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Presentation 

History 

The first edition of the Iberian Conference on Tribology took place in Gijón in 2001, 
followed by Valencia 2003, Guimarães 2005, Bilbao 2007, Coimbra 2009, Madrid 
2011 and Porto 2013. 

Organization 

The VIII Iberian Conference on Tribology -IBERTRIB 2015- is organized by the 
Materials Science and Engineering Research Group of the Materials and 
Manufacturing Engineering Department, Industrial Engineering School at the 
Technical University of Cartagena (Spain) and is held during June 18th and 19th, 
2015. 

Conference Topics 

- Friction and wear 
- Surface engineering, surface treatment and coatings 
- Lubrication, lubricants and additives 
- Biotribology 
- Micro and nanotribology 
- Contact mechanics 
- Modelling and simulation in tribology 
- Characterization techniques and testing methods in tribology 
- Case studies in tribology 
- Other topics in tribology 

Conference Language 

- The official language of the conference is English. 
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Keynote Lectures 

The conference program includes two Keynote Plenary Lectures by distinguish 
scientists in the field of Tribology, to provide thematic presentations on their most 
recent findings. 

Lecture 1:  

Dr. Luis Fernández Ruiz-Morón, head of the Tribology area in the Lubricant 
Laboratory of Repsol S.A. 

Luis Fernández Ruiz-Moron, Doctor and Industrial Engineer from the Polytechnic 
University of Madrid, works at Repsol since 2002 at the Technology Directorate, 
leading R & D projects of industrial lubricants, fluids for shock absorbers, fluids for 
manual and automatic transmissions, and he is currently working on the development 
of high efficiency lubricants. He is responsible for the area of tribology in a lubricants 
laboratory. He previously worked at the Department of Biomechanics at INSIA 
(Center for Automotive Research). In addition, he is an expert researcher evaluator 
of the National Evaluation Agency (ANEP) and he is also an ISO / AENOR 
Accredited Expert Member and a member of various European groups. 

Lecture: “Tribology: key for fuel efficiency” 

Emission regulation and environmental restrictions among others are driving a 
change in lubricant market. Lubricant composition is becoming more and more 
complex. Dedicated lubricants are being demanded more and more. The industry is 
requiring lubricants that make the machines to run smoother, at lower temperatures 
and more efficient for longer drain intervals.  

Tribology is playing a key role in lubricant development. There are a few factors that 
must be taken into account and are review in this work, such as operating conditions, 
materials, coatings, specific engine design, auxiliary system, etc. 
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Lecture 2: 

Prof. Dr. Nicholas Spencer, head of the Laboratory for Surface Science and 
Technology of the ETH Zürich. 

Nicholas Spencer studied at the University of Cambridge, where he obtained a 
Bachelor's degree in Chemistry and earned his Ph.D. in the area of Surface 
Chemistry in 1980. Following this, he worked as a postdoctoral fellow at the 
University of California, Berkeley, where he studied ammonia synthesis catalyzed by 
iron single crystals. From 1982 to 1993 he was employed at the Research Division of 
W. R. Grace and Co. in Columbia, Maryland, working in the areas of catalyst 
research, high-temperature superconductors, and finally as head of the surface 
science, microscopy, and vibrational spectroscopy groups. Since August 1993 he 
has been Professor for Surface Science and Technology at the ETHZ (Zürich, 
Switzerland), and from 1996 to 1998 and 2002 to 2006 served as Chair and Head of 
the Department of Materials. He is the President of the ETH Research Commission 
at the moment. He is editor-in-chief of the journal Tribology Letters.  
(http://www.surface.mat.ethz.ch/people/professors/spencern) 

Lecture: “Tribological and Mechanical Properties of Polymer Brushes and 
Brush-Gels” 

Most natural surfaces with tribological significance are soft, and decorated with 
sugar-based chains that dangle into the surrounding aqueous environment. One way 
in which such structures can be imitated in the laboratory is in the form of polymer 
brushes, which exhibit many interesting properties, both tribological and biological. 
Polymer brushes with a certain degree of crosslinking are essentially gels (“brush-
gels”), which also resemble natural soft materials such as cartilage or the surface of 
the cornea. In our laboratories, we have utilized polymer brushes and brush-gels for 
lubrication, at first in aqueous environments and more recently in oil. They exhibit 
very promising frictional behaviour, but present challenges as far as wear is 
concerned. An important factor in these materials is the interplay between the solvent 
(oil or water) and the polymer, not only in terms of solvation, but also in a dynamic 
sense, i.e. how the solvent behaves within the polymer construct under sliding 
contact. By means of a judicious choice of solvent quality and viscosity, a significant 
amount of the load on the polymer brush system can be borne by the solvent, as it is 
pushed through the porous network of the brush or brush-gel, thereby protecting the 
polymer from excessive wear. 
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Lubrication, Lubricants and Additives 
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ASSESSMENT	OF	LOW	VISCOSITY	ENGINE	OILS	IN	TERMS	OF	FUEL	
CONSUMPTION	AND	ENGINE	WEAR	IN	HEAVY	DUTY	ENGINES	FLEET	
TEST	

Vicente Macián1, Bernardo Tormos1, Santiago Ruiz1, Guillermo Miró1(*), Tomás Pérez2 
1Instituto Universitario CMT-Motores Térmicos, Universitat Politècnica de València, Spain 
2Repsol S.A., Spain 

ABSTRACT 
As a consequence of the increasingly stringent emissions standards in the world and, 
on the other hand, the foreseen shortage of fossil fuels, the application of low 
viscosity engine lubricants (LVO) is considered one of the most cost effective 
contribution  to counteract these challenges. The aim of the test was to verify the 
potential fuel consumption benefits of using LVO in Heavy Duty Vehicles (HDV) 
found in literature, mainly obtained in engine bench tests, when they are working on 
real and “on-road” conditions. Parallel to this study, the performance of low viscosity 
lubricants regarding to engine wear was assessed, since the use of LVO could imply 
an increase in engine wear rate. Potential higher wear could result in a life cycle 
reduction for the internal combustion engines or higher maintenance costs, both non-
desired effects. In order to achieve this goal, a sample of 39 urban buses comprising 
two engine technologies (Diesel and Compressed Natural Gas (CNG)) and four 
different lubricants were studied over more than 60000 km per vehicle, measuring 
daily mileage and fuel consumption, and also oil performance was monitored (with 
3000 km sampling frequency) using a deep and extensive oil analysis program, 
specially engine wear was quantified using ICP-OES, in order to detect abnormal 
engine wear patterns. 
Results obtained have shown a positive correlation between the use of LVO and fuel 
consumption reduction in HDV, both for Diesel and CNG. Regarding to oil 
performance, results indicate that engine wear do not show abnormal patterns due to 
use of LVO. 
KEY WORDS: low-viscosity oils, fuel efficiency, engine wear 

1.- INTRODUCTION 
In recent years, increasing social concern on climate change as a consequence of 
global warming, foreseen lack of fossil fuels and related increasing in petroleum 
products prices has derived in a general interest for society to take actions to tackle 
CO2 and other greenhouse gases (GHG) emissions and enhancing vehicles fuel 
economy. Since transportation activities contribute significantly to annual emissions, 
governments are proposing stringent legislation focused on fuel consumption and 
GHG emissions reductions. For the first time, these legislations will include HDV 
limits for pollutant emissions and fuel consumption. In the European Union context, 
approximately 25% of the road transport CO2 emissions and about 6% of total EU 
emissions [1] are directly related to HDV. 
Generally, vehicle fuel consumption reduction and in consequence CO2 emissions 
can be faced by a wide range of solutions, divided in two main groups: vehicle 
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development, e.g. aero dynamical improvements, new tire materials to reduce rolling 
resistance, electronic assistance to optimize vehicle driving, etc. On the other hand, 
internal combustion engine (ICE) efficiency improvement could contribute 
significantly to that defined objectives, for instance: by improving thermo-chemical 
dynamic processes or by reducing engine losses. Specifically, engine internal friction 
represents around 50% of the total mechanical losses [2], so any reduction in internal 
friction losses can be translated into a contribution for improving fuel economy. 
Regarding this last option, one interesting cost-effective way to reduce ICE internal 
friction is the usage of low viscosity oils (LVO) [3].  
Generally, friction and lubrication characteristics of an engine tribological pair depend 
on variables as: engine load, engine speed and the viscosity of engine oil. The 
relationship of these three variables and the resulting friction performance is defined 
by the Stribeck diagram, shown in Figure 1. This diagram also defines the lubrication 
regime of a lubricated pair in relative motion, depending on the film thickness: 
hydrodynamic, when a fully lubricant film is formed between surfaces as a 
consequence of the relative motion; boundary, when direct contact between dry 
surfaces appears and lubricant additives play a key role on lubrication; and finally, 
mixed regime, when the lubrication regime presents boundary and hydrodynamic 
characteristics simultaneously. The hydrodynamic regime is the most susceptible 
regime to contribute to fuel economy improvement, since in this situation oil viscosity 
reduction will result into a low friction coefficient as long as the oil film thickness 
prevents the contact between the surfaces in relative motion.  

Figure 1.Stribeck diagram and lubrication regimes of main engine components. 

