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EDITORIAL 
 

During the last decades, tribology has emerged as an important knowledge area. The significant 

developments that we have seen on transport and manufacturing sectors were largely due to the 

advances in this field. Research in tribology also extended to other topics such as: biotribology (when 

dealing with biological systems), green tribology (reduction of tribological losses), geotribology (glaciers 

and faults) and space tribology (involving extreme temperatures and vacuum conditions). In a 

transversal way, the investigation of the tribological phenomena at nanoscale (nanotribology), the use 

of modelling tools to describe such phenomena (computational tribology) or the application of artificial 

intelligence, machine learning and big data methods to tribological systems (triboinformatics) have 

assumed an increasing relevance. This raising interest results from the recognition of the high costs 

associated to the performance of the tribological systems. In fact, it is estimated that almost one quarter 

of the energy consumption at global level is due to tribological issues. New advances in materials, 

lubricants and contact design shall allow to reduce friction and wear, leading to significant savings at 

short (about 18% in 8 years) and long term (40% in 15 years). This is critical to ensure the 

competitiveness of industry, to minimize the environmental impact and, in last instance, contribute to 

the progress of humanity. 

IBERTRIB 2022 brought together researchers from Portugal and Spain, but also from other points of 

the globe (e.g., Mexico, Austria, Brazil, United Kingdom, Netherlands, USA), that work in tribology, to 

discuss the most recent developments, advances, and challenges in different tribology topics. The 

participants had the opportunity to share and discuss their work with other researchers and stakeholders 

from academy and industry. It was a privileged forum to promote the collaboration between research 

groups and integrate young researchers. The conference counted with 36 oral communications and 16 

posters distributed by 8 main topics: 

• Friction and wear 

• Characterization techniques and testing methods  

• Biotribology 

• Modelling and simulation in tribology 

• Surface engineering, surface treatment and coatings 

• Lubricants and additives 

• Micro and nanotribology 

• Tribocorrosion 

in 6 sessions that extended for almost two days. Four plenary sessions were given by renown 

specialists, which share their experience and knowledge with an audience of researchers of different 

https://en.wikipedia.org/wiki/Artificial_Intelligence
https://en.wikipedia.org/wiki/Artificial_Intelligence
https://en.wikipedia.org/wiki/Machine_Learning
https://en.wikipedia.org/wiki/Big_Data
https://en.wikipedia.org/wiki/Environmental_issue
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generations. Finally, an attractive social program, which included the visit to an industrial unit, allowed 

to learn in the field while promoting an informal interaction among researchers.   

 

 

Célio Figueiredo-Pina and Ana Paula Serro 

(Chairs of the IBERTRIB 2022) 
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Tribology in Leonardo da Vinci’s Codex Madrid 

 
Ian Hutchings* 

 

St John’s College, Cambridge CB2 1TP, UK 

*imh2@cam.ac.uk 

 

Leonardo da Vinci (1452-1519) was not only a great artist, but also a scientist and an engineer with 

enormously broad interests. More than 6000 pages of his notes and sketches still exist, dispersed 

among different collections. For tribologists, one of the most important sources is the Codex Madrid I, 

now in the Biblioteca Nacional in Madrid. This volume of 191 double-sided pages is the closest that 

Leonardo ever came to writing a coherent account of the science and practice of mechanics. 

Leonardo used empirical observations coupled with deep physical insight to investigate tribological 

phenomena. Driven by an intense curiosity, he recorded his thoughts in a mixture of words and images 

which is sometimes challenging to understand. Leonardo had a deep and nuanced understanding of the 

factors that affected friction, and applied that understanding, within the limits of his grasp of mechanics, 

to several mechanical systems, returning to the subject repeatedly over more than 20 years.  His work 

pre-dated that of Amontons by 200 years. His notes on wear and lubrication show that he correctly 

understood many of the concepts that we still use today.  He studied bearings in practical use, and by 

describing new designs of bearing, showed great ingenuity in extending contemporary engineering 

practice,  

Although Leonardo’s work on tribology did not become widely known until well into the 20th century, he 

stands in a unique position as a remarkable and inspirational pioneer of the subject. 
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O1 
 

Tribology behavior of nanolubricants containing oleic acid coated 
ZnO nanoadditives 

 
Fátima Mariño a,*, Enriqueta R. López a, Ángela Arnosa b, Manuel A. González Gómez b, Yolanda 

Piñeiro b, José Rivas b, Carmen Alvarez-Lorenzo c, Josefa Fernández a  
 

a Laboratory of Thermophysical and Tribological Properties, Nafomat Group, Department of Applied Physics, 
Faculty of Physics and Institute of Materials (iMATUS), Universidade de Santiago de Compostela, Santiago de 
Compostela, Spain;  
b NANOMAG Laboratory, Department of Applied Physics, Faculty of Physics and iMATUS, Universidade de 
Santiago de Compostela, Santiago de Compostela, Spain;  
c Departamento de Farmacología, Farmacia y Tecnología Farmacéutica, I+D Farma Group (GI-1645), Facultad de 
Farmacia, iMATUS and Health Research Institute of Santiago de Compostela (IDIS), Universidade de Santiago de 
Compostela, Santiago de Compostela, Spain 

*fatima.marino.fernandez@usc.es 

Synopsis 

In this work synthesized ZnO nanoparticles (NPs) coated with oleic acid (OA) were used [1]. 
Polyalphaolefin 40 (PAO40) oil dispersions of ZnO-OA at different concentrations were thermophysically 
and tribologically characterized. Both density and viscosity increased with the concentration of NPs. 
Tribological tests were performed at 353.15 K. Regarding the tribological behavior, the optimal 
concentration was 0.25 wt% of ZnO-OA (25% of reduction in friction coefficient and 82% reduction in 
wear cross sectional area, respect to PAO40). Due to the spherical shape of the NPs, sliding friction 
changed into rolling friction. This effect together with the mending effect proved by confocal Raman 
microscopy, explain the better tribological performance of these nanolubricants compared to that of neat 
PAO40.  

Introduction 

About 23% of the world’s total energy consumption is spent in overcoming friction, and to remanufacture 
worn parts and spare equipment due wear-related damage [2]. Nanolubricants have shown great 
potential as antifriction and antiwear additives [3]. However, dispersions of nanoparticles in base oils 
with long time stabilities are scarce. Surface modification consists in the functionalization of NPs with 
dispersants or organic molecules with functional groups that can react with the nanoparticles. ZnO NPs 
as additives, improve the lubricating properties of different oils [4, 5]. In addition to their good tribological 
properties, ZnO NPs have other interesting properties such as high diffusion, strong adsorption in 
metals, and large surface area–to-weight ratio [6].  

Results and Discussion 

1. Nanolubricant preparation and stability 

Shamhari et al. [7] method was used to prepare ZnO NPs and then coated with OA using an 
esterification reaction [1]. 65wt% of the NPs content is OA and is coated with around 91±3 OA molecules 
per NP surface area unit, in nm2, as obtained by TGA. The experimental diffraction pattern of ZnO-OA 
was obtained with XRD. The effective surface functionalization of these NPs was also analyzed by FTIR 
and Raman spectroscopies. TEM micrograph of the OA coated ZnO NPs showed spherical cores with 
a mean size of 10 nm. 

Nanodispersions with different concentrations of ZnO-OA were prepared (0.1, 0.25, 0.5, 0.75 and 1.0 
wt%). The 0.25 wt% nanodispersion stability was analyzed both visually and through refractive index 
measurements attaining 29-day stability. By contrast, ZnO NPs without the OA coating are not 
dispersible in chloroform or PAO40. 
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2. Thermophysical and tribological characterization 

Density of the nanodispersions showed a slight increment with the mass concentration of NPs. Dynamic 
viscosity also increased with the concentration of ZnO-OA NPs due to the intensification of the internal 
shear stress of the nanolubricants. Meanwhile the viscosity indices (VI) of the nanodispersions slightly 
decreased compared to PAO40 and remained approximately constant regardless of the composition. 

The studied dispersions reduced the coefficient of friction between 14% and 25% compared to PAO40 
in a steel-steel contact. The lowest friction and wear values were achieved when 0.25 wt% ZnO-OA was 
added to PAO40. The greatest reductions for the wear parameters, obtained also for the nanodispersion 
with 0.25 wt% ZnO-OA, were 38%, 68% and 82%, in wear track width, depth and cross-sectional area, 
respectively. Roughness (Ra) of wear tracks was another parameter measured, the 0.25 wt% dispersion 
have the best polishing performance. The Raman map of the worn surface tested with PAO40 + 0.25 
wt% ZnO-OA shows the presence of PAO40, oleic acid, i.e., ZnO-OA nanoparticles, and iron oxides. In 
addition, the presence in this tribofilm of ZnO-OA NPs was also confirmed by ICP-MS analysis of the 
tested nanolubricant, which contains a 16 % ZnO-OA NPs less than untested nanolubricant. 

Conclusions 

In the studied conditions, all the nanolubricants show better tribological behavior than that of PAO40, 
being the optimal concentration 0.25 wt% of ZnO-OA (25% friction reduction and 82% cross sectional 
area reduction). The improvement of the tribological performance of the nanolubricants respect to 
PAO40 could be due to the occurrence of rolling and mending mechanisms owing to the spherical shape 
and the adsorption of the additives on the rubbed steel surfaces. 
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Synopsis 

Currently, nanotechnology is being used to improve the performance of lubricants because, in general, 
nanoadditives have better tribological properties compared to traditional additives. This work reports an 
overview of the advances in this field, reviewing the preparation methods and the results of tribological 
behavior for lubricants containing modified nanomaterials as additives, which are called nanolubricants.  

Introduction 

Nanotechnology is considered to play a leading role in the development of the 21st century. Different 
studies have already shown that nanoadditives can reduce friction and/or wear in mechanical systems. 
Nevertheless, the use of nanoadditives in lubrication implies a challenge that must be considered: 
achieving homogeneous dispersions of nanoadditives and base oils and guaranteeing their temporal 
stability. In most publications on tribology of nanolubricants, their stability is not thoroughly studied. In 
recent years, there has been a growing interest in the surface modification of nanoparticles, that is, in 
their functionalization [1]. The particles obtained in this way are called coated nanoparticles, 
functionalized nanoadditives or hybrid nanomaterials. Homogeneous and long-term stable 
nanolubricants can be designed by combining physical and chemical treatments (use of surfactant or 
surface modification) [2].  

In this work a review on the stability over time as well as the tribological performance of non-aqueous 
lubricants containing chemical modified nanoadditives is presented. Firstly, the results on the temporal 
stability of the nanodispersions are shown, followed by a review of the articles with the tribological 
behavior of nanolubricants with temporal stabilities greater than four weeks. 

Results and Discussion 

The study of nanolubricants is a topic of growing interest as can be observed in Figure 1, where are 
presented the number of the articles published since 1998 containing the topics “lubricant” “nano” 
“additive” and excluding water-based lubricants determined using Web of Science. The same search 
but also restricted to chemically modified nanoparticles leads to almost half of published articles.  

1. Time stabilities 

The main results of the literature on the stability of lubricants containing chemical modified 
nanomaterials (carbon-based nanomaterials, metals, metal oxides, metal sulfides and nanocomposites 
among others) were reviewed. Base oils were mainly mineral oils followed by polyalphaolefins (PAOs). 
Among the more stable nanodispersions are those containing modified metal oxide nanoparticles; 
finding the best stabilities over time, greater than 11 months for dispersions of superparamagnetic 
nanoparticles in trimethylolpropane trioleate, probably due to the mutual affinity since the base oil 
contains three oleate groups and being the functionalizing agent oleic acid and the use a rotary 
evaporator. In addition, it was found that the stability over time depends strongly on the viscosity of the 
base oil.  
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Figure 1. Number of published articles for the search “lubricant” “nano” “additive” excluding water based lubricants 
using WOS 

2. Tribological Behavior 

The tribological results from those articles reviewed in the previous section, involving nanolubricants 
with stabilities of at least 28 days, were analyzed. Articles comparing the performance of the 
nanolubricant containing the bare nanomaterial and the corresponding containing the modified 
nanomaterial are scarce. Although mineral base oils are the most used in tribological studies, in general, 
the best tribological reductions due to the modified nanoparticles were obtained with PAO base oils. In 
most cases, regardless of base oil, modified nanoparticle dispersions improve wear by a greater 
percentage than friction. Reductions in friction of up to 85 % and in wear of up to 97 %, (in terms of wear 
volume, which appears to be the most sensitive wear parameter) were found. Regarding the tribological 
mechanisms involving nanoadditives, regardless of the nature of the nanoadditive, and independently 
of what other mechanisms may be present, the formation of both adsorbed films and tribochemical 
reaction films on worn surfaces are those reported most often. 

Conclusions 

Unfortunately, in most of the literature, information on stability over time of nanolubricants is unclear or 
even non-existent. Time stability of more than 11 months was reported for some dispersions. Regarding 
tribological behavior, the lack of uniformity in the conditions and the materials of the experiments, makes 
it very difficult to compare several results with others. Standard measurement conditions should be 
defined in a near future to improve the reliability of the comparisons of the tribological results, among 
them those obtained using nanoparticles as additives. 
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Synopsis 

This work presents the antifriction and antiwear properties of TiO2 nanoparticles coated with oleic acid, 
TiO2-OA, as additives of a low viscosity polyalphaolefin base oil, PAO8. For this aim, four PAO8 based 
nanodispersions were formulated: PAO8 + 0.10 wt% TiO2-OA, PAO8 + 0.25 wt% TiO2-OA, PAO8 + 0.35 
wt% TiO2-OA and PAO8 + 0.50 wt% TiO2-OA, to find the optimal mass concentration of nanoadditive. 
Tribological tests were carried out at pure sliding conditions and rolling-sliding conditions at 393.15 K, 
with the aforementioned formulated nanolubricants and with PAO8 base oil. The wear generated during 
the tribological tests was characterized by means of a 3D profilometer, whereas the possible tribological 
mechanisms were analyzed using Raman mapping and the roughness values. 

Introduction 

Nowadays, the industry demands improved lubricants to enhance energy efficiency and sustainability 
[1]. This requirement is critical for electric vehicles (EVs) as around 60% of the energy provided to an 
EV is used to overcome friction: 40% to rolling resistance and 20% to inertia at acceleration and braking 
[2]. To meet the lubricant requirements for upcoming EVs, it is essential to add new additives to base 
oils [3]. Hence, the study of nanomaterials as additives can help the development of a new generation 
of transmission fluid (low-viscosity lubricants) specially adapted to the needs and detailed driving 
structures of EVs. Besides, many nanoparticles are environmentally friendly in contrast to other 
conventional additives [4].  

Results and Discussion 

All the studied TiO2-OA nanolubricants showed friction coefficients lower than those obtained with PAO8 
base oil (Figure 1), reaching a maximum reduction for the 0.35 wt% TiO2-OA nanolubricant, for both test 
conditions (pure sliding and rolling-sliding). Regarding the rolling-sliding tests, it should be noted that 
the TiO2-OA nanoparticles play a crucial role in reducing friction, especially at low speeds. Tribological 
specimens studied under pure sliding conditions with designed TiO2-OA nanolubricants evidenced lower 
wear than that tested with PAO8 base oil, obtaining the lowest wear values with the PAO8 + 0.35 wt% 
TiO2-OA nanolubricant. Thus, the obtained reductions were of 26%, 65% and 73 %, for wear scar 
diameter, maximum depth and transversal area, respectively. Furthermore, through confocal Raman 
microscopy and roughness evaluation of worn tribological samples, it can be suggested that polishing 
and tribofilm formation mechanisms occur. 
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Figure 1. Friction coefficient, µ, and wear scar diameter (WSD), obtained with PAO8 and its dispersions containing TiO2 

coated with oleic acid nanoparticles.  

Conclusions 

Oleic acid coated TiO2 nanoparticles were successfully synthetized. The friction coefficients obtained 
with TiO2-OA nanolubricants are lower than those observed for neat PAO8 oil. For rolling-sliding tests, 
the antifriction capacity of TiO2-OA nanoparticles is greater at low speeds. For all the TiO2-OA 
nanolubricants the wear generated in pins is much lower than for the PAO8 base oil being the best 
reductions of 26%, 65% and 73 % in width, depth, and area respectively (PAO8 + 0.35 wt% TiO2-OA 
nanolubricant). Through roughness and Raman investigation of worn pins, it is suggested that the 
lubrication mechanism can be explained by the adsorbed tribofilm as well as the polishing effect.  
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Synopsis 

The Co28Cr6Mo alloy is used in several biomedical applications subject to high wear caused by 
continuous mechanical stresses (knee, shoulder, hip join prostheses, etc.). Since there is a big 
difference between the yield strength and the ultimate strength, the potential for work hardening of 
Co28Cr6Mo alloy is higher. The aim of the present research work is to identify and optimized conditions 
for the mechanical surface treatment of Co28Cr6Mo alloy, using a lathe in order to improve its 
mechanical characteristics, namely its wear behavior. 

Introduction 

To understand whether a material is prone to hardening and to quantify this proneness, it is necessary 
to consider the definition of toughness. Toughness is the ability of a material to absorb energy and 
deform plastically without fracturing. A material with a high toughness allows favorable conditions for its 
hardening. There is a large difference between the yield strength (503 MPa) and the ultimate tensile 
strength (952 MPa) of CoCrMo alloy [1]. The area of the graph between these two values represents 
the extent associated with the strain hardening. The greater this difference, the greater its ability to 
harden. Thus, this Co28Cr6Mo alloy proves to be favorable for mechanical treatment as it has a very 
high toughness. The hardening of this Co28Cr6Mo alloy is particularly important for the purpose of this 
research work as it promotes increased wear resistance (it allows a lower wear rate) which is the ultimate 
objective since this alloy is used in biomedical applications and its longevity on human body is essential 
for the patient's life quality. 

 

Materials and Methods 

In the mechanical lathe, a cylinder of Co28Cr6Mo was positioned crossed against a cylinder of a much 
higher Young's modulus material, WC-Co in order to simulate a rigid body. 10 passages were taken into 
account in every test as exemplified in Fig. 1. 

 

Figure 1. Top view of the contact between the Co28Cr6Mo and the WC cylinders. 
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Results and Discussion 

Fig. 2 shows the grain deformation using SEM (Scanning Electron Microscope) while the Fig. 3 shows 
the Radial hardness analysis after the Hardening of the alloy samples on the lathe. 
  

  
(a) (b) 

Figure 2. SEM micrographs showing grain deformation of the cross-section: (a) lower magnification (b) higher 
magnification. 

 

Figure 3. Evolution of the Hardness with the radial distance for specimens subject to different hardenings (untreated, 
5.93 N, 10.57 N and 19.79 N). 

Conclusions 

It was clear from the experimental results presented in this research work that is possible to induce the 
hardening of the Co28Cr6Mo specimens, with consequent gains in wear resistance. 
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Synopsis 

In this study, micro-grooves on the rake surface of turning cutting tool were made, parallel to the cutting 
edge, filling them with carbon nanotubes (CNTs), which thermal conductivity is about 80 times higher 
than the cutting tool material (cemented carbide). In addition to the thermal effect of heat dissipation, 
the improvement of tribological conditions promoted by the micro-grooves and the progressive 
spreading of the nanotubes at the chip/tool interface was aimed. The study evaluated the performance 
of the following cutting tools: micro-grooved filled with carbon nanotubes compared to conventional 
cutting tools; micro-grooves without carbon nanotubes; and textured (i.e., small micro-grooves) with the 
most common geometries found in the literature. The micro-grooves filled with CNTs showed the most 
promising results among all the textures tested. 

Introduction 

Textured cutting tools can increase the life of cutting tools due to the improvement of tribological 
conditions at the chip/tool interface by minimizing friction, reducing the chip-tool contact area, and 
increasing convection heat exchange. [1,2]. Filling textures with a material of high thermal conductivity 
can help transport heat from higher temperature regions to beyond them, modifying the temperature 
gradient of the cutting tool. At the same time the beneficial characteristics of the textures remain, and 
the formation of a friction-reducing film can occur. At the same time, the beneficial characteristics of the 
textures remain, and the formation of a friction reduction film can occur. In the search for a material with 
these characteristics, the carbon nanotube (CNT) is highlighted since its thermal conductivity is between 
2000 and 6000 W/m.K. This work proposes the compaction of carbon nanotubes inside the textures 
with the main objective of maximizing the heat dissipation from the chip-tool contact zone and 
additionally introducing a third body capable of minimizing friction at this interface. To evaluate the work, 
cutting tools with different texture depths (0.25, 0.50, and 0.75 mm with a length of 0.3 mm) were filled 
with CNTs. Their performance in terms of tool life and machining force were compared with a 
conventional cutting tool, micro-grooved with depth 0.1 and 0.25 mm besides texture with micro-holes 
(depth of 0.005 and diameter of 0.05 mm) and small micro-grooves (depth of 0.005 and length of 0.02 
mm), these two latter found in the literature [3]. The cutting conditions used in the tests were: cutting 
speed 150m/min; depth of cut 1.0 mm; and feed 0.1 mm/rev. 

Results and Discussion 

Table I shows the types of cutting tools used in the tests, while Figure 1 presents the tool life, which it is 
possible to observe that the three highest lives were obtained with the filling of CNTs. Compared to the 
other textures, the superior performance of micro-grooves filled with CNTs is due to both the thermal 
effect and the presence of CNT that works as a third body at the chip-tool interface, leading to a decrease 
in machining forces, as can be seen in Figure 2. Among the texture without CNTs, the micro-groove of 
depth 0.25 mm presented the best performance since its capability to accumulate debris is larger. 
Although not shown, the behavior of the temperature followed the machining force, proving the beneficial 
thermal influence of CNTs. 
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Table I – Types of cutting tools used in the work. 

 

 

 

  

 

 

 

 

Figure 1. Tool life in material removal volume for the test conditions. 

 
 

 

 

 

 

 

 

 

Figure 2. Machining force components for the test conditions. 

Conclusions 

The confection of micro-grooves larger than textures from literature presented better performance since 
they allow for storing debris formed on the chip-tool contact inside them. On the other hand, the micro-
grooves filled with CNTs reached the best results of all tests once allied the thermal and tribological 
effect from the third body to the textures. 
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Synopsis 

Improved machining processes for titanium alloys remain unresolved, due to excessive wear and 
catastrophic failure of cutting tools. This phenomenon generates low productivity with any available 
machining system. To avoid this problem, different grades of self-emulsifying esters and water-based 
anticorrosive additives has been developed for titanium alloy machining processes. In this study, the 
tribological behavior of the different self-emulsifying ester has been evaluated using a modified “tool-on-
disc “configuration test, where Ti6Al4V alloy was selected as disc material. It was observed that the 
flank wear of tools tends to decrease in the presence of anti-corrosion inhibitors, but in return the COF 
tends to increase compared to esters without inhibitor. 

Introduction 

Most of the problems related to the conventional machining of titanium alloys are determined by its high 
hardness at high temperatures, opposing the plastic deformation necessary for the formation of chips. 
The low thermal conductivity and high specific heat hinder heat dissipation and a low modulus of 
elasticity causing the piece to move away due to the action of the shear force. The high consumption of 
the cutting tools, due to excessive wear, because of the generation of high temperatures in the cutting 
zone, is the main problem in the conventional machining of titanium alloys [1]. 

Water is a low-cost lubricant with a high cooling capacity, but its low viscosity and corrosive properties 
make it unacceptable for most tribological applications. To adjust the performance and improve the 
properties of water-based lubricants, high quality additives are used to improve wear, prevent corrosion 
and adhesion between the tool and the workpiece. For this purpose, the anti-corrosion additive reduce 
corrosion by either forming a protective coating on the metal surface or by neutralizing corrosive 
contaminants in the fluid by maintaining the pH in a suitable range [2]. 

In this study, different grades of self-emulsifying esters and anticorrosive additives have been developed 
to improve titanium machining processes. The main objective of this study is the design of a test to 
evaluate the coefficient of friction and wear in a cutting tool on Ti6Al4V samples. 

Experimental procedure 

Tribological tests were carried out using a modified “cutting tool-on-disc” configuration by means of UMT 
Tribolab equipment. The selected cutting tool was a commercial insert from Ceratizit Group (XDLX 
09T308ER-F40 CTC5240), while the disc used is made of a titanium alloy, more precisely, Ti6Al4V. 
During the test, the specimens were immersed in a small container with lubricant. To simulate machining 
conditions, the inside edge of the cutting tool was placed in contact with the outer edge of the disc. The 
linear cutting speed applied for lab test was 60 m/min, this is a conventional value used in industrial 
machining processes. All tests were performed at 5N of load during with a total distance of 208 m. 

