  
 (a) 

  
(b) (c) 

  
(d) (e) 

Figure 4.7 – COF surface response (COF x Ue x SRR) of (a) NP and (b), (c), (d), (e) textured balls 
(BD, BLG1, BLG2 and BPG) tested against NP disks.  

 
Textured and smooth configurations exhibited same friction at high speeds (higher 

than 600 mm/s), presenting COF of approximately 0.03 for all SRR conditions. 

Friction differences became more significant for lower speeds. For instance, 

longitudinal grooves (BLG1 and BLG2) increased significantly friction compared to 

NP in this region. Worse results were presented by less dense configuration BLG1, 

see Table 3.4 and Figure 4.8. Perpendicular grooves (BPG) generally behave 

similarly to NP material. In particular, BPG performed slightly better than NP for SRR 

20% and worse for SRR 180%.  Furthermore, BPG reduced friction compared to 

longitudinal feature as expected (see Table 4.1). Finally, dimple configurations (BD) 

presented best frictional response especially for low speeds (below 100 mm/s). SRR 
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variation seemed to have a slight effect only on BPG behaviour, whereas the trend 

for other configurations remained unchanged as SRR varied. 

It is difficult to determine and quantify friction reduction in a specific region by 

simple inspection of “Stribeck like” curves in Figure 4.8. Thus, percentage differences 

in friction were evaluated using as a bench mark NP results. Friction variation 

(𝐷𝑒𝑙𝑡𝑎 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛) was defined as: 

 

𝐷𝑒𝑙𝑡𝑎 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 % =  (
 𝐶𝑂𝐹𝑇𝑒𝑥𝑡𝑢𝑟𝑒−𝐶𝑂𝐹𝑁𝑃

𝐶𝑂𝐹𝑁𝑃
) × 100 (12) 

 

where friction reductions assume negative values of 𝐷𝑒𝑙𝑡𝑎 and 𝐶𝑂𝐹𝑇𝑒𝑥𝑡𝑢𝑟𝑒 represents 

friction response for textured balls. 𝐷𝑒𝑙𝑡𝑎 values were calculated for every speed and 

plotted as “Stribeck like” curves (fixed SRRs), see Figure 4.9. 

Observing Figure 4.9, the results highlighted in Figure 4.8 become now more 

evident. For instance, longitudinal grooves BLG1 increased friction of 30-40% and up 

to 50-60% for SRR 20%. At high speeds, BLG1 still presented small friction 

increment, whereas all other configurations behave as NP. On the contrary, 

significant differences were encountered for lower speeds (below 600 mm/s). Friction 

response presented different results depending on the lubrication regime, however a 

more in depth analysis is required to better identified speed ranges of lubrication 

regime.  

Dimples (BD) promoted best friction reduction in all SRRs, obtaining decrements 

up to 20%, especially for speed close to 100 mm/s. BLG2 configuration generally 

increased friction (15-20%), especially for harsher test conditions (SRR>50%). BPG 

configuration ranged from small reductions (≈10%) to small increments (≈10%) with 

the increase of SRR.  
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(a) (b) 

  
(c) (d) 

Figure 4.8 – “Stribeck like” curves for textured and NP balls tested using (a) SRR 20%, (b) SRR 50%, (c) SRR 100% and (d) SRR 180%. The horizontal axel 
is in logarithmic scale. 
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(a) (b) 

  
(c) (d) 

Figure 4.9 – 𝐷𝑒𝑙𝑡𝑎 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 % for textured and NP balls tested using (a) SRR 20%, (b) SRR 50%, (c) SRR 100% and (d) SRR 180%. The horizontal axel is in 
logarithmic scale. 
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Film thickness was evaluated for ball samples for determining texture effects on 

friction and lubricant regime variations. Images of the lubricated contact (also known 

as interferograms) for different entrainment speeds were collected in Figure 4.10. 

The inlet position is on the left side, whereas the outlet is on the right. The evolution 

of film thickness could be evaluated for increasing entrainment speeds (from 

0.02 m/s up to 2.2 m/s). 

 

 
Figure 4.10 – Images of lubricated contact using different entrainment speed (Ue) for NP and textured 

(BD, BLG1, BLG2 and BPG) balls. 

 

Area of study 

Horse-shoe 

shape 
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Different film thickness produced colour variations in the interferograms as 

explained in [79–81]. Classical EHL film distribution is composed by a flat central 

region (Hertz theory) with a horse-shoe shape in the outlet for high entrainment 

speeds [110]. Horse-shoe shape became visible at 𝑈𝑒=1.1 m/s for smooth samples 

(BD, BLG1, NP), however it is difficult to be identified in rougher samples (BLG2 and 

BPG) even at high speed (𝑈𝑒=2.2 m/s), see Figure 4.10. The horse-shoe represents 

a film constriction region caused by the rapid pressure drop between central contact 

(high pressure) and exit region (atmospheric pressure). The pressure fall causes an 

exponential viscosity drop, thus film thickness must decrease in the outlet region to 

maintain flow continuity. The horse-shoe shape is less visible for rougher 

configurations (BLG2 and BPG), since the real contact area was much lower (f=47%) 

than smooth surfaces, see coverage area f in Table 3.4. 

The central area of contact was selected for more detailed analysis, see Figure 

4.10. The custom made program for film thickness measurements permitted to obtain 

maximum and minimum film thickness values. Minimum values could be used for 

precisely identified lift-off speed (lf). In particular, minimum film thickness greater than 

zero implied absence of asperity contact and consequently full-film lubrication 

condition (EHL). Minimum film thickness and lf speeds for textured balls were shown 

in Figure 4.11. 

Dimple configuration promoted EHL for lower speed (lf=311 mm/s) compared to 

perpendicular grooves (lf≈415 mm/s). Longitudinal grooves “delayed” the transition 

from mixed to full film up to approximately 600 mm/s. The lf trend was similar to those 

encountered for friction response, see Figure 4.9. Dimples reduced both friction and 

lf speed, see Figure 4.9 and Figure 4.11. For these reasons, BD seemed to increase 

load carrying capacity (micro bearing effect), especially in mixed lubrication regime.  
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Figure 4.11 – Measured minimum film thickness for different textured balls varying entrainment speed 

(from 10 to 2200 mm/s) and pure rolling. Details of low speed region (below 800 mm/s) 
and lift-off (lf) speeds values (vertical dashed lines). 

 

Perpendicular grooves slightly increased friction and lf speed compared to dimples 

(Figure 4.9 and Figure 4.11), even presenting similar geometrical characteristics 

(Table 3.4). This could be caused by perpendicular extension of grooves which was 

approximately 1 mm. Considering a contact diameter of 170 µm, transversal 

dimension of grooves was much larger than contact diameter. For these reasons, 

local increment of pressure close to perpendicular features could be attenuated by 

transversal flow of lubricant within the grooves, see Figure 4.12c. For dimple 

configuration lubricant squeeze is less probable, since the diameter of the micro 

cavities is smaller than contact dimensions, see Figure 4.12a. Grooves were not 

lf≈311 
mm/s 

lf≈415 
mm/s 

lf≈577 
mm/s 

lf≈584 
mm/s 
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entirely contained within the contact, therefore lubricant could flow out the contact 

zone. This behaviour is common for longitudinal grooves, where lubricant flow and 

groove have the same direction [5,9], see Figure 4.12c. 

 

   
Dimples Perpendicular grooves Longitudinal grooves 

(a) (b) (c) 
Figure 4.12 – Schematic representation of lubricant squeeze in (a) dimples, (b) perpendicular and (c) 

longitudinal grooves configurations.  

 

Finally, the percentage of solid-to-solid contact was evaluated using the custom 

made program for interferogram analysis, see Figure 4.13. The amount of asperity 

contact increased as speed reduced, passing from EHL to mixed lubrication. Asperity 

contact followed the same trend of friction results, being that longitudinal grooves 

presented higher values of solid-to-solid contact followed by perpendicular features 

and dimples. These results were analysed jointly with area coverage f.  