The use of LVO in order to reduce friction losses has been present for several 
decades and many studies have been conducted about it, both in spark-ignition 
engines [4] and in compression-ignition engines, especially in the light-duty segment 
[5]. Literature research presents an average reduction in fuel consumption due to use 
of LVO ranging between 1% and 5%, depending on different factors related to engine 
and oil characteristics. As a result of these studies, the commercial SAE viscosity 
grades have been decreasing in the oil market. 
The aim of fuel economy implies alternative challenges in oil formulations. Observing 
the Stribeck curve, a possibly stated hypothesis could be that a reduction in viscosity 
can modify the lubrication regime from a purely hydrodynamic friction to a mixed or 
even boundary friction regime, where wear could increase exponentially [6].  Also, 
this situation can contribute to accelerate oil degradation [7].  
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Recently, in order to investigate LVO effects on HDV fuel consumption, some tests 
have been performed in engine test bed with positive results, however, there is no 
significant information about the effect of LVO on fuel consumption and engine 
affection in “on road” conditions. 
Attending this situation, a study has been proposed to evaluate the use of LVO in 
HDV in real world conditions for a proper and accurate quantification of fuel economy 
contribution, and also studying possible effects on engine wear and oil performance.  

2.- EXPERIMENTAL DETAILS 
As mentioned before, few significant data about LVO effect on fuel consumption on 
real fleet test are available, especially for HDV segment. For this study fuel 
consumption was calculated from the fuel refills data and the mileage performed 
obtained from the global positional system (GPS) of each bus being both values 
taken on a daily basis. Oil condition was monitored along all the tests. The design of 
the test, buses models involved and their characteristics, and used oils will be 
presented in this section. 

2.1.- Fleet Test Design 
To accomplish the main objective of this test, a long term test was defined where the 
daily fuel consumption of a group of control buses using market-commercial SAE 
grade oils was compared against a group of similar buses using LVO. It was 
considered that a great number of other variables during real service would affect the 
test: environmental conditions (e.g. weather and season of the year), road conditions 
(e.g. slope, average velocity, road quality), driving behavior and specific bus 
operation conditions variables (urban traffic, type of engine, number of passengers, 
vehicle weight, etc.), affecting the influence of LVO on fuel consumption. 

2.2.- Vehicles in test 
The bus fleet used for this test was the public urban bus fleet of the city of Valencia. 
In order to broaden the range of the test, three different engine technologies were 
selected: Compressed Natural Gas (CNG) and two Diesel engine powered vehicles 
with different emissions standards (Euro IV and Euro V) were considered, as shown 
in Figure 2. 

Figure 2. Vehicles used in the fleet test. 
The list of main vehicle and engine characteristics is presented in Table 1. Please 
note that information shown in italics has been collected from aftermarket solutions 
providers. On the other hand, it is important to bear in mind that all fuels in this test 
were commercially available and they met national standard fuel requirements. 
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Table 1. Vehicle characteristics by bus model. 

Bus Model Euro IV Euro V CNG Bus Model Euro IV Euro V CNG 

Model Year 2008 2010 2007 Oil sump 
volume [l] 

31 29 33

Length/width/
height [m] 

17.94/ 
2.55/3 

11.95/ 
2.55/3 

12/2.5/ 
3.3 

bmep [bar] 18.3@ 
1000 rpm 

13.5@ 
1000 rpm 

12@ 1000 
rpm 

Vehicle 
weight [tons] 

17.5 12.7 12.1 Thermal 
loading 
[W/mm2] 

2.85  3.97  2.33  

Passenger 
capacity 
seated/stand 

45/95 25/60 30/63 Turbo-
charging 

Turbo+ 
Intercooler 

Turbo+ 
Intercooler 

Turbo+ 
Intercooler 

Engine 
displacement 
[c.c.] 

11967 7200 11967 EGR [-] NO NO -

Emission 
certification 
level 

EURO IV EURO 
V 

EEV OHV OHV OHV 

Number of 
cylinders 

6 6 6

Valve train 
configuration 

Roller 
follower 
(hardened 
steel) 

Cam 
follower 
(steel) 

Cam 
follower 
(steel) 

Related 
power [kW] 

220@ 
2200 rpm 

210@ 
2200 
rpm 

180@ 
2200 
rpm 

Reference 
buses 

5 5 10

Related 
torque [Nm] 

1600@ 
1100 rpm 

1100@ 
1100 
rpm 

880@ 
1000 
rpm 

Candidate 
buses 

4 5 10

2.3.- Oils  
Taking into account that vehicles in test were in real-world operation while the test 
was performed, test lubricant selection was crucial, so two conditions were required 
for them: all oils needed to be commercial and approved by the buses original 
equipment manufacturers (OEM). 
Oils that the fleet operator had been using until the moment of the beginning of the 
test were used as reference oils; 15W40 SAE grade oil for Euro IV buses and 10W40 
Low Saps oils for the other engines. On the other hand, 5W30 SAE grade oil was 
selected as the low viscosity grade based on the requirements set by the engines 
OEM. Additionally, due the Low Saps restriction for the CNG buses, two oils needed 
to be used as candidates.  The complete characteristics of these oils can be seen on 
Table 2. 

Table 2. Baseline and candidate oils characteristics. 

OIL A OIL B OIL C OIL D 

Type  
Baseline 
Diesel engine 
Oil 

Baseline 
Diesel/CNG 
engine Oil 

Low viscosity 
candidate 
Diesel engine 
Oil 

Low viscosity 
candidate 
CNG engine 
Oil 

SAE grade 15W40 10W40 5W30 5W30

Density@15°C 
[g/cm3]  

0.887 0.859 0.861 0.855

Viscosity@40°C [cSt] 108 96 71 68

Viscosity@100ºC [cSt] 14.5 14.4 11.75 11.7

Viscosity Index [-]  >141 >145 >158 <169
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HTHS 
Viscosity@150ºC 
[mPa·s]  

4.082 3.853 3.594 3.577

TBN [mgKOH/g] 10 10 16 10

API Base Oil API G-I API G-III 
API G-III + G-
IV 

API G-III + G-
IV 

ACEA Oil Sequence ACEA E7/E5 ACEA E6/E4 ACEA E7/E4 
ACEA 
E6/E7/E9 

2.4.- Test duration  
One main point detected in the test definition was that the effect of LVO over fuel 
consumption could be strongly difficult to assess directly on “on-road” conditions, so 
a large amount of dataset was required to obtain the narrow fuel consumption 
differences which were expected between control and candidate groups of buses. In 
order to achieve so, each of the 39 buses completed at least 60000 km mileage 
working with its respective oil, corresponding to two oil drain intervals (ODI) of 30000 
km. 

2.5.- Fuel consumption measurement 
A daily basis calculation of buses fuel consumption was made by means of covered 
distance and liters of fuel consumed.  Covered distance was measured via GPS, and 
fuel consumed was measured by refueling both diesel and CNG buses. While the 
diesel fuel dispenser measurements were saved directly in the computer 
maintenance management system (CMMS), CNG consumption measurement was 
made using a different approach. The CNG refueling facility was built in the way that 
all the CNG fleet had to be connected at the same time to the system. As the final 
pressure and the bus CNG tank volume are known, the initial pressure in the tank at 
the beginning of the refueling was used to calculate the amount of CNG refueled.  

2.6.- Oil condition monitoring 
To control the variation of oil condition along the test, oil sampling planning was 
established. The planning consisted in taking a 100 ml oil sample every 3000 km of 
mileage for every bus, completing more than 800 oil samples (21 by bus) at the end 
of the test. In order to characterize oil condition of the test buses, a broad range of 
techniques were used. 

2.6.1.- Viscosity 
It is one of the most contrasted and used parameters defining oil condition. 
Concretely, van Dam et al. [8], [9] have noted the importance of High-Temperature 
High-Shear (HTHS) viscosity, being more accurate for representing oil performance 
in real engine conditions. Thus, HTHS viscosity measurement was done by a 
multicellular capillary viscometer was used, according to ASTM D 5481. 

2.6.2.- Physicochemical properties 
Total acidity and basic indexes (TAN, TBN) were determined by potentiometric 
titration methods based on the procedures of ASTM D664 and D2896. Oil oxidation 
was analyzed by Fourier Transformed Infrared (FTIR) spectroscopy, following an “in-
house” methodology based on ASTM D 7214. 
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2.6.3.- Wear analysis 
In order to monitor and trend metal content of wear and additive element control, a 
methodology based on atomic spectrometry on an ICP-OES was used following the 
ASTM D 5185 standard.  

3.- RESULTS AND DISCUSSION 
In the following section, selected results will be presented, due to the huge quantity 
of data obtained. First of all, the fuel consumption difference between baseline and 
reference oil for each engine technology is presented, in Figure 3. 

Figure 3. Fuel consumption difference for each technology: EURO IV (left), EURO V (center) and CNG 
engines (right). 

Generally, buses using LVO (SAE grade 5W30 and 5W30 Low Saps, depending on 
engine technology) had less fuel consumption than the groups that used regular oils 
(SAE grade 10W40 Low Saps and 15W40).  This difference varies depending on the 
bus model being 1.83% for the Euro IV, 0.98% for the Euro V and 3.71% for CNG 
buses. In Figure 4 the relationship between fuel economy improvement and bmep is 
presented, as indicator of engine thermo-mechanical stress. 