For this study, 6 self-emulsifying esters were used with (3% ester, 1.5% anti-corrosion additive and 
95.5% water) and without anti-corrosion additive (3% ester and 97% water), obtaining a total of 12 
different lubricants. In each lubrication condition, the friction coefficient was obtained and recorded on-
line during the test, while a 3D optical profilometer was used to compute the cutting edge of the used 
tool. Then, comparing the cutting edge profiles at the initial condition and after the test, it has been 
possible to quantify the wear on the cutting edge of the tool for the different lubrications test conditions. 
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Results and Discussion 

Figure 1 shows the friction coefficient results for the 6 different self-emulsifying esters analyzed and the 
length of the flank wear of the cutting tools at the end of the test. It is observed that Ester 6 and Ester 5 
without anti-corrosion additive show the best results in coefficient of friction, while with anti-corrosion 
additives they show the best results in wear on the length of the flank. On the other hand, it is observed 
that the tests performed with lubricant and anticorrosion additives show less wear compared with the 
tests without additives. 

  
Figure 1. Left: Coefficient of Friction of tool on Ti6Al4V disk test. Right: Length of the flank of tool on Ti6Al4V disk test 

 

Conclusions 

Cutting edge wear tends to decrease in presence of anti-corrosion inhibitors, but in return the COF tends 
to increase compared to esters without inhibitor. Likewise, the inhibitor in some cases increases the 
dispersion of the friction values during the test. 
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Synopsis 

The grinding process is a vital part of manufacturing that is justified by its capacity to produce precise 
dimensions and a high-quality surface finish. The austempered ductile iron grinding process was 
performed using two grinding wheels with cubic boron nitride (CBN) abrasive grains with a variation of 
friability (GL and GS), which can be studied in tribological aspects related to lubrification conditions 
because the friability is wide influenced by friction resulted of the process. The performance of each 
wheel was compared in this study, being CBN low friability (GL) and high friability (GS). Furthermore, 
the flood lubri-refrigeration process was employed with three different feed rates (0.5, 1.0, and 1.5 
mm/min). The test showed that the CBN GL produced the best results in all output metrics due to its 
better performance caused by the homogenization of the abrasive grain surface that trend to minimized 
dimensional variations effects in the workpiece surface.  

Introduction 

The tribological aspects and chemical affinity between the abrasive grains and the workpiece material 
are factors critical to be considered by industry in the grinding process. As a result, the correct choose 
abrasive grain is essential to there is a balance between friction and lubrification, improving material 
removal during the workpiece’s shear. Other factors influencing this decision include grain size, bond 
type, structure, and hardness [1]. The abrasive grains are applied in wheels used for hard steels and 
nickel-based alloy grinding, and they're becoming common in the manufacturing industry. Thus, the ADI 
grinding process has been much promise because it has a great combination of mechanical qualities, 
making it a significant material in the mechanical industry. However, few studies on ADI grinding are 
performed, being needed more research about the theme. The abrasive grains are applied in wheels 
used for hard steels and nickel-based alloy grinding, becoming common in the manufacturing industry. 
Therefore, the ADI grinding process has much promise because it has a great combination of 
mechanical properties and significant material in the industry. Beyond that, this material is widely used 
in applications that require resistance to abrasive wear and high hardness, for example, crankshafts, 
pistons, and other automotive and aeronautic elements. 
 
Results and Discussion 

Surface roughness (Ra) and roundness error 

Surface roughness is essential to consider while researching and designing elements for other 
manufacturing processes to be grinding. It determines the workpiece's degree of finishing and 
dimensional control [2]. As shown in Fig. 1a, the GL wheel (which is less friable) had a lower Ra in all 
feed rate adjustments, and thereby increasing the feed rate increased the workpiece's Ra. As the feed 
rate rises, the pressure is exerted between the wheel and the workpiece and the chip's equivalent 
thickness [3]. This increase is due to the grains' requirement to remove a significant quantity of material 
in less time to compensate for the higher feed rate. In addition, to compensate for the wheel's higher 
penetration rate in the workpiece, the forces become more considerable, resulting in more abrupt 
breakage in the grains and the generation of uneven cutting edges, contributing to the form of an 
irregular wheel cutting surface. This irregular cutting surface occurs due to the friable aspect of the 
abrasive grain generates several tribological problems in the accuracy workpiece. Still, it can be solved 
by improving lubrification and decreasing the friction between the abrasive grain and the workpiece 
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surface. As a result, it was discovered that a more intensive material removal contributes to an increase 
in the plowing phenomena resulting in a workpiece with more significant surface irregularity. 

  

 
Figure 1. Surface roughness (a) and Roundness error (b) for each setup condition. 

 
The roundness error analysis is critical for determining any mechanical stresses or thermal expansion 

and complements the roughness analyses. As demonstrated in Fig. 1b, the GL grinding wheel resulted 

in lower roundness error values than the GS wheel compared to the more friable wheel. Furthermore, 

the workpiece experiences fewer deformations due to the decreased friability of abrasive grains, 

preserving their integrity for more extended periods. As a result, the GL wheel demonstrates micro-

fracture wear, and its cutting edges are generally more straightforward than other abrasive grains [2]. 

This uniformity results in a ground surface with minor deformation and roundness error, beyond 

improved machined material finishing and surface roughness. However, as the feed rate rises, the 

frequency of friction between the grinding wheel and the workpiece increases, generating much heat in 

the cutting region and, as a result, causing expansions and deformations on the workpiece's surface. 

This heat generation can be decreased using other alternatives techniques to lubri-refrigeration, creating 

a balance between abrasive grain friability and the lubricant method applied. Consequently, the adoption 

of the GL wheel produced the best roundness error values in all input variables about the flood lubri-

refrigerate used in this test. 

Conclusions 

In the surface roughness parameter, the usage of the CBN GL grinding wheel produced improved results 
at all analyzed feed rates. Furthermore, using a less friable grinding wheel increased surface stability 
during the operation, resulting in micro-fractures. As a result, the CBN GL causes minor damage to the 
workpiece surface than the CBN GS. In the roundness evaluation, this homogeneity characteristic of 
the abrasive grains also exhibited encouraging results, with the GL wheel presenting the best results. 
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Synopsis 

Cutting fluids have an important role in grinding because they are responsible for the lubri-refrigeration 
of the cutting zone. Nonetheless, they may harm the environment and the operators' health. Cutting 
fluids reduce thermal damage, geometric errors, and deterioration of the workpiece's surface integrity. 
While the typical approach uses a significant amount of oil or an emulsion of oil with water, the minimal 
quantity lubrication (MQL) technique uses a small amount of oil delivered by a jet of compressed air, 
yielding results that are equivalent to the conventional method in many circumstances. However, MQL's 
low cooling capacity and the heat chips clogging the wheel pores are challenges that must be overcome. 
Therefore, the addition of water to the MQL method in the external cylindrical plunge grinding of AISI 
52100 steel is evaluated in this study. Surface roughness (Ra) and roundness error for the conventional 
method, MQL with pure oil (1:0) and MQL with water (1:1, 1:3, and 1:5 oil-water proportions) with and 
without grinding wheel cleaning jet (WCJ) were investigated in this study. Furthermore, the diluted MQL 
1:5 associated with WCJ was the alternative approach close to the conventional technique, showing 
potential for the industry. 

Introduction 

World manufacturing is currently seeking economically viable techniques that maintain the environment 
and the health of employees. The international society is now mobilizing to regulate and support change 
in industry's present tactics. Consequently, the development of sustainable manufacturing practices has 
received attention. Grinding is the most widely utilized abrasive machining technology in applications 
requiring dimensional precision and minimal surface roughness. Material removal in the form of chips 
results from several contact points between the workpiece and the abrasive grains in the cutting zone. 
A considerable amount of energy in this process is dissipated as heat, resulting in high temperatures 
[1]. Furthermore, heated chips can induce severe wear and clogging of the grinding wheel's pores, 
increasing surface roughness and roundness error [2]. Cutting fluids are used to reduce the temperature 
in the wheel-workpiece contact zone, but colonies of bacteria and fungus can develop mostly in the fluid 
reservoirs of emulsions, degrading them and causing phase separation. Some innovative solutions, 
such as the minimal quantity lubrication (MQL) technique, are emerging due to the challenges 
highlighted. Besides, the MQL does not require reuse of the fluid, which reduces the cost of storage, 
recirculation and maintenance [3]. Nonetheless, Rodriguez et al. (2020) observed that the MQL 
method's pressurized air did not efficiently remove chips from the cutting zone. Given the difficulties of 
the environment, human health, and technological deficiency, this work analyzed a new technique that 
compares the performance of the MQL with and without WCJ and the MQL with pure and diluted oil to 
the conventional method in the grinding AISI 52100 steel to improve and expand its use.  
 
Results and Discussion 

Surface roughness (Ra) and roundness error 

According to Fig. 1a, the conventional procedure produced the lowest surface roughness value among 
all methods evaluated. However, the addition of a 1:5 oil-water diluted with a wheel cleaning jet 
produced results that were significantly better than the others when compared to the conventional 
method, demonstrating the positive potential of incorporating water and WCJ into the grinding process. 
Therefore, the higher chip removal ability and greater cooling capacity of the conventional method are 
the reasons for this technique's superior performance compared to the MQL 1:5 with WCJ. Still, the 
results obtained for MQL diluted in water were more satisfactory than those obtained for traditional MQL. 
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Additionally, the WCJ technique preserved the tendency at lower surface roughness values. Thus, 
adding water in combination with the WCJ improves the MQL technique significantly. 

 

 
Figure 1. Surface roughness (a) and Roundness error (b) for each setup condition. 

 

The roundness error data for each lubri-refrigeration technique are shown in Fig. 1b. The increase in 

temperature in the cutting zone causes thermal dilations in the workpiece, which directly affects the 

geometrical deviation parameters of the workpiece, including roundness error. Compared to the 

conventional method, the MQL with pure oil has low cooling performance [2]. Therefore, thermal 

expansion significantly impacts roundness errors in conventional MQL. This fact justifies the technique's 

low performance compared to the other techniques tested. Thus, the increase in the quantity of water 

in an emulsion with oil under MQL improves roundness errors. This can be explained by the water boiling 

in contact with the cutting surface, removing heat from the area, and attenuating the workpiece's thermal 

expansion. 

Conclusions 

The addition of water and WCJ to MQL reduces surface roughness and roundness errors compared to 
the conventional MQL. Aside from that, it produces somewhat lower outcomes than the conventional 
methods. However, the results and increased durability of the diluted MQL + WCJ make its deployment 
feasible. Compared to the conventional technique, MQL's reduced coolant capacity with pure oil and 
lower MQL lubricating capacity with water results in increased grinding wheel wear. 
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Synopsis 

Metallic infrastructures suffer deterioration during their service life, compromising their performance. 
When a metallic component reaches a damage threshold value, it is commonly replaced by a new one. 
The coatings´ deposition has been revealed as a suitable alternative to repair damaged components, 
reducing the maintenance costs and residues, and increasing their service life. Recently, the cold-spray 
deposition process (CS) is being widely used as an effective coating technology to make dense and 
thick metallic coatings without high temperature oxidation and phase transformation. In this work, the 
effect of the spraying temperature on the tribological behavior of 316L stainless steel coatings deposited 
on S355J2 carbon steel by the cold-spray technique has been analyzed. Spraying gas temperatures of 
800ºC, 900ºC, 1000ºC and 1100ºC combined with a gas pressure of 60 bars were selected. Erosion 
tests were conducted using angular alumina powder of 50µm as erosive material with an impingement 
angle of 90º. The results showed a significant effect of the spraying temperature on the erosion 
resistance of the coatings deposited by CS. 

Introduction 

Metallic structures undergo damage by erosion due to the continuous impacts of the fine particles carried 
by air. Carbon steel is widely used in civil metallic infrastructures where the corrosion acts as an 
additional mechanism of damage [1]. Both mechanisms produce continuous deterioration of these steel 
components. Once a damage threshold value is reached, the component is replaced by a new one. 
However, an alternative to reduce residues and maintenance costs consists of repairing the component 
by spraying a coating onto the damaged area. Thermal spray techniques are widely used for this 
purpose. High temperature spraying methods, where the particles are projected at temperatures above 
their melting point, generate coatings characterized by a microstructure different from that of the 
particles and high residual stresses. These problems may be avoided by the cold-spray technique (CS), 
where fine solid particles are accelerated by high pressure gas flow up to supersonic velocities and 
subsequently impinge and deposit on a substrate material. Because the working gas temperature is 
below the melting point of particle materials, particle deformation and bonding are performed in a solid-
state during impact process [2], avoiding oxide formation during deposition. The aim of the present work 
is to analyze the influence of the carrier gas temperature on the erosion resistance of 316L coatings 
deposited onto structural carbon steel by CS. A comparative study of the erosion rates of the CS 
coatings sprayed at 800ºC, 900ºC, 1000ºC and 1100ºC of gas temperatures with a constant pressure 
of 60 bars, was carried out. Erosion tests were conducted by impacting angular alumina particles with 
an average size of 50 microns and at a speed of 80 m/s. The impingement angle was 90º. The wear 
rates were estimated by the relation between the difference in mass of the sample before and after the 
erosion test (in grams) and the mass of the total impingement particles (in grams). 

Results and Discussion 

Table 1 shows the values of the thickness, porosity, and Vickers microhardness values of the coatings. 
Figure 1 shows the erosion rates of the coatings. Among the CS coatings, the one deposited at 1100ºC 
showed the lower erosion resistance. Similar wear rates were exhibited by the coatings sprayed at 
800ºC, 900ºC and 1000ºC. The coatings revealed higher erosion resistance than substrate and 316L 
bulk material. Additionally, the coatings sprayed at 1000ºC and 1100ºC exhibited the lower porosity with 
relatively high thickness. 
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Table I.  Values of the thickness, porosity, and Vickers microhardness of the coatings. The Vickers microhardness 
values of the substrate and 316L bulk are also included. The parentheses represent the standard deviations 

Material Thickness (µm) Porosity (%) Vickers hardness (GPa) 

CS 800ºC and 60 bars 689 (±25) 3.73 (±0.74) 3.52 (±0.28) 

CS 900ºC and 60 bars 467 (±21) 4.03 (±0.42) 3.51 (±0.34) 

CS 1000ºC and 60 bars 512 (±22) 2.24 (±0.22) 3.51 (±0.21) 

CS 1100ºC and 60 bars 537 (±35) 0.49 (±0.09) 3.38 (±0.26) 

S355J2 substrate - - 1.15 (±0.05) 

316L bulk - - 2.12 (±0.09) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Erosion rates of the coatings, substrate and 316L bulk. 

 

Conclusions 

The results revealed that the optimal spraying temperature to deposit 316L CS coatings for repairing 
purpose was 1100ºC. These spraying conditions also provided coatings with reduced porosity and high 
thickness. 
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Synopsis 

This works focuses on the challenge of measuring tribological properties of industrial components with 
relevant tests on the lab scale. In most lab tests, industrial components are downscaled, the tribo-contact 
is (over)simplified, and the contact conditions are altered to accelerate testing. However, by doing so 
the wear mechanisms/phenomena can be different from reality and subsequently the lab test results do 
not correlate well to the actual application. In this work, we present how we modified existing equipment 
to directly test on industrial components, under relevant application conditions. In particular, examples 
for testing on shock absorbers, USB connectors and oxygen regulators are presented.    

Introduction 

One of the most difficult industrial issues related to tribology, is the prediction of long-term functionality, 
be it wear or friction. Indeed, many industrial components and products are required to operate for 
thousands of hours with minimum wear damage. However, the majority of tribological tests that are 
performed on lab scale are accelerated and use high contact pressures and simplified contacts. Such 
tests have a high risk of generating wear mechanisms that do not simulate the infield application. The 
safest approach to perform relevant measurements is to perform the tests on the actual components 
and fine tune the test conditions to accelerate the duration of the test without changing the wear 
mechanisms. Finding the optimum balance between test time, cost and correlation to the application is 
one of the main challenges in the tribology world. In this work, we present how we adapt existing 
methods and equipment to test on actual industrial components and simulate the same contact and 
motion as in reality. After doing so, the conditions had to be finetuned to accelerate the tests without 
losing the correlation to the application. This approach is illustrated with three different industrial 
examples, namely shock absorbers, USB connectors and oxygen regulators. A detailed description of 
the tested approach, obtained results and added value will be given.         

Results and Discussion 

Shock absorber tests: To get a match between in-field conditions and the lab-scale testing, a 
modification of a reciprocating TE-77 tester was performed, enabling the use of actual components: 
shock absorber rods and rod guides (seals). In these tests two aspects are evaluated: (a) the friction of 
the system, expressed by the coefficient of friction and (b) the wear on the coated rod, which indicates 
material loss. One of the main advantages of this method in comparison to component tests is that it 
allows to monitor the evolution of the coefficient of friction of the rod in the rod guide during sliding. The 
evolution of the coefficient of friction can be used for relative ranking of the frictional performance of 
various materials, Figure 1a. Post testing 3D confocal analysis provides a relative ranking of the 
materials durability, Figure 1b.  

 

 

(a) (b) 
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Figure 1. Relative ranking of (a) friction and (b) wear of different coated shock absorber rods.    

USB connector tests: The main tribological issue in an automotive application with a USB-connector, is 
the loss of conductivity due to wear of connecting pins by sliding, caused by automotive vibrations. To 
avoid this, specialized greases are used to minimize these wear phenomena. However, until now there 
was no method to measure the failure-time and performance of such a lubricated system. By modifying 
a TE-77 tester, the complete USB connector can be fixed onto the machine. By adjusting stroke and 
frequency, the vibrating motion can be recreated. With this method, the friction due to vibrations can be 
easily measured, as well as the failure time by conductivity measurement, Figure 2.     

 
Figure 2. Evolution of the coefficient of friction and contact potential during vibrations of USB connectors. Example (a) 

without and (b) with failure, indicated by the fluctuation of the contact potential.     

Oxygen regulator tests: Failure can occur in flow regulators, due to sticking or wear particles in a rotary 
contact. This is caused by the generation of wear particles during sliding of an electroformed Nickel disk 
and rubber o-rings. In this test method, an MCTT tester was used to directly mount the components 
(Figure 3a) and recreate the rotary reciprocating sliding motion that occurs in the actual application. The 
performance of the system can be evaluated by the friction evolution, whereas the lifetime is identified 
by the in-situ monitoring of the wear depth (Figure 3b).  

   
Figure 3. Assembly for evaluating flow-meter components. (b) Evolution of friction and wear during component test.    

 

Conclusions 

− Different/modified tribological approaches are needed to simulate different applications and contacts 
for industrial applications.  

− Testing on industrial components is essential to recreate the same contact conditions and failure/wear 
mechanisms.  
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Synopsis 

The erosive effect of jets on 310 austenitic stainless steel at low temperatures was analyzed. Four 
incidence angles were used under impact of Al2O3 particles with an average size of 50 µm and 20 ms-

1. The total exposure time for the tests was 480 s using a novel cryotribometer designed and constructed 
by CUCSUR-Tribology group. The test apparatus has an indirect heat exchanger filled with liquid 
nitrogen. SEM microscopy technique was used to evaluate the wear mechanisms, also superficial 
hardness was monitored along the experiments. According to the erosion test results the maximum 
mass loss was observed at high angles of incidence, which showed a brittle tendency of the material. 

Introduction 

Solid particle erosion (SPE) is a phenomenon that affects several mechanical components, such as 
turbines, walls of gas turbines, pipes, among others, causing progressive loss of material by the 
repeated action of solid abrasive particles impacting a surface. In many applications, SPE is a useful 
phenomenon such as sandblasting, abrasive deburring, dry ice blasting and high-speed abrasive water 
jet cutting [1]. Moreover, austenitic stainless steels are extensively used for service at sub-zero 
temperatures. This work was realized due to the limited information on jet flows at cryogenic 
temperatures [2]. Furthermore, to gain knowledge about the ductile-brittle behavior in SPE tests on 
stainless-steel samples at low temperatures [3]. 

Results and Discussion 

Figure 1(a) shows a micrograph where plastic deformation can be seen as the main wear mechanism 
in the wear scar under an impact angle of 45°. Figure 1 (b) displays the mass loss as a function of 
incidence angle at -100 ºC monitored during the experiments. The maximum value was observed at 60º 
accompanied by a shorter incubation period (up to 300 s of exposure time). The minimum mass loss 
was observed at 30º, similar mass loss trends were observed for angles of 30º and 45º both with longer 
incubation periods. Tendencies with higher mass losses were observed at angles close to normal (60º 
and 90º). Figure 1 (c) displays profilometry traces exhibiting the distribution of erosive wear along the 
surface due to the impact of particles at 90°. Finally, operating conditions for SPE tests are given in 
Table I. 

Table I. Operating conditions for SPE tests on stainless steel AISI 310 

Nozzle diameter  6.35 mm 

Standoff distance 6.35 mm 

Test gas Dry compressed air, cooled whit liquid nitrogen 

Test duration 120 s, 240 s, 480s 

Test temperature -100 +/-10 °C 

Incidence angles 30°, 45°, 60°, 90° 

Abrasive particles Al2O3 whit average size of 50 µm 

Particle velocity 20 ms-1 
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Figure 1.  a) Micrograph of wear scar of a test sample, b) Mass loss as a function of incidence angle at -100 ºC, c) 
Profilometry of the cross section of the wear scar. 

Conclusions 

According to the cryogenic erosion test results the maximum mass loss was observed at 60º of 
incidence. The cryogenic jet flows enhance an additional aspect which can modify the behavior of the 
target material. This is due to the fact that the SPE behavior against the surface can be classified as 
ductile or brittle depending on the angle where the maximum erosion occurs; that is, when the highest 
erosion occurs at low angles the material has a ductile behavior, if it occurs at angles close to the normal, 
the material has a brittle behavior. High erosive incubation periods were observed at low incidence 
angles (30º and 45º). The main wear mechanism observed was plastic deformation. 
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Synopsis 

Self-lubricating tungsten-sulfur-coatings (W-S-C) coatings with a graded composition ranging from 
carbon rich to pure WSx were deposited and compared to ones with constant composition of 30 and 50 
% at. of carbon. The results revealed that every coating had an advantageous operating environment. 
Carbon-rich coatings performed better in ambient air conditions while the coatings with low carbon 
performed better in inert environments. 

Introduction 

W-S-C coatings are sputtered coatings consisting of an amorphous carbon matrix with WS2 platelets 
embedded in it. WS2 is a transition metal dichalcogenide (TMD) compound which has a layered 
structured with low shear strength. Due to their crystal structure with low shear strength, these 
compounds are often used for friction reduction. These sputtered coatings have a unique ability to 
provide friction and wear reduction in various operating conditions, ranging from ambient air to dry N2, 
vacuum environments and elevated temperatures up to 400°C. This is due to the fact that during sliding 
the TMD crystals can orient with their basal planes in the direction of sliding [1]. The chemical 
composition of these coatings was often aimed at ~40-50 % at. of carbon [2]. Recent studies showed 
that even lower carbon content ~30% at. of carbon can provide good tribological performance. One 
potential issue with these coatings is the formation of the tribolayer as reorientation of the TMD crystals 
is needed. A potential solution for improvement of the formation of the TMD-rich tribolayers can be the 
deposition of coating with graded composition.  

Materials and Methods 

We used magnetron sputtering to deposit a WSC coating with graded composition, starting with carbon-
rich (~50 % at. C) bottom layers and a gradual decrease of the C content towards the top layers. Finally, 
a pure WS2 layer (~100 nm) was deposited. For comparison we deposited WSC coatings with a constant 
~30 and ~50 at. % of C. The morphological and structural assessment was performed using scanning 
electron microscopy, X-ray diffraction and Raman spectroscopy. The mechanical properties were 
studied using nanoindentation and scratch testing. Tribological testing was performed using a 
reciprocating ball-on-disk in three different environments: ambient air, dry N2 and at an elevated 
temperature of 200°C. 

Results and Discussion 

All of the coatings deposited showed compact featureless morphologies. In terms of crystallinity only 
the coating with graded composition showed distinct diffraction peaks during X-ray analysis. These 
peaks were WS2 ones and can be present due to WS2 rich top-layers of the coating.  
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Figure 1. A cross-sectional micrograph of the coating with graded composition 

 

In terms of hardness, it had a value of 5-6 GPa, with the highest value for the coating with ~50 % at. C 
and a lowest value for the coating with graded composition. This is expected as the a-C phase is 
inherently harder that the WS2 phase. In relation to the adhesion, the scratch testing revealed Lc2 loads 
in the range of ~20 N and Lc3 loads of ~30 N for the coatings with conventional structure. The coating 
with graded composition had a Lc2 load of 28 N with no large area delamination/chipping(no Lc3 load 
observed). In terms of tribological performance all coatings showed good friction and wear performance. 
In ambient air the coatings with constant composition showed better wear resistance compared to the 
coating with graded composition. In dry N2 environment the coatings showed similar wear resistance (1-
1.5 x 10-7 mm3/Nm) with a slightly better frictional response for the coating with graded composition. 