Solid contact (%) of BLG1 was higher than BLG2, probably due to smaller area 

coverage values (f = 21% and 47% respectively) and consequently, more material in 

contact. Both longitudinal (BLG2) and perpendicular (BPG) grooves produced by 

Nd:YAG laser presented coverage area f of approximately 47%. However, BPG 

showed less asperity contact for the low speed range, enforcing the hypothesis of 

more lubricant squeeze in longitudinal direction than on transversal, see Figure 4.12. 

Dimple configuration, even presenting lower f values (more surface untextured), 

showed smaller amount of asperity contact and consequently reduced friction, see 

Figure 4.9 and Figure 4.13. These results corroborate with the hypothesis of micro 

bearing effects on lubrication. Converging regions in dimples increased local viscosity 

and lubricant pressure, raising load carrying capacity and preventing asperity 

contact. For these reasons, dimple configuration reduced friction in mixed regime, 

see Figure 4.9. 
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Figure 4.13 – Solid-to-solid contact (%) and area coverage values f (%) for textured balls (BD, BLG1, 

BLG2 and BPG). Values obtained using the custom made program for film thickness 
evaluations. 

 

• NP ball X textured disks  

 

Friction results of textured disks were scrutinized using “Stribeck like” curves for 

different SRRs, see Figure 4.14. 

Similar to the ball configuration behaviour (see Figure 4.8), significant differences 

could be notice for lower speeds, whereas friction assumed same values for high 

speeds. Deep grooves configuration (DG2) increment significantly friction for all 

SRRs compared to NP. On the contrary, shallow grooves (DG1) promoted friction 

reduction, especially for smaller amount of sliding (SRR 20% and 50%). Dimple 

configurations showed best frictional performance for all SRRs considered in this 

study, see Figure 4.14. 

Friction beneficial effects were better quantified using 𝐷𝑒𝑙𝑡𝑎 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 values, see 

Figure 4.15. 

 

 

 

 

f = 14% 

f = 47% 

f = 47% 

f = 21% 
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 DD DG1 DG2 

 

  
(a) (b) 

  
(c) (d) 

Figure 4.14 – “Stribeck like” curves for textured and NP disks tested using (a) SRR 20%, (b) SRR 50%, (c) SRR 100% and (d) SRR 180%. The horizontal axel 
is in logarithmic scale. 
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(a) (b) 

  
(c) (d) 

Figure 4.15 – 𝐷𝑒𝑙𝑡𝑎 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 % for textured and NP disks tested using (a) SRR 20%, (b) SRR 50%, (c) SRR 100% and (d) SRR 180%. The horizontal axel is in 
logarithmic scale. 
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Shallow configurations (DD and DG1) had similar friction response of NP material 

from high speed up to approximately 100-200 mm/s.  Deeper feature DG2 presented 

higher friction even for high speeds (close to 2000 mm/s). Beneficial effects of 

shallow textures were intensified for mild test conditions (SRR<50%). Particularly, DD 

promoted friction reduction lower than 20% for SRR 180% (high sliding) and up to 

40% using SRR 20% (low sliding). Similarly, DG1 behave as NP for harsh conditions 

(SRR>100%) and it promoted friction reduction for low speed in mild test conditions 

(SRR<50%), see Figure 4.15. DG2 significantly increment friction (around 50%) 

when compared to NP. 

Shallow configuration (DD and DG1) brought beneficial effects in term of friction 

reduction. Shallow features could increment local pressure and viscosity, inducing 

film thickness raise, as reported in [48,95,111]. On the contrary, deep cavities (DG2) 

led to detrimental results in all conditions, enforcing the importance of texture depth 

for non-conformal contact. Deep surface valleys could cause local viscosity and 

pressure drops, therefore lubricant could not provide a sufficient film for avoiding 

asperities contacts [48], see Figure 4.16. Furthermore, film thickness evaluated 

through Hamrock/Dowson equation [75] were between 50 and 400 nm varying 

entrainment speed. These values were similar to cavity depth in shallow 

configurations (<0.5 µm, see Table 3.3), whereas surface cavities in DG2 samples 

were much deeper than film thickness (> 1 µm). Cavities presenting the same depth 

magnitude of film thickness could potentially promote lubricant film built-up, however 

deep cavities seemed to promote film breakdown, consequently increasing solid 

contact and friction, see Figure 4.16. 

 

 
Figure 4.16 – Lubricant film formation using shallow (< 0.5 µm) and deep (> 1 µm) feature 

configurations. 
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Although DG1 covered much more area than DD (f=1% and 12.5% respectively, 

see in Table 3.3), dimples performed better results (see Figure 4.15). Similarly to ball 

texture, this behaviour could be caused by transversal dimensions on grooves, 

possibly enabling lubricant lateral flow, see Figure 4.12.  

ECR measurements were used to define lift-off (lf) speeds, since interferometry 

measurements of film thickness are not possible for plain steel disks. COF and ECR 

results were plotted jointly to visualize texture influence on lubrication regime 

transitions, see Figure 4.17. The results using SRR 120% were used as examples, 

being that the other test conditions presented similar ECR trends.  

 

 

 
Figure 4.17 – COF x Ue (left vertical axis) and ECR x Ue (right vertical axis) for 120%, NP and textured 

disks. 

 

EHL and boundary lubricant regimes were discriminated by respectively 100% and 

0% of ECR values, as explained in Section 4.5.1. Dimples decreased lf speed 

compared to smooth samples (NP), see vertical line ‘b’ in Figure 4.17. It seemed that 

dimples increased load carrying capacity in mixed lubrication, promoting friction 

reduction (see Figure 4.15) and anticipating EHL regime. DG1 decreased lf speed 

(line ‘c’ in Figure 4.17), having an intermediate values between NP and DD. Grooves 

configuration behaved similarly to dimples, however with more attenuate effects (both 

b c a 
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in term of friction and lf reduction). Reasons for that were evaluated in previous 

paragraphs. NP and BG2 were generally under mixed and boundary conditions. The 

transition from mixed to boundary happened at almost the same speed for all 

configurations, see line ‘a’ in Figure 4.17. 

 

• Wear  

 

Materials did not wear out significantly, since wear rate was not measurable using 

a precision balance (resolution of 10-4 g) or 3D optical interferometry. However, 

surface topography of wear track was measured to quantify texture geometry and 

surface roughness alteration after testing. Dimple configuration on disk (DD) samples 

is depicted in Figure 4.18 as example. The other texture configurations did not 

present any relevant topographic alteration after testing.  

 

 
 

 

 

 
(a)  (b) 

Figure 4.18 – (a) 3D surface image (800 µm x 800 µm) of wear track on dimple textured disk (DD). (b) 
Detailed view of the wear track and representative 2D profile along a row of dimples.  

 

Surface micro scratches after testing did not affect dimples geometry, see Figure 

4.18. Moreover, surface roughness was not affected and ball samples did not present 

significant topographic alterations. 
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4.6 Conclusions and final remarks of the chapter 

 

Literature review and tribological experimental results of surface texture were 

explored within this chapter. Two different texture configurations (dimples and 

grooves) were applied both on ball and disks specimens. The following conclusion 

could be done: 

• Design parameters for surface texturing should consider operational 

conditions and material properties. Each texture configuration is designed for 

a specific application. 

From the experimental results and the texture configurations studied: 

• The surface textures studied did not influence full-film regime, except for 

detrimental results (DG2 and BLG1). On the contrary, texture effects were 

significant in boundary and mixed lubrications. 

• Shallow configurations generally improved tribological performance compared 

to deeper ones due to micro bearing effects; 

• Dimples were more efficient than perpendicular grooves probably due to 

feature dimensions. Excessive transversal dimension of grooves could 

promote lubricant lateral flow and consequently the attenuation on local 

pressure increment; 

• Dimples decreased lift-off speed, promoting full-film conditions for lower 

speeds. Furthermore, friction presented lower values especially in mixed and 

boundary lubrication regimes. Even presenting less coverage area f 

(potentially higher area in contact), dimples promoted friction reduction 

possibly caused by the increase of lubricant load carrying capacity (micro 

bearings effect); 

• Longitudinal grooves decreased friction compared to perpendicular features. 