Figure 4. Fuel consumption improvement related to bmep for test engines. 
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As observed, CNG buses showed the best benefits on fuel consumption reduction 
due the use of LVO. But on the other hand, Euro V buses presented less than 1% 
improvement, and this result presented statistically non-significance. The main 
hypothesis for these phenomena is that engine characteristics leaded to high values 
of bmep that could induce longer periods of non-hydrodynamic lubrication regime 
during engine operation, thus reducing the effect of LVO. 
Related to oil performance, HTHS dynamic viscosity was monitored along the ODIs, 
with the results presented in Table 3. 

Table 3. HTHS viscosity for each engine technology, initial and final values, and variation along ODI. 

Engine oil 
Engine 

technology 

HTHS @ 150ºC 
initial  

[mPa·s] 

HTHS @ 150ºC 
@30000km 

 [mPa·s] 
% variation 

Oil A - 15W40 EURO IV 4,082 4,17 4,25 2,16% 4,12% 

Oil B - 10W40 EURO V 3,853 3,97 4,08 3,04% 5,89% 

Oil B - 10W40 CNG 3,853 4,22 4,47 9,53% 16,01% 

Oil C - 5W30 EURO IV 3,594 3,65 3,69 1,56% 2,67% 

Oil C - 5W30 EURO V 3,594 3,63 3,74 1,00% 4,06% 

Oil D -  5W30 CNG 3,577 4,02 4,16 12,38% 16,30% 

As shown before, HTHS viscosity generally presents non-significant variations when 
referred to diesel technologies, while a slight increase in CNG technology is 
observed. Another important item is that LVO formulations studied in this report 
presents excellent viscosity stability, showing that are optimized to maintain constant 
HTHS viscosity during the designated use, except for a slight increase in 5W30 Low 
Saps candidate oil.  
In addition, lubricant degradation properties were measured along the ODI, and 
results are presented in Table 4. 

Table 4. Total acid and base number variations for each engine technology, and oxidation measured 
by FT-IR at final ODI. 

Engine oil 
Engine 

technology 

TAN variation 
[mgKOH/g] 

TBN variation 
[mgKOH/g] 

Oxidation@30000km 
[Abs/cm] 

Oil A - 15W40 EURO IV +1,3 +1,3 -2,3 -3,3 13,6 13,8 

Oil C - 5W30 EURO IV +3,9 +4,2 -2,4 -2,7 12,3 13,3 

Oil B - 10W40 EURO V +2,1 +2,1 -3,3 -4,3 18,4 18,7 

Oil C - 5W30 EURO V +3,6 +3,1 -2,6 -2,5 13,8 14,2 

Oil B - 10W40 CNG +3,2 +3,2 -2,9 -2,8 19,8 20,6 

Oil D - 5W30 CNG +2,7 +2,4 -2,1 -2,1 21,1 21,0 
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The results showed that candidate oils presented more substantial variations in 
acidic and basic numbers in the case of diesel technologies, probably linked to a 
higher degradation rate suffered by these oils. In the case of CNG engines, more 
pronounced degradation in both spectra are observed, due to higher operation 
temperatures. Indeed, for oxidation measurements note that in EURO IV technology, 
lower demand for oil is observed, while in the EURO V and CNG engines mechanical 
and thermal stresses caused greater oxidation increasing. Another important point is 
that candidate oils present less oxidation than baseline oils in diesel engines, 
probably because of the use of different additive packages and base oils.  

Regarding to engine wear, rates obtained during the test are shown in Table 5. 
Table 5. Wear rates for each engine technology. 

Engine oil 
Engine 

technology 
Wear rate Fe 
[ppm/1000 km] 

Wear rate Cu 
[ppm/1000 km] 

Wear rate Pb 
[ppm/1000 km] 

Oil A - 15W40 EURO IV 0,67 0,67 0,67 0,67 0,13 0,13 

Oil C - 5W30 EURO IV 0,67 0,67 0,23 0,17 0,03 0,03 

Oil B - 10W40 EURO V 1,33 1,67 0,13 0,17 0,50 1,00 

Oil C - 5W30 EURO V 3,00 3,00 0,07 0,07 0,03 0,03 

Oil B - 10W40 CNG 0,83 1,33 0,13 0,20 0,70 1,23 

Oil D - 5W30 CNG 0,40 0,50 0,07 0,07 0,07 0,10 

Observing the results, there is just one case where the use of LVO implies a wear 
rate increase, in EURO V engines. These engines presented the greatest iron wear 
rate, both in baseline and candidate oil. The main hypothesis is that this engine is 
under greater mechanical and thermal stress, and specifically the valve train system, 
based on a "cam follower" configuration that may contribute to this phenomenon. In 
addition, the presence of lead in vehicles equipped with Oil B, regardless of engine 
type, may refer to an additive depletion, and seems to be independent of the usage 
of LVO. 

4.- CONCLUSIONS 
This full-scale test has permitted an accurate and real quantification of potential fuel 
economy in HDV. The main conclusion is that the usage of LVO may imply an 
improvement in fuel consumption, but engine design and operating parameters, as 
the vehicle characteristics and type of work, determines the capability of each vehicle 
model to use LVO and perceive reductions in fuel consumption. 
In addition, LVO usage does not necessarily involve a different engine wear 
performance, since the candidate oils used in engines EURO IV and CNG have 
shown no increased wear compared to baseline, probably because both oils have the 
ability to withstand thermo-mechanical stress levels of these engines. The synergy 
between base oil and additive packages have permitted candidate oils to maintain 
key characteristics and assure oil performance along the ODI. 
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ABSTRACT 
Wind resources are a proven source of clean, affordable and sustainable energy. 
Wind energy does not produce harmful pollution gases such carbon dioxide, sulphur 
dioxide, or other gases that have contributed to global warming. The wind energy 
industry has seen rapid growth within the last decade; however the cost of 
maintaining the turbines is a major drawback. Wind turbine gearboxes present one of 
the more challenging current practical tribological problems. Contact failures in gear 
and bearing components have been the source of costly repairs and downtime of the 
turbine’s drivetrain and actuator. A potential solution to reduce contact failures in 
wind turbines and increase their lifespan, is the use of ionic liquids (IL) as lubricant or 
additives of lubricants. ILs have the ability to form stable ordered layers on the 
contact area between the materials, reducing friction and wear. 
In this work, the wear behavior of trihexyltetradecylphosphonium 
bis(trifluoromethylsulfonyl) amide used as additive in two oils is studied and 
compared to commercially available, fully formulated lubricant. Lubricated disks of 
steel AISI 52100 mated with AISI 440C stainless steel balls are studied using a ball-
on-flat reciprocating configuration under variable conditions of normal applied load 
and sliding frequency. The use of the IL as additive in a base oil reduce wear, 
particularly under the lowest frequency studied.  

KEY WORDS: wear, ionic liquids, lubricants, steel-steel contact. 

1.- INTRODUCTION 
Wind is a proven source of clean, affordable and sustainable energy. Wind energy 
does not produce harmful pollution gases such carbon dioxide, sulfur dioxide, or 
other gases that have contributed to global warming. According to the American Wind 
Energy Association, "on average, each MWh of electricity generated in the U.S. 
results in the emission of 1,341 pounds of carbon dioxide (CO2), 7.5 pounds of sulfur 
dioxide (SO2) and 3.55 pounds of nitrogen oxides (NOx). Thus the 10 million MWh of 
electricity generated annually by U.S. wind farms represents about 6.7 million tons in 
avoided CO2 emissions, 37,500 tons of SO2 and 17,750 tons of NOx. This avoided 
CO2 equals over 1.8 million tons of carbon, enough to fill 180 trains, each 100 cars 
long, with each car holding 100 tons of carbon every year [1]." The wind energy 
industry has seen rapid growth within the last decade; however the cost of maintain 
the turbines is a major drawback. Wind turbine gearboxes present one of the more 
challenging current practical tribological problems. Contact failures in gear and 
bearing components have been the source of costly repairs and downtime of the 
turbine’s drivetrain and actuator [2-4]. A potential solution to reduce contact failures in 
wind turbines and increase their lifespan, is the use of ionic liquids (ILs) as lubricant 
or additives of lubricants.   
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In the last decade, ILs have emerged as high-performance fluids due to their unique 
characteristics such as high thermal stability, non-volatility, non-flammability, high 
ionic conductivity, wide electrochemical window and miscibility with organic 
compounds. Also, ILs have the ability to form stable ordered layers and protective 
tribofilms [5-7] on the area between the two materials in contact, reducing friction and 
wear. ILs  are salts with melting points lower than 100 ºC and are usually composed 
of an organic cation, typically containing nitrogen or phosphorus, and a weakly 
coordinating anion. The ability to modify the chemical and physical properties of the 
ILs by changing the anion-cation combination allows to tailor them for any particular 
application [8]. ILs are also considered as “green” solvents, since both the cation and 
anion can be chosen to be non-toxic [9, 10]. Recent literature has suggested 
potential for using room-temperature ionic liquids as lubricants [6, 8, 11, 12]; 
however, studies on the tribological performance of ILs as additives or neat lubricants 
for wind turbine applications are still very scarce.   