Conclusions 

WSC coatings with a composition of 30-50 % at. can provide good friction and wear reduction during 
dry sliding against steel counterparts in different environments. Nevertheless, if the operating conditions 
are well known, the coating composition can be adapted. For example, if operation in ambient condition 
dominates higher carbon contents can be use. For operation in inert environments the carbon content 
can be reduced towards 20-30 % at. and the usage of soft top layer of WS2 should be considered.  
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One focus of this presentation will be on the lubrication mechanisms of cartilage as related to the friction 

coefficient, as the primary function of articular cartilage is to provide a near-frictionless interface between 

joints. To allow for smooth movement during daily activity, articular cartilage is an “optimal natural 

biological bearing”, that in healthy conditions, is capable of undergoing millions of cycles within a lifetime. 

In the past several years progress has been made in the understanding of lubrication mechanisms that 

often act simultaneously to provide a low-friction bearing.  

Much less is known about cartilage tribology in the context of osteoarthritis (OA). In fact, historically, OA 

has been considered a disease of ‘cartilage wear’, as a hallmark of this disease includes the loss of 

integrity of the surface layer. While it is now well-established that OA is not simply a disease of tissue 

wear, but a multifactorial condition involving biological and mechanical mechanisms, understanding of 

how OA leads to loss of tribological properties may be an additional perspective in disease progression. 

Future work to better understand how tissue pathology may affect tribological properties is therefore 

necessary. 
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Synopsis 

In this work, results from several studies were collected with the aim of giving a broad insight about this 
premature failure. Indeed, the initial stages of research focused on developing a test method to 
accelerate the generation of WEC and subsurface cracks in bearing steels are presented. To this end, 
artificially preloaded hydrogen is used. This method would allow the study of non-destructive analysis 
techniques, the testing of coatings that prevent the hydrogen diffusion in steels, as well as the study of 
the initial stages of subsurface crack formation. 

Introduction 

Rolling element bearings undergo unfavorable work conditions in wind turbine gearboxes. Thus, they 
suffer a premature failure mode, which is driven by subsurface early cracks and it entails a reduction of 
a 1-20 % of the bearing’s life, hence the wind turbine lifetime is reduced from the estimated 20 years to 
less than 2 years [1]. WEC morphologies appear to be connected to this failure mode, however, a clear 
understanding has not been reached yet among the scientific community. WEC failure consists of 
networks of microcracks connected with microstructural alterations, called “White Etching Area” (WEA). 
Several factors such as non-metallic inclusions, hydrogen, overloads, sliding kinematics, inefficient 
lubrication or passage of residual electrical currents have been proposed as WEC drivers.  

The premature reproduction of WEC morphologies similar to those found in failed field bearings could 
help to understand how quickly these crack networks form and propagate under specific accelerators. 

Several trials in Disc-on-Disc tribometer under transient conditions were conducted in order to reproduce 
WEC in hydrogen precharged discs. After testing a full metallographic analysis was carried out. For 
hydrogen uptake, discs were immersed in sulfuric acid (𝐻2𝑆𝑂4) (0.1 mol/l) solution and potassium 
thiocyanate (KSCN) (1g/l) under a -1.2 V potential for 4 h [2]. 

Results and Discussion 

Non-hydrogen pre-charged test 

Despite transient conditions were in line with those used in literature, neither WEC or superficial failure 
was detected in test without hydrogen uptake. Authors consider the number of cycles was not enough 
to reproduce this failure mode, as the premature failure found in literature was up to 28.5 million of 
cycles [3] and the test presented herein only last 1.01 million of cycles.  

Hydrogen pre-charging tests 

Hydrogen pre-charging tests resulted in surface and subsurface damage. At subsurface level, several 
WECs and cracks were identified. It shall be noted that there is a great similarity between WEC from 
the field bearings [4] and those generated under laboratory conditions in the tests presented herein. 
Moreover, few cycles were needed to reproduce WEC by this methodology. This test methodology 
allows to study the early stage of surface and subsurface crack formation and propagation, as well as 
the study of new nondestructive analysis techniques or the influence of hydrogen in steel and coatings 
against this phenomenon. It is of interest to note that in one of the tests conducted WEC was reproduced 
without superficial damage and only 0.6 million of cycles were needed. 
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Figure 1. WEC trialxial branching formation in a circumferential section from tested disc. 
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Synopsis 

Machining of Carbon Fiber Reinforced Plastic - titanium (CFRP-Ti) stacks undergo complex 
tribomechanical interaction of tool due to the involvement of dissimilar workpiece constituents. The 
common tribotest like reciprocating and pin-on-disc are not capable of simulating the contact state of 
the mating surface experienced by the tool during the machining process. Cross-cylinder tribotest could 
effectively present the contact situation and provide fresh workpiece surface during sliding. However, a 
cross-cylinder tribological test with new multi-material arrangement of disparate materials rings of CFRP 
and Ti stacked in alternative fashion is proposed to simulate CFRP-Ti drilling. The benefit of this test 
over machining is high degree of control to analyze the tribological interaction of tool wear while avoiding 
edge deterioration affect caused by plastic deformation or chipping in cutting tools. 

Introduction 

With the increased demands for improved fuel efficiency and environmentally friendly alternatives the 
use of light weight composite structural parts for the aerospace and aeronautic industry is growing at a 
rapid pace. Specifically, the use of CFRP coupled with titanium are gaining popularity due to high 
strength to weight ratio, good galvanic corrosion resistance and excellent load bearing capabilities 
making it desirable material for new range of modern aircrafts. In Airbus A350 and Boeing 787, CFRP-
Ti stacks have been used in primary aircraft structural components like fuselage, aircraft wing spar and 
ribs to benefit from properties of both materials [1]. The demand of CFRP-Ti stacks is expected to sore 
in the coming future due to increasing trend toward sustainability. 

However, with exceptional material characteristic of CFRP-Ti stacks the major problem lies in drilling 
and machining of such material combination, as it is well known that both CFRP and Ti were categorized 
as difficult-to-machine materials. Thus, the tool experience higher degree of wear with shorter tool 
service-life and at the same time yields poor surface roughness and hole quality of the machined holes. 
Researchers have tried to study the effect of different coatings to improve the tool life and understand 
the tribomechanical interaction of the tool with the CFRP-Ti stacks. However, there is no simple 
evaluation method available to analyze the wear mechanism of the uncoated/coated tools caused due 
to the interaction of the tool with disparate materials. 

Cross-cylinder tribotest is a simple yet effective way to reproduce the contact during the machining 
operation by generating freshly available surface for interaction. Recently, the effectiveness of this 
tribotest-configuration has been demonstrated for study of tool wear mechanism during machining of 
titanium alloy [2]. Although this testing configuration is not new and was proposed in 1989 by Hedenqvist 
[3]. But was recently been used in studies to simulate tribological contacts scenarios for forming and 
machining operation [4], [5]. However, to the best of our knowledge, cross-cylinder tribological test 
against new multi-material configuration with the alternating arrangement of disparate material i.e., 
CFRP-Ti rings has not been investigated earlier and would be considered in this study. 

 

Materials and Test equipment 

Carbon fiber reinforced plastic (CFRP) plates of 300x300x7.3mm were procured from INEGI which were 
prepared by using Hexply 8552 prepreg unidirectional laminate with epoxy matrix in [0,90]10s orientation 
using 5bar curing pressure in an autoclave. Whereas, for titanium (Ti6Al4V) tubes of OD=40mm and 
ID=30mm were procured from TSM Technology China. 

In order to manufacture shaft with multi-materials configuration, firstly CFRP and Ti rings were prepared. 
Abrasive water jet machining was used for machining of CFRP plate using water pressure of 5400 bar 
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and garnet as abrasive at feed rate of 385 g/min to make rings with OD=40mm and ID=30mm (Figure 
1a). Moreover, the titanium tubes were machined with 7.3mm thickness to obtain the rings (Figure 1b). 
The rings of CFRP and Ti were arranged in alternative fashion on a shaft with tight dimensional 
tolerances and further secured by mechanical fastener as shown in Figure 1c, d. 

 
Figure 1. a) CFRP rings machined by abrasive waterjet machining of CFRP plates. b) Ti6Al4V rings c) stacks of CFRP 

and Ti rings d) Schematic of workpiece rod with alternative arrangement of CFRP (black) and Ti (silver) rings 
assembled and secured with nut on the shaft. 

Conclusions 

The new multi-material stack configuration for cross-cylinder tribological testing has been proposed for 
CFRP-Ti stacks, however, the testing technique could easily be extended for other multi-material stacks 
combinations like CFRP-Al and CFRP-Al-GFRP etc. 
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Synopsis 

The aim of the present research work is to investigate the tribological behavior of different soft contact 
lenses under different contact conditions. A tribometer has been developed for this purpose, which 
operates with vibration horizontal movement. The friction assessment method is based on the evaluation 
of the free damping vibration movement, of the mass - spring system. This technique proved to have 
adequate sensitivity for the biologically relevant conditions, light normal load, high speed and 
hydrodynamic lubrication.  

Introduction 

Soft contact lenses (SCLs) are widely used today by over 140 million people worldwide to correct vision 
problems. Although the high development in recent years of SCLs there is still a high dropout rate in 
their use due to the discomfort caused. This discomfort has been associated with several factors, namely 
the friction that occurs between the upper eyelid and the anterior surface of the contact lens during 
blinking process. In this process eye movements occur under mainly hydrodynamic lubrication regime. 
Typical value of the eyelid pressure on the cornea at rest being around 1 kPa and during muscle 
contractions of a blink is in the range of 3 to 8 kPa. Regarding the eyelid's sliding speed, it is estimated 
that the speed can reach values as high as 100 to 200 mm/s. Thus, tribological SCLs studies should 
focused on lubricated contact, pressures up to 10 kPa, sliding speeds higher than 100 mm/s and several 
millimeters of stroke. These conditions are completely out of the limits of the test conditions of current 
conventional tribometers. 

The aim of the present research work is to investigate the tribological behavior of SCLs using a new 
technique, as an alternative to conventional tribometers. A special test machine was developed in order 
to be used as a tribometer, which operates as an oscillator with vibration horizontal movement and that 
can be modeled as a vibratory mass - spring – damper mechanical system. The friction assessment 
method is based on the evaluation of the free damping vibration movement, of the mass - spring system, 
induced by an initial non-equilibrium condition. The contact of the SCLs against the counterbody acts 
as a supplementary dissipation of energy and the friction is determined by inverse analysis optimized 
by comparison to the analytical equation of motion. 

Experimental work 

A dynamic tribometer has been design and built during the present research work. The tribometer 
operates as a pendulum with vibration horizontal movement. In order to simulate the conditions of the 
human eye, the contact geometry used was plane-sphere. As shown in Figure 1, the contact lens was 
assembled over a hemispheric silicone rubber and a glass lamella was used as counter material. 
Different weights of controlled mass were used in order to apply a normal force between the lens and 
the glass lamella. 
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Figure 1. Schematic view of the vibration tribometer 

Three different commercial lens, made of different materials, namely Silicon hydrogel, hypergel and 
hydrogel, where tested.  

The friction assessment method is based on the evaluation of the free damping vibration movement, of 
mass-spring system, induced by a mechanical impulse. The contact with the contact lenses acts as a 
supplementary dissipation of energy and the friction is determined by inverse analysis. The numerical 
integration of the second-order differential equation of the motion will allow the calculation of the friction, 
minimizing the error between the experimental motion and the numerical solution, figure 2. 

 

Figure 2. Flowchart of the experimental protocol. 

Conclusions 

• The experimental device based on the energy dissipated by friction during free vibration, proved 
to have adequate sensitivity for the biologically relevant contact conditions. 

• Applying this technique to the friction study of contact lenses shows that the friction model, that 
best describes the friction of contact lenses, includes a Coulomb part plus a viscous component. 
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Synopsis 

Hydrogels are considered promising replacement materials for articular cartilage. Friction conditions in 
biological systems such as joints are complex and their simulation requires tribological tests that closely 
model the real life conditions. The current work presents a methodology for manufacturing and 
tribological characterization of polyvinyl alcohol (PVA) hydrogels and porcine articular cartilage using a 
special setup of a commercial rheometer. Measurements of elastic modulus and zeta potential of the 
PVA hydrogel allowed for a deeper understanding of the tribosystem’s behavior. The results showed 
that the presented setup can be used for evaluation of the tribological performance of a PVA hydrogel 
compared to real cartilage. 

Introduction 

In a total knee or hip arthroplasty the whole joint is replaced by an artificial implant. Choosing the right 
material is a challenge since two or more parts of the joint are in relative motion in the daily life and, 
hence, may experience different frictional behavior and even wear [1, 2]. In order to recover the full 
functionality of the joint and to relieve the patient’s pain, the implants should have the same frictional 
properties as the joint. Understanding the tribology of a joint replacement is therefore crucial for 
development of new implant materials. Polyvinyl alcohol (PVA) hydrogels are considered as one of the 
most suitable candidates for joint cartilage replacement because they are biocompatible and have 
mechanical properties similar to the joint cartilage [3] 

Methods 

The PVA hydrogels (61,000 g/mol.) were prepared from freeze-thaw technique through 5 temperature 
cycles from -20 °C to 8 °C directly in the tribological cell of a MCR rheometer. The tribological 
measurements were performed using the same MCR Tribometer with pin-on-disc setup (see Figure 1) 
and with special clamping adapters to accommodate the in-situ produced PVA hydrogel specimen. 
Oscillatory tests along with sliding velocity ramps were carried out over several orders of sliding speed 
and results are shown in the form of extended Stribeck curves [4]. 

 

Figure 1. Schematic of the pin-on-disc setup (left) and adapter for soft specimen (right). 

Zeta potential was measured with an electrokinetic analyzer for solid surfaces with one of its proprietary 
measuring cells. The elastic modulus was measured using instrumented indentation technique by 
applying a 100 µN load on a spherical indenter. 
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Results and Discussion 

The work demonstrates how a combination of complementary measurement techniques can be used 
for characterization of tribological, chemical and mechanical properties of PVA hydrogel. The tribological 
measurements with PVA on PVA configuration as well as PVA on porcine knee cartilage configuration 
provided information about the friction coefficient at various sliding speeds occurring during daily motion. 
The friction factor trend observed on the PVA gel with different artificial synovial fluids was similar to that 
observed on porcine cartilage specimen. This indicates that the PVA gel corresponds well to the real 
friction behavior in the joint. The surface charge measurements corroborated the tribological result while 
the indentation results confirmed that the elastic modulus of the PVA hydrogel is similar to that of the 
outer surface of the joint cartilage. The methodology and analysis used in this study will further be 
expanded to understand the long-term friction and wear behavior of these materials. 
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Synopsis 

Polyacrylamide hydrogels are widely used in several fields. Due to their ability to be swollen by water 
they are highly biocompatible. Additionally, they show a very similar mechanical behavior than natural 
tissues [1]. All these characteristics make them suitable to be used as “in vitro” models to develop 
experimental techniques to advance in the knowledge about the very complex mechanical behavior of 
natural materials. They are very flexible and soft solids, but the main feature governing the mechanical 
performance is their very marked time – dependent behavior. This time - dependent response lay on 
two mechanisms. On one side, the polymeric nature of the matrix lead to a viscoelastic deformation 
when a load is applied on the hydrogel. Conversely, flux of water can be also produced inside the 
material under stress, driving to a secondary relaxation phenomenon, the so called poroelasticity. Global 
mechanical response can be built by considering both contributions. Poroelasticity is size dependent 
while viscoelasticity is not. In this work, we developed an experimental and constrained fitting technique 
using indentation at different scales from macro to nano, explaining experimental relaxation curves using 
a contact mechanical model [2]. The constrained fitting method can be used to enlighten how the 
composition of the hydrogel can be tuned to obtain different time dependent responses. 

Introduction 

Alginate/Polyacrylamide (Alg/PAAm) hydrogels are hybrid materials formed by a double cross-linked 
network. These hydrogels are formed by a three-dimensional polymeric network forming a porous 
structure, providing a permeable character. This permeability, together with the high-water absorption 
capacity of these materials, give hydrogels their compositional and microstructural uniqueness and their 
interesting mechanical behavior. For example, due to their permeability, hydrogels can be used for drug 
delivery, tissue scaffolds or tissue engineering, among others. These materials tend to have a time-
dependent behavior and an important dependence on deformation rates. They show a viscoelastic 
behavior due to the conformational chain changes inside the polymeric structure. Additionally, 
poroelasticity is also observed due to the migration of the water through the pores of the polymeric mesh 
under mechanical stress. Both behaviors present temporal dependence but poroelasticity also presents 
size dependence. In several studies, fracture tests, fatigue, unconfined uniaxial compression and 
biocompatibility tests have been carried out on these materials [1], but until now time dependent 
behavior of these types of materials has received low attention. Additionally, relation between initial 
composition of the hydrogel and global mechanical behavior remains under study. 

Results and Discussion 

Alg/PAAm hydrogel samples were synthesized following a two-step procedure. The covalent cross-
linking of the acrylamide polymer chains, and the ionic cross-linking of the alginate chains was carried 
out in two different steps. Samples with different amount of alginate were obtained. Indentation tests 
were carried out using a microindenter Agilent G200 with a Keysigth XP indentation head coupled with 
a 500 mN load. A spherical ruby tip of 800 µm radius was used. Tests were carried out in milli-Q water 
immersion. The spherical tip penetrates the sample to a target depth of 25 µm, 20 µm and 15 µm for 
each material. Once the target depth was reached, it remained constant for a time of 1200 s. A 
constrained fitting method was developed by the authors and it is used to describe relaxation behavior 
of the samples by considering viscoelastic and poroelastic contributions. Details of the model can be 
consulted in [2]. 

In figure 1, relaxation curves measured at three penetration depths for samples with different Alginate 
composition are presented (black lines). Each experimental curve was fitted to the analytical indentation 
model (red lines). Once the fitting is performed, viscoelastic and poroelastic contribution on the global 
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response can be obtained (green and blue curves, respectively). Alginate composition strongly affects 
the time - dependent behavior of the hydrogels. The highest the Alginate concentration, the more 
important is the poroelastic contribution on the global mechanical response. For the lowest alginate 
concentrated hydrogel, viscoelastic contribution explains by itself the global relaxation curve. 

 
Figure 1. Relaxation curves measured at different penetration depth. Left) Alginate/Polyacrylamide sample with the 

highest alginate concentration. Right) Alginate/Polyacrylamide sample with the lowest alginate concentration. 

 

Conclusions 

Relaxation tests using spherical indentation were performed at different penetration depths on 
Polyacrylamide based hydrogels with different Alginate concentration. Time – dependent behavior was 
assessed by means of an analytical contact mechanical model that consider both, the viscoelastic and 
poroelastic contributions. The model was fitted to experimental curves. From results, it can be concluded 
that Alginate concentration has a key role on the mechanical behavior of the material. As the Alginate 
concentration increased, the poroelastic contribution became more important on the global response. 
Interestingly, the time – dependent behavior of the hydrogel can be tuned by controlling the amount of 
Alginate during the manufacturing of the sample. 
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Introduction 

Aluminum and its alloys are nowadays the most commonly used non-ferrous metals, due to their 
versatility and unique relation of properties [1]. Aluminum alloys can be cast by several processes, where 
LPDC has arisen as a preferred method for castings high quality components such as car wheels or 
cylinder heads [2]. One of the most important factors in the LPDC process, is the heat transfer during 
the solidification of the molten alloys, which is the responsible of the resulting microstructure, on which 
the quality of the cast piece is based. The use of foundry coatings has been lately suggested as a proper 
strategy to control the heat transfer, while protecting bonded molds from aluminum adhesion by 
providing a barrier between the surface and the liquid metal. LPDC die coatings failure usually comes 
from the loss of adherence or excessive wear originated in the successive filling processes, which 
requires stopping production for the reapplication of the coating. In the present work, coatings with 
different insulation capabilities have been evaluated, in terms of adherence and wear tests, in order to 
select the most promising alternative for LPDC die coating. As a result of this study some 

recommendations of the application method of the coating have been highlighted as well.  

Materials and Methods 

The substrate material employed in the work was an AISI H11 (1.2343) steel at 37-38HRC, as 
representative for the typical die steel used in LPDC processes. The size of the samples manufactured 
for this work was of 100x100x5mm3. Three different surface finishing pre-treatments were evaluated: 
grinding, polishing, and shot blasting.  
 
All the coatings were applied above a 50µm primer layer. In some samples, the coatings were applied 
without primer layer, to evaluate the influence of this layer on the adhesion and performance of the 
coatings in the tests. The target thickness of the coatings was of 150µm.  
The coatings selected in this work were new experimental developments of Foseco, conceived in the 
frame of the industrial ETORGAI project “ALEPRE”, with different thermal conductivity and insulation 
capacities. The seven coatings selected were: a reference coating with very high insulation (A1) and a 
new development with similar insulation capacity (A2); a coating with medium insulation capacity (D1); 
a coating as reference of average insulation capacity (B1), a variant of B1 with extra binder (B2) and a 
new development based on B1 (B3); and a conductive coating containing graphite for improved release 
of the casted samples (C1). The composition of the coatings is confidential, but, in general terms, the 
high insulation coatings are manufactured with filler materials such as talc, mica, TiO2, limestone or 
quartz, sodium silicate as a binder, and water as a thinner. In the case of the conductive coatings, half-
colloidal graphite was employed as filler. 
The adhesion was assessed by pull-off tests (ISO 4624), which has been considered the most 
appropriate to simulate the failure of coatings when it is extracted from the die due to sticking of the 
aluminium. The wear of the coatings was evaluated by falling abrasive and taber abrasion tests, to 
simulate erosion and abrasion taking place in the filling process, respectively. Furthermore, basic 
characterization of the thickness and roughness have been performed. 

Results and Discussion 

The criteria for best coating selection have been built through a comparison table, where a value for 
each test has been calculated. 
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The calculation method for these values and the selection criteria are the following: 
• Roughness: ratio between each coating mean roughness value and the coating with maximum 

roughness (A1 - 46,3µm).  
• Adherence: ratio between each coating adhesion force mean value and the highest value 

registered for all the coatings (B3 - 16MPa).  
• Falling: ratio between each coating abrasion resistance and the highest value registered for all 

the coatings (B3 – 100,72 gr/µm) 
• Taber: ratio between each coating abrasion resistance and the highest value registered for all 

the coatings (B3 – 70,7 cycles/µm) 
• Conductivity: ratio between each coating conductivity and the highest value registered for all 

the coatings (C1-1760 Wm-2K-1)  

 

Table 1. Summary table used to compare the different coating alternatives 

Conclusions 

• The surface preparation of the molds is vital to achieve an adequate adhesion of the coatings. 
In this regard, the cleanliness of the surface was found to be a critical aspect.  
• The high roughness and the low conductivity (or high insulation) are directly related with the 

refractory particle size of the coating’s formulation. On the one hand, the higher particle size will lead to 
a worst surface finishing of the aluminum casted part, which could affect the surface topography of the 
casted part. But, on the other hand, higher particle size could improve the fluidity through a slower 
solidification of the aluminum due to the higher insulation and the breakage of the oxide surface layer 
of the fluid melted aluminum. 
• When average insulation coatings with good surface finishing are required, B3 coating is 

clearly the very best solution. The performance of the classical formulation of average insulation 
coating was notably improved in terms of adherence and wear resistance, as well as lower roughness 
while maintaining similar conductivity values. The extra binder employed with B2 compared to B1 did 
not show any considerable improvement on the performance. 
• For the selection of a coating with high insulating capacity, A2 has demonstrated a 

considerable improvement on the wear resistance compared to A1, keeping the insulation degree for a 
much lower surface roughness. However, A2 presented a much lower adherence than A1. D1, which 
has a lower insulation capacity, presented similar results to those obtained for A1 and A2 coatings. All 
in all, the wear resistance of all these insulation coatings with coarser grain size was lower than that of 
B3 coating.   
• The results obtained for C1 conductive coating were similar to those of B2 and B1. 
• Finally, the use of the primer layer was found to be highly recommendable to improve the 

adherence and wear resistance of the coatings.  
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Synopsis 

Cartilage substitution by biomaterials is often needed when the natural tissue is extensively damaged. 
PVA (poly-vinyl alcohol) hydrogels are promising candidates for this purpose due to their biocompatibility 
and similarities with the biological tissues regarding physical properties. However, their mechanical 
resistance is generally low and reinforcement is needed to better mimic cartilage. PBO (poly(p-
phenylene-2,6-benzobisoxazole) nanofibers were used in this work with this purpose. Since cartilage 
replacement materials are intended to be implanted in the human body, their sterilization is mandatory 
to ensure the biological. Hydrogels are often sensitive to conventional sterilization methods. Therefore, 
alternative processes that do not impair the materials’ properties have been pursued. The main objective 
of this work to evaluate the effect three non-conventional sterilization methods: microwave (MW), high 
hydrostatic pressure (HHP) and argon plasma (PM), on the properties of a PVA hydrogel reinforced with 
PBO. 