Lubricant could easily flow within feature when entrainment speed and 

grooves presented the same direction. This effect avoided lubricant local built-

in and incremented asperities contact, consequently increasing friction. 
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Chapter 5 Tribological studies of sintered material 

5.1 Introduction 

 

Tribological effects of textured micro features could be somehow applied to PM 

components, since surface pores represent surface irregularities with random 

distribution. However, sintered material is still poorly explored regarding tribological 

performances [15–17,60], probably due to negative effects of the pores on 

mechanical properties [64–66,112]. This chapter presents literature studies regarding 

surface porosity effects on tribological properties. The interest in studying tribological 

properties of PM seemed to be limited to boundary lubrication and pure sliding 

conditions [15–17,60]. However, several mechanical components operated under 

varying sliding-rolling condition, such as cam-tappet and gears applications. The lack 

of studies in this field boosted the interest in understanding the tribological effect of 

randomly distributed surface cavities under varying sliding-rolling and lubricant 

regime conditions. After a literature review, experimental studies developed are 

shown. 

5.2 Tribological effect of surface porosity in PM materials 

 

Surface pores similarly to textured features could promote lubrication in severe 

conditions (lubricant reservoirs), reduce wear (debris trapping) and potentially 

increase lubricant local viscosity and hydrodynamic pressure (micro hydrodynamic 

bearing effect). Surface pores are randomly distributed and generally assumed an 

irregular shape (see Figure 5.1), therefore the micro bearing effect is plausible just for 

pores of reduced dimensions with regular rounded shape [23]. Furthermore, large 

porosity networks with connected porosity and irregular shape of surface pores could 

promote crack propagation for high contact pressure tests (HEHL). 
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Figure 5.1 – Converging and diverging regions of surface pores in sintered materials. 

 

Tribological studies of sintered materials were mainly related to sliding conditions 

of gear material during boundary lubrication regime [15–17,60]. Particularly, Martin 

and co-authors scrutinized the effect of porosity during self-lubricated tests under 

pure sliding tests [15]. The tests were performed under boundary lubricant and main 

results showed that the increase of porosity led to wear reduction. Pores acted as oil 

reservoir in boundary lubrication, enhancing lubrication in harsh conditions and 

consequently reducing wear. Similar behaviour was encountered for textured 

surfaces [95]. 

Li and co-authors [16,17,60] studied the tribological performance of sintered and 

wrought (non-porous) materials for gears application. They aimed at simulating the 

sliding portion of gear tooth contact under boundary lubrication. Main results showed 

that porous samples tested against wrought ones reduced friction when compared to 

same pair material (PM x PM, wrought x wrought). The increase of pores dimensions 

generally decreased friction and wear. Surface pores served as oil reservoirs and 

promoted heat exchange, favouring lubrication and limiting adhesive wear in 

boundary conditions. These results for boundary lubrication regime corroborates with 

those found by Martin [15]. 

Recent studies focused on tribological performance of sintered oil-impregnated 

gears [113,114]. The authors studied tribological effects of porosity during high load 

EHL lubrication. Main results showed that high porosity decrease elastic properties 

and surface load support capacity, causing excessive wear and closure of local pores 

[114]. Surface pore collapse avoids any beneficial effect on lubrication, as previously 

found by Boidi and co-authors [19,22]. Furthermore, Ebner and co-authors [113] 

verified that close porosity could improve lubrication rather than open one (connected 

network of pores). The increase of surface porosity generally increment surface 
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roughness values, since pores represent micro valleys. Surface pores could 

potentially improve tribological performance. However high porosity surfaces and 

large pores increased surface roughness, potentially having detrimental effect on 

lubrication.  The importance of having a good balance between porosity and surface 

finishing was recently stressed by Ebner [113]. 

 

5.3 Experimental studies of sintered materials 

5.3.1 Tribological testing 

 

The tribological tests for sintered materials were performed in three different 

configurations, pin-on-disk, roller-on-disk and ball-on-disk. Details of each testing 

configurations will be scrutinized in the following sections. 

 

• Pin-on-disk  

 

Pin-on-disk tests were performed using a UMT-2 Bruker tribometer with rotary 

configuration.  A fixed pin was loaded against a rotating horizontal disk under pure 

sliding conditions, see Figure 5.2. The chromium steel (AISI52100) pin was 6 mm in 

diameter and presented flat surface in order to assess potential micro bearing effects 

of surface pores under conformal contact, see Figure 5.3. Disks sintered using SPS 

(D8, D9 and D10) were tested in this configuration. Conventional gear material (AISI 

4320) was used to manufacture NP smooth disks. SPS disks were 20 mm in 

diameter due to manufacturing dimensional limitations (see Section 2.2.2), whereas 

NP much larger (75 mm in diameter), see Figure 5.3. 
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Figure 5.2 – (a) Schematic of Bruker tribometer for lubricated tests in the pin-on-disk configuration. 
Details of (b) tribometer and (c) test set-up configuration, adapted from [23]. 

 

  
(a) (b) 

Figure 5.3 – (a) SPS sintered disk samples in the foreground and NP in the background [21]. Disk 
specimens were used both for pin-on-disk and roller-on-disk tests. (b) Counter-bodies, 
roller (non-conformal contact) on the left and flat pin (conformal contact) on the right side.  

 

Synthetic transmission oil SAE 75W-85 was constantly pumped within the 

tribological contact, see Figure 5.2. The oil presented kinematic viscosity of 

220 mm2/s at test temperature (25 °C). Entrainment speed and vertical load were 

10 mm 10 mm 
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maintained constant during the tests for 15 minutes, see Table 5.1. A load cell applied 

vertical load and also measured tangential forces for friction calculation.  

To ensure parallelism between the flat bodies (pin and disk) a running-in process 

prior each experiment was developed. Pins were loaded against a sandpaper 

arranged on disk surface. Low speeds and loads were used during this operation to 

avoid excessive pin wear. This procedure was repeated using sandpaper with 

progressive lower grit size until achieving a smooth flat pin surface parallel to disk.  

 

Table 5.1 – Test parameters used for pin-on-disk tests 

 Pin-on-disk configuration 

Disk material D8, D9, D10 and NP (AISI 4320) 

Pin material AISI 52100 

Synthetic transmission oil SAE75W-85 

Entrainment speed, 𝑈𝑒 (mm/s)  1200 

Slide-to-roll ratio, SRR (%) 200%* 

Temperature (ºC) 25  

Mean contact pressure (MPa) 0.35 (10 N) 

Kinematic viscosity (mm2/s) 220 (at 25 ºC) 
*Pure sliding condition. 

 

• Roller-on-disk  

 

Roller-on-disk tests were performed using the same tribometer of pin-on-disk 

configuration with a custom-made device for SRR variations, see Figure 5.4. This 

device was proposed by [115] and allowed discrete variation of sliding-rolling 

conditions. SRR variations were obtained by changing angular speed direction on 

roller and horizontal disks, thus affecting local kinematics of roller-on-disk interface. 

The SRR device is composed of two shifting parts joined by a screw, being the upper 

attached to the tribometer and the lower hold the roller, see Figure 5.4. These parts 

can assume limited numbers of relative angular position between them depending on 

specific screw position. Tilt angle variation of roller and disk interface were induced 

by relative angular position between shifting device parts. As a consequence, roller 

tilt angle variation with respect to horizontal disks controlled SRR changes. It is 

possible to achieve only limited, discrete and positive values of SRR with this device. 

If the roller and the disk were driven independently, it would be possible to achieve 

continuous values of SRR, both positive and negative (see MTM2 rig in Section 

4.5.1). The roller is driven by the disk and the entrainment velocity 𝑈𝑒 is a result of 

the kinematic composition of velocity of the roller and the disk at the point of contact, 
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see [115]. The SRR validation occurred through kinematic evaluation and speed 

measurements (optical tachometer). The device effectiveness and reliability in term 

of SRR variations, along with additional information necessary to deeply understand 

the fundamentals surrounding the device operation, can be found in the same 

reference [115]. 

 

 

Figure 5.4 – (a) Schematic of Bruker tribometer for lubricated tests in the roller-on-disk configuration. 
Details of (b) SRR device and (c) test set up configuration, adapted from [21]. 

 

The disk samples and oil used for pin-on-disk tests were evaluated here. The 

counter-body was a chromium steel (AISI 52100) roller, see Figure 5.3 and Table 5.2. 