In this work, the wear behavior of trihexyltetradecylphosphonium 
bis(trifluoromethylsulfonyl) amide used as additive in two oils is studied and 
compared to commercially available, fully formulated lubricant. 

2.- EXPERIMENTAL DETAILS 
AISI 52100 steel flat disks were tested in a ball-on-flat reciprocating (Figure 1) 
tribometer against AISI 440C steel balls (3 mm spherical radius, 690 hardness 
HV).The sliding time (60 min) and amplitude (10.5 mm) were kept constant for all 
tests.  

Figure 1. Ball-on-flat test configuration. 

Trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl) amide (Sigma-Aldrich, 
USA) is the IL used in this study. Lubricating mixtures were prepared by adding 2.5, 
5, 10, 20 wt.% ratio of IL to a synthetic poly alpha olefin  (Syton PAO-40) and 5 wt.% 
ratio of IL to a commercially available, fully formulated, wind turbine gearbox lubricant 
(Mobilgear SHC XMP 320). Before each test, steel disks were covered with 2 ml of 
the lubricant, and no additional lubricant was added during the test. 

Reciprocating 
Slider Disk Holder 

Load 
Ball 

242424



 Ibertrib 2015. VIII Iberian Conference on Tribology 

Wear was obtained after three tests under the same condition. Volume loss was 
determined by image analysis after 45 wear track width (W) measurements (Figure 
2) for each test, according to Eq. 1 [13]:
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As can be seen in Figure 2, W is the wear width, Ls is stroke length and Rf is the 
radius of 440C steel ball. 

Figure 2. Schematic of a wear scar on a flat specimen against a spherical pin of radius Rf. 

Optical micrographs were obtained using a Zeiss optical stereoscope and wear track 
profiles using a Taylor-Hobson profilometer. 

3.- RESULTS AND DISCUSSION 
3.1.- Effect of IL concentration 
In order to study the effect of IL concentration in PAO, the following parameters were 
kept constant: sliding distance= 227 m, frequency= 3Hz and normal load= 23 N (max 
hertzian contact pressure = 1.85 Gpa). As shown in Figure 3, wear rate of steel disks 
is minimum when a ratio between 5-10 wt. % of IL is used in the synthetic poly alpha 
olefin (PAO). After increasing this ratio of IL in PAO, wear rate increases until 
reaching a maximum value when IL is used as neat lubricant. 5 wt. % of IL was the 
concentration selected to compare wear performance of ILs as additives in PAO and 
wind turbine oil. 

Figure 4 shows the optical micrographs of worn surfaces after a test lubricated with 
IL as neat lubricant and 5wt.% IL in PAO. The milder wear regime when 5 wt. % IL is 
used as additive in PAO is evidenced by the absence of a real worn surface in some 
parts of the wear track, as only superficial scratches were observed (Figure 4b). 
When IL is used as neat lubricant a wider and deeper wear track was obtained as 
can been observed in Figure 4a. 
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 Figure 3. Schematic of a wear scar on a flat specimen against a spherical pin of radius Rf. 

Figure 4. Optical micrographs of worn surfaces after a test ( 3Hz, 23 N, 227 m) lubricated with (a) 100 
wt. % IL, (b) 5 wt. % IL in PAO. 

3.1.- Effect of frequency 
For this part of the study, normal load (23 N) and sliding time (1hr) were kept 
constant. PAO, 5 wt. % IL in PAO (PAO+5% IL), wind turbine gearbox oil (MG) and 5 
wt. % IL in MG (MG+5%IL) were studied as a function of the sliding frequency. While 
under the highest frequency studied, no major differences (Figure 5) were found in 
the lubricating ability of the mixtures; at 1.5 Hz, the addition of 5 wt. % IL to PAO and 
MG reduced the wear rate of steel disk. Wear reductions of 31 % and 39 % with 
respect PAO were observed for PAO+5% IL and MG+5% IL respectively. It is 
interesting to notice that under the lowest frequency, PAO+5% IL showed a better 
lubricating ability than the commercially available, wind turbine gearbox lubricant 
(MG). 
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Figure 5. Wear rates of AISI 52100 steel disks against AISI 440C steel balls under lubrication (23 N, 
1hr). 

3.1.- Effect of normal load 
Maintaining a constant frequency of 1.5 Hz and sliding distance of 454 m, the 
influence of the normal load on the lubricating ability of the oils was studied.  As 
shown in Figure 5, wear rates under increasing normal loads, are always lower in the 
presence of the IL with respect to both oils without ILs (PAO and MG). This reduction 
is particularly important under the highest load (45 N), where the addition of 5wt. % IL 
in MG reduced one order the magnitude the wear rate of steel disk, with respect the 
commercially wind turbine gearbox lubricant. Under the loads studied, the lowest 
wear rate was always obtained on the steel disk lubricated with MG+5%IL. This 
suggests a synergistic effect of IL with the anti-wear additives included in the 
formulation of the gear oil, which is in agreement with previous studies [14].  

Figure 5. Wear rates of AISI 52100 steel disks against AISI 440C steel balls under lubrication (23 N, 
1hr). 
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Figure 6 shows the wear track profiles on steels disk after a test using PAO and 
MG+5%IL as lubricants. As can be seen, both wear tracks show an area of material 
deformed plastically (Figure 6), but the area of wear loss is clearly smaller when 
MG+5%IL is used. 

Figure 6. Wear track profiles on steel disks after a test lubricated with PAO and MG+5%IL (1.5 Hz, 
454m, 45 N). 

Figure 7 shows wear tracks on the steel disks after a test lubricated with PAO and 
MG+5%IL. From the figure, the wear track after a test lubricated with MG+5%IL is 
narrower and has a smoother appearance. In both cases, abrasion marks parallel to 
the sliding directions (Figures 7) show a component of abrasive wear which is more 
severe when the IL is not present. An important component of plastic deformation is 
also observed, particularly for PAO, where lateral plastic flow creates accumulation of 
material at the edges of the wear track (Figures 6 and 7). 

Figure 7. Optical micrographs of worn surfaces after a test (1.5 Hz, 454m, 45 N). lubricated with (a) 
PAO, (b) 5 MG+5%IL. 
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4.- CONCLUSION 
This paper investigated the wear behavior of trihexyltetradecylphosphonium 
bis(trifluoromethylsulfonyl) amide used as additive in a synthetic oil and a wind 
turbine gearbox oil. 

Wear rate of steel disks is minimum when a ratio between 5-10 wt. % of IL is used in 
the synthetic poly alpha olefin (PAO). 

While under the highest frequency studied, no major differences were found in the 
lubricating ability of the mixtures; at 1.5 Hz, the addition of 5 wt. % IL to PAO and MG 
reduced the wear rate of steel disk 31 % and 39 % with respect PAO, respectively. 

Under the highest load (45 N) studied, the addition of 5wt. % IL in MG reduced one 
order the magnitude the wear rate of steel disk with respect the commercially wind 
turbine gearbox lubricant. Under the loads studied, the lowest wear rate was always 
obtained on the steel disk lubricated with MG+5%IL. This suggests a synergistic 
effect of IL with the anti-wear additives included in the formulation of the gear oil. 
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ABSTRACT 
This work presents a study of the tribological behaviour of a mineral fully-formulated 
wind turbine gear oil additised with [BMP][NTf2] ionic liquid. The target application are 
the wind turbine gearboxes, thus the fully formulated oil with and without ionic liquid 
additive was tested in a rolling bearings test rig to measure the thrust rolling bearing 
torque loss and was also tested in a FZG gear test rig to measure the gears torque 
loss at operating conditions similar to the observed in a wind turbine gearbox. 
The results show that a wind turbine gear oil additised with ionic liquid can reduce the 
torque loss and improve the gearbox efficiency while producing less wear particles as 
observed in the oil analysis. 
KEY WORDS: friction, wear, ionic liquids, lubricants. 