Introduction 

Articular cartilage degradation affects millions of people worldwide. Being an avascular tissue, cartilage 
has limited healing capacity, and current therapeutic strategies based on physiotherapy, use of anti-
inflammatories or viscosupplementation show several limitations [1]. Hydrogels have gained great 
attention as possible cartilage substitutes when damages are already considerable, due to their 
biocompatibility and high-water contents. PVA is considered one of the most promising hydrogels for 
this purpose, however its mechanical properties hinder its application [2]. Reinforcement of the PVA is 
required and can be achieved through the addition of nanofibres to the hydrogels’ polymer network. An 
interesting polymer for this application is poly(p-phenylene-2,6-benzobisoxazole) (PBO), as this 
synthetic fibre shows high tensile strength (~5.8 GPa), and a compressive strength of ~0.5 GPa [3]. In 
this work, a PVA hydrogel, reinforced with PBO nanofibres, obtained by cast-drying, was submitted to 
three non-conventional sterilization methods (i.e., MW, HHP and PM) in order to avoid problems in 
polymer properties associated with common sterilization methods (e.g., involving heat or radiation). The 
efficacy of sterilization was accessed, and the synthesized hydrogels were characterized in terms of 
their structural, tribological and mechanical properties, wettability, swelling capacity and rheological 
behavior, to evaluate possible effects due to the sterilization procedures. The biocompatibility of the 
hydrogels was ascertained via irritability and cytotoxicity assays. 

Results and Discussion 

The results show that the three sterilization processes ensured sterility in all cases. The treatments did 
not cause significant changes in the surface’ morphology, except PM that suffered an increase in 
roughness due to the etching effect. FTIR analysis showed that the treatments induced some changes 
in the materials’ chemical structure in terms of crystallinity degree and crosslinking, allowing to explain 
some differences on its behavior. Samples’ equilibrium water content did not suffer significant alteration 
after the treatments, remaining ~ 74 %. Similarly, hydrophilicity was also not affected (the water contact 
angle remained ~ 40º). In general, the sterilization treatments did not negatively impact the materials’ 
mechanical properties. MW stood out due to an increase on hardness, stiffness (both on traction and 
compression at strains) and shear modulus. HHP increased single bonding, improving the mechanical 
properties, except the compressive stiffness at high loads. The coefficient of friction was significantly 
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lower for MW and HHP samples, when compared with the non-sterile (Figure 1). PM treatment resulted 
in breakage of bonds, thus decreasing the material’s tribological and load bearing capabilities but 
improved both the tensile and shear resistance. None of the sterilization methods induced irritability or 
cytotoxicity. 

 
Figure 1. Coefficient of friction for the non-sterile and sterile hydrogels with 30 N of normal load                                   

tested against porcine cartilage, using synovial fluid as lubricant. 

Conclusions 

All the studied methods proved to be able of sterilizing the PVA-PBO hydrogel. PM impaired some of 
the material’s properties and does not allow terminal sterilization, in contrary to HHP and MW. MW 
proved to be the most promising method, as HHP requires specialized personal and expensive 
equipment.  
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Synopsis 

The aim of this study is to produce by 3D, namely by robocasting, leucite-based glass ceramics with 
suitable tribological performance through the reinforcement with 12.5% and 25% ZrO2 nanoparticles 
(%wt). To understand the suitability of the printed samples for dental applications, samples of 100% 
ZrO2 coated with glaze were produced for comparison. The samples were evaluated regarding their 
density, surface roughness and fracture toughness. Also, wear tests were performed in a chewing 
simulator against dental human cusps in artificial saliva at room temperature with an applied load of 50 
N. Then, the counter-faces’ wear was quantified. 

Introduction 

Zirconia has been reported as one of the best materials to be used for dental restorations since it gathers 
properties that allow supporting the high loads during mastication without fracture, and at the same time 
does not induce much wear on the opposing teeth. However, these restorations are usually coated with 
a glass veneer to improve the restorations’ optical properties. This type of coating is fragile and therefore 
increases the wear of the antagonist teeth. To avoid the need of a coating over the zirconia frameworks, 
the production of glass-ceramic composites may become a good alternative. Although subtractive 
manufacturing is the most used technique to produce dental materials, additive manufacturing (AM) has 
been emerging as an alternative technology and so far, there are some works in the literature that show 
that it presents innumerous advantages [1] and can successfully produce materials with suitable 
properties for dentistry [2,3]. There are several AM technologies, being robocasting one of them. This is 
an indirect method that allows obtaining ceramic green pieces through the extrusion of a ceramic paste 
in a layer-by-layer deposition. 

Results and Discussion 

Table I presents the results for the produced samples regarding their density, surface roughness and 
fracture toughness.  

Table I. Density, surface roughness and fracture toughness of the produced samples. 

 Density (g/cm3) Surface roughness (µm) Fracture toughness (MPa.m1/2) 

3D - 12.5% ZrO2 2.12±0.02 1.47±0.43 0.79±0.07 

3D - 25% ZrO2 2.64±0.02 0.86±0.31 1.23±0.12 

Glaze 2.05±0.08 0.17±0.02 0.83±0.04 

Regarding the samples produced by robocasting, the results showed that although almost no detectable 
wear was found for 3D-25% ZrO2, 3D-12.5% ZrO2 suffered higher wear than 100% ZrO2+glaze. These 
results may be explained by the fracture toughness values: 3D- 25% ZrO2 presented higher toughness 
values than 100% ZrO2+glaze. Concerning the cusps wear, 3D-25% ZrO2 presented lower values than 
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the ones obtained against 100% ZrO2+glaze. 3D-12.5% ZrO2 induced the highest wear on the opposing 
teeth, which can be explained by its higher roughness combined with its low fracture toughness.  

 

Figure 1. Wear coefficient of prosthetic materials and dental cusps. 

Conclusions 

This work allowed concluding that robocasting is a potential AM technique to produce 25% ZrO2 since 
the prosthetic material wear was almost neglectable and the cusps’ wear was lower than the one 
obtained against the currently used commercial material (100% ZrO2+glaze). These results may be a 
starting point to explore alternative vitroceramic composite materials that avoid the use of glass-veneer 
coatings over zirconia prosthesis.   
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Synopsis 

Snake skins evolved to withstand permanent friction and wear during sliding. Here, the microstructure 
of ventral scales of the snake Lampropeltis getula californiae was analyzed using scanning electron 
microscopy, and the long-term dynamic friction behavior was investigated by reciprocating sliding friction 
tests. A smooth epoxy resin with similar elasticity modulus and hardness was used for comparison 
purposes. Strong differences in frictional and wear mechanisms between the two materials were 
revealed in spite of similar mechanical properties. Snake skin showed a considerably lower frictional 
coefficient that kept stable over several thousands of sliding cycles. A reduction of the stick-slip behavior 
was also denoted by analyzing the variation of the friction coefficient in the forward and reverse motion 
influencing the wear mechanism. This frictional behavior can be explained by three different but 
complementary mechanisms: fibrous layered composite material of the skin with a gradient of material 
properties, surface microstructure, and the presence of ordered layers of lipid molecules at the skin 
surface. 

Introduction 

The ventral body side of snakes is almost in continuous contact with the substrate. This has important 
tribological consequences for the ventral (belly) skin, because it should generate strong friction to 
support forward motion, and simultaneously low enough friction to enable sliding along the substrate. 
Microstructures on the skin surface of snakes were suggested to have a high relevance for snake 
locomotion. Moreover, the study of the textures developed in the nature is being currently the object of 
multiple investigations for its implementation in real-world product applications [1].  
The frictional properties of snake skin were studied in various species using different methods for 
characterization on the level of single microstructures or single and multiple scales. Most authors 
showed anisotropic frictional properties along the longitudinal body axis by comparing frictional 
coefficients for forward and backward direction, based on few sliding cycles. We have used a ball-on-
flat tribometer to test the snake skin in reciprocating motion in pure sliding conditions over thousands of 
cycles and steady-states regimes achieved. The following questions were asked. How does the ventral 
skin surface behave in long-term friction experiments? How wear resistant is the snake skin under heavy 
loading conditions? Are the elasticity modulus and the hardness the primary factors for friction reduction 
and wear resistance? 
For this purpose, we compared the snake skin frictional behavior with that of epoxy resin. After the 
experiments, the samples were inspected using scanning electron microscopy (SEM) to elucidate the 
frictional properties and wear mechanisms. Study object was the California King Snake (Lampropeltis 
getula californiae). Its skin, similar to other species, has a layered architecture, contains highly ordered 
embedded fibers, and exhibits a depth gradient in stiffness with a hard, robust outer surface and softer, 
flexible inner layers. 
 

Results and Discussion 

Table I. Average friction coefficient (µ) and standard deviation for the epoxy resin reference and the snake skin at 
different applied loads. 

μ@Loads 0.15 N 0.25 N 1 N 3 N 

Resin 0.91±0.68 0.87±0.18 0.79±0.10 0.69±0.10 

Snake skin 0.34±0.28 0.29±0.22 0.23±0.09 0.24±0.08 
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Figure 1. Friction coefficient curves for (a) the epoxy resin reference and (b) the snake skin at 1 N during reciprocating 
sliding motion. Details of the continuously measured friction coefficient for (c) the epoxy resin and (d) snake skin at 1 

N from cycles 150 to 155. Sudden variations correspond to the changes of probe sliding direction. 

Conclusions 

For the first time the long-term frictional behavior of snake skin using a reciprocating motion in pure 
sliding conditions was studied (cf. Fig.1 and Table I). The comparative analysis with a flat resin surface 
of similar mechanical properties has put in evidence the importance of architectural design of 
biomaterials in preventing friction and wear. Optimized topography and graded mechanical properties 
enable the modulation of friction forces to ease motion and reduce wear [2]. This study may inspire the 
design and development of new textured surfaces with enhanced tribological performance. 
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Synopsis 

A new torque loss model for tandem Tapered Roller Bearings (TRB) is derived from the loads and 
torques applied to each rolling element, following the rolling element model proposed by Houpert [3]. 
The most important novelty of this approach is to consider the static torque, used in the tandem 
assembly, as an input parameter for the model, instead of the axial pre-load. The comparison of the 
predictions of the model with experimental measurements in tandem rolling bearings shows an excellent 
correlation, explained by the accuracy of the static torque used to assemble the bearings and its 
relevance for the bearing operation. 

Introduction 

Rolling element bearings (REBs) assembled in tandem, either in “X“ and “O” arrangement, are a 

common design solution for mechanical systems [1, 2], for instance in automotive gear mechanical 

transmissions. 

A common feature of this tandem design is that the rolling element bearings are always assembled with 

a significant axial pre-load, which assures the proper operation of the system. 

One of the consequences of the axial pre-load is that it generates a static torque applied to the REB 

assembly. In fact, the highest is the static torque the highest will be the power loss generated by the 

tandem REBs. Figure 1 shows the torque loss measured in a tandem assembly of a pinion shaft, in a 

passenger car differential [1]. It is clear that, whatever the operating speed, the tandem torque loss 

increases when the static torque increases. 

 

 
 

Figure 1. Torque loss in a tandem tapered roller bearing assembly in the differential of a passenger car. 

Torque loss models 

The torque loss models are be derived from the model proposed by Houpert [3] for the torque 

components applied to each rolling element, that is the torques due to the rolling friction force, dTFR, the 

friction between the rolling element and the rib of the inner race, dTrib, and the elastic rolling torque, 
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dTMER, due to the hysteresis losses, 

𝑑𝑇 = 𝑑𝑇𝐹𝑅 + 𝑑𝑇𝑟𝑖𝑏 + 𝑑𝑇𝑀𝐸𝑅 (1) 

𝑀 = 𝑑𝑇 ⋅ 𝑍 (2) 

Developing all these torque components, the overall torque applied to each tapered roller bearing 

becomes, 

𝑀 = 0.00825 γ∗  sin α∗   𝑍0.44 𝐸′0.19 𝑑𝑚1.63 𝑙0.63 (η ⋅ ω𝑖)
0.44 𝐹𝑎

0.37 +  (3) 

0.424 ⋅ 𝐵 𝑓 𝑍 sin 𝛼∗  [𝜙𝑟𝑖𝑏  𝜇𝑏ℓ + (1 − 𝜙𝑟𝑖𝑏) 𝜇𝐸𝐻𝐷] 𝐹𝑎 + 0.001912 sin 𝛼∗  𝑑𝑚 𝜙𝑚𝑒𝑟  𝜇𝑏ℓ 𝐹𝑎 

From equation (3) it is possible to define the starting torque, Mst , of the tandem TRBs, given by 

𝑀𝑠𝑡 = (𝐾1 ⋅ sin α1
∗ ⋅ 𝑑𝑚1 + 𝐾2 ⋅ sin α2

∗ ⋅ 𝑑𝑚2) ⋅ μ𝑏𝑙 ⋅ 𝐹𝑎 (4) 

𝐾𝑖
′ = 𝐶 ⋅

𝐵𝑖⋅𝑓𝑖⋅𝑍𝑖

𝑑𝑚𝑖
 𝑎𝑛𝑑 𝐾𝑖 = (𝐾𝑖

′ + 𝐷),       𝑖 = 1,2 (5) 

Applying equation (3) it to the tandem TRBs and replacing equations (4) and (5) in (3), the overall torque 

becomes, 

𝑀𝑡𝑎𝑛𝑑𝑒𝑚
𝑇𝑅𝐵 = (1 − ϕ) ⋅

μ𝐸𝐻𝐷

μ𝑏𝑙
⋅ 𝐴 ⋅ 𝑀𝑠𝑡 + 0.00825 ⋅ 𝐵 ⋅ 𝐸′0.19 ⋅ (η ⋅ ω𝑖)0.44 ⋅ 𝑀𝑠𝑡

0.37 (6) 

where A and B are defined as, 

 (7) 

 (8) 

Conclusions 

The correlation between the experimental measurements and the predictions of equation (6) is excellent 

(see Figure 1). Such excellent agreement relies on the fact that the starting torque, Mst, as shows 

equation (5), includes crucial information about the tandem TRB axial load, geometry, contact angle and 

the rolling element / rib coefficient of friction. 

A similar equation has been developed for tandem Angular Contact Ball Bearings. 
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Synopsis 

In this work we present an overview on the ‘why’ and ‘how’ we developed and/or modified existing 
tribological methods to measure the friction and wear of materials for three distinctive bio-medical 
applications, namely hip joints, surgical sutures, and viscoelastic fluids.  

 

Introduction 

Friction and wear are important material characteristics that determine the functionality and lifetime of 
various applications. Among them, bio-medical tribo-systems stand out, as there is little to no room for 
error. However, the diversity and uniqueness of each tribological contact, makes it hard to reproduce 
the same contact conditions and subsequent failure mechanisms on the lab-scale, especially by using 
simplified test procedures. This is because different set of contact geometries, loads, motions, speeds, 
and environments are required for different in-vivo conditions. Using a simplified approach poses a great 
risk, as the obtained results do not necessarily correlate to the actual application and thus cannot be 
safely transferred/extrapolated.  

Results and Discussion 

Hip joint simulation: The failure of artificial hip-joints is often a combination of tribo-corrosion of the hip 
joint materials and inflammations due to wear particles in the body. For this reason, new materials are 
continuously being developed to prolong the life span of artificial joints. To date, biomaterials are often 
prescreened with a crude and simplified test such as the dry Taber Abraser (ASTM F 1978 – 00), which 
does not relate to what happens in the actual tribo-contact. Our proposed prescreening method is to 
use a multi-station wear approach, which allows to apply a multi-axial motion between 50 tribo-pairs in 
presence of serum. This motion is called Circular Track Pin on Disk (CTPOD).  The method has shown 
to produce equivalent wear rates and wear particles as a full hip-joint simulator [1,2]. The major 
advantage is the number of test coupons. With 50 stations, it is easy to compare directly different 
materials and surface finishes, allowing at least 10 repeats for statistical and confidence level analysis, 
Figure 1. 

 

Figure 1. (a) Evolution and (b) statistical analysis of wear loss of UHWPE pins.    

Surgical suture friction: Nowadays there is a wide variety of surgical sutures available in the market. 
They have different shapes, sizes, and thread materials or coatings, whereas they are being used 
extensively by surgeons, physicians, dentists, podiatrists, eye doctors, and other medical personnel. Up 
to date, most of the existing ranking and quality control processes are mainly based on mechanical 
(tensile) properties [3], whereas the frictional behavior is neglected. Thus, we have developed to 

(a) (b) 
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measure the friction of sutures with a high precision tribometer under the correct contact conditions. 
This method also allows for the complete 3D representation (Triboscopy) of the friction throughout the 
test, Figure 2.  

 
Figure 2. Comparison of 3D friction maps of different sutures, measured direct against silicone rubber countermaterial 

(50 mN, 5mm/s, vs 5 mm Ø silicone disk).    

 
Adhesion and thread formation of viscoelastic fluids: Viscoelastic fluids are frequently used in biomedical 
and healthcare fields. Typical examples could be found in hydrogels for treating knee joints, but also in 
everyday consumer products such as toothpastes, creams or shampoos. Friction and viscosity behavior 
play as they determine how well these products flow and spread over areas, how they transfer between 
surfaces or how well they adhere to them. We have developed a new method that is based on 
indentation/retraction curves [4] with a high precision sensor, operating in the mN range. This approach 
can measure - in one operation- the adhesive strength, the thread formation (tackiness), the 
compression and separation energy of a viscoelastic fluid. It also allows to investigate the influence of 
different test conditions, such as retraction speed and applied load, on these properties. Thanks to the 
high precision and efficiency of the test method, a relative ranking with high confidence levels of these 
characteristics can be easily obtained. 

Conclusions 

− Different/modified tribological approaches are needed to simulate different applications and contacts 
for biomedical applications.  

− Only by reproducing the same contact conditions and failure/wear mechanisms can the obtained 
results and comparisons are meaningful.  
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Synopsis  

Rolling sliding contacts are integral to bearings, power transmission systems, rail-wheel interface and 
rolling mills are typically subjected to high contact pressures (1.5 to 4 GPa) and slip ratios (0 to 100%). 
Traction, Stribeck and scuffing characteristics of lubricants, governed by the base oil and additive 
chemistry respectively, directly affect the efficiency and durability of the machine elements. 

 

Introduction  

In this work, twin disc roller on roller with geometry representative of a line contact was used to measure 
the traction and scuffing performance of a commercial 20W50 oil. The tests were conducted at either 
room temperature or 100 °C using a heated lubricant recirculation system. Both friction at the contact 
and the vibration were measured during the test. For the traction test, the load was kept constant (1 to 
2 GPa contact pressure) and the % slip varied between 0 and 40%. 

 

Results and Discussion  

A peak in the coefficient of friction was observed with % slip indicating the limiting shear stress under 
EHD conditions. The lubricant temperature also increased at higher % slip denoting the influence of 
thermal effects due to EHD shearing. Stribeck tests were conducted with decreasing entrainment 
velocity at constant load. A transition from EHD to boundary lubrication was observed with the friction 
coefficient increasing from 0.05 to 0.15 representative of non-conformal contacts. During scuffing tests, 
two different motions were used (a) co-rotation with a finite lubricant entrainment velocity (b) counter-
rotation with near zero lubricant entrainment velocity. The load was increased in steps till either a sharp 
increase in friction (COF > 0.2) and/or vibration were observed. Under co-rotation the coefficient of 
friction was constant upto loads of 5kN (~2.3 GPa peak contact pressure). With counter-rotation 
however, there was simultaneous increase in friction coefficient and vibration at ~ 3 kN (1.8 GP contact 
pressure) indicating scuffing. Microscopy of the disc surfaces post-test indicated severe material transfer 
and surface damage. Such test methods using twin disc can effectively and quickly screen different 
base oil and additive chemistries in a repeatable manner and enable development of lubricants for 
electric vehicles and high-speed railways. 
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Corrosion-wear (tribocorrosion) can be defined as the surface degradation of a material due to the 

sequential or simultaneous actions of corrosion and wear. This phenomenon has also been called 

‘mechanically assisted corrosion’ (Jacobs et al, 1998). Laboratory experiments show that whilst such 

effects can be mitigated by the application of surface coatings, these might become undermined via 

chemical attack of the substrate. Three basic types of aqueous corrosion-wear mechanisms have been 

identified that are specific to surface engineered materials engaged in sliding contact with another 

material.  Type I: The mechanical removal of the coating passive film or oxide scale (whichever provides 

corrosion protection) during sliding contact and its subsequent regeneration; Type II: Galvanic attack of 

the substrate leading to blistering and then removal of the coating or diffusion compound layer during 

sliding contact. This phenomenon only afflicts cathodic surface layers applied to anodic substrates and; 

Type III: Galvanic attack of the opposing sliding contact surface, when it is anodic relative to that of the 

outer surface of a surface engineered material. When the former is harder and more fracture resistant 

than the surface engineered material it is sliding against, the latter will become abraded.   A series of 

laboratory investigations led by the author will be reviewed and their relevance to practical applications 

will be highlighted.   
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Synopsis 

Laser patterning was performed on self-lubricating WSC coating in order to improve their lubricity during 
sliding against rubber. The patterning conditions allowed to improve the crystallinity of the WS2 phase. 
The tribological testing against rubber showed improvement during the initial stages of sliding. During 
the later stages of sliding, the laser patterned coating performed similarly to the pristine one. 

Introduction 

Sliding of rubber material against steel can be encountered in many applications, e.g., shaft seals or tire 
moulding. During dry sliding of rubber against steel the coefficient of friction can be quite high, and 
lubrication is needed [1]. Conventional liquid/grease lubricants can be used, but in some applications 
their usage is not optimal due to the constant need of reapplication or extreme operating conditions 
(e.g., high temperatures). Solid lubricants can be an alternative in these extreme cases as they can 
operate at higher temperatures, and they can easily be contained on one of sliding interfaces. Tungsten-
sulfur-carbon coatings are self-lubricating nanocomposite coatings deposited magnetron sputtering. 
They consist of an amorphous carbon (a-C) matrix with WS2 TMD (Transition Metal Dichalcogenide) 
platelets embedded in it. WSC coatings can provide lubrication during sliding against steel [2]. 
Nevertheless, during sliding against rubber due to the low contact stresses, these coatings cannot 
provide the same level of lubrication as the lubricious TMD crystals cannot align in the direction of sliding. 
Therefore, in an attempt to improve the lubricity of the WSC we performed laser treatment of a W-S-C 
coating using a UV laser.  

Materials and Methods 

The W-S-C and a pure WSx coatings were deposited by magnetron sputtering. Laser treatment on the 
W-S-C coating was performed using a UV laser. The morphological and structural analysis was 
performed using scanning electron microscopy (SEM), X-ray diffraction and Raman spectroscopy. The 
hardness was assessed using nanoindentation. The tribological testing was performed using a 
unidirectional pin-on-disk device using a NBR rubber ball as a counterbody. Post-test analysis was 
performed using SEM and 3D profilometry 

Results and Discussion 

The laser treated sample showed minor swelling (up to 50 nm), which could be related with the 
graphitization of the a-C phase. The graphitization of the laser treated zones was confirmed through 
Raman spectroscopy. These treated zones also contained WS2 with improved crystallinity based on the 
Raman analysis performed. The untreated coating had a hardness of 5-6 GPa. The measured hardness 
in the treated zones showed decrease (down to 3 GPa) which could be related to the graphitization of 
the a-C phase. In this context it should be noted that graphite is inherently softer than a-C. 
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Figure 2. The evolution of the coefficient of friction as a function of the number of cycles 

The tribological studies revealed that the laser treatment provided friction reduction during the initial 
stages of sliding. During the later stages of sliding the response of the untreated and the treated coating 
was quite similar. These trends are very likely due to depletion of lubricious material from the sliding 
interface, i.e., depletion/removal of the laser treated lubricious volumes of material. This theory is 
supported by the fact that the 3D scanning of the wear scar revealed pits (depth size up to 10 nm) in the 
treated areas. Finally, the pure sputtered WSx coating showed the highest level of friction reduction due 
to its highly lubricious nature. Nevertheless, it should be noted that this coating suffered wear (5 x 10-5 
mm3/Nm), unlike the other samples where no measurable wear was detected. 

Conclusions 

Laser patterning can successfully be used for localized improvement of the crystallinity of coatings 
containing a-C and TMDs. The improvement of the crystallinity is often coupled with graphitization of 
carbon phase and a subsequent hardness reduction. During sliding against rubber counterbodies, the 
treatment can lower the coefficient of friction during the initial stages of sliding. The level of friction 
reduction is highest for single-phase sputtered WSx coatings, but they suffer from excessive wear. 
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Synopsis 

To explore the potential of two-dimensional (2D) nanomaterials as friction, wear, and hardness 
improvers, films of 2D hexagonal boron nitride (h-BN), graphene nanoplatelets (GNP), and the 
combination of both nanomaterials (h-BN/GNP) were deposited on mild steel by spray coating method 
followed by post-heat treatment. The mechanical and tribological properties of the coatings compared 
with bare steel were performed and analyzed using a Vickers micro-hardness testing, ball-on-disc 
tribometer, and a 3D optical profilometer, respectively.  