Frictional tests were performed varying entrainment speeds to scrutinize surface 

pore effect during different lubrication regimes. Two SRR conditions were studied, 

being SRR 89% prevalent rolling and SRR 131% prevalent sliding ratio. 
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Table 5.2 – Test parameters used for roller-on-disk tests 

 Roller-on-disk configuration 

Disk material D8, D9, D10 and NP* (AISI 4320) 

Roller material NP* (AISI 52100) 

Synthetic transmission oil SAE75W-85 

Range of entrainment speed, 𝑈𝑒 (mm/s)  1050-10 

Slide-to-roll ratio, SRR (%) 89% - 131% 

Temperature (ºC) 25  

Contact pressure (GPa) ≈1 

Kinematic viscosity (mm2/s) 220 (at 25 ºC) 
*Note that non-porous reference material NP was different for disk and roller samples 

 

• Ball-on-disk  

 

Disks sintered by conventional techniques (D4, D5 and D6) and SPS balls (B8, B9 

and B10) were tested in this configuration. NP standard samples (PCS Instruments 

London) of chromium steel (AISI 52100) were used as reference bench. Sintered 

disks and balls were manufactured adopting samples standard dimensions required 

for the rig (disks: 46 mm in diameter and 6 mm in thickness; balls: 19.05 mm (3/4”) in 

diameter). 

Ball-on-disk configuration was evaluated by the same procedure used for textured 

materials (see Section 4.5.1). Particularly, coefficient of friction was measured using 

MTM2 rig and film thickness by EHD1 (see Figure 4.4 and Figure 4.6). Synthetic 

base oil PAO 6 was used for all tribological tests. Tests samples and parameters 

were summarized in Table 5.3. Note that testing parameters were similar to those 

used for textured samples (Table 4.2), however milder conditions were evaluated 

here (higher speed and lower SRRs), see Table 5.3. 

 

Table 5.3 – Test parameters used for friction (MTM2 rig) and film thickness (EHD1 rig) measurements, 
sintered samples.  

 MTM2 rig EHD1 rig 

Disk material D4, D5, D6 and NP* (AISI 52100) Glass 

Ball material                 B8, B9, B10 and NP* (AISI 52100) 

Oil PAO 6 PAO 6 

Range of entrainment speed, 𝑈𝑒(mm/s)  2000 – 100** 2200 – 20 

Slide-to-roll ratio, SRR (%) 5 – 20 – 50 – 80 – 100 – 120** 0 

Temperature (ºC) 40  40  

Contact pressure (GPa) 0.6  0.5  

Kinematic viscosity at 40 ºC (mm2/s) 31 31 
*Non-porous reference material was AISI 52100 both for ball and disks samples. 
**Limited values compared to those used for textured material see Table 4.2. 
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Sintered balls (B8, B9 and B10) and disks (D4, D5 and D6) were tested separately 

against non-porous (NP) reference samples, whereas NP pairs were used as 

reference bench material, see Figure 5.5. Sintered pairs were not tested to avoid 

complex combination of effects derived from surface with different porosity 

properties. Furthermore, previous work [17] showed that PM pairs led to detrimental 

results compared to hybrid combinations (NP x PM). 

 

   
(a) (b) (c) 

Figure 5.5 – Schematic representation of test configurations. (a) Reference bench pair NP x NP, (b) 
sintered balls x NP disk and (c) NP ball x sintered disk. 

 

5.3.2 Results and discussion 

 

Results were organized and presented depending on test configurations, similarly 

to the division adopted in the previous section. 

 

• Pin-on-disk  

 

Average values of friction were calculated during tribological tests, being that 

speed and load were maintained constant, see Figure 5.6. The decrease of porosity 

from D8 to D10 (see Table 3.1) led to friction reduction. Surface with less porosity 

and rounded-shape pores (D10) performed significantly better than high porosity 

samples (D8). Furthermore, less porous disks (D10) reduced friction by 15% when 

compared to NP samples, see Figure 5.6. Intermediate porosity conditions (D9) 

behave similarly to NP and more porous ones (D8) led to 10% of increment 

compared to reference specimens (NP).  
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D8 D9 D10 

 
Figure 5.6 – Average friction and standard deviations values of NP and sintered disks for pin-on-disk 

configuration, adapted from [23]. 

 

Sample surfaces were analysed prior and after frictional test to evaluate wear 

mechanisms. The parameters used during sliding tests (high speed and low load in 

conformal contact) did not cause significant wear both on disk and pin surfaces. For 

instance, it was difficult to properly identify the testing track of disks samples even 

using SEM, see Figure 5.7. Low contact pressure in conformal contact conditions did 

not cause significant surface alteration on PM disks, therefore surface pores 

remained open after frictional tests. Surface of less porous disks samples (D10) was 

shown in Figure 5.7 as example. 

 

  
(a) (b) 

Figure 5.7 – SEM surface images of D10 sintered disk (a) before and (b) after pin-on-disk test (wear 
track), adapted from [21]. 

Sliding 

direction 

Surface pores 

Surface pores 
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Note that less porous material (D10) presented less surface micro valleys and 

theoretically offered more solid contact than high porosity samples (D8). Despite this, 

D10 reduced friction compared to D8, see Figure 5.6. Rounded shape pores of 

reduced dimensions in D10 seemed to improve load carrying capacity and thus 

reduce friction (micro bearing effect). On the contrary, the increase of pore 

dimensions and irregular shape in D8 led to friction increment, probably related to a 

negative disturbance in lubricant flow caused by the higher size, density, proximity 

and irregularity of the pores.  

General results found here had opposite trend to those encountered in literature 

[15,17], where the increase of porosity improved tribological performance. It is worth 

noting that lubrication regime was boundary in [15,17] and surface pores mainly 

acted as oil reservoirs, supplying additional lubrication and preventing wear. On the 

contrary during pin-on-disk experiments here, the regime seemed to be full film, 

especially due to friction values encountered (see Figure 5.6) and absence of wear 

(see Figure 5.7). In this lubrication condition, surfaces pores had micro bearing 

effects rather than oil reservoirs. Therefore, small rounded pores seemed to promote 

local film thickness increment and reduce friction in opposition to large pores that 

probably caused film breakdown. Tribological effect of surface pores in D10 disks 

could be compared to those obtained for successful cases fabricated by more 

expensive texturing techniques [44]. 

 

• Roller-on-disk  

 

Friction results for all disk configurations were plotted varying entrainment speeds, 

see Figure 5.8. Each point in the graph represents the average value of three test 

repetitions for a certain speed.  

In mild testing conditions (SRR 89%), porosity friction trend was similar to those 

presented for conformal contact tests (pin-on-disk), see Figure 5.8a and Figure 5.6. 

Particularly, less porous disks (D10) reduced friction at all speeds, intermediate 

porosity conditions (D9) behave similarly to NP and more porous specimens (D8) 

yielded higher friction. 
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(a) 

 

 

(b)  
Figure 5.8 – Friction behaviour varying entrainment speed (COF x 𝑈𝑒) for sintered and NP disks in 

roller-on-disk configuration. Error bars represent standard deviation for each speed. (a) 
SRR = 89% and (b) SRR = 131%, adapted from [21]. 

 

During tests with higher slide-to-roll ratio (SRR 131%), NP samples still performed 

similarly to D9 (intermediate porosity) and they both increased friction compared to 

less porosity material (D10) for all speeds, see Figure 5.8b. In contrast with trend 

encountered for SRR 89%, more porous material (D8) promoted best friction 

reduction even compared to D10 sintered material. This behaviour was better 

scrutinized and understood through surface analysis.  

Steel roller was not significantly worn out during frictional tests, whereas disks 

surfaces presented wear tracks. Track dimensions were measured using 3D optical 

profilometry and main results were summarized in Figure 5.9. 
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(a) (b) 

Figure 5.9 – Wear track geometrical dimensions (depth and width) of the sintered and NP disks after 
roller-on-disk tests, adapted from [21]. 