1.- INTRODUCTION 
Reduction of CO2 emissions is one of the most important concerns in today’s society 
due to the climate change. Wind energy has been playing an important role on the 
electricity generation, especially during the last years, with the emergence of new 
designs of wind turbines with increasing size and output power. For large wind turbines, 
the low rotor speed makes necessary the usage of multiple stage gearboxes, in order 
to multiply the speed for the adequate rotating speed of the generator [1]. 
Approximately 30% of the energy losses in wind turbine gearboxes are caused by the 
rolling bearings. However, at high operation torque the friction losses between the 
meshing teeth are the main source of power loss. These energy losses depend on the 
rheological and film forming properties of the gear oil [2, 3, 4, 5]. 
Fernandes et al. [6] measured the torque loss in a FZG gearbox lubricated with five 
commercial fully-formulated gear oils with ISO VG 320, obtaining substantial 
differences in the torque loss behaviour for each lubricant.  
One of the most important challenges of the industry consists in improve tribological 
behaviour of mechanical transmissions, and for this objective, the research of high 
performance gearbox oils using new additives is one of the most promising 
approaches. Ionic liquids have been proposed many times as oil additives in the 
development of novel high performance lubricants [7]. Ionic liquids (ILs) are molten 
salts at room temperature, composed by organic or inorganic anions and cations. ILs 
are used in the lubrication of several mechanical contacts in vacuum applications [8] 
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due to their main properties: low vapour pressure, thermal and chemical stability, high 
thermal and electrical conductivity and tuneable properties. 
Ye et al. [9] published the first research work on the use of ILs on lubrication showing 
the good tribological properties of different imidazolium-based ILs for various material 
contacts in pure sliding conditions. Different material pairs such as steel/steel, 
steel/SiO2, steel/aluminium, steel/copper, steel/Si(100), steel/sialon, steel/titanium, 
sialon/Si3N4 and steel-PVD coatings (TiN, DLC and CrN) have been explored using 
different cations (pyridinium, imidazolium, phosphonium and ammonium) combined 
with anions such as hexafluorophosphate (PF6), tetrafluoroborate (BF4), CF3SO3, 
(C2F5)3PF3 (or FAP) and (CF3SO2)2N (or NTf2) [10, 11, 12, 13, 14, 15, 16, 17, 18, 19] 
[20, 21, 22, 23, 24, 25, 26]. 
The most frequently anions studied in the tribology literature are PF6 and BF4. 
However, their tendency to produce HF (very corrosive) and hydrolytic instability have 
been reported [26]. A new type of ILs using the FAP anion (manufactured by Merck 
KGaA [27]) shows a better hydrolytic stability. Several review papers [28, 29, 30, 31] 
have explained the advantages of using ILs in lubrication, their oxidative and thermal 
stability, tribochemical reactions and tribological properties. ILs can be used as neat 
lubricants, or as additive to base or formulated oils. The use of ILs as pure lubricant 
presents the problem of the high cost of ILs compared with any mineral or synthetic 
hydrocarbon oils. The use of ILs as additive in oil is a cheaper solution, but could 
present a problem of low solubility in non-polar oils [32]. 
The wear and friction behaviour of ILs as oil additive or as neat lubricant have been 
studied using different mineral and synthetic base oils [26, 32, 33, 34]. The use of ILs 
as additional additives of fully formulated oils needs to be studied in depth. The 
combined effect of the IL with another existing oil additives has been studied by Qu et 
al. [35] reporting the improved performance of SAE 5W-30 engine oil using a 
phosphonium-based ionic liquid with concentration of 5 wt%. Greco et al. [36] obtained 
similar results using 1 wt% of nanocolloidal boron nitride as additive in fully formulated 
wind turbine gearbox oil. 
Monge et al. [37] have studied the friction and wear behaviour of two [NTf2] anion-
based ionic liquids used as additive to two fully formulated (polyalphaolefin- and 
mineral-based) wind turbine gear oils, using ball on plate reciprocating tests. Results 
indicated a slightly friction reduction; however the use 5 wt% of both ILs improved the 
wear performance of the gear oils under all test conditions employed. 
Based on the good anti friction behaviour, hydrophobicity and hydrolytic stability of the 
[NTf2] anion reported by Minami et al. [15, 29], the current work studies using a new 
approach the tribological performance of the best mixture found in [37], the [BMP][NTf2] 
ionic liquid (1-butyl-1-methylpyrrolidinium bis (trifluoromethylsulfonyl)imide) used as 
additive to a mineral-based fully formulated wind turbine gear oil. The study is based 
on the power loss of FZG gear tests. The wear protection provided by the addition of 
the ionic liquid is also studied. The present work is part of the work previously published 
in [38] where rolling bearing tests and gear wear tests were performed. 

2.- LUBRICANTS 
A commercial ISO VG 320 fully formulated mineral-based gear oil (MINR) was tested 
in this work. This oil is widely used in wind turbine gearboxes and in a previous work 
[37] it was tested with and without ionic liquids in its composition using a different 
tribological approach. The chemical composition and rheological properties was 
previously determined by Fernandes et al. [2, 3, 4, 5, 6] and are displayed in Table 1. 
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Table 1. Physical and chemical properties of wind turbine gear oil. 
Parameter Unit MINR 

Base Oil [-] Mineral 
Chemical composition 
Zinc (Zn) [ppm] 0.9 
Magnesium (Mg) [ppm] 0.9 
Phosphorus (P) [ppm] 354.3 
Calcium (Ca) [ppm] 2.5 
Boron (B) [ppm] 22.3 
Sulphur (S) [ppm] 11200 
Physical properties 
𝜌 @ 15 ˚C [g/cm3] 0.902 
𝜈 @ 40 ˚C [cSt] 319.22 
𝜈 @ 70 ˚C [cSt] 65.81 
𝜈 @ 100 ˚C [cSt] 22.33 
VI [-] 85 

1-butyl-1-methylpyrrolidinium bis (trifluoromethylsulfonyl) imide, [BMP][NTf2], provided 
by (Io-Li-Tec), was used as additive in this paper. The main properties of this ionic 
liquid are shown in Table 2, including the molecular structure. 
Before each experimental test, ionic liquid at 5 wt% was blended with the mineral oil, 
using a mechanic mixer for 10 minutes and controlling the temperature of the samples 
at 70 ˚C. 
The corrosion activity, thermogravimetric performance and rheological properties of 
the mixture was previosuly studied in [37]. On the one hand, the surface analysis by 
optical microscopy, SEM and EDS after testing did not show corrosion activity. On the 
other hand, the thermogravimetric analysis (TGA) made to the blend and the gear oil 
without ionic liquid showed that thermal stability (decomposition temperature of around 
230 ˚C) was not improved with the addition of the ionic liquid. Finally, the addition of 
the ionic liquid resulted in a small increase in viscosity and viscosity index of the blend 
with regard to the gear oil without ionic liquid. All these results meet some of 
requirements established by DIN 51517 Part 3; however, for a commercial use, further 
analysis should be done in order to verify all the standard requirements and possible 
interactions of the ionic liquid with other lubricant additives. 

Table 2. Main properties and molecular structure of the ionic liquid. 
Ionic Liquid 

Cation Anion IUPAC name Purity 
(%) 

Density 
(g/cm3)* 

Viscosity 
(mm2/s)* 

Viscosity 
Index* 

15 ˚C 40 ˚C 100 ˚C 

[BMP] [NTf2] 1-Butyl-1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide 

>99 1.40 28.826 6.228 174 

*Measured in a SVM 3000 Stabinger viscometer (ASTM D7042, D2270)

Molecular structure 

Cation Anion 
C9H20N 

[BMP] 

(CF3SO2)2N- 

[NTf2] 

CH3

C4H9

N
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3.- POWER LOSS AND WEAR ON FZG GEARS 
3.1.- Test rig 
The FZG test machine used in this work is presented in the Figure 3. The FZG machine 
is a gear test rig operating with a static torque in a power recirculating concept [42]. 
The drive gearbox (3) connects the test pinion (1) and wheel (2) through two shafts. 
The test pinion shaft is separated into two parts by the load clutch (4). One part of the 
clutch can be locked using the locking pin (5), while in the other part of the clutch 
different static torques can be applied using the load lever and dead weights (6). 
The torque loss (𝑇𝐿) was measured using a torque transducer (ETH Messtechnik DRDL 
II) integrated in the FZG test rig, as shown in Figure 1. A sensor interface
(ValuemasterBase) is used by the system to communicate with a computer using an 
Ethernet port. The software and hardware of torque cell allows measuring and 
recording the torque with a sampling rate between 1 Hz and 1000 Hz. 
The temperatures of the test were measured using eight different thermocouples 
located in different points of the machine.  
Type C gear with a face width of 40 mm was assembled in the FZG drive gearbox while 
a type C gear with face width of 14 mm was assembled in the test gearbox.  
Table 3 displays the main dimensions of both gears. 

Figure 1. FZG gear test rig 

Table 3. Gear geometric properties. 
Gear type type C40 type C14 

Property Pinion Wheel Pinion Wheel 
 Number of teeth 16 24 16 24 

Module [mm] 4.5 
Centre distance [mm] 91.5 

Pressure angle [˚] 20 
Working pressure angle [˚] 22.44 

Helix angle [˚] 0 
Contact path [mm] 19.0987 
Face width [mm] 40 14 

Addendum modification [/] +0.1817 +0.1715 +0.1817 +0.1715 
Addendum diameter [mm] 82.64 118.54 82.64 118.54 

Transverse contact ratio 𝜀𝛼 [/] 1.44 
Overlap contact ratio 𝜀𝛽 [/] 0 

Material 20MnCr5 
Ra [µm] 0.7 ≈ 0.5 
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3.2.- Test conditions and test procedure 
Three input speeds and four load stages were performed in FZG test campaign. The 
operating conditions used in the torque loss tests are displayed in Table 4. The 
tangential speed, the power circulating in the system, the tangential force transmitted 
by the gears, the radial forces on the rolling bearings and the Hertzian pressure in the 
gears are also included. 
The slave gearbox was oil jet lubricated with an oil flow of 3 l/min at 80 ˚C always with 
MINR oil without ionic liquids. The test gearbox was dip lubricated with 1 l of the 
candidate oils (MINR or MINR+5% IL) at 80 ˚C. 
The test procedure can be summarized as follows: 

1. Run load stage Ki at each rotational speed ni condition (Table 4) during 4 h
according to the test sequence presented in Figure 4 and:
 Register the assembly working temperatures.
 Continuous torque measurement with a sample rate of 1 Hz.