Introduction 

Reducing friction losses and thus wear between moving mechanical parts in contact with each other 
remains one of the significant industrial challenges of recent years [1]. The synergy between 
nanomaterials and industrial lubricant has shown great promise in addressing this challenge with 
reported excellent friction and wear performance [2]. However, liquid lubricants may not be used under 
certain operating conditions or applications: high temperature or vacuum. Therefore, the solid self-
lubrication of two-dimensional (2D) nano-additives as metal reinforcement coatings presents itself as a 
very interesting alternative [3]. Moreover, nano-coatings would be a solution to the current demand for 
energy efficiency and help reduce the production of waste oil.  

Among the 2D nanomaterials, graphene (GNP) and hexagonal boron nitride (h-BN) stand out as 
protective coatings due to their layered structure and excellent chemical resistance, barrier properties, 
impermeability together with thermal stability. Thus, to explore their potential in improving steel's friction 
and wear resistance, films of GNP, h-BN and a heterogeneous structure of both (h-BN/GNP) were 
deposited on mild steel by spray coating method combined with post-heat treatment. 

Results and Discussion 

The hardness results showed a greater improvement in this property for substrates coated with a post-

heat treatment at 300C, with increases of 2.5, 3.3 and 2.6 % being achieved for the 200-layer GNP, h-
BN and h-BN/GNP coatings compared to the uncoated steel substrate, respectively (Figure 1a). 

Sliding friction tests were performed on substrates uncoated and coated with 200 layers of each 

nanomaterial (GNP, h-BN and h-BN/GNP) and post-heated to 300C for 4h first in dry conditions and 
then using a commercial oil as lubricant (5W-30). For dry lubrication conditions, excellent antifriction 
behavior is revealed for all coatings applied on the substrate compared to the bare one, reaching a 
coefficient of friction (COF) reduction of 22% for the steel sample coated with 200 layers of h-BN. This 
is not the case when an oil (5W-30) is used as a lubricant between the contact surfaces during sliding 
friction tests. Only the GNP-coated substrate produces a 15% improvement in COF over the bare 
sample, the h-BN and hybrid coatings do not achieve this antifriction effect when 5W-30 lubricant is 
used. 

After the friction tests, the wear scars produced on the substrates were optically analyzed. Thus, 
excellent anti-wear performance was revealed for the nano-additive based coated substrates, especially 
for the h-BN/GNP based hybrid coating, reaching 44% reduction in wear area under dry lubrication. The 
GNP and h-BN coatings similarly managed to reduce the wear area on the steel substrate by 31% and 
28% respectively (Figure 1b). 
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Figure 1. a) Increase in Vickers hardness of steel substrates coated with 200 layers of different 2D materials at different 

temperatures and b) wear cross-sectional area for uncoated and coated substrates in two different lubrication 
conditions: dry (filled bar) and lubricated (grated bar). 

Conclusions 

In this work, different 2D nano-coated steel surfaces were tribologically studied. In friction tests with 
sliding steel-steel tribo-pairs under dry conditions, graphene-containing ethanol solution coating 
decreased the coefficient of friction and wear area by 21% and 31%, respectively. Interestingly, it is 
revealed that under dry and lubricated conditions, h-BN-graphene heterostructure exhibits outstanding 
anti-wear properties synergistically compared to stand-alone 2D materials. This research suggests that 
this sort of nano-coating has the potential to improve the tribological performance of steel-steel tribo-
pairs. 
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Introduction 

Cast aluminium-silicon (Al-Si) alloys have been increasingly employed in different industrial sectors for 
the development of novel lighter components. In the automotive industry, the application of cast Al-Si 
components, among which engine parts and brake discs stand out, is envisaged as a strategic approach 
towards vehicle weight reduction, thereby minimizing fuel consumption [1]. The main interest in cast Al-
Si alloys resides in their excellent castability, high mechanical properties and strength-to-weight ratio. 
Nevertheless, poor wear resistance and tribo-corrosion properties hamper the application of cast Al-Si 
alloys for critical components with stringent requirements [2]. 

Plasma Electrolytic Oxidation (PEO) is an environmentally friendly surface technology for the 
development of protective coatings on light alloys, e.g., aluminum, titanium, or magnesium alloys. The 
main advantages of PEO coatings are their high adhesion to the substrate, thickness and hardness, 
together with their excellent tribological and tribocorrosion performance. Despite the versatility of PEO 
technology, formation of PEO coatings with proper mechanical properties on cast Al-Si alloys represents 
a challenge, mainly due to the p-semiconducting behavior of the silicon phases as well as the presence 
of complex intermetallic compounds that hinder the initiation of plasma microdischarges [3].  

The present study is focused on the development of PEO coatings on a heterogeneous secondary cast 
Al-Si alloy for brake disc related applications. PEO treatments have been carried out using a bipolar 
pulsed power supply, with variable pulse frequency and cathodic-to-anodic current density ratio. The 
electrolyte was specifically formulated for deposition of dense coatings with uniform thickness. Obtained 
PEO coatings were characterized in terms of thickness, roughness, phase composition and required 
energy consumption (Figure 1). Based on these results, potential candidates have been selected for 
further SEM/EDS characterization, hardness measurement and wear testing. 

Tribological and intermittent tribocorrosion tests have been developed with the aim of validating the 
application of PEO coatings on brake discs. The tribological tests have been performed using a special 
tribometer that mimics the brake pad to disc contact pair. In order to assess coating feasibility for this 
application, the tribological behavior of PEO-coated Al-Si discs have been compared against that 
provided by cast iron which is commonly applied in brake discs. Furthermore, in real applications, brake 
pad-disc wear often occurs under adverse weather conditions or water-based lubricants promoting 
corrosive environments. Therefore, tribocorrosion tests have been also carried out for performance 
evaluation of the PEO coatings developed for brake application.  

Conclusion 

The present study presents new insights for the development of PEO coatings with high tribological 
performance on a secondary cast Al-Si alloy. From the results obtained, PEO technology is envisaged 
as an efficient alternative to extend the service life of cast Al-Si automotive components, making them 
competitive against the use of heavy cast iron parts. 
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Figure 1.  Dependence of specific energy consumption (kWh/µm) and thickness (µm) of the PEO coatings with the 
frequency and current ratio applied. 

References  

[1] P. Fernández-López, S.A. Alves, A. López-Ortega, J.T. San José-Lombera, R. Bayón, High 
performance tribological coatings on a secondary cast Al–Si alloy generated by Plasma Electrolytic 
Oxidation, Ceramics International, 47 (2021) 31238. 

[2] S.A. Alves, P. Fernández-López, A. López-Ortega, X. Fernández, I. Quintana, J.T. San José-
Lombera, R. Bayón, Enhanced tribological performance of cylinder liners made of cast aluminum 
alloy with high silicon content through plasma electrolytic oxidation, Surface and Coatings 
Technology, 433 (2022) 128146. 

[3] A.B. Rogov, H. Lyu, A. Matthews, A. Yerokhin, AC plasma electrolytic oxidation of additively 
manufactured and cast AlSi12 alloys, Surface and Coatings Technology, 399 (2020) 126116. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



IBERTRIB 2022 – 11th Iberian Conference on Tribology, Instituto Politécnico de Setúbal, Setúbal, Portugal 

- 77 - 

O28 
 

Enhancing the lubrication effect on tribological response of laser 
textured PH stainless steel surfaces 

 
J.M. Vazquez-Martinez a,*, I. Del Sol a, M. Batista a, J. Salguero a 

 
a University of Cadiz, Av. Universidad de Cádiz 10, Puerto Real, Cádiz, Spain 

* juanmanuel.vazquez@uca.es 

Introduction 

The UNS S17400 stainless steel, also identified as Grade 630 or 17-4 PH, is an extensively used 
engineering alloy in aerospace, automotive, energy or biomedical industry. In addition, this alloy is 
considered as strategic material for additive manufacturing applications. The excellent mechanical 
properties of the Precipitation-Hardening (PH) steel make it one of the most recommended materials for 
dynamic contact components. However, under lubricated sliding conditions this type of alloys may show 
limitations and unstable friction coefficient values [1,2].  

This study is focused on the increase of performance, based on laser texturing modification procedures, 
of 17-4 PH steel surfaces under tribological wear. The development of a micro-dimple topography allows 
to improve the lubrication effect on the sliding contact, decreasing the wear damage and extending the 
lifetime of the surface.  

In this research Commercial 17-4 PH steel samples of 60 mm diameter and 6 mm thickness, with an 
initial hardness of 380 HV were grinded to a surface finish of Ra < 0,05 µm / Rz < 0,15 µm. Under these 
conditions, samples were irradiated using a 20 W Ytterbium fiber infrared laser system with 60 µm spot 
diameter and 100 ns pulse duration. Laser texturing was performed at 0.354 J/mm2 of pulse energy 
density (Ed), in a range of 6 different scanning speeds (Vs), Table 1. Pulse distribution and density of 
dimples from the laser treatments was altered by selecting different pulse rates, separation between 
laser tracks (Ls) and scanning speeds. This allows to generate textures with a wide range of irradiated 
surface percentage (ISP), resulting on different nature and properties based on equidistant dimples. All 
the textures were irradiated in an open-air atmosphere. 

Table I. Laser texturing conditions 

 

ISP 98% 79% 55% 25% 14% 9% 

P (W) 20 

F (kHz) 20 

Ls (µm) 80 100 120 180 240 300 

Vs (mm/s) 1600 2000 2400 3600 4800 6000 

 

Each texture was developed on a 5 mm thickness circular ring with 55, 45 and 30 mm external diameter.  

Laser textured effects on steel samples were characterized with SEM/EDX, evaluating the size and 
shape of the dimple density by optical microscopy techniques and roughness measurement. The 
examination of the lubrication retention was carried out by the study of wetting behavior through contact 
angle measurement. Finally, pin-on-disc tribological tests were performed over the 6 different textured 
surfaces and an untreated sample. All tests were performed with a load of 25 N, a sliding distance of 
500 m and a sliding speed of 27 m/min (0.45 m/s), using a tungsten carbide pin with 3.0 mm diameter. 
Sliding tests were carried out under lubricated conditions using 100 µl volume of Fuchs Renolin MR 3 
VG 10 lubricating oil (DIN 51502). 
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Results and Discussion 

Through laser texturing processes on 17-4PH steel surfaces, the development of modified layers with 
special topographies for specific applications have been achieved. Lubricant absorption has been 
improved through equidistant micro-dimples textures, improving the wear and friction resistance in 
sliding conditions compared to non-textured samples.  A reduction of approximately 90% of friction 
coefficient (µ) have been obtained for lower activated areas (density of dimples), Figure 1. This 
improvement is also related to wear track volume, were adhesion and abrasion phenomena were 
identified as the main mechanism involved in the wear process of the tribological pair WC-Co / 17-4PH 
steel. 

 
Figure 1. Wear and friction behavior of textured specimens 

Conclusions 

The percentage of irradiated surface shows a significant influence on the friction and sliding behavior of 
steel surfaces by the development of specific topographies that achieves a decrease in the µ values for 
all the laser treatments, mainly due to decreasing the wear debris on sliding track and stick-slip 
phenomena. By decreasing the ISP, average reductions higher than 50% and 70% were reached 
between higher and lower of the irradiated percentage surfaces. 
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Introduction 

Ti6Al4V is the most common titanium alloy in the industry. Used in several fields, such as aerospace, 
automotive or medical, its engineering applications are uncountable. Among them, friction and wear 
situations may appear, being critical to improve the wear behavior of this alloy. In particular, the 
advantages of Laser Surface Texturing (LST) for surface modification have already been proven [1], 
among which we may find the control of the morphology, color and oxidation layer as a function of the 
processing parameters [2]. 

The LST parameters mainly used to control the morphology are the energy density (Ed) and the 
scanning speed (Vs). However, wear behavior is highly related to the formation of an oxidation layer for 
process under air atmosphere. Additionally, it should be noticed that the ablation environment has an 
impact on the material removal rate and laser ablation, which changes the microcracks geometry and 
the heat affected zone [3]. Nevertheless, far too little attention has been paid to the differences between 
inert and oxygen atmospheres effects on the LST surfaces of titanium. Therefore, this research is 
focused on the comparative study of the different atmosphere environments LST and its effects on the 
wear behavior.  

For this purpose, titanium samples were textured under three different Vs values, with 4.04 J/cm2 Ed, 
using air and protective (Ar) atmosphere (table I). Then, the samples were tested using a pin on disk 
tribometer to characterize the effect of the textures at different environments LST conditions. After 
testing, friction coefficient, pin and samples wear rates and wear mechanisms were studied.  

Table I. Laser texturing conditions 

Energy density (J/cm2) 4.04 

Atmosphere Air Argon 

Scanning speed (mm/s) 40-80-150 40-80-150 

Results and Discussion 

The atmosphere of the textures presented different aspects due to oxidation depending on the process 
atmosphere. Under oxygen, the scanning speed also changes the color of the textured area due to the 
oxidation, while argon samples did not modify the superficial color. 

Regarding the tribology tests, the textures performed under an inert atmosphere generally increased 
the friction coefficient due to the roughness of the surface, Figure 1. Argon samples presented lower 
friction coefficients than oxygen with closer values to untextured surfaces, obtaining the same value 
(0.28) for 150 mm/s. 

The main wear mechanisms detected for the samples were adhesion and abrasion. There is a significant 
reduction of the abrasion for both argon and oxygen tests. The weight variation of the pins is smaller for 
argon samples, being mainly related to a reduction of the adhesion and abrasion wear mechanisms. 
Oxidative treatments showed the formation of adhered multilayer deposition on the pin, Figure 2. 
Similarly, the scanning speed also affects the effect of the protective layer for oxygen samples, where 
at 40 mm/s the oxidation layer is unstable, and it is detached from the surface.  
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Figure 1. (a) Average Friction coefficient forVs=80 mm/s (b) average weight loss for pin and samples. 

 

Figure 2. Adhesive effects of wear on pins for Vs=40 mm/s under different irradiation conditions 

Conclusions 

The friction coefficient is highly influenced by the Vs and the environmental atmosphere. Textures 
presented low variability between the LST treatments, and they reduced the wear of the samples which 
isolated the effect of the texture from the oxide layer. Oxidative environment increases the adhesion on 
the pins. 
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Synopsis 

The wear behavior of an advanced hardfacing NiCrBSi-60%WC (wt.%) composite coating deposited by 
laser cladding is assessed in dry sliding conditions, under reciprocation motion against an alumina 
sphere. The microstructure of the coatings consists in WC particles dispersed in a matrix of primary γ-
Ni dendrites and γ-Ni+Ni3B interdendritic eutectic, with a fraction of other Cr and W carbides and borides 
particles formed due to some dissolution of the WC particles in the liquid during deposition. However, 
only minor dissolution of WC has occurred during deposition, leading to the formation of other carbide 
and boride phases that strongly contribute to its high hardness and good wear behavior, particularly by 
limiting adhesion phenomena at the softer matrix during sliding. 

Introduction 

Laser cladding is an established process for producing hardfacing coatings that increase the wear 
resistance of components, extending their service life [1]. NiCrBSi alloys reinforced with a high fraction 
of WC particles are among materials recently designed for laser deposition [2], with various applications 
in the mining and oil drilling industries and in cutting, metal forming and machining tools [3,4]. However, 
a careful control of the deposition parameters is critical to avoid excessive dissolution of the carbide and 
the consequent formation of brittle phases that often impair the coatings properties and wear behavior 
[2,5,6]. This study is a contribution to understand the effects of laser deposition on the microstructure 
and wear behavior of the coatings under dry sliding conditions. 

Results and Discussion 

Coatings of NiCrBSi-60%WC were deposited by laser assisted deposition on plates of 316L steel, using 
a diode laser system, at a laser power of 1200 W, scanning speed of 10 mm/s and a powder flow rate 
of 0.23 g/s (Figure 1a). The microstructure of the coatings consists of WC particles dispersed in a matrix 
of primary γ-Ni dendrites and γ-Ni+Ni3B interdendritic eutectic (Figure 1b). Other phases, such as small 
faceted W2C particles and M7C3 carbides, formed due to the partial dissolution of WC during 
solidification. Cr5B3, Fe3B borides and Fe2C, may have also precipitated in low fractions. 

Reciprocating sliding wear tests were made under a sphere-on-plate configuration, using a 6 mm 
diameter alumina sphere, at a normal load of 2 N, a stroke length of 3 mm, at 2 Hz for 2 h. After a short 
initial transient, the friction coefficient remains relatively constant (0.5 ± 0.02) during sliding. The wear 
craters are very shallow and the wear coefficient is low (1.3±0.4)×10-7 mm3N-1m-1), as expected, due to 
the coating’s high average hardness (1260±60 HV2), resulting from the presence of a high volume 
fraction of the hard carbide and boride phases in the microstructure. 

The wear surfaces show few traces of light abrasion (Figure 2a) and some evidence of carbide fracture 
and pull-out (Figure 2b) as main material removal mechanisms. Chemical analyses show oxide debris 
accumulated at the pulled carbide cavities (Figures 2b and c) and some alumina fragments from the 
counterbody (Figures 2b and d). 
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Figure 1. Coating cross-section (a) and microstructure (b). 

 

  

  

Figure 2. SEM analyses of the wear surface: secondary electron (SE) image (a); cavities due to carbide pull-out (b); 
EDS distribution map of O (c); EDS distribution map of Al (d); EDS distribution map of W (e). 

Conclusions 

The results show that the laser deposited coating presents a very high hardness and wear resistance. 
Only minor dissolution of WC has occurred during deposition, leading to the formation of other carbide 
and boride phases. Furthermore, the presence of a high volume fraction of hard phases strongly 
contributes to its good wear behavior, particularly by limiting the tendency for adhesion at the softer 
matrix during sliding. 
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Ti/CoCrMo based Biomedical Implants are commonly used in clinical management and medical 
practices, to replace or repair malfunctioned or failed body parts or joints. The challenge of a clinician is 
to have an implant which satisfies the functional requirements of the patients, and it should have 
minimum side effects on the patient's body. Several clinical reports and studies showed the early failure 
of such implants and release of the metal ions/particles to the surrounding tissues, which become a 
serious clinical concern. Such processes are mainly caused by the mechanical movements of the 
implants coupled with the effect of body environment.  The effect can be the biochemical or 
electrochemical response of the implant metals to the surrounding solution, which is called as corrosion. 
Furthermore, the combined effect of such mechanical/tribological factors and chemical and 
electrochemical factors is known as tribocorrosion.   
This talk will address the basics and recent progress in the tribocorrosion (sliding/fretting) studies on the 
biomedical implant in vitro simulations, as a function of mechanical, biochemical and biological variables.  
Last 10 years, the research from our own lab, on corrosion, tribology and tribocorrosion aspects of 
biomedical implants (minimizing and early predictions) will be discussed and summarized. Through the 
combination of hip simulator, incubator/bioreactor and micro-fluidic system, a patient in lab (PiL) can be 
facilitated to investigate the potential risk associated with tribocorrosion processes from the implants. 
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Synopsis  

This work aimed at investigating the possibility of producing highly reinforced 25NiCr–75CrC composite 

coatings by laser deposition and to study their structure and wear behavior under dry sliding conditions. 

Introduction 

In many industries, such as the aerospace, metal forming, energy production and in mining machinery 
parts, the surface properties of the materials employed are of major importance. Metal matrix 
composites (MMC’s) show excellent wear and corrosion resistance. These coatings are usually 
deposited by thermal spraying technologies that may lead to defects like porosity, microcracks, unmelted 
particles and low bonding to the substrate. Laser deposition enables coatings with a metallurgical bond 
to the substrate, low porosity and high microstructure control [1]. However, laser assisted deposition of 
coatings with high fractions of reinforcement phases present difficulties and cracking is frequent. St. 
Noworny et al. [2] have reported when laser cladding with particle loadings higher than 50wt%, it is 
increasingly harder for material to flow, leading to melt pool instabilities that result in a tooth edge 
appearance and poor coating quality, suggesting that an intrinsic upper limit in the amount of 
reinforcement phase should exist for the process. 

Results and Discussion 

The coatings were deposited by laser cladding on 304 stainless steel substrates, using a 1.5KW diode 
laser system and powders of NiCr–75CrC. The deposition parameters that allowed the production of 
coatings with optimized general characteristics are summarized in table 1. 

 

Table 1. Laser processing conditions 

Laser Power (W) Scanning speed (mm/s) Powder feed rate (g/s) Overlap (%) 

800 10 0.15 53 

 

The coating has an average thickness of 1.1±0.1 mm and presents a homogeneous microstructure and 
little porosity. The microstructure consists of elongated faceted Cr3C2 and Cr7C3 carbide particles 
dispersed in and matrix of (Ni,Cr)-Cr3C2/Cr7C3 eutectic (Fig. 1). 

 

Figure 1. Microstructure of the coating (BSE) and corresponding XRD pattern. 
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The coatings present an average hardness of 1120±20 HV1, constant throughout the coating thickness. 
The dynamic friction coefficient was measured during reciprocal sphere-on-plane sliding tests, against 
a 6 mm diameter alumina sphere, under a 2N load, a cycle distance of 3mm, a 2Hz frequency, for 2h. 
After an initial transient, the friction coefficient stabilizes at a relatively low value (0.1±0.02). Wear tests 
performed in more severe dry-sliding conditions, against an alumina sphere (25.4 mm), under a load of 
3N, a speed of 130 mm/s and a linear distance of 2500 m. The wear coefficient, calculated from 
measurements of the average crater diameter, yielded an average value of (1.9±0.15)x10-5 mm3/(Nm). 
The wear surfaces show evidence of an oxide-rich tribolayer formation (Fig. 2), confirming that wear 
occurs in the mild oxidative regime and a there is little tendency for adhesion. 

 

Figure 2. Wear crater surface micrograph after severe wear test. a) A –Light abrasion marks; B – Oxide accumulation; 

C and D – tribolayer formation; b) Ni EDS map; c) Cr EDS map; d) O EDS map e) Al EDS map. 

 

Conclusions 

High reinforced NiCr–75CrC coatings were successfully deposited by laser cladding. The coatings 
microstructure is formed of elongated chromium carbide particles and (Ni,Cr)+Cr3C2/Cr7C3 eutectic. The 
high carbide volume fraction is responsible for the coatings’ high hardness and high wear resistance 
that occurs mainly in the mild oxidative regime. 
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Synopsis 

The main purpose of this study was to characterize physical, chemical, and thermal properties of 4 low 
viscosity base oils before and after 120 hours of thermal aging at 150ºC with a copper catalyst in order 
to determine the best option as a potential e-thermal fluid for immersion cooling application in Battery 
Electric Vehicles (BEVs). 

Introduction 

With the rise of electrification in the transport sector, an important topic of interest regarding thermal 
management and tribology arises: e-fluids [1]. With no standards and no extensive research, and with 
only a few products on the market, studying these fluids will help us understand, evaluate, and optimize 
current and future products.  

Despite the lack of standardized tests, we can measure the most relevant properties for different 
specimens and provide ranking before and after degradation processes as well as detect advantages 
and limitations. 

Results and Discussion 

In order to determine how thermal aging affects the test fluids, thermal, physical, and chemical 
characterization should be done before and after degradation, following international standards shown 
in Table 1: 

 Table I. Standards used for properties measured 

Properties Equipment/Method Standard 

Viscosity & Density Viscodensimeter ASTM D7042, D4052, D287, D1298 

Water content Karl Fischer Titration ASTM D6304 

Particle content ICP ASTM D5185 / ISO 4406 

Acid Number TAN ASTM D8045 

Oxidation, Nitration & Sulfation   FT-IR ASTM E2412, D7214, D7414 

Thermal conductivity & cp Transient hot wire method ASTMD7896 

 

In addition to the 4 base oils used in this study, water and a fully formulated synthetic engine oil SAE 
5W30 were used as references. 

Table II. Thermal properties of test fluids at 20ºC 

Thermal properties Water SAE 5W30 Syn Polyalphaolefin Group 3 Paraffin Diester Polyol-ester 

k [W/m K] 0,594 0,14 0,145 0,138 0,146 0,149 

cp [kJ/kg k] 4,167 2,174 2,314 2,21 2,076 2,052 

 

Test fluids were subjected to thermal degradation at 150ºC for 120 hours with a copper catalyst to boost 
the oxidation process. Although thermal conductivity and specific heat capacity can suggest a certain 
amount of cooling/heating potential, are not enough to determine the best candidate for e-fluid 
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applications, that is why a Figure of merit known as the Mouromtseff number (Mo) was used to determine 
the heat transfer capabilities of each fluid before and after thermal aging.  