 

 Wear tracks of more porous material (D8) were considerably larger and 

deeper that other disk conditions both for SRR 89% and 131%. NP and less porous 

disks (D9 and D10) presented similar wear track size for both testing conditions. Note 

that for harsh test conditions (SRR 131%), more porous material D8 formed a wear 

track approximately fifty times larger than for NP specimens, changing the relative 

contact conformity. Furthermore, large surface deformation in D8 disks induced 

surface pore closure (see Figure 5.10), whereas surface micro cavities remained 

open for all other PM specimens. Surface analysis of D8 disks was depicted in Figure 

5.10 

Generally, porosity of small dimensions with regular round shape (D10) achieved 

best friction response and the increase of pore size and irregular shape led to 

detrimental results. Lubricant film formation varying pore dimensions was recently 

evaluated in [113]. It was proved that small sized pores promote local lubricant film 

formation reducing solid contact, whereas lubricant squeezes within open and large 

surface porosity, generating local film breakdowns (increase asperities contact) and 

friction raises. Another key parameter to be considered in this analysis is cavity 

depth, especially important for non-conformal contact [9], see Section 4.4. Shallow 

features reduced friction compared to untextured reference cases due to micro 

bearing effects [48,95]. Deep surface cavities could lead to lubricant local pressure 

and viscosity drop, therefore beneficial effect in non-conformal contact could be 

obtained especially using shallow surface cavities. Similar considerations were made 

for surface texture configuration in Section 4.5.2, see Figure 4.16. In this study, 

surface pores depth was not measurable via optical profilometry and it was assumed 

that the increase of pores size generally leads to deeper cavities. Therefore, surface 
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pores in D10 promoted friction reduction probably due to reduced dimensions, 

rounded shape and shallow depth, similarly to dimples successful configurations 

[48,95]. 

 
Before tribological test 

 
(a) 

After tribological test 
SRR 89% SRR 131% 

  
(b) (c) 

Figure 5.10 – SEM surface images of D8 sintered disk (a) before roller-on-disk tests and wear tracks 
after testing using (b) SRR 89% and (c) 131%, adapted from [21]. 

 

More porous samples (D8) behaved out of trend at SRR 131%, presenting best 

coefficient of friction reduction, see Figure 5.8. Harsh test conditions combining high 

contact pressure and sliding speed caused significant plastic deformation and 

surface pores closure in more porous surfaces (D8). Low density material did not 

offer enough surface load capacity when tested at high contact pressure, therefore 

pores could collapse, as showed in [19,22]. In this context, the E/H ratio could be 

used as a deformation indicator, as reported in [116]. Surface roughness, mechanical 

properties and plasticity index of sintered and NP samples were summarized in Table 

Surface 

pores 

Pore closure 

Surface 

pores 
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5.4. More porous material (D8 and D9) presented higher surface roughness values, 

even if the same polishing procedure was used for all samples. 

 

Table 5.4 – Roughness parameters (RMS), material properties (E, 𝜈 and H), asperities characteristics 
(σ and β) and plasticity index ψ of the tested materials. 

 RMS* (nm) E (GPa) 𝜈 H (GPa) σ (nm) β (μm) ψ 

D8 83 ± 38 117 0.27 2.4 0.045 38.4 1.13 
D9 82 ± 39 161 0.28 4.9 0.016 43.7 0.39 

D10 27 ± 19 197 0.29 5.9 0.006 133.4 0.13 
NP   4 ± 0.08 210 0.29 5.4 0.005 46.8 0.22 

* The nomenclature used in this work for root mean square deviation was RMS. For PM material, only plateau root mean square 
deviations were considered (Spq), whereas for NP material, root mean square deviation of surface (Sq) was used, see Section 
3.4. 

 

NP and more dense PM materials (D9 and D10) suffered elastic deformations, for 

instance they presented Ψ<0.6, see Table 5.4. On the contrary, more porous material 

with rougher surface was prone to plastic deformation (Ψ>1). Despite the limitations 

of this calculation, the Ψ parameters corroborate to scrutinize and analyse PM 

results. 

Notwithstanding the increase of porosity decreased mechanical properties (E, 𝜈 

and H), more porous material (D8) presented higher E/H ratio than other samples 

(see Figure 5.11), confirming the proneness in deform plastically and consequently 

causing possible pores collapse. Additionally, surface wear in D8 created a semi-

spherical cavity, altering progressively contact configuration from non-conformal to 

conformal, hence decreasing contact pressure. For instance, D8 friction results in 

non-conformal contact were approximately 0.04 (see Figure 5.8b), similar to values 

experienced during conformal contact test (see Figure 5.6). Surface pores also 

negatively influenced material topography, see Table 5.4. This response jointly with 

the detrimental effect of porosity on mechanical properties brought to plasticity index 

higher than 1 for more porous surface (D8), see Table 5.4. 
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Figure 5.11 – E/H ratio for NP and sintered disks, adapted from [21]. 

 

• Ball-on-disk  

 

Friction map surface (COF x 𝑈𝑒 x SRR) could be obtained similarly to those 

studied for textured material (see Section 4.5.2), however main results are depicted 

here as “Stribeck like” curve (COF x 𝑈𝑒 with fixed values of SRR) to better visualize 

and quantify difference between sample frictional behaviour. Friction trends did not 

change with varying SRR conditions, therefore results of both sintered disks and 

balls were presented for “boundary” test condition (SRR 5% and SRR 120%). 

High porosity surfaces in PM disks increased friction at every speed tested (see 

Figure 5.12), similarly to what founded previously for pin-on-disk and roller-on-disk 

tests. Less porous samples (D4) decrease friction compared to more porous ones 

(D5 and D6). However, standard NP disks yielded to friction values significantly lower 

than PM material. Note that PM disks were produced by conventional sintering 

techniques and presented higher values of porosity and pores dimensions, compared 

to SPS disks, see Table 3.1. Furthermore, conventional sintered disks had higher 

values of surface roughness compared to SPS disks (see Table 5.4) and especially to 

NP ones, see Table 5.5. 

 

Table 5.5 – Surface roughness of PM and NP samples for ball-on-disk configuration. 
 Conventional Sintering SPS  
 D4 D5 D6 B8 B9 B10 NP 

RMS (nm) 370±85 280±70 190±60 180±50 180±55 180±50 20±4 

 

MTM2 rig requires samples with tight controlled dimensions and high standard of 

precisions, since it is very sensitive to roughness and samples flatness. PM disks 
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presented therefore higher values of friction due to higher roughness and also 

probably to the custom-made process to manufacture these non-conventional 

samples. 

 

 

 

 

 

 

 

 

D4 D5 D6 

 

  
(a) (b) 

Figure 5.12 – COF x 𝑈𝑒 for sintered and NP disks in ball-on-disk configuration using (a) SRR 5% and 
(b) SRR 120%. 

 

Friction results of PM and NP balls were shown in Figure 5.13. Besides bulk 

properties of PM balls, it is also important to consider surface porosity, since the 

manufacturing process caused pores closure in some configurations (B9 and B10) 

and limited porosity and pores dimensions in others (B8), see Table 3.2. For instance, 

PM balls with pore closures (D9 and D10) yielded to similar friction results especially 

for high sliding conditions (SRR 120%), even if bulk properties were different. Note 

that PM balls with residual porosity (B8) reduced friction compared to other PM 

samples at all SRR and Ue conditions, see Figure 5.13. NP balls improved notably 

friction performance when compared to PM samples. These behaviours could be 

influenced by higher roughness values of PM balls (see Table 5.5) and manufacturing 

processes, similarly to PM disks conditions. 
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B8 B9 B10 

 

  
(a) (b) 

Figure 5.13 – COF x 𝑈𝑒 for sintered and NP balls in ball-on-disk configuration using (a) SRR 5% and 
(b) SRR 120%. 

 

Both ball and disk samples did not wear out significantly; it was difficult to identify 

test track in many cases. Test conditions did not cause surface pore closure in PM 

material. Only more porous PM disks presented some superficial scratches, however 

they did not alter considerably surface conditions, since they are shallower then 

surface pores, see Figure 5.14.  

  
(a) (b) 

Figure 5.14 – (a) Wear track of D4 sintered disk and (b) 3D profile image. 

 

The increase of surface pores, pores dimensions and irregularity shape led to 

detrimental effect on friction response, as found also in other testing configurations. 