2. Repeat procedure till the highest load stage (K9).
The values reported for torque loss and temperature are the average of the last 30 min 
of operation (only the steady state operating conditions are considered for the average 
calculation). Between each oil test, the gearboxes were flushed with solvent. 

Table 4. Operating conditions. 

Load stage Torque Wheel Speed 𝑣𝑡 Power 𝐹𝑏𝑛 𝐹𝑟 𝑝0
𝐶14 𝑝0

𝐶40

[Nm] [rpm] [m/s] [W] [N] [N] [MPa] [MPa] 

 K1 4.95 
200 1.1 103.7 

98 49.5 188 111 400 2.3 207.3 
1200 6.8 622.0 

 K5 104.97 
200 1.1 2198.5 

2069 1049 511 865 400 2.3 4396.9 
1200 6.8 13190.9 

 K7 198.68 
200 1.1 4161.2 

3915 1986 704 1189 400 2.3 8322.4 
1200 6.8 24967.2 

 K9 323.27 
200 1.1 6770.4 

6371 3231 898 1517 400 2.3 13540.9 
1200 6.8 40622.7 

3.3.- Torque loss results 
The total torque loss measurements for all the test conditions performed with C40 
gears assembled on drive gearbox and C14 on test gearbox are presented in Table 5. 
It is important to mention that the slave gearbox was always lubricated under oil jet 
lubrication with MINR. The total torque loss was previously measured with C40 gears 
installed in both the test and drive gearboxes and presented in Table 6 (procedure 
presented in [6]). 
The torque loss of the test gearbox (𝑇𝐿𝐶14) is then given by equation (2).

𝑇𝐿
𝐶14 = 𝑇𝐿

𝐶40+𝐶14 −
𝑇𝐿

𝐶40+𝐶40

2
(1) 
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Table 5. Total torque loss measured on FZG test machine for the oils tested (𝑻𝑳𝑪𝟒𝟎+𝑪𝟏𝟒).
Wheel speed Load stage MINR MINR+IL 

 200 

K1 1.34 1.30 
K5 3.17 3.30 
K7 6.22 4.87 
K9 8.64 7.93 

 400 

K1 1.55 1.53 
K5 3.22 3.38 
K7 6.10 4.77 
K9 8.31 7.49 

 1200 

K1 2.22 2.19 
K5 3.65 3.75 
K7 6.15 4.92 
K9 8.11 7.09 

Table 6. Total torque loss measured on FZG test rig for MINR with C40 gears in both test and drive 
gearboxes (𝑻𝑳𝑪𝟒𝟎+𝑪𝟒𝟎).

Wheel speed Load stage MINR 

 200 

K1 1.15 
K5 3.69 
K7 5.88 
K9 8.88 

 400 

K1 1.49 
K5 3.76 
K7 5.73 
K9 8.53 

 1200 

K1 2.14 
K5 4.22 
K7 5.80 
K9 8.08 

Figure 2a) displays the torque loss measured for load stage K1 at the input speeds of 
200, 400 and 1200 rpm. MINR and MINR+5% IL had very similar torque loss for all 
operating speeds which means that no substantial changes are found for a no-load 
condition. These torque losses are mainly generated by load independent losses. 
Figure 2b) displays the torque loss for load stage K5. MINR and MINR+5% IL promoted 
similar experimental torque losses. However, MINR+5% IL generated slightly higher 
torque loss. 
The torque loss for the load stage K7 is displayed in Figure 2c). The MINR + 5% IL 
promoted a reduction in the total torque loss of around 1 Nm, which corresponds to a 
torque loss reduction of around 20%. 
The torque loss measurements for load stage K9 are presented in Figure 2d). The 
MINR + 5% IL promoted a reduction in torque loss between 8% and 12%, depending 
on the rotational speed in comparison with the mineral oil. 
These experimental results clearly show that the Ionic Liquid has a positive effect in 
the reduction of the torque loss in comparison with the original lubricant, MINR. 
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a) K1 b) K5

c) K7 d) K9

Figure 2.Total torque loss (𝑻𝑳) in function of load and speed. 

3.4.- Wear of FZG gears 
The wear of the gears during the power loss tests was monitored using different 
techniques like mass loss, surface roughness and oil analysis. 

Mass loss 
Before and after power loss test campaign, the gear pinion was weighted. For each oil 
a new gear set was used. The mass loss is presented in Table 7 and it is clear that no 
substantial difference was found. 

Table 7. Mass loss [mg] of the pinion after power loss test. 
Number of Cycles× 1000 MINR MINR + 5% IL 

1944 10 9 

Surface Roughness 
The Surface evolution has been accessed using 2D and 3D Surface texture 
evaluations with a Hommelwerk T8000 device. Three measurements in two different 
teeth were performed both on pinion and wheel in radial direction. Table 8 displays the 
average values of the six measurements. No substantial differences were found during 
the power loss tests. 

Oil analysis 
The protection against wear provided by MINR and MINR + 5% IL is also compared 
through oil analysis. The analysis of the wear particles contained in the lubricant gives 
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quite good indication about the wear of lubricated parts, since those particles in a 
closed box have origin in the contacting parts. 
The lubricant samples, collected after each power loss test, were analysed by Direct 
Reading Ferrography in order to measure the ferrometric parameters DL (large wear 
particles index) and DS (small wear particles index). The values of DL and DS are then 
used to evaluate the concentration of wear particles index - CPUC and the severity of 
wear particles index - ISUC, defined by equations (2) and (3), respectively. 

CPUC =
𝐷𝐿+𝐷𝑆

d
(2) 

ISUC =
𝐷𝐿2−𝐷𝑆2

𝑑2
(3) 

Table 8. Roughness parameters of the tooth Surface in radial direction. 
Oil  Condition Ra Rq Rz Rmax 

 MINR 
pinion New 0.46 0.58 3.17 4.05 

Power loss 0.35 0.47 2.68 4.18 

wheel New 0.61 0.78 4.21 4.98 
Power loss 0.42 0.57 3.24 4.42 

 MINR+IL 
pinion New 0.53 0.67 3.60 4.37 

Power loss 0.37 0.47 2.44 2.94 

wheel New 0.53 0.68 3.79 4.46 
Power loss 0.34 0.44 2.34 2.76 

The results clearly show that the concentration of wear particles is higher in the test 
with MINR, indicating a larger amount of particle generation. The wear severity is also 
larger for the MINR lubricant, indicating that the wear particle are also larger than that 
found with MINR+5% IL. 

Table 9. Ferrometric indexes. 
 Oil DL DS CPUC ISUC 
 MINR 37.4 3.3 407 1.4×105 
MINR+5%IL 20.3 6.1 264 3.7×104 

4.- CONCLUSIONS 
The use of [BMP][NTf2] ionic liquid as 5 wt% additive in a mineral-based fully 
formulated wind turbine gear oil was analysed under different testing conditions in this 
work. The blend tested before under a ball-on-plate reciprocating configuration had 
showed slight friction reduction behavior with regard to the gear oil without ionic liquid 
but a clear wear reduction performance. Now, using another tribological approach with 
FZG power loss tests, some conclusions can be drawn: the addition of the ionic liquid 
to the mineral-based fully formulated gear oil promoted lower power loss in FZG tests, 
though the small friction reduction of the blend with regard to the non-containing IL 
sample verified in a previous work. At the same time the results suggest lower wear 
severity when using the ionic liquid as additive. 
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INFLUENCE OF THE FIBER DIRECTION ON THE TRIBOLOGICAL 
BEHAVIOR OF CARBON-FIBER REINFORCED EPOXY COMPOSITES 
MANUFACTURED BY PREPEG LAMINATES. 

J. Coello 1,2(*), A. Martínez 1, A. Castillo 2, N. Medina 2 and V. Miguel 1,2 
1 Regional Development Institute, University of Castilla-La Mancha, Campus Universitario 02006 
Albacete (Spain) 
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ABSTRACT 
In this work, friction behavior of different carbon fiber-epoxy composites is evaluated. 
Linear friction tests are carried out and wear behaviour has been established from 
several parameters as wear depth, wear band width and macrostructural observation. 
The experimental variables considered were load (10-40N) and the fiber orientation 
with respect to the sliding direction (0°, 90° and multidirectional). Layers with the fiber 
oriented in the sliding direction showed larger wear due to cracks existing in the fiber-
matrix interface once the wear depth reached the fibers. The best results were obtained 
in those cases in which no influence of the resin matrix existed. 
KEY WORDS: friction, wear, carbon fiber, composites. 