𝑀𝑜 =  
𝑘𝑎 ∗ 𝜌𝑏 ∗ 𝑐𝑝

𝑑

𝜇𝑒
 

Where 𝑘 is the thermal conductivity, 𝜌 density, 𝑐𝑝 specific heat capacity, and 𝜇 the dynamic viscosity. 

The exponents a, b, d, and e are values for a specific type of application; 0.8, 0.67, 0.33, 0.47 
respectively for internal turbulent flow [1]. 

The following figures represent the Mo as a function of temperature for each aged fluid (Figure 1), and 
Mo Water/Fluid correlation (Figure 2): 

 

Figure 1. Mouromtseff number of aged fluids 
 

 

Figure 2. Fluid/Water Mo Correlation 

Conclusions 

From a thermal point of view, the properties of all test fluids didn’t suffer any significant changes (less 
than 1%), indicating thermal endurance under adverse conditions. However, considering other chemical 
factors such as oxidation and acidification, there were some changes that can reduce their service life.  

The best suitable base oil for immersion cooling applications in this experiment is the Diester, which has 
better heat transfer capabilities than the rest of the test fluids as well as better potential against oxidation. 
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Synopsis 

This work studies the influence of factors like temperature, time, and air exposition on the oxidation of 
three automatic transmission fluids (ATFs) and their changes in electrical conductivity. Results showed 
that electrical conductivity of the oils with higher additive content was less affected by oxidation. 
Electrical conductivity measurements are better than FT-IR ones for monitoring oil thermo-oxidative 
degradation at initial periods. Conventional ATFs could maintain good electrical compatibility in 
electrified drivelines, although their materials compatibility and copper corrosion protection of electrical 
components should be also tested.  

Introduction 

Currently, the lubrication of the electrified vehicles drivelines is carried out mainly by ATFs, but this 
solution is not optimized for the performance of the hybrid electric vehicles (HEVs) and electric vehicles 
(EVs) [1]. ATFs can also lubricate the electric motors (EMs) which requires compatibility with the copper 
in the coils and the polymers used in sensors and seals, an improved thermal conductivity, as well as 
electrical and magnetic compatibility [1-4]. Electrical conductivity of the oils should be low for avoiding 
current leaks and possible electric shock and short-circuits in the EMs. On the contrary, the oil cannot 
be an insulator because static buildup followed by static discharges can occur [5]. Tribology could 
contribute with formulation of new lubricants [6], which not only reduce both friction and wear, but also 
fulfil new requirements from systems like the EVs. Formulation of ATFs should contribute to reduce the 
oil degradation and its influence on different properties of interest for the EVs. The aim of this work is to 
study the influence of temperature, time, and air flow on the degradation (oxidation) of three commercial 
ATFs, using as response variable the electrical conductivity of the oil.  

Results and Discussion 

Lubricants were aged through a controlled process of oxidation. Two temperatures (150 and 170 ºC), 
two air flow ratios (20 and 40 l/h) and two ageing times (168 and 216 h) were combined to create eight 
different oxidation states. Electrical conductivity was measured at different temperatures between 45 

and 150 ºC. All the lubricant samples can be classified as dissipative ones. In general, the aged lubricant 

samples have higher electrical conductivity than the fresh samples. An analysis of variance (ANOVA) 

was performed. The factor with the higher influence on the response was the temperature, followed by 
the time and the air flow. Viscosity of the aged lubricant samples increased a little compared to the ones 
of the fresh lubricant samples, so the variations in electrical conductivity can be associated to the 
oxidation. The Walden plot was used to evaluate the ionicity of the lubricant samples (Fig. 1). Results 
obtained show that all lubricant samples are considered “non-ionic” liquids. These results are very 
important for potential application of these ATFs in an electrified driveline. The molecular changes 
occurred in the lubricant samples after the oxidation process were measured by using the Fourier 
Transform Infrared (FT-IR) Spectroscopy technique. The ATFs showed an increase in oxidation, which 
was related to the corresponding antioxidant additive depletion. These experiments allow to conclude 
that the temperature in every case and the air flow rate in two cases induce chemical changes in the 
oils, which are translated into changes in the electrical conductivity.   
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Figure 1. Walden plot of fresh and aged lubricant samples. 

Conclusions 

• Higher contents of additives in the oil formulation minimize the variations of electrical 
conductivity with the oxidation. 

• Electrical conductivity is a good parameter for monitoring the degradation of ATFs and has 
greater resolution than FT-IR at initial periods of thermo-oxidative degradation.  

• The variation of viscosity was small in the aged ATFs and then the variation in their electrical 
conductivity was attributed mainly to the oxidation, even at levels not clearly determined by FT-IR.  

• All ATFs (fresh and aged) could be considered as dissipative and thus adequate to be used in 
EV with respect to the electrical conductivity. 

• Principal component analysis shows a clear clustering of the oils depending on the aging 
conditions. 
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Synopsis 

In this work, the effect of adhesion on metallic nanocontacts has been studied by means of molecular 
dynamics simulations. Simulations of nanoindentation tests with spherical tips on plane substrates in 
Cu-C, Cu-Cu, Ni-C and Ni-Ni systems have been carried out. Different contact models have been 
evaluated from the results obtained by molecular dynamics. 

Introduction 

The reliability and durability of micro and nanodevices (MEMS and NEMS) is highly conditioned by 
surface interactions that depends on the forces that can occur on a surface at small scale, such as 
friction, adhesion, meniscus forces and surface tension. Therefore, adhesion can be of great 
significance in metallic nanocontacts. The interaction between the bodies that come into contact is 
controlled by the asperities of their surfaces. At small scales, adhesion can alter forces and 
displacements fields around the contact leading to variations in stiffness contact, area of contact and 
other relevant quantities that are used to describe the surface interaction between solids. 

Nanoindentation is a method that allows mechanical properties to be extracted from the continuous 
measurement of force and displacement at the contact between a tip and a substrate. Adhesion energy 
can also be obtained from the results of an indentation test if a suitable contact model is available. In 
the scientific literature, the best-known contact models are those of Johnson, Kendall and Roberts (JKR) 
and Derjaguin, Muller and Toporov (DMT). However, these models are only strictly applicable in 
situations where adhesion forces dominate over elastic ones or vice versa. Maugis proposed a contact 
model that could also describe intermediate situations. 

In this work, simulations of nanoindentation tests with spherical tips on plane substrates in Cu-C, Cu-
Cu, Ni-C and Ni-Ni systems have been carried out. Molecular dynamics simulations have been 
performed by using the open-source code Large-scale Atomic Molecular Massively Parallel Simulator 
(LAMMPS), developed by Sandia National Laboratories. The interactions between atoms in the 
substrates were described by the embedded atom method (EAM) potential, while the interactions 
between tip and substrate atoms were described by the Lennard-Jones potential. 

Results and Discussion 

The force-displacement curves obtained from molecular dynamics simulations of the indentation 
process onto Cu and Ni are the main results of this work. These curves were formed by a loading and 
unloading branches and from them, mechanical properties such as the modulus of elasticity and the 
adhesion energy can be determined if a suitable contact model is used for each system. In this case the 
Maugis model has been used to fit the molecular dynamics results. 

At very shallow penetration depths for both cycles, the load showed negative values (arrows in Figure 
1), signifying tensile forces because of an evident adhesion effect. These forces were higher for Cu 
samples than on Ni, in its interaction with spherical diamond tips. Consequently, a higher adhesion 
energy is expected for Cu than for Ni.  
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Figure 1. On the left, Force-displacement curves obtained from molecular dynamics simulations of indentation on Ni 
and Cu with spherical diamond tips; on the right, A contact model map: normalized indentation force versus λ 

parameter. 

Figure 2 shows an adhesion map in which the total force applied during indentation (normalized with the 

adhesion energy and the effective radius of the contact) is plotted against the Tabor parameter. With 

this map it is possible to evaluate the most appropriate contact model for each situation. 

 

Figure 2. A contact model map: normalized indentation force versus λ parameter. 

Conclusions 

In this work, the applicability of the different contact models in the case of very small-scale metallic 
contacts has been evaluated. In most of the cases analyzed, the Maugis-Dugdale model is the most 
appropriate. 
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Synopsis 

In this work, the effect of swirl velocity on erosion-corrosion damage was studied into the context of 
pipeline elbows and bends transporting slurries, focusing on axial velocity and incidence angle. Tests 
were conducted on API X-52 steel pipe coupons as target material and carried out at four different 
swirling intensities. The corrosive slurry consisted of a brine solution with suspended aluminum oxide 
particles. The impinging angles employed were 30◦, 45◦, 60◦ and 90◦. Corrosion rates were obtained 
from LPR measurements. Pitting corrosion and corrosion products were characterized by means of 
SEM/EDS techniques. The experimental results showed that the swirl intensity enhances the pit 
growing, and the angle of incidence is not a relevant factor on pitting corrosion behavior.  

Introduction 

The American Petroleum Institute specification (API) covers seamless and welded steel line pipe. API 
X52 steel is suitable for conveying hydrocarbons, gas, water and oil in the petroleum and natural gas 
industries due to its high resistance against corrosive solutions; such as, H2S [1], H2SO4 [2], alkaline 
electrolytes [3], and solutions with CO2 [4]. Nowadays, in Mexico there are more than 17,000 km of 
pipelines made of this type of steel [5]. However, X52 steel is sensitive to the erosion-corrosion 
phenomenon when swirl flows are present in pipelines, particularly when transported hydrocarbons are 
forced to change direction. 

This work is part of a series of studies that deal with the understanding of erosive-corrosive wear against 
pipeline steels, under impinging jets at different swirl numbers. Although there is information on the 
effects of the flow swirl number, there are no studies that combines both phenomena with different 
angles of incidence in order to observe which of these has a greater effect on the erosion-corrosion 
behavior of steel. In this study, the samples were exposed to a higher flow velocity of 5 m s−1 and four 
angles of incidence (30º, 45º, 60º and 90º). 

Results and Discussion 

Figure 1(a) displays a radial path of corrosion products from the center of impact region towards the 
edge of the sample, which is aligned with the flow of the corrosive fluid. Figure 1(b) shows a 400X 
magnification bright-field image of the impingement region of Figure 1(a), exhibiting a localized corrosion 
due to pitting attack on the impinged surface. Besides, it can be seen some micropits surrounded by 
colored halos also observed by other researchers [6], as well as larger pits surrounded by brown 
corrosion products. Figure 1(c) presents an output flow path different from that observed at 90º of 
incidence, Figure 1(d) illustrates the corrosion products coming from dissolved metal into the pits leaving 
a trail along the flow direction. Regarding the distribution of the pits, it is also observed that some pits 
are so close together join to form a single larger pit.  
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Figure 1. (a) Wear scar after 4 hours of erosion-corrosion at 90◦ of incidence and swirl intensity of S=0.1, (b) 400X 

magnification of impingement region at 4 hours of erosion-corrosion at S=0.1, (c) Image of surface damaged after 4 
hours of erosion-corrosion at swirl intensity of S=0.1 and 30◦ of incidence, (d) Bright-field image of surrounding area of 

incident region of figure (c), after 4 hours of erosion-corrosion. 
 

Conclusions 

The swirl intensity accelerates the removal of corrosion products enhancing the pit growth, and promotes 
the API X-52 steel dissolution exposed to NaCl solution. Based on the conditions used, metal dissolution 
was the predominant metal degradation in erosion-corrosion process. The maximum corrosion rate was 
observed at high swirl intensities, making clear the severity of swirl conditions. Pitting nucleation was 
affected by the angle of incidence rather than the swirl intensity. Thus, for grazing angles minor pitting 
densities were observed. The incidence angle is not a determining factor that influences the pit depth 
behavior. The swirl intensity enhances the pit depth growing promoted by abrasive particles suspended 
into the corrosive solution. 
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Synopsis 

This study is related to the behavior of various copper-based alloys and electrolytic copper against 
cavitation corrosion. A test was designed using an ultrasound (US) bath to create cavitation conditions 
in artificial seawater environment and monitoring the corrosion response via the free corrosion potential. 
It was observed that the low-alloyed copper systems, including pure copper, do not respond significantly 
on the impact of US, while the higher alloyed systems, nickel aluminum bronze, NAB, and manganese 
aluminium bronze, MAB, exhibit a pronounced electrochemical response. Based on mixed potential 
theory, this fact is explained based on the roles of kinetics, mass transport, and protective layers. 

Introduction 

Numerous marine components, as propellers, pumps, heat exchangers, etc., are based on copper 
alloys. Many of them are by the strong influence of the synergism of corrosion and cavitation, i.e., 
coupled electrochemical and mechanical phenomena. There are numerous studies that dealt mainly 
with the tribological properties of NAB [1-2], but only few systematic studies address the effect of 
passive/protective layers in this interactive phenomenon [3].  

For this study, specimens made from (1) CuNiFe welded, (2) CuNiFe, (3) electrolytic Cu, (4) CuAlFe, 
(5) MAB and (6) NAB, were contacted to a wire, embedded in resin and the surface was prepared by 
grinding, final grit #1000. A glass beaker, filled with artificial seawater according to DIN EN 50905-
4(2018) was placed in the water filled US bath, and a reference electrode (Ag/AgCl) was placed in the 
center of the beaker via a Luggin-electrolyte bridge. The specimens were immersed face-down in the 
beaker, Figure 1 presents this setup. The free corrosion potentials (EOC) of all 6 specimens were 
scanned and recorded each second by a data acquisition system while the US was turned on and off 
repeatedly. 

 
Figure 1. Setup of the corrosion cavitation test, before (left), and during the test (right)  

Results and Discussion 

Figure 2 presents the evolution of EOC for all specimens during the test and Figure 3 provides views on 
the surfaces after the test. There appears no significant US effect on EOC of specimens 1-4, which also 
did not exhibit any surface damages. By contrast, potential increase during US was observed for 
specimen 5 (MAB) with significant impacts on the surface (detail in Figure 3), while EOC dropped during 
US for specimen 6 (NAB), but without notable impacts on its surface.  
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Figure 2. Evolution of EOC of the specimens immersed in artificial seawater, with and without US 

 

Figure 3. General view of tested specimens (left) and close-up view of cavitated MAB surface (right) 

The NAB alloy is rather reactive but has a well protecting, conductive passive layer resulting in relatively 
positive EOC without US with negligible anodic/cathodic reactions. Under US cavitation, EOC of NAB 
drops significantly due to local removal of passivity and fast dissolution of the reactive metal. MAB
  corrodes actively, there is (almost) no protective layer and diffusion limited oxygen supply 
controls the corrosion process without US. The US enhanced mass transport for oxygen shifts EOC of 
MAB to positive, which gets compensated by time by the increased metal dissolution due to cavitation 
impacts. The other metals (1-4) follow these basic principles to different degrees, showing less impact 
on their EOC from the US effect. 

Conclusions 

The effect of cavitation conditions on the corrosion processes of various copper-based materials can be 
assessed by the free corrosion potential applying mixed potential theory and considering mass transport, 
kinetics of anodic metal dissolution and the role of protective layers. 
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Synopsis 

In the present work, lubrication properties (friction and wear) of a commercial engine oil 5W-30 doped 
with electrochemically exfoliated 2D materials, molybdenum disulfide nanoplatelets (MSNP) and 
graphene nanoplatelets (GNP), were investigated under two configurations (pure sliding and 
rolling/sliding). Thus, six 5W-30 nanolubricants were formulated: 5W-30 + 0.05 wt% GNP, 5W-30 + 0.1 
wt% GNP, 5W-30 + 0.2 wt% GNP, 5W-30 + 0.05 wt% MSNP, 5W-30 + 0.1 wt% MSNP and 5W-30 + 
0.2 wt% MSNP showing all of them an excellent stability for 6 months. Lubrication mechanisms of GNP 
and MSNP dispersed in engine oil for improving its antifriction, and anti-wear capabilities are proposed. 
The traction coefficient determination was performed at a 50% of slide-to-roll ratio and at different 
temperatures. 

Introduction 

Recent studies suggest that 33% of the fuel energy in passenger cars is dissipated to overcome frictional 
losses [1]. Similar energy losses are also observed in other moving parts, such as electric motors and 
transmission systems. These significant frictional losses have generated a growing demand for more 
efficient lubricants to fulfil low carbon emissions and fuel economy requirements in automotive engines. 
These systems operate under various lubrication regimes: boundary (BL), mixed (ML), 
elastohydrodynamic (EHL), or hydrodynamic (HL). Therefore, it is important to analyze the friction 
properties of engine lubricants under different test conditions and lubrication regimes using Stribeck 
curves. Nanoparticles as lubricant additives have attracted great interest as they play an essential role 
in tribology [2]. The selection of nanomaterials with suitable properties is a crucial step towards 
improving the tribological performance and enhancing the overall performance of engine oils. Adding 
nanomaterials to lubricating oils improves the tribological properties by forming a protective film on 
surfaces and creating a polishing effect between friction surfaces. In this respect, the emerging 2D 
materials have shown promising results as effective surface lubricants by offering interlayer sliding 
interfaces with phenomenally low interfacial shear strength [3]. 

Results and Discussion 

1. Nanolubricants preparation 

A novel electrochemical exfoliation method [4] was used for producing few-layer of GNP and MSNP in 
a single-step. Both nano additives were added to the commercial engine oil 5W-30 at concentrations of 
0.05, 0.1 and 0.2 wt% by two-step method using a ultrasonic disruptor. 

2. Sliding tests 

The sliding tests were performed using an UMT-3 tribometer in a reciprocating ball-on-disc configuration 
for steel-steel contact at 363.15 K (optimum operating temperature of an internal combustion engine) 
and under a 20 N load. The nanolubricants with the lowest concentrations showed better antifriction 
behavior than the engine oil. However, when the concentration of additives increases, the friction 
coefficient worsens compared to the base oil (Figure 1a). Both nanolubricants, GNP and MSNP, showed 
very similar behavior at low and high concentrations but differed significantly at 0.1 wt%. 
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3. Rolling/sliding tests  

The Stribeck curves were recorded for the engine oil and for all nanolubricants at three different 
temperatures (303.15, 333.15 and 363.15 K) and a slide-to-roll ratio (SRR) of 50%. All the 
nanolubricants changed to a ML at lower speeds and to EHL at high speeds under all tested 
temperatures. The traction behavior of the MSNP nanolubricants revealed a noticeable reduction of the 
traction coefficient for nanolubricants of 0.05 and 0.2 wt% MSNP concentration, both under mixed and 
elastohydrodynamic lubrication regimes (Figure 1b). 

 

Figure 1. a) Coefficient of friction (COF) at 363.15 K during sliding tests and b) Stribeck curves of the engine oil and the 
different nanolubricants of MSNP at 363.15 K during rolling/sliding friction tests. 

Conclusions 

In this work, well-dispersed and surfactant-free nanolubricants with 2D materials showed an 
improvement in the antifriction and anti-wear properties of engine oil in different contact conditions, 
both through sliding friction tests and Stribeck curves. In particular, a remarkable tribological 
improvement of the formulated oil modified with GNP and MSNP was revealed at low 
concentrations (0.05 wt%) under pure sliding conditions. This enhancement was produced by 
tribofilm formation and mending/polishing mechanisms of both nano additives. 
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Synopsis 

The dry and wet wear behavior of different structured abrasive grinding wheels, with different grooves 
geometry, were investigated and compared with an unstructured abrasive composite. It was found that 
the grooves, as well as their geometry, play a decisive role in the wear behavior of abrasive composites. 

Introduction 

Grinding wheels are the most used tools in manufacturing industry for roughing operations and surface 
finishing of components through a chip removal process. However, to achieve this goal, the wear 
resistance of the grinding wheel materials and their ability to promote wear on the opposing surface 
determine the performance of these tools. During these operations, very high cutting forces are required 
and the friction between the tool and the part to wear generates a high heat effect in the contact zone: 
this may induce thermal damages to the workpiece and a decrease in the grinding wheel performance 
[1,2]. The surface structuring/texturing of abrasive wheels has been a proposal to reduce the operating 
temperature [3]. In this work, two different kinds of grooved abrasive discs were produced, with spiral 
and hexagonal geometry. The structured grinding wheels were evaluated for their dry and wet wear 
behavior, being compared with an unstructured one. 

Methods 

Vitreous grinding wheels, made of alumina abrasive grains, were tested. All grinding discs under study 

were produced with 62 x 8 mm. Fig. 1 shows the difference between the unstructured abrasive disc 
(R) and the two structured discs with spiral grooves (S) and hexagonal grooves (H). The grooves were 
produced with 4 mm depth and 0.5 mm width. 

 

Figure 1. Abrasive discs tested surface: (a) unstructured, structured with (b) spiral and (c) hexagonal grooves. 

Wear tests were carried out in a pin-on-disc geometry. Each type of abrasive disc was tested with and 
without distilled water flow (6 ml/min) as a coolant fluid (CF). Alumina pins were used as counterface 

(5 mm), creating particularly hard contact conditions. The normal applied load, the sliding speed and 
the sliding distance were kept constant at 20 N, 0.5 m.s-1 and 1800 m, respectively. The wear rate of 
mating samples was measured by gravimetric method. 

Results and Discussion 

Fig. 2 shows the wear rate of the discs (Fig. 2(a)) and of the corresponding alumina pins (Fig. 2(b)), as 
well as the grinding ratio (pin/disc wear rates) for each tested tribopair (Fig. 2(c)). When comparing wear 
tests with and without CF, results show that the CF contributes to a significant reduction in the wear 
rates of abrasive discs (up to 91 % for H) and of alumina pins (up to 67 % for H), increasing the grinding 



IBERTRIB 2022 – 11th Iberian Conference on Tribology, Instituto Politécnico de Setúbal, Setúbal, Portugal 

- 102 - 

wheel durability. The presence of the CF during wear tests increases the grinding ratio of the tested 
pairs, i.e. performance of the grinding wheels. This effect is significantly enhanced for structured grinding 
wheels (Fig. 2(c)). On the other hand, the beneficial effect of abrasive wheel structuring on its 
performance depends on the design of the wheel grooves. The hexagonal grooves (H) seems to have 
a coolant reservoir effect allowing better lubrication of the pin-disc contact, which significantly reduces 
the wear rates of the disc and of the pin. However, the spiral grooves (S) may allow a greater fluid flow 
favoring the removal of wear debris. In this way, the spiral geometry provides better grinding wheel 
performance than hexagonal geometry structure (H). 

  

Figure 2. Wear rate of the (a) abrasive discs, (b) alumina pins counterface and (c) grinding ratio of the tribopairs. 

Conclusions 

The use of coolant fluid always results in a reduction of the wear rate of the grinding wheels. The coolant 
increases the performance of the grinding wheels (grinding rate) and this effect is more noticeable for 
the structured wheels. The beneficial effect of wheel structure depends on the wheel grooves geometry. 
Spiral grooves allow for increased fluid flow and better removal of wear debris. Spiral grooved grinding 
wheels outperform hexagonal grooved grinding wheels. 
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Synopsis 

This work analyzes the effect of two types of silicon dioxide nanoparticles, one uncoated, SiO2 and the 
other coated with stearic acid SiO2-SA on the lubricant properties of a paraffinic base oil (Yubase 6) 
supplied by Repsol with a dynamic viscosity at 313.15 K of 28.9 mPa s and a viscosity index of 133. 
Two-step method with ultrasonic disruptor was used to prepare eight nanolubricants of Yubase 6 + SiO2 
or of Yubase 6 + SiO2-SA at 0.15 wt%, 0.30 wt%, 0.45 wt% and 0.60 wt% nanoparticle mass 
concentrations. Some lubricant properties (viscosity, viscosity index, friction coefficient and wear) are 
reported. The morphology of nanoparticles was analyzed by electron microscopy. Visual observation, 
and temporal evolution of refractive index were used to analyze the stability of the nanolubricants. 
Viscosity and viscosity index data were obtained from a rotational viscometer. Finally, tribological tests 
were performed at pure sliding conditions at 383.15 K and the wear was quantified with a 3D optical 
profilometer. 

Introduction 

Automotive industries have recently switched development trends from the traditional powertrain 
mechanical components into the digital transformation of the electrification components in advanced 
propulsion vehicles. This industrial impact on global development trend into automotive electrification 
designs has created an emerging technology for new propulsion systems such as hybrid electrical 
vehicles or electrical vehicles (EVs) [1]. From an environmental point of view, the rise of EVs can reduce 
both noise and air pollutions, especially in the cities. From a technological point of view, the development 
of new fluids and materials or the evolution of batteries can be promoted. Although EVs present a 
substantial high efficiency in terms of energy consumption, there is a challenge to improve the efficiency 
even more. Tribology can contribute to improve the efficiency of EVs by reducing friction in components 
such as wheel bearings and gears [2]. New formulations of electric transmission fluids that fulfil all the 
requirements respect to electrical, thermal and tribological properties, and compatibility with copper and 
other materials in presence of electric and magnetic fields are necessary.  