Friction response highly depends on morphology of surface micro cavities, as 

reported in [117]. Dimples geometry (“perfect” rounded shape) and the absence of 

material pile-up potentially improve lubrication and reduced friction [9,118]. Precise 
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control on morphology of surface cavities is difficult to achieve for PM materials, 

however material with small rounded pores decreased friction when compared to 

more porous surfaces. For instance, residual surface porosity on B8 (2%, rounded 

shape and reduced dimensions, see Section 3.3) could be compared to dimple 

texture configurations [111,119]. Even if pores are randomly distributed rather than 

precisely tailored by laser texture, a friction reduction was obtained compared to PM 

material with pores closures (B9 and B10), see Figure 5.13. 

Surface roughness highly influences friction in this test conditions, therefore 

results were evaluated in terms of specific film thickness for avoiding comparisons 

between materials with significant difference in roughness. Particularly, NP had much 

lower RMS values than PM balls (see Table 5.5) and consequently it was tested at 

lower speeds (up to 10 mm/s) to achieve similar Λ values of PM material. Note that 

film thickness was measured for sintered and smooth balls using interferometry 

technique, as explained in Section 5.3.1 (ball-on-disk). 

Surface friction response (COF x Λ x SRR) is depicted in Figure 5.15. The colour 

scale was intentionally the same for the different configurations to enhance visual 

comparisons. Main difference could be noticed at low Λ combined with high SRR 

values. For instance in this region, B8 decreased friction compared to NP. Balls B9 

and B10 generally presented higher friction than B8 and NP samples. 

 

  
(a) (b) 

  
(c) (d) 

Figure 5.15 – Traction map (COF x lambda (𝚲) x SRR) for NP and sintered balls. 
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Quantitative analysis could be conducted studying again “Stribeck like” curves, 

see Figure 5.16. Ball with residual porosity (B8) always performed better than other 

PM conditions both varying SRR and Λ ratios. NP samples presented low friction 

values using SRR 5% (see Figure 5.16a), however the increase of sliding ratio (SRR 

80%) led to friction increment and NP behave similarly to B8 specimens, see Figure 

5.16b. For harsher test conditions (SRR>100%), NP performed similarly to B9 and 

B10, whereas balls with residual porosity (B8) decreased friction compared to NP. 

These findings corroborate with the hypothesis presented in the previous section, 

being that residual porosity could act as textured dimples and improve lubrication 

especially in harsh test conditions. 

 

  
(a) (b) 

  
(c) (d) 

Figure 5.16 – COF x specific film thickness 𝚲 for NP and sintered balls using (a) SRR 5%, (b) SRR 
50%, (c) SRR 100% and (d) SRR 120%. 

 

5.4 Conclusions and final remarks of the chapter 

 

The aspects surrounding PM tribology were evaluated within this chapter, both 

scrutinizing literature and experimental results obtained. Three different porosity 

features were applied both on ball and disks specimens. The following conclusion 

could be done: 
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• Surface porosity plays a crucial role in tribological performance, since surface 

pores represent micro valleys, alter simultaneously surface roughness and 

morphology and even mechanical properties (reduce hardness); 

• The increase of surface porosity led to detrimental friction results. For 

instance, open and large surface porosity seemed to avoid film formations, 

causing film breakdown and friction increment; 

• PM material with reduced porosity (around 2%) and more regular shape pores 

(high circularity index) reduced friction compared to reference wrought 

material (NP). Therefore, the beneficial effect of randomly distributed cavities 

can somehow compare to those obtained using textured dimples. 
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Chapter 6 Phenomenological model proposal 

 

6.1 Introduction 

 

The previous chapters explored the frictional effects of pores and laser surface 

texture under lubricated test conditions. The micro cavities studied presented 

different geometrical and morphological (dimples, grooves and pores) dimensions, 

consequently they yielded to different friction responses. In this chapter, surface 

features and main tribological effects were classified and summarized. After that, 

general trending was analysed to scrutinize if different surface features could bring to 

similar results and which are the physical phenomena involved. Finally, a surface 

parameter was proposed for obtaining friction response of surface micro irregularities 

from standard material (smooth, without irregularities).  

 

6.2 Model 

 

Main effects of surface micro cavities (pores and texture) were summarized in 

Table 6.1. Note that these results were achieved using different tribometers (MTM2 

and UMT-2 Bruker), samples and test conditions, thus this table help to classify and 

map the general behaviour of surface features. Furthermore, PM materials were 

classified here depending on pore dimensions (large, intermediate and small) rather 

than sintering parameters. Only dimples and perpendicular grooves were considered 

for textured materials, being that generally longitudinal configurations brought to 

friction increments. 
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Table 6.1 – Summary of surface micro feature effects depending on geometry, lubrication and test conditions. Friction result and main effects were compared 
with a reference wrought material (non-porous or untextured – NP). This table summarizes only results and test conditions that did not alter 

material surface integrity (reduced surface wear, maintaining the initial geometrical characteristics of micro cavities) 

 Sintered material Textured material 

    Dimples (D) Grooves 

 Large porosity (LP) 
Intermediate porosity 

(IP) Small porosity (SP)  Shallow (SG) Deep (DG) 

Main effects 
 
 
  

-Friction increase 
 
 
 
 

-Friction do not 
change significantly 

 
 
 

-Friction reduction  
-Micro bearing effect 

-Increase lubricant load 
support capacity 

 

- Friction reduction 
-Decrease lift-off 

speed 
-Full film condition 

for lower speed 

- Slight effects on friction 
reduction at low speeds 

 
 

- Friction 
increase  

 
 
 

Depth (µm) 2 to 20* 1 to 5* 1 to 3* <0.5  <0.5 >1 
Width (µm)  5 to 40  2 to 10 2 to 5 15-50 7-25 20 

f (area 
coverage) 

11 to 16% 
 

6% 
 

2-4% 
  

1%-14% 
 

12.5%-47% 
 

10% 
 

Circularity 0.5-0.6 0.6 0.75 1 / / 
Directionality         Random Random Random Random  Perpend. Perperd. 
Lubrication 

regime 
Boundary/Mixed 

 
Boundary/Mixed 

 
Boundary/Mixed 

 Boundary to Full film Boundary to Full film 
Boundary to 

Full film 
Contact type 

 
Conformal/ 

Concentrated 
Conformal/ 

Concentrated 
Conformal/ 

Concentrated Concentrated Concentrated Concentrated 
Contact 

pressure** 
(GPa) 

0.6-1 
 

1 
 

0.6-1 
 

0.6 
 

0.6 
 

0.6 
 

SRR 0 to 131% 0-89-131% 0 to 131% 5 to 180% 5 to 180% 5 to 180% 
Lambda (Λ) 0.5 to 2.3 0.5 to 2.3 0.5 to 2.1 0.8 to 7 0.8 to 7 0.8 to 7 

Tribometer 
 

Bruker (pure sliding and  
SRR), MTM2 

Bruker (pure sliding 
and SRR) 

Bruker (pure sliding and 
SRR), MTM2 

MTM2 
 

MTM2 
 

MTM2 
 

*estimated value 
**Hertzian contact pressure evaluated for concentrated point contact 
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Some principal results of surfaces with micro cavities (pores and texture) and 

standard reference material (NP) were selected to represent general results trend, 

see Figure 6.1. Tribological studies of sintered material were presented in case a) 

and b), whereas case c) was related to textured samples. For each sample with 

surface features, a parameter (𝐷𝑒𝑙𝑡𝑎 Δ) was defined to quantify friction differences 

compared to standard NP samples. 𝐷𝑒𝑙𝑡𝑎 (Δ) results of friction are shown below 

each graph. 𝐷𝑒𝑙𝑡𝑎 is the mean value of friction increment within different speeds, 

expressed in percentage, similarly to parameters used for textured material (see 

Equation (12)). This parameter was defined as follows: 

 

𝐷𝑒𝑙𝑡𝑎 (Δ) = (
 𝐶𝑂𝐹𝑓𝑒𝑎𝑡𝑢𝑟𝑒𝑠−𝐶𝑂𝐹𝑁𝑃

𝐶𝑂𝐹𝑁𝑃
) × 100 (13) 

 

COFfeatures and COFNP represent respectively the coefficient of friction related to 

samples with surface micro cavities (pores or texture) and standard reference 

material. Negative results of 𝐷𝑒𝑙𝑡𝑎 indicate friction reduction compared to standard 

material NP (non-porous or untextured), whilst positive values represent friction 

increment, see Figure 6.1. 