1.- INTRODUCTION. 
Nowadays, fiber reinforced polymers composites are often used in variety of industrial 
applications such as bearings, rollers, gears and transmission belts. In these 
applications it is necessary high strength and stiffness, great thermal and dynamic 
mechanical stability and good tribological properties. Therefore, glass and carbon 
fiber/epoxy composites are frequently used for reinforcement in those uses.  
In tribological applications, these composite materials can suffer different surface 
damages and the interface between the reinforcement fibers and the matrix plays a 
crucial role in the failure of reinforced composites [1]. Different works have been 
developed to study the effect of the interface on the mechanical properties and friction 
and wear properties [2-4]. Ozcan et al. [4] studied the friction and wear carbon fiber 
reinforced composite under different environmental and experimental conditions. 
Those authors shown that a higher abrasive wear was reported with larger difference 
between the hardness of the carbon fiber and the matrix. Krkoska [5] studied the effect 
of relative humidity on frictional performance of C/C composite materials.  
There are numerous works that study the friction and wear characteristics of polymers 
and fiber reinforced composite and the effect process parameters (normal load, sliding 
speed), composite surface features (roughness, grooves) [6-8]. Ley Yan et al. [8] have 
been researched the influence of the applied load and velocity on carbon nanotubes 
reinforced epoxy composites under water lubricated condition. They show the wear 
rates and the friction coefficients of composites decreased with increasing sliding 
velocity, and the wear mechanism was slightly abrasive. 
The objective of the present work is to evaluate the friction and wear behavior of 
different carbon fiber reinforced epoxy composites laminates under different load and 
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sliding velocity. The influence of fiber direction was studied too. Assays were carried 
out in a tribometer pin on disk 

2. EXPERIMENTAL PROCEDURE.
2.1.-Materials. 
For carrying out this work it has been used a commercial prepeg ACG MTM 57 
manufactured by Advanced Composites Group Ltd. This prepeg is made up of 60% 
volume of unidirectional carbon fiber in epoxy matrix. This material has a thickness of 
0.4 mm and is cured at 100ºC during 3 hours. 

2.2.-Friction tests. 
The friction and wear tests were executed on a tribometer, trademark Microtest®, with 
linear displacement. 
All tests were performed using a flat pin of a diameter of 6 mm made out of Ti6Al4V 
alloy with a hardness of 36 HRC.  Before each test, the pin surface was polished with 
220 grit paper up to an average roughness of 0.15–0.2 μm and after that, cleaned with 
ethanol. This way, the values of hardness and roughness were considered to be fixed 
as reference values for performing all tests. 
The experimental variables considered were load (10-40N) and the fiber orientation 
with respect to the sliding direction (0°, 90° and multidirectional). The sliding distance 
for all tests was 200 m.  
The linear sliding mechanism was actioned by a crank-connecting rod system in which 
1rps angular speed of the crank was fixed in all cases. As the length of the linear path 
was ± 30mm, it was applied a continuous range of linear velocities in each test between 
0 and 3600 mm/min. 
Tests were performed on 3 types of samples designated M1, M2 and M3, Figure 2, 
under dry condition. 
Samples M1 and M2 were manufactured in a similar way, by using 4 layers of prepreg 
oriented at 0º, 45º, -45º and 90º, respectively. Samples M1 were tested in the direction 
of the fiber, that is, on the 0º direction layer. On the other hand M2 specimens were 
evaluated in the perpendicular direction, that is, 90º on the face with the fiber oriented 
to 0º. Samples M3 were made up of 24 layers by repeating the 0º/45º/-45º/90º 
sequence as indicated for M1 and M2 samples. These samples were tested on the 
transversal section of the laminate in order to evaluate the behavior of the different 
transversal disposition of the carbon fiber. 

Figure 1.Types of samples configuration; a) Samples M1, b) Samples M2, c) Samples M3. 
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2.3. Characterization of the samples tested. 
In order to assess the surface finish of the samples tested and the wear experimented, 
a 3D profilometry study was performed. This allowed us to determine the surface 
roughness of the areas tested and the depth and width of wear after every test. On the 
other hand, some macrostructural analysis was made in order to obtain the friction 
bands dimensions. The width of friction bands were evaluated by image processing by 
using the software PerfectImage®. 

3.- RESULTS AND DISCUSION. 
3.1.- Friction and wear tests. 
Friction coefficient, μ, involved in every test was determined from the tangential force 
(FR) and the normal force (FN) applied in tests as it is indicated in equation (1), 

N

R

F

F
=µ  (1) 

The apparent pressure, Pa, in friction tests was evaluated taking into account the width 
of the friction band, bf, which was assumed to be the diameter of a circular contact 
section. Thus, the apparent pressure for each test was calculated according to 
equation (2). 

2

4
π

= R

f

F
Pa

b
 (2) 

It was established the initial friction coefficient, µi, corresponding to the value obtained 
during the first sliding travel of the part. Moreover, values for the coefficient of friction 
were also measured for different sliding distances. The variation of the friction 
coefficient led to determine the point at which the resin layer broke and began to friction 
the carbon fibers. In this point an increase of the friction coefficient was observed. 
Figure 2 depicts the variation of the coefficient of friction and the wear depth as a 
function of the sliding distance for different loads in the epoxy matrix. It can be 
observed that the friction coefficient increased with the load. For a load of 40N, the 
initial friction coefficient of 0.15 increased sharply reaching a value of 1.0 for a sliding 
distance of 120 m. At this distance, wear curve shows a large decreasing. This 
anomalous trend wear curve is due to the adhesive behavior of the epoxy resin to the 
flat pin. Some adhesion to the pin´s face made the distance pin-part to increase instead 
of reducing by wear. 

Figure 2. Variation of friction coefficient and wear depth with sliding distance and load for the epoxy 
resin. 
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The variation of friction coefficient and wear depth as a function of sliding distance for 
different loads and different samples is shown in Figure 3. 

Figure 3 Variation of the friction coefficient and wear depth with sliding distance and load for the three 
samples of composites experimented. 

Samples M1 and M2 present an initial friction coefficient of 0.05. In both samples the 
friction coefficient remains constant during some distance and after that increases 
sharply, reaching maximum values of 0,4. This fact may be justified by the breakage 
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of the epoxy surface layer. Furthermore, it is observed that this distance decreases 
with load and it is lower for sample M1.  
Samples M3 present a highest inicial friction coefficient, 0.15, but this value remains 
almost constant with distance.  
As it can be seen, all wear curves present the same pattern. There is a first stage with 
linear variation of wear depth as function of sliding distance considered as run-in period 
and a second stage, where slight variation of wear is observed and in which the wear 
value reaches a maximum. Adhesions of resin on the pin´s face may establish light 
decreasing trends in wear as it was mentioned before.  
On the other hand, the comparison of wear corresponding to the different configuration 
of samples reveals that the samples type M3 present a better wear resistance. The 
higher resistance of this composite is due to the direct friction of the carbon fibers in 
the transversal section with the flat surface of pin. In this surface there is not any layer 
of resin matrix and carbon fiber has a high specific strength modulus and a self-
autolubricated nature. No significant differences were registered for the different fiber 
position. The samples M1 and M2 showed a larger wear behavior and it reaches a 
maximum value of 30 µm.   

Table 2. Maximum wear Depth and run in-distance for different loads and for the three sample 
configurations  

Samples 
Maximum wear 

Depth (mm) 
Run in distance 

(m) 
10N-1rps-M1 0,00951 24,36 
20N-1rps-M1 0,03531 29,12 

40N-1rps-M1 0,03745 29,60 

10N-1rps-M2 0,00926 43,62 
20N-1rps-M2 0,00913 14,44 
40N-1rps-M2 0,02588 14,61 

20N-1rps-M3 0,00296 14,66 
40N-1rps-M3 0,00593 14,42 

3.2. Characterizations of tested samples. 
3.2.1. 3D perfilometry 
Figure 4 shows 3D surface maps corresponding to the different samples tested with a 
load of 40 N and a velocity of 1rps. It can be clearly observed that the wear depth is 

494949



Cartagena/Spain, 18-19 June 2015 

greatest for samples M1 and lowest for samples M3. As expected, this effect was more 
severe for higher apparent pressures.  

Figure 4. 3D profilometer images of sliding surfaces. a) Samples M1, b) samples M2, c) samples M3 
(1rps, 40 N, 200 m).  

To evaluate wear, 2D roughness profiles were obtained from transversal sections of 
3D maps with a length of 2 mm, Figure 5. In each profile obtained, wear depth and 
width were considered. 

Figure 5. 2D roughness profiles M1 samples. (40N normal load, 1rps) 
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Table 2. Values of the wear depth, wear area, and wear width 

Samples  Load 
(N) Ra (µm) Pa 

(Mpa) 
wear width 

(mm) 
wear depth  

(µµµµm) 
wear area 

(µm²) 
M1 10 0.606 10.87 0.92 4.29 658 
M1 20 0.512 12.12 1.65 8.53 3678 
M1 40 0.466 21.98 1.82 18.4 15157 
M2 10 0.064 12.35 0.81 1.39 241 
M2 20 0.125 12.74 1.57 3.22 954 
M2 40 0.243 18.52 2.16 7.79 6894 
M3 20 0.153 19.42 1.03 2.34 857 
M3 40 0.089 31.75 1.26 5.38 2546 

3.2.2. Macroestructural study. 
Figure 6 shows the surfaces of each kind of the three samples tested. In fig 6a and 6b 
the surfaces of the fibers do not show a significant wear but some broken fibers in worn 
areas were observed. This points to the fibers fracture as wear mechanism in these 
samples. As well as carbon fiber, the matrix in these areas was also remove from the 
part due to craks formed at the fiber-matrix interface. This fact justified that samples 
M1 and M2 presents higher wear than the quantified for samples M3.  