Results and Discussion 

The variation of the viscosity index due to the presence of nanoparticles is plotted in Figure 1a. It can 
be observed an increase of this property with both nanoparticles, being the biggest values obtained for 
SiO2-SA, thus at the highest nanoparticle concentration (0.60 wt%) an increase of 15% is obtained. 
From Figure 1b, it can be concluded that SiO2-SA nanoparticles lead to the biggest increase in viscosity. 
Hence, for the same composition, at 0.30 wt% for example, the increase obtained with SiO2 is 4.5% 
whereas for SiO2-SA is 18.4%. Friction coefficients obtained with SiO2-SA nanolubricants are much 
smaller than those observed for SiO2 nanolubricants and unadditivated Yubase 6 oil for all tribological 



IBERTRIB 2022 – 11th Iberian Conference on Tribology, Instituto Politécnico de Setúbal, Setúbal, Portugal 

- 104 - 

tests. Thus, the greatest reduction (46%) on the friction coefficient was observed when SiO2-SA coated 
nanoparticles are used as additives of Yubase 6.  

 

Figure 1. (a) Viscosity Index and (b) relative viscosity increase due to the presence of the nanoparticles. 

 

Figure 2. Friction coefficient evolution with time for Yubase 6 neat oil and nanolubricants at 0.60wt% nanoparticle 
concentration.  

Conclusions 

The viscosity index increases as the nanoparticle concentration increases, especially in the case of 
coated SiO2-SA nanoparticles. The same effect is caused by the addition of nanoparticles on the 
viscosity of the designed nanolubricants, except for the nanolubricant containing 0.30 wt% SiO2-SA. It 
was also observed that the use of coated (SiO2-SA) nanoparticles clearly improves the tribological 
performance of the Yubase 6 neat oil. The lowest friction coefficient was obtained for the 0.60 wt% SiO2-
SA nanolubricant, leading to a 46% reduction in comparison to base oil.  
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Synopsis 

Protic Ionic liquids (PILs) are a subclass of ILs that have recently been considered as potentially good 
lubricants of metallic surfaces. They possess the capacity of establishing dense hydrogen bonding due 
to the presence of proton-donor and proton-acceptor sites. In this work, we report the use of PILs, based 
on S-containing anions, as additives to the commonly used base oil PEG 200 and assess the tribological 
performance, namely friction and wear, using steel and silicon spheres against Si surfaces. All the 
prepared lubricant formulations were characterized in terms of their water content, viscosity and 
wettability. The most promising PIL, 4-picolinium hydrogen sulfate ([4-picH][HSO4]), showed excellent 
tribological performance, both in terms of friction and wear reduction comparing to the model lubricant, 
making it a very good candidate for future applications in micro and nanoelectromechanical systems 
(MEMS/NEMS), which are traditionally made of Si. 

 

Introduction 

Ionic Liquids (ILs) are a class of materials with peculiar properties to be used as good alternative 
lubricants, such as high chemical and thermal stability, almost negligible vapor pressure, high ionic 
conductivity and non-flammability. 

Protic Ionic Liquids (PILs) are ILs formed by proton transfer from a Brønsted acid to a Brønsted base 
that have recently been considered as particularly efficient lubricants.[1]. They have the advantage of 
being easily synthesized, with relatively low cost, and reduced toxicity. Besides that, they exhibit low 
viscosity when compared to the conventional aprotic ionic liquids. These type of compounds have been 
applied to lubricate several metallic contacts,[2] but, to the best of our knowledge, they were never 
tested as lubrication solutions for silicon surfaces. Lubrication of silicon contacts is an emerging field as 
it is of extreme importance to find efficient lubricants for nano and microlectromechanical devices (NEMs 
and MEMs), made of silicon, a hard and brittle material. NEMs and MEMs are a set of new devices that 
will significantly change our day-to-day lives in the next few decades.  

In this work, we prepared and characterized a set of new ten PILs. Their tribological performance on 
silicon contacts was evaluated and will be discussed in the next section. 

 

Results and Discussion 

Ten PILs containing five different organic cations and the same two anions, hydrogen sulfate [HSO4]- 
and methanesulfonate [MeSO3]- were synthesized The PILs were used as additives to the commonly 
used base oil PEG 200 (2% w/w) and the tribological properties of the mixtures, namely friction and 
wear, were assessed. The water content of the mixtures was smaller than 500 ppm, the viscosities 
varied between 49 and 64 mPa·s-1 and the contact angle on Si from 18 to 28°. The friction coefficients 
(CoFs) were measured for steel/Si contacts, and the PILs containing the cation 4-picolinium [4-picH]+ 
revealed to be the best ones, while those based on the cation 1,8-diazabicyclo(5.4.0)undec-7-ene, 
[DBUH]+, were the worst. This behavior may be attributed to the higher adsorption capacity of [4-picH]+, 

mailto:l.branco@fct.unl.pt
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which is a small and symmetric cation comparing to [DBUH]+ which is a large and not symmetric 
structure. 

For the best and worst lubricants a study in Si/Si contacts was performed. The CoF values and the wear 
volumes obtained at different loads are presented in Figure 1A and 1B, respectively. The best lubricant 
mixture was [4-picH][HSO4] 2%PEG, which allowed the formation of a protective film on the Si surfaces, 
leading to a reduced friction and wear at high loads. 

 

 

Figure 1. Average CoF (A) and wear volumes (B) obtained with the pair Si sphere/Si substrate using neat PEG200 and 
the mixtures PEG200+PIL 2% as lubricants under the load of 1N, 2N and 4N. 

Conclusions 

The tribological properties of ten PILs based on the anions [HSO4]- and [MeSO3]-, as additives to model 
lubricant PEG200, were evaluated in steel/Si contacts. From the initial screening, two cations were 
chosen, which led to the best and the worst lubrication, respectively [4-picH]+ and [DBUH]+. The 
lubrication capacity of these four PILs was assessed for Si/Si contacts and the best additive was [4-
picH][HSO4], which revealed excellent lubrication capacity. We concluded that this PIL might be a very 
promising additive for efficiently lubricate MEMs and NEMS. 
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Synopsis 

This work describes the antifriction and antiwear properties of Mn3O4-Graphene nanocomposites 
(Mn3O4-G) as additives of a paraffinic base oil generally used in the lubrication of electric vehicles (EVs) 
drivelines, Yubase6. Firstly, four Yubase6 based nanodispersions have been designed: Yubase6 + 
0.025 wt% Mn3O4-G, Yubase6 + 0.050 wt% Mn3O4-G, Yubase6 + 0.075 wt% Mn3O4-G and Yubase6 + 
0.100 wt% Mn3O4-G, to find the optimal concentration of additive. Tribological tests were carried out at 
pure sliding conditions, with the previous described transmission nanofluids and with Yubase6 base oil 
under a working load 9.43 N and at temperature of 393.15 K. The wear produced during friction tests 
was analyzed by means of a 3D optical profilometer measuring different geometrical parameters of the 
3D profile of the worn scars. Finally, in order to know the role that nanocomposites play in the wear 
reduction, Raman mapping and roughness measurements were performed. 

Introduction 

Electric vehicles (EVs) have gained high regard in recent years around the world as a viable response 
to reduce greenhouse gas emissions by limiting the antagonistic effect produced using vehicles with 
internal combustion engines (ICEs). With the inclusion of EVs in automotive industry, different conditions 
appear, with transmission gears being one the largest sources of friction losses in EVs. Therefore, the 
development of a new generation of transmission fluids is needed to overcome the challenges created 
by the latest technology, such as these fluids must also lubricate the electrical motor. For this purpose, 
the use of nanoparticles as additives of transmission fluids may be a possible solution to meet the new 
requirements [2]. For this reason, new research on transmission nanofluids is needed. 

Results and Discussion 

Graphene (purity >99.5%, thickness between 0.35 nm and 1.2 nm and diameter in the range 1-10 mm) 
and Mn3O4 (purity >99.5%, average particle size 30 nm) are in a proportion of Mn3O4: graphene in the 
nanocomposite of 1:1. The use of any of the Mn3O4-G based nanofluids leads to a slight reduction of 
the coefficient of friction with respect to Yubase6 oil. Specifically, the minimum friction coefficient (0.129 
versus 0.135 achieved with Yubase6 oil, which evidences a 4 % friction reduction), was obtained with 
Yubase6 + 0.075 wt% Mn3O4-G nanolubricant (Figure 1). The wear produced using any one of the 
Mn3O4-G based nanofluids is much lower than that obtained with Yubase6 oil. It is obvious that the 
concentration of additives in the nanolubricant considerably affects the antiwear behavior. The highest 
reductions in width, depth and transversal area of the worn scars were found with the Yubase6 + 0.075 
wt% Mn3O4-G nanolubricant with decreases of 25, 50 and 64 %, respectively (Figure 2). Finally, after 
mapping Raman analysis, it was found that synergetic effect, tribofilm formation and rolling mechanisms 
occur. 
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Figure 1. Coefficients of friction (μ) obtained with Yubase6 and Yubase6 + Mn3O4-G based nanolubricants. 

 

Figure 2. Cross section profiles comparison of worn scars lubricated with Yubase6 oil and Yubase6 + 0.075wt% Mn3O4 
based nanolubricant. 

Conclusions 

Friction coefficients obtained with the Mn3O4-G nanolubricants are slightly lower than that observed for 
the neat Yubase6 oil. For all the Mn3O4-G nanolubricants, the wear generated in pins is lower than for 
Yubase6 oil being the highest reductions of 25, 50 and 64% in width, depth, and transversal area of the 
worn scar respectively (Yubase6 + 0.075 wt% Mn3O4-G nanolubricant). Raman mappings confirm that 
tribological lubrication mechanisms can be described by both the rolling effect and the synergistic effect 
of the adsorbed tribofilm. 
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Synopsis 

The antifriction and anti-wear behaviour of ZrO2 and CeO2-ZrO2 nanoparticles as additives of a low-
viscosity polyalphaolefin, PAO8 are reported. For this aim, eight PAO8 based nanodispersions were 
formulated: PAO8 + 0.05 wt% ZrO2, PAO8 + 0.075 wt% ZrO2, PAO8 + 0.10 wt% ZrO2, PAO8 + 0.20 
wt% ZrO2 and PAO8 + 0.05 wt% CeO2-ZrO2, PAO8 + 0.075 wt% CeO2-ZrO2, PAO8 + 0.10 wt% CeO2-
ZrO2, PAO8 + 0.20 wt% CeO2-ZrO2 to achieve the nanoadditive and its mass concentration with the 
optimal tribological performance. The characterization of nanopowders was carried out by scanning 
electron microscopy, FTIR, Raman and XRD. Tribological tests were performed at pure sliding 
conditions at 393.15 K at a load of 20 N, with the previous designed nanolubricants and with PAO8. 
After friction tests, the produced wear was quantified with a 3D optical profilometer. 

Introduction 

There is a need to develop new ultra-low viscosity lubricants to meet the requirements of the 
transmission fluids for new electric vehicles (EVs) [1,2]. Some of these requirements are: low viscosity, 
improved wear protection, high thermal conductivity and stability, appropriate electrical properties and 
non-corrosive to electronics and copper. To reach all these needs for coming EVs lubricants, high-
performance additives are needed [3]. Nanoparticles (NPs) have larger surface area and can help 
enhance the thermal cooling properties of the transmission fluids, increase its antifriction and antiwear 
capabilities as well as to modulate its electric properties. This work is focused on the study of the effect 
of ZrO2 (30 − 60 nm) and CeO2-ZrO2 (15 nm) nanoparticle concentrations on the lubricating properties 
of a low-viscosity base oil, PAO8 (dynamic viscosity at 313.15 K of 39.47 mPa). 

Results and Discussion 

The friction coefficients found with ZrO2 and CeO2-ZrO2 nanolubricants are smaller than that observed 
for the unadditivated PAO8 oil except at 0.20 wt% for both nanoparticles (Figure 1). This fact can be 
explained, because at high concentrations nanoparticles tend to agglomerate and can cause an 
increase in the coefficient of friction. The best antifriction capabilities were found for the 0.05 wt% ZrO2 
and 0.075 wt% CeO2-ZrO2 nanofluid, with reductions of 13% for both nanolubricants. The produced 
wear in pins is lower for all nanolubricants than for the base oil (Figure 2), being the best performance 
for the 0.05 wt% ZrO2 with reductions of 37%, 66% and 76% in width, depth, and area of pins, 
respectively. Regarding the CeO2-ZrO2 nanolubricants the optimal wear value was obtained for 0.10 
wt% with decreases of 31%, 52% and 62% in width, depth, and area respectively. 
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Figure 1. Mean friction coefficient, µ, obtained with the PAO8 oil and with the ZrO2 and CeO2-ZrO2 nanolubricants. 

  

Figure 2. Cross section profiles of worn pins for the all the PAO8 base oil and optimal anti-wear nanolubricants 
containing CeO2-ZrO2 and ZrO2 NPs. 

Conclusions 

In the present work, eight nanolubricants based on PAO8 polyalphaolefin doped with ZrO2 and CeO2-
ZrO2 nanoparticles were tribological characterized. All of them showed a considerable improvement in 
terms of friction and wear compared to the neat base oil, PAO8, except for the highest concentrations 
(0.20 wt%). The optimum concentration of antifriction and anti-wear performance was found to be 0.05 
wt% ZrO2 achieving a 13 % reduction in coefficient of friction and 76 % reduction in wear area. Thus, 
the tribological improvement of a low-viscosity lubricant has been demonstrated without affecting its 
thermophysical properties. 
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Synopsis 

A multifunctional ceramic-like TiO2 coating with superior tribocorrosion (wear and corrosion) resistance 
and biocompatibility has been developed on a newly developed β-Ti alloy based on the Ti-Nb-Zr-Ta 
system (Ti20Nb20Zr4Ta). The chemical composition and morphology of the TiO2-PEO coating was 
characterized, and its multifunctionality was addressed.  

Introduction 

The current survival rate of dental implants ranges from 90% to 96.5% [1]. The durability of implants is 
deeply affected by the metal ion release from the implant as wear debris or corrosion products during 
the implantation process [2], which can promote infections that could eventually lead to implant rejection 
and a need of substitution in a new surgical operation. Therefore, the improvement of the wear, corrosion 
resistance of an alloy and, thus, their synergistic interaction (tribocorrosion), is of great interest to 
improve durability and clinical success of the implants. Thus, the objective of this work was the 
development of a multifunctional TiO2 coating by PEO technique on a β-Ti alloy for dental applications 
with improved wear, corrosion and tribocorrosion resistances, as well as low cytotoxicity and adequate 
biocompatibility. Different elements were incorporated into the TiO2 layers to obtain a multifunctionality, 
i.e., bactericide to avoid infections and bioactive to improve osteointegration.   

Results and Discussion 

The multifunctional TiO2 coating was formed on the surface of the Ti20Nb20Zr4Ta alloy by PEO 

treatment in a KERONITE KT 20-50 equipment with a 20KW AC power supply. The electrolyte used 

contained calcium acetate and β-glycerol-phosphoric acid as sources of Ca and P, respectively, to be 

incorporated into the oxide layer as bioactive promotors, and Ag nanoparticles (NPs) as biocide 

elements.  

 

Figure 1. SEM images of the surface morphology of the PEO layer , and EDS analysis  

 

The coatings morphology was assessed by SEM. The coating presented the typical morphology of a 

PEO coating consisting of a highly porous surface (Figure 1). The small pores on the oxide layer are 

generated during the process due to the gas evolution that takes place when the material is molten [3,4]. 

Interestingly, according to literature, different in vitro tests revealed TiO2 coatings with small pore sizes 

(~2 µm) to present suitable surface for cell anchoring [5,6], suggesting an adequate morphology of the 

coatings developed in this work for biomedical purposes. The chemical composition of the coating 

consisted of oxygen, titanium, the main elements present in the alloy (Zr, Nb, and Ta), and the Ca and 

P incorporated into the electrolyte as bioactive promotors. Ag NPs were detected on the surface of the 

coating, located preferentially near the pores.   
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Figure 2. Potentiodynamic polarization curve obtained in the corrosion tests (left) and wear scar profiles 

obtained in the tribocorrosion tests (right). 

 

The results obtained in the corrosion tests in Ringer’s solution (Figure 2, left) clearly show lower current 

densities for the coating in the whole anodic domain, which remain practically constant in values close 

to 30 nA/cm2, indicating a higher electrochemical stability on the dynamic nature of corrosion processes 

for the TiO2 coatings. The results of the tribocorrosion tests (Figure 2, right) evinced the improvement 

of the PEO coating on the performance of the alloy. The material loss of the uncoated Ti alloy (81.5±2 

x10-3 mm3) was reduced in a 95% after the PEO treatment (4.5±1 x10-3 mm3). 

  
Figure 3.  Bacterial growth after 24 hours on the cpTi4 reference and  PEO_Ca+P+Ag layer at 1:1, 1:10, and 1:100 

dilutions (left) and morphological appearance of MC3T3-E1 cells grown in contact with the Ti20Nb20Zr4Ta and 

PEO_Ca+P+Ag samples after 3 h and 24 h of culture (right). 

 
The antibacterial activity assessment tests confirmed the high bactericide character of the functionalized 

layer against the E. coli bacterium (reduction of 99.99%) (Figure 3, left). And the MC3T3-1 preosteoblast 

response showed a good cell proliferation on the coating at 24 h post-seeding, showing a predominantly 

polygonal shapes and less organized actin cytoskeleton compared to the bare alloy (Figure 3, right).  

 

Conclusions 

The developed coating presented enhanced corrosion and tribocorrosion resistance, antibacterial ability 
with low cytotoxicity, and adequate biocompatibility, able to sustain MC3T3-E1 preosteoblast 
viability/proliferation and osteogenic differentiation. Altogether, the results obtained demonstrate the 
potential of the TiO2 coating incorporating Ca, P, and Ag NPs to be used for dental applications. 
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Synopsis 

Improvements regarding durable lubrication together with minimized wear are mandatory for obtaining 
long-term, functioning metallic joint prostheses. For this goal, CoCr surface was functionalized with 
Graphene Oxide (GO), characterized by FTIR and XPS, and tested at tribocorrosion. Deposition of GO 
was carried out by consecutive steps: alkalinization of CoCr; intermediate coupling via 3-
aminopropyltriethoxysilane (APTES) which was cured at 45 °C for 24 h; and final assemble of GO layers 
at 60 °C for 24 h upon exposure with silane-coated CoCr. Tribocorrosion test was performed by using 
a pin-on-disk tribometer with an integrated cell that contains the hyaluronic acid (HA) solution 3 g/l. GO 
incubated on silane-coated CoCr (CoCr-OH-Si-GO) and CoCr disks were submitted to tribocorrosion 
against alumina balls, applying a normal load of 5 N and a rotation rate of 120 rpm for 500 m. 

Introduction 

CoCr alloy for total hip and knee arthroplasties is widely extended due to, among others, the excellent 
tribocorrosion behavior. Nevertheless, it is unavoidable that the continuous sliding between the contact 
areas shorten prosthesis durability. In fact, the released degradation products as wear particles and 
metal ions cause inflammatory and immune reactions, as well as systemic toxicity and genotoxicity. 

All the efforts addressed to decrease wear-corrosion on contacting areas are welcomed. In particular, 
the aim of this study is to simulate the carbon-enriched chemical composition found on the surface of 
the retrieval prosthesis associated with the lowest wear rate [1]. The strategy described in this work tries 
to take advantage of the mechanical properties of graphene to generate biocompatible carbon-enriched 
layers on CoCr surfaces.   

Experimental 

Biomedical grade CoCr alloy supplied by International Edge was immersed in 5 M NaOH for 2 h for 
surface hydroxylation. After that, activated surfaces were soaking in hydrolyzed APTES (2 vol % in 
isopropanol-water (200: 1 v/v) and stirred for 1 h at room temperature for 1 min. Then, silane-coated 
samples were curated at 45 ºC for 24 h. Final step was the incubation of silane-coated samples in 4 g/l 
graphene oxide aqueous suspension at 60 ºC for 24 h [2]. Tribocorrosion response was studied by using 
a pin-on-disk tribometer with an integrated cell that contains the hyaluronic acid (HA) solution 3 g/l. The 
wear-corrosion tests were performed on GO incubated on silane-coated CoCr (CoCr-OH-Si-GO) and 
CoCr disks against alumina balls. A normal load of 5 N was applied at a rotation rate of 120 rpm for 500 
m. 

Results and Discussion 

Table 1 shows the % peak area from high-resolution XPS spectra. After incubation of GO on silane-
CoCr, a reduction of the primary amine peak areas together with an increase in the secondary amine is 
observed. C-O-C peak area decreased in GO incubated silane-surfaces compared to epoxy contribution 
in Reference GO. Finally, C=O peak area is significantly increased and COOH slightly diminishes in 
comparison with Reference GO [2]. 
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Table 1. % peak area from high-resolution XPS spectra for multilayer system on CoCr. 

Spectrum O 1s  N 1s  C 1s  

peak OH- NH2 NH C sp2 C sp3 C-N C-O C-O-C C=O COOH 

BE (eV) 

% peak 
area 

 
(532.1) 

 
(399.61) 

 
(401.34) 

 
(284.5) 

 
(285.4) 

 
(285.9) 

 
(286.19) 

 
(286.83) 

 
(288) 

 
(289.01) 

CoCr 56,76 
  

       
CoCr-OH 94,21 

CoCr-OH-
Si 

90,20 85,78 14,22 

CoCr-OH-
Si-GO 

 

40,43 59,57 55,58 2,01 2,79 16,77 11,35 6,84 4,66 

Reference 
GO 

 53,2 0,5  2,0 34,42 2,61 7,27 

 

Figure 2 shows the coefficient of friction (COF) versus distance for CoCr and CoCr-OH-Si-GO surfaces 
in HA solution. The presence of GO modifies the surface performance decreasing the coefficient of 

friction (lower than 0.20) from the beginning to the end of the test with respect to CoCr disks.  

 

 

 

 

 

 

 

 

 

Figure 1. COF versus distance for CoCr and CoCr-OH-Si-GO in HA. 

 

Conclusions 

- Covalent silane/GO reactions occurred mainly between primary amines of APTES silane and epoxy 
groups of GO. 

- Graphene oxide on silane-CoCr decreases COF values. 
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Synopsis 

Mouthfeel and consistency originating from the consumption of yoghurts represent decisive factors for 
the consumers’ acceptability [1]. The present work aims to identify potential differences in the sensory 
perceptions of yoghurts with curcumin-loaded solid lipid nanoparticles (SLN) incorporation. Thus, 
rheology coupled with tribology were considered to simulate the dynamic aspects of oral processing. 
Similar values for the elastic (G’) and viscous (G’’) parameters were obtained for both control yoghurt 
and yoghurt with curcumin-loaded SLN, as well as flow index (n) and consistency index (k) around 0.56 
and 1.50 Pa.sn, respectively. However, the friction behavior was characterized by significant differences 
in all tribological regimes, suggesting that the incorporation of nanoparticles in yoghurts could potentially 
affect the after-feel upon swallowing, whilst not directly impacting on yoghurt’s structure. 

Introduction 

The ever-growing awareness from consumers regarding the link between food and wellness/health has 
led to an increasing interest in the development of new functional food products. The bright yellow 
chemical curcumin present in the flowering plant turmeric is a polyphenol with many benefits, such as 
antioxidant, anti-inflammatory, anti-microbial and anti-tumoral properties. Despite such beneficial 
attributes, curcumin exhibits low solubility in aqueous solutions, sensitivity to light and low bioavailability, 
therefore limiting its usage in functional foods [2]. A possible strategy to overcome some of the 
shortcomings consists in encapsulating curcumin particles. That said, several properties in the functional 
food development have impact on the consumer’s acceptance. The relationship between rheological 
and tribological properties has been increasingly studied and constitute a valuable tool to achieve 
indicatives of in-mouth sensory perceptions. 

Experimental Techniques 

The rheological properties of plain yoghurts and curcumin-loaded SLN samples were assessed from 
flow curves acquired with an up-down-up step program and subsequently fitted with Herschel-Bulkley’s 
equation. The oscillatory measurements were carried out within the linear viscoelastic domain. The 
tribological behaviour of the functional foods was studied using a ball-on-disc contact configuration. 
Polydimethylsiloxane (PDMS) polymeric hemispheres and discs, sliding with relative velocities up to 105 
mm/s under constant applied load (1 N), were used to mimic oral soft tissues and confine the food 
samples during tribotesting. 