Results of case a) are related to roller-to-disk tests and of case b) to ball-on-disk 

configurations, see Section 5.3.2. Case c) studied textured material on ball-on-disk 

configuration, see Section 4.5.2. 

As previously summarized in Table 6.1, small porosity (SP) material performed 

friction reduction within the range of speeds studied, approximately around 10% (see 

Figure 6.1a and b). Intermediate porosity did not change significantly friction results 

compared to NP (ΔIP=3%), whereas the increase of porosity (LP) led to friction 

increment (ΔLP=16%), see Figure 6.1a. Dimples configuration (D) presented friction 

reduction (ΔD around -20%), whereas deep grooves always brought drawbacks (ΔDG 

over 30%), see Figure 6.1c. Shallower grooves configuration (SG) slightly improved 

tribological performances especially at low entrainment speeds (ΔSG= –4%), see 

Figure 6.1c. Delta Δ results (% values) of all surface features considered in Figure 

6.1 are summarized in Figure 6.2. 
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Sintered material 
a) SRR 89% b) SRR 120% 

  

ΔLP=16%, ΔIP=3%, ΔSP= –12% 
 

ΔSP=  –11% 

Textured material 
c) SRR 120% 

 

ΔDG=31%, ΔSG= –4%, ΔD= –18% 

Figure 6.1 – Coefficient of friction results vs entrainment speeds (Ue) for sintered (a) and (b) and 
textured material (c). Delta Δ values (%) are expressed below each graph. 

 

 
Figure 6.2 – Delta Δ results (%) of sintered (LP, IP and SP) and textured (D, SG and DG) materials. 

 

Rounded shape surface cavities of reduced dimensions (SP and D) improved 

frictional performances in different test conditions and especially using low 

entrainment speeds. As demonstrated in previous works [18,20], the micro bearing 
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effects of micro cavities with this size and morphology could increase lubricant load 

support capacity and consequently reduce friction between rubbing surfaces. The 

increase of pore dimensions and irregular shapes (IP and LP) led to detrimental 

tribological results when compared to non-porous material, see Figure 6.2. The 

hypothesis is that lubricant could squeeze within large open porosity, causing film 

breakdown and consequently increasing friction, as also reported in [113]. These 

factors could avoid micro bearings effects and even disturb hydrodynamic pressure 

distribution, causing worse results compared to untextured surfaces. Furthermore, 

more porous samples (IP and LP) also had rougher surfaces that negatively affected 

tribological performances [23]. 

Another crucial factor to be considered in concentrated contact test is the feature 

depth [18,95]. The counter-body passage on a textured surface could cause the 

increase of local pressure and viscosity. Using shallow features, if the pressure is 

sufficient to increment the local viscosity, the lubricant squeeze out the cavities and 

improves load carrying capacity [48]. Deep surface cavities did not increase local 

pressure and could potentially cause local viscosity drop and friction increment, as 

experienced in [48]. Assuming that larger pores in sintered samples were also 

deeper, it is possible to justify that the reduction of friction was significant using 

surfaces with pores of reduced dimensions and depth (SP) rather than with larger 

sizes (IP and LP). For these reasons, textured dimples and surface pores in sintered 

material could be somehow compared, even if surface pores can be seen as 

irregular-shaped micro cavities with random distribution. 

Groove geometry (SG and DG) did not bring the same benefits as the rounded-

shaped one. Shallow grooves (SG) generally behave similar to NP material, whereas 

the increase of features deep (DG) led to friction increments, see Figure 6.2. 

Grooves were oriented perpendicular to entrainment direction to maximize squeeze 

effects [5]. However, groove geometry could permit the lubricant to squeeze out the 

canal, probably avoiding the local viscosity increment and the improvement of load 

carrying capacity. As previously observed for rounded-shaped features, the decrease 

of cavity depth improved tribological performance, however even shallow groove 

configurations (SG) were not very effective in the tested configurations, see Figure 

6.2. 
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The presence of shallow small micro cavities with rounded shape seemed to be 

the best geometry within those tested, especially for lower entrainment speeds. To 

better understand the trend presented in Figure 6.1, a phenomenological model was 

proposed. For this purpose, a surface parameter s was derived from geometrical and 

morphological characteristics of surface features (pores and texture). Firstly Δ values 

were calculated to identify main trends. After that, a visual inspection of feature 

geometrical characteristics was made and principal tendencies were detected (i.e. for 

rounded features, depth and Δ presented same trends, whereas circularity and Δ 

opposite ones). Finally, the most significant parameters presenting coherent trends 

were selected for defining a mathematical formulation through several attempts using 

Δ as target value, see Figure 6.3. 

 

 

Figure 6.3 – Methodology adopted for the empirical definition of surface parameter s. 

 

A schematic representation of the methodology used for obtaining numerical 

values is presented in Figure 6.4. Note that after defining Δ values and selecting main 

geometrical parameters, a series of numerical attempts was made to obtain similar 

values of s and Δ. This procedure was adopted separately for rounded and grooved-

shape features. 
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Figure 6.4 – Sequence of operations for obtaining a numerical definition of parameter s. 

 

Parameter s was defined differently depending on feature shape (rounded or 

grooved shape).  

For rounded micro features, the parameter of surface s was defined as follows: 

 

s = [(
𝑑

circularity
) − 4.7 ] ∙ 0.045 (14) 

 

Surface parameter s is linear dependent to features depth d (express in µm) and 

inverse proportional to circularity index of surface micro irregularities. These two 

parameters (d and circularity) seemed to be the main factors influencing friction 

behaviour of rounded features, as shown previously. For the results selected, 

features width seemed not to be crucial for tribological response, since dimples 

presented friction reduction even if they are wider than mean dimensions of large 

porosity in samples that presented detrimental behaviour (LP and IP), see Table 6.2. 

It is however noteworthy that features width was selected to be much smaller than 
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contact diameter (around 170 µm) in all the tribological tests. Table 6.2 summarizes 

geometrical dimensions of rounded features and parameters Δ and s expressed in 

percentage for the selected results. 

 

Table 6.2 – Geometrical characteristics of rounded micro features presented in Figure 6.2. Average 
values of width were considered for surface pores in sintered material (LP, IP, SP). 

 Rounded micro cavities 
 LP IP SP D 

Depth (µm) 4* 3* 1.5* 0.5 
Width (µm) 8 6 3 15 

R (d/w) 0.5 0.5 0.5 0.03 
Circularity 0.5 0.6 0.75 1 

Delta Δ (%) 16% 3% – 12% – 19% 
Surface parameter s (%) 15% 1% – 12% – 19% 

*estimated value 

 

For grooved shape micro features, the parameter of surface s was defined as 

follows: 

 

s = (
𝑑 − 0.4

0.29
) ∙ f (15) 

 

Surface parameter s is linear dependent to features depth d (express in µm) and to 

area coverage of surface micro irregularities f. The parameter d was the main factor 

influencing friction behaviour of rounded features, as shown previously, whereas the 

coverage area f could potentially maximize tribological results as reported by [120]. 

Results of Δ and s values and grooved features geometrical characteristics are 

collected in Table 6.3. 

 

Table 6.3 – Geometrical characteristics of grooved shape micro features presented in Figure 6.2. 
Average values of width were considered for surface pores in sintered material (LP, IP, SP). 

       Groove shape micro cavities 
 SG DG 

Depth (µm) 0.35 1.35 
Width (µm) 25 20 

R (d/w) 0.01 0.07 
f (%) 12.5% 10% 

Delta Δ (%) – 3% 33% 
Surface parameter s (%) – 2% 33% 
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Note that delta Δ values was calculated from Equation (13) using experimental 

results, whilst surface parameters s were derived analytically from equation (14) and 

(15) respectively for rounded and grooved shape features. 

The friction response of surface features could be expressed as a function of NP 

material experimental response using surface parameter s. COFNP was used as 

reference bench and for each speed COFfeatures was calculated using the proper 

parameter s depending on surface conditions (type of cavities, dimensions and 

morphology). The friction response of surface with micro cavities could be expressed 

analytically by the following equation:  

 

COF′features= (1+s) ∙ COFNP (16) 

 

Where the apex ′ indicates values calculated through the analytical model, whereas 

COF without apex is related to experimental results. Figure 6.5 shows friction 

response of experimental (solid round markers) and analytical results (solid lines) of 

samples with surface features. In the same graph, experimental results of NP 

material were plotted using a solid black line. For all cases, the model proposed 

seemed to approximate correctly the general friction trend. 

Note that this phenomenological model was developed considering just some 

principal results and main geometrical characteristics of features. The analysis 

should be extended to all test conditions (varying SRR and Ue), also considering all 

geometrical feature parameters (R, circularity index, shape, directionality, area 

coverage). Furthermore, the s parameter was proposed here as an average value for 

a certain speed range, however all speeds should be considered. 

This phenomenological model aimed at inspiring future works, using a more 

complete statistical and analytical approach. 
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Sintered material 
a) SRR 89% b) SRR 120% 

  

Textured material 
c) SRR 120% 

 
Figure 6.5 – Coefficient of friction results vs entrainment speeds (Ue) for sintered (a) and (b) and 

textured material (c). Dashed markers represent experimental results of surface features, 
where the apex ′ is related to the analytical response.  

 

6.3 Conclusions and final remarks of the chapter 

 

General tribological results of sintered and textured materials were organized and 

map in this chapter. Furthermore, some principal results were selected and a surface 

parameter s was proposed to obtain feature friction response from standard 

reference material. From that, the following conclusions could be drawn: 

• Features depth and morphology seemed to be the principal parameters to be 

considered, being that rounded configurations (SM and D) performed better 

than irregular ones (IP and LP) and grooves ones (SG and DG). Shallow 

configurations reduced friction both for rounded and grooves shapes; 

• Pores effect on frictional response can be compared to textured dimples, 

however only small and regular shape features could bring beneficial results. 

Dimples and pores presenting friction reduction also present very similar 

geometrical conditions; 
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• Friction behaviour of modified surfaces (with micro irregularities) was obtained 

from standard material response (smooth) using a surface parameter. This 

parameter should include all geometrical and morphological characteristics of 

surface features. The use of an analytical model could help researchers to 

design new surface configurations. 
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Chapter 7 Conclusions and future works 

7.1 Main conclusions 

 

In this experimentally thesis the aspects surrounding the tribological behaviour of 

surface micro cavities were explored during lubricated tests varying sliding-rolling 

conditions. Firstly, a significant amount of time was invested for manufacturing 

samples with different surface characteristics both for texturing and sintering 

processes. Standard dimensions were required for tribological tests, therefore 

specific procedures were developed. After that, several experimental test conditions 

using different tribometers were carried out to explore a wide range of operational 

conditions and parameters. Moreover, a novel technique for measuring film thickness 

of rough surfaces was applied for the first time on textured and sintered materials. 

Specific conclusions were presented in the final part of each chapter, therefore 

some general remarks are reported here addressing the research questions stated in 

the text beginning: 

1) How porosity characteristics in PM can be precisely controlled and 

designed? 

Porosity is influenced by powder particles characteristics (mechanical 

properties, size and morphology) and sintering parameters (temperature, time 

and pressure). In this study only sintering parameters were varied using 

different sintering technique. Generally, the increase of sintering temperature 

and compacting pressure reduced total porosity and led to small pores with 

rounded shape. However, surface pores are randomly distributed and only 

general pore characteristics could be controlled. 

 

2) Can surface texture and porosity be compared in terms of geometrical 

characteristics and tribological performance? If so, which parameter can 

be used? 

Small porosity configuration and texture dimples can be easily compared 

due to similar shape and dimensional characteristics. Note that these porosity 

configurations were achieved using a non-conventional sintering technique 
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(SPS, disks D10) or by mechanical surface modification after the conventional 

process (machining, balls B8). Size, shape (circularity index) and coverage 

area parameters were used to compare different features. 

 

3) Do the pore size and morphology distribution influence the tribological 

behaviour in PM material? If so, which characteristics can improve 

tribological performances for non-conformal contacts? 

Tribological behaviour of PM material is strongly influenced by total 

porosity and pores characteristics. For the experimental conditions studied, 

the increase of porosity, pore size and irregular shape led to friction increment. 

This behaviour was probably due to insufficient film built-in close to large and 

irregular pores, consequently increasing asperities contact and friction. Small 

porosity on the contrary seemed to increase load support capacity, presenting 

micro bearing effects. Besides presenting best tribological performance 

between PM materials, less porous samples also decreased friction compared 

to reference smooth surfaces. These findings corroborate to the hypothesis of 

small surface pores micro bearing effects.  

 

4) In which tests conditions surface micro irregularities (texture and 

porosity) improve tribological performance? 

The surface micro irregularities designed in this study improved frictional 

performance especially in mixed and boundary lubrication (low entrainment 

speeds), generally presenting micro bearing effects and improving lubricant 

load support capacity. No significant effects were detected during full film 

conditions. 

 

5) Can surface porosity in PM materials lead to similar tribological effects 

of surface texture? If so, how results can be mapped and categorized as 

to produce a comprehensive phenomenological model? 

Surface pores could potentially bring to similar results of textured surfaces, 

especially considering similar geometrical and morphological configurations 

(dimples and rounded pores). However, successful PM configurations were 

achieved using non-conventional sintering techniques (SPS) or additional 
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machining process, causing cost increment. The utilization of PM material in 

real application for improving tribological performance should consider these 

additional costs. To conclude dimples and small porosity led to friction 

reduction, however both require additional operations or non-conventional 

manufacturing techniques.  

Results were mapped based on geometrical characteristics of surface 

features, tribological results and test conditions for giving a comprehensive 

outcome of the experimental test developed.  

  

6) Is it possible to predict the friction response of surface with micro 

cavities from results of reference material using analytic tolls?  

A surface parameter s was introduced for this purpose. The parameter 

was obtained from geometrical features characteristics and frictional behaviour 

of some selected configurations. This methodology could help in better 

understanding friction response of surface modification and even predict 

behaviours if correctly validated.  

 

7.2 Contributions 

 

From a fundamental point of view, this thesis has contributed to understand how 

randomly distributed and tailored micro irregularities could change lubricant 

conditions, potentially increasing the efficiency of mechanical systems. Experimental 

tests were developed for textured and sintered surfaces to better scrutinize the effect 

of surface cavities under lubricated non-conformal contact. Furthermore, a preliminary 

methodology was proposed to predict friction behaviour of surface irregularities 

based on reference material response and features characteristics. 

From a technological point of view, the sintering process was directly compared to 

surface texturing to provide superior tribological performances with reduced 

manufacturing costs. The work supported the exploration of the use of sintering in 

large scale manufacturing processes, aimed at reducing production costs. 

Another contribution is to obtain PM materials with a controlled porosity leading to 

specific surface conditions with features similar to those obtained applying micro 
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cavities using conventional texturing techniques. Furthermore, the use of PM to 

manufacture both disks and balls and the applications of laser texture on balls for 

tribological tests is itself novel due to the added complexity in manufacturing balls 

within the tolerance required for the experimental tests. 

Generally, this research helped increasing the understanding on surface 

modification and its tribological effects. For instance, papers, conference 

participations and collaborations with international recognized research groups 

stressed the goals achieved during this study.  

 

7.3 Future work suggestions 

 

In order to build on the understanding obtained in this study, several future work 

suggestions could be made: 

 

• Perform experimental tests with different dimples configurations (varying width 

and depth) to obtain a more complete phenomenal behaviour; 

• Design perpendicular grooves with reduced transversal dimensions for 

increase lubricant load support capacity; 

• Improve the phenomenological model by considering the entire data 

generated from the experimental tests and surface conditions studies. Obtain 

a surface parameter dependent on more geometrical parameters, considering 

operational conditions and varying accordingly to a non-dimensional number, 

i.e.: 

s= f (Hs, SRR, Λ, circularity, R, f) 

Machine learning methods are suggested to analyse not only these 

experimental results but also results from literature to generate a complete 

and reliable predictive model. 

• Utilize simulation tools for improving the design of surface texture 

configurations; 

• Scrutinize the evolution of wear performance in PM materials. Porosity could 

be still present after wear tests (bulk porosity), differently from shallow surface 

texture. 
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