Results and Discussion 

Experimental results regarding the effects of incorporating curcumin-loaded SLN on the rheological 
properties of yoghurts are showed in Tab. 1 and Fig. 1. As can be seen, curcumin incorporation did 
not noticeably alter the apparent and complex viscosity, pseudoplasticity and viscoelasticity of the 
original yoghurt matrix. Therefore, the newly established molecular bonds between the matrix and 
SLN particles did not change the consistency, firmness, smooth texture and microstructure of the 
functional foods. Nevertheless, as the particles’ size of the yoghurt systematically decreases due to 
sliding, the tribological nature of the interactions starts to dominate and noticeable differences can be 
observed between the friction behavior of normal and functionalized yoghurts (fig. 2). 
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Table I. Rheological properties (k, n and η*50 rad/s) of control yoghurt and yoghurt with curcumin-loaded SLN. 

Sample k (Pa.sn) n η*50 rad/s (Pa.s) 
Yoghurt 1.51 ± 0.02 0.567 ± 0.005 1.89 ± 026 
Yoghurt-curcumin SLN 1.50 ± 0.10 0.568 ± 0.005 1.85 ± 0.30 

 

Curcumin incorporation potentially increased the creaminess, fattiness and slipperiness of yoghurts, 
which reflected itself in a significant increase of yoghurts’ lubricating capacity. 

 

  

Figure 1. Storage modulus (G’) and loss modulus (G’’) as a function of frequency (left); Apparent viscosity 

profile of control yoghurt and yoghurt with curcumin-loaded SLN (right). 

 

 

Figure 2. Representative friction coefficient curves as a function of sliding time for control yoghurt, yoghurt with 

curcumin-loaded SLN and self-mated PDMS. 

Conclusions 

The lubricating properties of functionalized yoghurts cannot be entirely related to their viscosity, since 
the friction coefficient observed for yoghurts incorporating curcumin-loaded SLN is significantly lower 
than yoghurts, despite having similar rheological parameters. 
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Synopsis 

The effect of normal load and rotational rate on the coefficient of friction (COF) of CoCr sliding against 
alumina was evaluated using a pin on disk tribometer. Tribological tests were carried out by using CoCr 
disks of 38 mm diameter and alumina balls of 6 mm diameter as counterpart (pin). An aqueous solution 
containing 3g/L of HA, concentration equivalent of that found in the synovial fluid, was used as lubricant 
and it was in continuous recirculation throughout the test. The COF values for two normal loads, 1N and 
5N, and two rotational rates, 60 rpm and 120 rpm, have been obtained for a constant sliding distance of 
500 m. The tribological tests were performed in duplicate in order to verify the reproducibility of the 
results.  The results show that the COF varies with the load and with the rotational rate, so that, for the 
same load, the COF increases as the rotational rate decreases. This effect is more significant at lower 
loads. Meanwhile, the COF values are higher for loads of 1N than for 5N regardless of the rotational 
rate. The wear tracks were observed by optical microscopy and the images revealed the widest tracks 
at 5N and 60 rpm.    

Introduction 

Cobalt-chrome alloys (CoCr) are commonly used for the MoM hip joints, due to their substantially low 
corrosion and wear rates. Nevertheless, it is unavoidable that the continuous sliding between the contact 
areas shorten prosthesis durability.  

The friction between two surfaces depends on multiple factors such as lubrication, type of material, 
surface cleanliness, etc., but perhaps the ones that play a more important role in the variation of the 
friction are the normal load and the sliding rate [1]. Therefore, in this research an attempt is made to 
study the effect of both factors on frictional behavior of CoCr sliding against alumina in a hyaluronic acid 
(HA) solution as a lubricant.  

Results and Discussion 

- Effect of rotational rate on the coefficient of friction 

Figure 1 (a, b) shows the COF versus distance for CoCr/alumina in HA solution: (a) for load of 1N and 
(b) for load of 5N. This figure reveals the increase in COF with the decrease in rotational rate from the 
beginning to the end of the test. In the case of 5N the effect of rotational rate is less significant exhibiting 
a less stable COF along the test. 
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Figure 1. COF versus distance for CoCr/alumina in HA for 60 rpm and 120 rpm rotational rates. Normal load: (a) 1N and 
(b) 5 N. 

- Effect of normal load on the coefficient of friction 

The COF data obtained for each condition and replicate were represented in a box-whisker type graph 
(Figure 2), which shows the statistical data as separate box that indicates the middle 50% of the data 
(box) and with markings that indicate the 25 (bottom line), 50 (horizontal line in the box) and 75 (top line) 
percentiles. The lines that go from the box correspond to the standard deviation and the black and red 
dot correspond to the mean. This figure shows that the COF increases with the decrease in normal load 
at both 60 and 120 rpm. Optical microscopy images revealed wider tracks at 5N than at 1N. 

 
Figure 2. Variation in the COF values with the normal load and rotational rate. 

Conclusions 

The COF values of CoCr alloy sliding against alumina in HA vary with the load and with the rotational 
rate, increasing as the rotational rate decreases and normal load decreases.  
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Synopsis  

In this work, fused filament fabrication (FFF) technique was used to produce polylactic acid 
polyetherimide (PLA) from Real-Filaments, polycarbonate (PC) K7 from Kexcelled and polyetherimide 
(PEI) from Statasys/Sabic ULTEM™ 1010 samples in order to select the material with the highest wear 
resistance to be used in the production of dies for stamping aluminum sheet metal parts. For this, 
hardness measurements were carried out and then the samples were submitted to reciprocating pin-
on-plate wear tests against steel (AISI 2100) and aluminum (AL 1070) balls. The tests were carried out 
under dry conditions applying a vertical load of 2.7 N, sliding distance of 6 mm and frequency of 2 Hz.  

Introduction 

Additive manufacturing (AM) is a production technology whose market increased substantially during 
the past years. The rapid rise of this technology is attributed to the advances in hardware, materials and 
software that increased rapidly the maturity in multiple applications of high-tech industries like 
aerospace, medical, transportation, energy and others. Additive manufacturing is playing a major role 
in the manufacturing of parts, being able to produce disruptive products, not possible by traditional 
techniques, opening new opportunities in terms of production paradigm. One of the most popular 
processes is fused filament fabrication (FFF), because is the most affordable process, flexibility and the 
wide variability of materials available. In the FFF, the most common material is thermoplastic. The 
material is fed from a spool with filament to a heated printer head and is deposited on the part to be 
built, layer by layer [1]. Most of these materials have interesting properties in terms of thermal, electrical, 
mechanical or biocompatible characteristics, being used for prototyping and the production of high-
performance functional components. However, mechanical properties of parts produced by FFF process 
are extremely anisotropic and lower than produced by conventional process. Even that, some materials 
like polylactic acid (PLA), polyetherimide (PEI) and polycarbonate (PC) have potential to be used in 
some demanding functional applications, like for example to stamp sheet metal parts made from 
aluminum ([2], [3] For such applications, apart from mechanical resistance and tolerances, the 
resistance to wear is an important factor to be considered. 

Results and Discussion 

The hardness of the produced materials was determined and was found that PEI presented the highest 
hardness (29±1 HV), followed by PC (17±0.5 HV) and PLA (16±0.7 HV).  

The results showed that there is no relationship between the wear coefficient and the friction coefficient. 
On the other hand, the wear coefficient was influenced by the used counterbody (see Figure 1). Even 
tough steel presents a higher hardness (812 HV) than aluminum (170 HV), it induced the lowest wear 
on the three tested materials. This may be explained by the wear mechanisms. Scanning electron 
microscopy (SEM) analysis showed that for all tested materials, aluminum balls present high plastic 
deformation with some polymeric material adhesion. In addition, aluminum was also extensively 
detected on the wear tracks. Concerning steel balls, no wear was detectable, being just accumulation 
of polymeric material found on their surface. This accumulation was more significant for tests carried 
out against PEI samples, followed by PLA. PC showed insignificant transference.  

Regarding to the wear coefficient, while PC was the material that showed the lowest value, PEI showed 
the highest. These results show that there is no direct relation between hardness and wear. For all 
materials, SEM analysis showed that there is formation of a tribolayer which is made of wear debris 
accumulation and their compaction. It was found a correlation between the extent of the tribolayer 
observed by SEM and the wear coefficient: the thicker the tribolayer, the higher the wear. Adhesive wear 
was considered the predominant wear mechanism. 

mailto:celio.pina@estsetubal.ips.pt
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Figure 1. Wear coefficient of PLA, PEI and PC against steel and aluminum ball. 

Conclusions 

Samples of PLA, PEI and PC were successfully produced by fused filament fabrication. Among the three 
materials, PC revealed to be the most promising material for stamping aluminum parts die, showing the 
highest resistance to wear. For all tested materials, adhesive wear was the main wear mechanism.  
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Synopsis 

The aim of this study is to evaluate the potential of additive manufacturing (AM) to produce reliable 
zirconia dental pieces and the influence of glazing on the tribological performance of the obtained 
samples. To validate the possibility of using AM, the results were compared with those obtained with 
samples produced by a conventional subtractive manufacturing (SM) method. 

Zirconia samples produced by both methods were sintered at 1500ºC, polished to obtain the same 
surface finishing and some of them were glazed. Density, porosity, Vickers hardness, toughness and 
roughness measurements were performed. Also, chewing simulation tests against dental human cusps 
were carried out in artificial saliva at room temperature, before and after glazing. The wear tests were 
carried out with an applied load of 50 N, vertical speed 40 mm/s, horizontal speed 20 mm/s, vertical 

movement 2 mm, horizontal movement 0.7 mm and frequency 1 Hz. The counter-faces’ wear was 
quantified, and the wear mechanisms investigated.  

Introduction 

Ceramic based prosthetic materials are highly used for the repairing/replacing of a damaged/missing 
tooth, due to their suitable mechanical and aesthetic properties, chemical stability and biocompatibility 
[1-2]. Additive manufacturing (AM) has emerged as new methodology to obtain long term 3D dental 
pieces at low cost, decreasing the materials’ waste and production time relatively to the conventional 
manufacturing methods [3]. Generally, ceramic restorations are coated with a ceramic glaze paste to 
improve aesthetics. 

Results and Discussion 

AM and SM samples have similar density and surface roughness, but AM samples show a higher 
surface porosity and lower hardness and toughness than SM samples. After the chewing simulation 
tests, no wear was found for both unglazed SM and AM samples, but the cusps suffered a significant 
volume reduction, especially in the tests against SM samples. Concerning the glazed samples, the wear 
tests revealed that both the cusps and the coated surfaces suffered wear. The cusps’ wear was 
significantly higher than with unglazed samples. Although glaze presents a lower surface hardness than 
zirconia (similar to enamel), the delamination of glaze leads to three body abrasion which increases the 
cusps wear. Dental material adhesion occurred both on glazed and unglazed samples.  
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Figure 1. SEM images of unglazed/glazed SM and AM zirconia after wear testing. 

Conclusions 

Additive manufacturing seems to be a promising technique to produce zirconia dental pieces. The use 
of glaze induced a higher cusps’ wear. The wear was higher for the cusps against SM samples (both 
unglazed and glazed).   
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Synopsis 

This study aimed to develop hydrogels based on sodium alginate (SA) which are considered promising 
candidates due to their biocompatibility, hydrophilicity, and possibility of being tailored to mimic the 
natural cartilage tissue function. A methacrylic modification of the hydroxyl groups of SA's backbone 
enabled covalent bonding by UV exposure with further ionic bonding of the carboxyl groups with a 1M 
CaCl2 aqueous solution. The obtained results show that double crosslinked methacrylic-alginate-based 
hydrogels present adequate properties for load-bearing cartilage substitution and can be used as drug 
delivery platforms for the vehiculation of an anti-inflammatory (ibuprofen) in the post-surgical period. 

Introduction 

The quality of life of millions of people is compromised by the pain and impaired mobility of synovial 
joints that outcomes from damaged or degenerated articular cartilage. Wear and deterioration of 
cartilage often progress towards degenerative pathologies, like osteoarthritis. The limited healing 
potential of articular cartilage impairs its normal load-carrying capacity. Currently used clinical methods 
provide temporary relief, but they do not restore long-term joint function [1],[2]. Hydrogels have been 
studied as potential substitutes for articular cartilage. Good candidates seek to work synergistically with 
native cartilage to withstand the harsh environment of diarthrodial joints. The artificial bearing 
replacement must, on the one hand, support the loads exerted by the skeletal system, which can reach 
about 2-4x the body weight when walking [2]. On the other hand, the engineered material’s surface must 
be carefully adjusted to induce low friction against native cartilage with minimal wear [1], [3]. 

Hydrogels were prepared with sodium alginate, methacrylic anhydride and a photoinitiator and 
submitted to a double crosslinking procedure, first by exposure to UV radiation followed by immersion 
in CaCl2 solution (SAM hydrogels). GO hydrogels were obtained by adding 0.3 %(w/v) graphene oxide 
(GO) to the prepared mixture, following a similar procedure. 

Results and Discussion 

Results demonstrated that GO significantly affected several properties of the SAM hydrogels: 

- Lead to a lower equilibrium water content (decreased from 87.1 ± 2.6% to 81.1 ± 2.7%); 

- Increased the Young’s modulus and the ultimate tensile strength by 128% and 137%, respectively; 

- Enhanced the hydrophilic character (water contact angle decreased from 33º ± 6º to ~0). 

The tribological properties of SA and GO hydrogels were investigated under different load, measured in 
pin-on-disc equipment using pins of porcine knee cartilage as countersurface in either PBS or human 
synovial fluid lubricating media (Fig. 1). In general, the average friction coefficient slightly decreased for 
SA hydrogels by increasing the load from 0.32 MPa to 0.47 MPa. It also showed a dependence on 
lubricant’s nature.  

Lower friction coefficients were obtained in synovial fluid compared to PBS, due to the liquid's viscosity 
(10x superior for the former), and the presence of biomolecules that enhance lubrication. Evaluation of 
the material’s degradation in PBS showed that GO hydrogels were severely affected after 3 days, losing 
about 90% of their mass, in contrast with SA which only lost 4%. Therefore, SA hydrogels were chosen 
to be loaded with the anti-inflammatory. A sustained drug-release profile was observed during 72 h, 
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revealing the material’s ability to serve as a platform for the local delivery of ibuprofen in the post-
operatory period. Samples revealed to be non-irritating and non-cytotoxic. 

 
Figure 1. Mechanical characterisation of 10M MA hydrogels: (a) stress-strain curve, (b) normalised relaxation modulus 

as a function of time, (c) storage modulus (G’) and loss modulus (G”) as a function of frequency (ω), and (d) friction 
coefficient over 3600 s under PBS or SF (synovial fluid). 

Conclusions 

A dual step crosslink proved to be a suitable approach to produce SA hydrogels for load-bearing 
cartilage substitution with tailored mechanical properties. The tribological behavior of the resulting 
materials mimics the cartilage-on-cartilage contact.  

SA-modified hydrogels revealed the material’s potential to serve as a drug-delivery platform for the local 
delivery of this anti-inflammatory in the post-operatory period. Studies with human chondrocyte cells 
showed cell viability for non-loaded materials and minimal toxicity for the drug-loaded-ones. No signs of 
irritability were found for both hydrogels. 
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Synopsis 

Polyvinyl alcohol (PVA) hydrogels were produced by cast drying, with different amounts of Nomex® 
(poly(m-phenylene isophthalamide) nanofibers (0, 1, 1.5 and 2 wt.%) and were gamma-irradiated (25 
kGy). Samples morphology/topography was observed by scanning electron microscopy (SEM). The 
mechanical behaviour of the irradiated materials was assessed through compression tests. The friction 

coefficient (CoF) against 316L stainless steel balls ( 6 mm) was measured in linear reciprocating 
movement (at a frequency of 1 Hz), under the lubrication of phosphate buffered saline (PBS) solution, 
using applied loads in the range of 5-50 N for a duration of 20 minutes. The swelling capacity of the 
hydrogels in water and the water contact angle were also determined. 

Introduction 

Joint pathologies such as osteoarthritis and rheumatoid arthritis affect millions around the world, and 
their impact is expected to continue to increase with ageing populations and rising obesity [1]. These 
conditions, among others, lead to the deterioration of articular cartilage, which provides an almost 
frictionless surface and load-bearing capacity within joints. The use of biomaterials to replace the native 
tissue can avoid the full replacement of joints when cartilage damages are still limited. Hydrogels have 
raised great interest for this purpose, owing to their biocompatibility and physical properties that 
approach those of natural cartilage. Among these, PVA hydrogels have been quite explored, since they 
are biocompatible, present good swelling properties and have tunable mechanical properties [2]. 
However, it has been found that PVA hydrogels do not possess enough mechanical resistance to 
substitute cartilage. Therefore, different strategies, including the addition of reinforcement materials, 
have been proposed to improve the hydrogels’ properties [3].  In this work, it was attempted, for the first 
time, to reinforce PVA hydrogels with Nomex®, a fibre known for its high mechanical toughness, 
flexibility, and resilience [4]. The hydrogels were further gamma-irradiated to replicate a possible 
sterilization procedure. 

Results and Discussion 

The addition of 2% Nomex® impaired the materials’ polymerization. SEM analysis of the remaining 

hydrogels showed that all presented a smooth surface and have a compact structure. The increase 

in the Nomex® nanofibers content led to an increase of the compressive strength of the hydrogels, 

approaching the behaviour of human cartilage (Fig. 1). 
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Concerning the tribological behavior, as the normal load increased, the values of CoF raised (Fig 

2). This is due to the higher deformation of the hydrogels, that increases the contact area with the 

counterbody and promotes the adhesion between the surfaces. Due to its lower mechanical 

resistance, non-reinforced PVA did not withstand the higher applied load (50 N), degrading during 

the tribological tests. The reinforcement addition did not affect significantly the CoF observed at 

each load. Comparison with human cartilage tested in the same conditions (SS ball, lubricant PBS, 

load 10 N) showed that CoF values are almost double for the natural tissue (CoF = 0.19) [2]. 

The addition of 1% of Nomex® to PVA did not affect the swelling capacity of the PVA hydrogel ( 

300%), which was quite similar to that observed for human cartilage [1]. However, 1.5% led to a 

slight decrease of the amount of water absorbed (around 20%), which may be due to the increase 

in hydrogel’s stiffness.  

The materials revealed to be highly hydrophilic. The reinforcement almost had no influence on the 

measured water contact angles (46-48º). 

Conclusions 

The reinforcement of PVA hydrogels with 1.5% meta-aramid nanofibers obtained from Nomex® followed 
by sterilization with gamma-radiation allowed to obtain homogeneous hydrogels with a mechanical 
behavior at compression significantly superior to PVA and friction coefficient lower than that observed 
tor natural cartilage tested in the same conditions. 
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Figure 2. CoF of PVA hydrogels tested against stainless 

steel in lubricated conditions at different loads. 

Figure 1. Compressive stress-strain curves of PVA 

hydrogels and of porcine cartilage. 
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Synopsis 

The present abstract reports the use of self-lubricant films combining properties of high oxidation 
resistance coatings with lubricious elements, such as V addition to multilayered TiSiN/TiSiVN and 
monolayered TiSiVN, to reduce the rapid wear of cutting tools during dry machining through vacuum 
magnetron sputtering technologies.  

To improve the lifetime of cutting tools, tool condition monitoring (TCM) of the wear level of the tools 
ensures the continuous evaluation in real time of the cutting edge until the detection of the optical layer, 
in this case TiN, which is deposited underneath the self-lubricant coating.   

Introduction 

The constant need to optimize processes, associated with productivity within the industrial environment, 
encourages the search for solutions that promote alternatives capable of competing in the global market. 
In this case, the manufacturing industry is fundamentally based on chip-start cutting technology, in which 
a large part of the production cost attributed to cutting tools is due to poor tool management and lack of 
knowledge of wear level. Increasing the lifetime of cutting tools involves optimizing the respective 
management system used in the manufacturing industry, based on chip-start cutting technology. 

Given the cost of producing such tools, in order to improve their lifetime, the solution lies in the 
sustainability of processes, as well as tool condition monitoring (TCM) of the wear level on the tools, 
reducing their environmental impact through early disposal. The rapid wear of tools during dry machining 
presents an opportunity for the adoption of adaptative coatings, through vacuum magnetron sputtering 
technologies.   

Self-lubricant coatings should combine a set of properties not easily found in nature in a simple material, 
such as high toughness, low friction, good wear-resistance and thermal stability at high temperature [1]. 
The TiSiN matrix, in these coatings, acts as an anti-diffusion barrier for the lubricant soft phase element, 
such as Ag or V, preventing their rapid wear onto the surface of the coating [2].   

Results and Discussion 

Monolayer TiAlN, TiSiN and TiSiVN and also multilayered TiSiN/TiSiVN coatings, with different V 
concentrations, were deposited by d.c. reactive magnetron sputtering, working in unbalanced mode, 
composed by two pairs of magnetrons facing each other.  

These coatings present wear and oxidation resistance properties and also low friction at high 
temperatures, without liquid lubricants during the cutting process. These coatings were evaluated for 
their performance in dry machining tests on CK45 steel in a laboratory environment using an automated 
computer control- CNC machine. In Figure 1, a comparison is presented between cutting tools coated 
with TiSiN/TiSiVN before and after the machining tests, where the latter show adhesive wear on the 
cutting edge. 
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Figure 1. Cutting tool edge coated with TiSiN/TiSiVN during dry machining of CK45. Tool condition monitoring of the 

cutting edge to evaluate the performance of the tool. 

Alongside these tests, the wear level of such coatings was monitored continuously and in real-time, 
based on optical characteristics and resistivity changes in the developed thin films. As shown in Figure 
2, thanks to the EDS elemental distribution map, it is possible to distinguish between the top layer (self-
lubricant or anti-wear coating) and the optical layer (TiN) both deposited in the carbide end mill. 

 

Figure 2. EDS elemental distribution maps of coated carbide end mill after 15 passes on a CK45 machined workpiece. 

 

Conclusions 

In this work, the effect of V alloying in the monolayered TiSiVN and in the multilayered TiSiN/TiSiVN 
coatings on the structure, mechanical properties, oxidation resistance and machinability are studied. 
According to the results, the addition of solid lubricant elements contributed to the wear reduction on 
cutting tools, proven by the tests carried out, thus increasing the lifetime of tools.  
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Synopse 

Self-lubricant coatings offer an opportunity to increase tools lives under severe conditions [1]. Thus, this 
study was focused on the development of surface engineering solutions based on sputtering technology 
– PVD, by depositing thin films on mold surfaces for glass industry, which could improve wear resistance 
under aggressive conditions and increase durability relative to the state-of-the-art solutions. Within the 
frame of this work, transition metals were added to Titanium Nitride-based hard coatings during the 
deposition by DC magnetron sputtering. Two different structures configurations: monolayer and 
multilayer, were produced and optimized in order to achieve the best compromise between thermal, 
mechanical and tribological properties. Wear results showed that the coatings with multilayer structure 
are a very promising solution in order to overcome the fast degradation of molding parts, during the 
production process of bottles.  
 
Introduction 
One of the main problems in the glass industry is the fast wear of the surface of molding tools used in 
the glass manufacturing process which, in direct contact with the melted glass, are subjected to severe 
conditions of abrasion, corrosion and thermo-fatigue at high temperatures.  The wear in these 
components (plungers, molds, neck rings, etc.)  has led, in the last years, to efforts in order to overcome 
this problem. Therefore, the main goal of this study was to develop surface engineering solutions based 
on sputtering technology – PVD, in order to increase mold lifetime when exposed to abrasive and 
corrosive environments at high temperature. 

Results and Discussion 

Substrates of the same material used in molds manufacture for glass industry were coated with Ti-X-
(Y)-N hard coatings (X and Y - transition metals) by PVD magnetron sputtering in two different structures 
configurations: monolayer and multilayer (Figure 1). 

 
Figure 1. Scanning electron microscopy (SEM) image of the multilayer coating in cross section.  

The tribological behavior of the coatings were evaluated at room temperature (RT) and 600ºC, on a pin 
on disk tribometer equipment. Uncoated samples were also tested for comparative wear analysis 
purposes only. Figure 2 shows 3D profiles of the wear tracks after pin-on-disk tests against Al2O3 balls 

and Figure 3 shows the comparison of their specific wear rates. 
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Figure 2. 3D profiles of the wear tracks after pin on disk tests at RT and 600ºC. Type of sample: a) uncoated; b) 
monolayer coating and c) multilayer coating. 

 

Figure 3. Specific wear rates of the coatings and uncoated sample tested against Al2O3 balls. 

 

Conclusions 

Tribological tests showed that the coatings with multilayer structure have ten times less specific wear 
rate than uncoated samples and four times less than monolayer coatings. This could be a good indicator 
of the coating’s performance as a protective solution for molding parts during the production process of 
bottles, and therefore, achieving two main goals: reduce the cost of production and increase the energy 
efficiency due to carbon footprint reduction. 
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