Figure 6. Macrography of the worn surface of samples at 40N and 1rps a) M1, b) M2, c) M3. 

4.- CONCLUSIONS 
In this work, the friction behavior of different carbon fiber-epoxy composites has been 
evaluated. Friction tests were made on layers with fiber located at 0º and 90º respect 
to the sliding direction. The influence of the load applied was similar in both cases but 
laminates at 90º behave better. Layers with the fiber oriented in the sliding direction 
showed larger wear due to cracks existing in the fiber-matrix interfase once the wear 
depth reached the fibers. In order to evaluate wear behavior of carbon fiber, samples 
made up of many prepeg layers were fractioned on the lateral or transversal face. 
These samples gave the best behaviour since no influence of the epoxy matrix 
appeared. For this last case, no cracks were observed neither in the matrix nor in 
fibers. 
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FOUR COMMERCIAL BRAKING FORMULATION MATERIALS 
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ABSTRACT 
Organic friction materials for brake linings, namely brake pads are polymer matrix 
composites usually containing numerous macroscopic as well as microscopic 
constituents such as filamentary reinforcements, solid lubricants, abrasives and fillers. 
Their main objective of the these composite system are that a constant and stable 
coefficient of friction (COF) is provided irrespective of environmental conditions such 
as pressure, sliding velocity, temperature, humidity etc. Brake pads performance 
should be maintained over a wide range of stress conditions. Although the wear of the 
brake pad is inevitable, it should be minimized as far as possible. While cast iron has 
been the dominant material for brake discs, brake pad materials are constantly 
evolving into more complex composites. 
The main objectives of the present work is to characterize the physical and the 
tribological behavior of four commercial braking pads material formulations. For all 
compositions the studied factors are normal pressure and sliding speed, considering 
one braking-test protocol designed with temperature and friction load data acquisition. 
A double pad-on-disc tribological test configuration was used to determine tribological 
properties of brake pad for heavy vehicles commercial. Three wear tests via increased 
severity of rubbing conditions for a constant braking distance.  

KEYWORDS: Brake Pads, Tribological Test, Specific Wear, Elastic Modulus. 

1.- INTRODUCTION 

Nowadays, a wide range of friction lining materials are available, the behaviour of those 
material is highly dependent on their composition and service conditions. Through a 
series of tests on small-scale samples, they found the friction performances and wear 
resistance of the same material to be changing with load, sliding speed, and 
temperature. 
Besides the operating brake conditions friction material wear rate is determined largely 
by the properties of the rubbing surfaces. A characteristic brake lining pad is a 
multicomponent composite typically formulated of more than 10 constituents and 
polymer matrix. More than 2000 different materials and their variants are now used in 
commercial brake components [1]. 
Industrial pads/shoes usually contain a large number of different constituents like 
ceramic particles and fibres, minerals, metallic chips, solid lubricants and elastomers 
in a matrix material such as phenolic resin. Up to now, the development of new friction 
materials has been done empirically, starting from well-known base compositions 
which have been successively optimized by adding friction modifiers [2]. Hence when 
brake materials are developed, it is still necessary to perform experimental tests to 
characterize the lining material. 
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Friction characterization test systems have dual-purpose function, they could be used 
as equipment for qualifying the manufacturing process through quality inspection, or 
for material development. For the purpose of objective quality inspection, exist several 
machines/equipment are utilized to evaluate acceptable product tolerances and 
consistency within part production from material batch-to-batch variation and 
development. With respect to tribological characterization, several machines can be 
utilized to evaluate frictional properties and effect of individual raw material ingredients. 
This means that extrapolations of results of small scale tests on friction material cannot 
always be used to make reliable predictions on the behaviour of the full-scale brake. 

2.- MATERIALS AND EXPERIMENTAL PROCEDURES 

MATERIALS 
The friction lining materials used in this study have physical and mechanical properties 
in later designated points that differ according to each formulation. 
As mentioned above, the wear materials used in this study were provided by Auto 
Brake Viseu Lda. These materials are brake pads used in heavy vehicles: 
ACERCHINA (China), ATV 55 (Portugal), FRASLE FLE1749 (Brazil) and JURID FF29 
(Germany). 
Regarding the antagonist material a commercial automotive disc was used and 
typically it is a gray cast iron with Type A graphite (flakes having a uniform distribution 
and random orientation) with a pearlitic matrix of low ferrite and carbide content. 

EXPERIMENTAL SET-UP AND TEST CONDITIONS 
TRIBOLOGICAL TESTS 
In terms of configuration, the experimental apparatus used is a tribological system 
similar to the one in the automotive vehicles. With a rotating disc and two pads 
actuating at the same time. The applied pressure, unlike the hydraulic drive used in 
actual application, was replaced by mechanical actuation, by means of two parallel 
springs. This apparatus’s main shaft was driven by a lathe in "between centers", and 
the required speed were controlled by the lathe ratio gear train. 
Each pad had a contact surface with an approximated dimensions of 
15x15 [mm×mm], which were mounted in the main supports. All friction lining pads 
were tested at 4m/s and 6m/s, and for each speed, 3 normal load conditions, ranging 
from 0.3 to 0.7 MPa were used. 
In order to record the pads temperature in each test performed, a thermistor, positioned 
at 1.5 mm from the rubbing surfaces, was introduced in one of the pads. 
Besides the amount of wear, measured using a precision scale, the specific wear, 
WSPE, was also determined for each test condition and each material. The WSPE 
corresponds to the ratio between amount of both pad’s removed material, in mg, and 
the total work done by friction force along each test, i.e. determined by the numerical 
integration of the graph Friction Force [N] vs. sliding distance [m]. 
For each test the friction force and temperature were acquired and plotted against 
sliding distance. For all tests average COF and specific wear values were determined, 
disregarding the run-in period. 
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MECHANICAL TESTS 
Brinell hardness test. In this test for each braking material a parallelepiped specimen 
was used. Tests were done in a Shimadzu AG-X Universal Testing Machines, the 
Brinnel hardness was determined using a 10 millimeters diameter steel ball as 
indenter. A load of 490 Newton (N) was applied for a period of 60 seconds, five 
indentations were made on the surface of each specimen. The resulting impression 
was measured across two perpendicular directions and these result averaged in order 
to determine the material’s hardness. 

Dynamic tests. The elastic modulus was measured by the impulse excitation 
technique as described by Braem et al. [4] and according to the standard ASTM 
C1259-96 [5]. Each specimen was set in free flexural vibration by a light mechanical 
impulse. A metal wire was used to suspend the specimens in the furnace. The 
specimen should be initially suspended at distances of approximately 0.1 L from each 
end, in order to maximize the vibrational deflection and resulting signal. 
A piezoelectric transducer was used to capture the flexural vibration signal. The 
fundamental frequency of the first flexural vibration mode was determined analysing 
the vibration response by Fast Fourier Transform. 
Ten tests were performed for each sample at each temperature; ambient (≈25ºC), 
50ºC, 100ºC, 150ºC and 200ºC. Knowing the specimen’s dimensions, mass and first 
flexural vibration mode, the elastic modulus was determined using equation (1) 
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Where l and d are the length and width of the bar, m their mass and ft is the 
fundamental frequency. According to ASTM standard, T1 is a correction factor to take 
into account the finite dimensions of the bar. For the calculation of T1 a constant 
Poisson ratio of 0.3 was used. 

3.- RESULTS AND CONCLUSIONS 
TRIBOLOGICAL TESTS 
Regarding tribological tests the result representation selected was friction force, in N, 
and COF versus sliding distance, Figure1. The measured temperature was also plotted 
against sliding distance, Figure 2. The effect of normal pressure was also analysed, 
plotting friction force along the tests for each speed and the three normal pressures 
tested, Figure 3. 

Figura 1. Friction force and COF versus sliding distance for all tested materials for tests condition of 4 
m/s and normal pressure of 0.3 MPa. 

. 
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Figure 2. Plot of temperature versus sliding distance values for all tested materials at 4 m/s and 
normal pressure of 0.3 MPa tests condition. 

Figure 3. Friction force versus sliding distance for of 4 m/s and normal pressure of 0.3, 0.5 and 0.7 
MPa for ATV lining material. 

Regarding the quantification of wear amount Table 2, presents the specific wear 
[mg/MJ] and COF for all materials tested for sliding speeds of 4m/s and 6m/s and 
normal pressure ranging from 0.3 MPa to 0.7 MPa. 

Table 2. Overall results for lining materials, for each speed (m/s) and normal pressure [MPa] test 
condition are presented the specific wear [mg/MJ] (cell on the left) and average COF of each material 

in each test (cell on the right). 

Speed [m/s] 4 6 

N. Pressure 
[MPa] 

Material 

0.3 0.5 0.7 0.3 0.5 0.7 

[mg/MJ] COF [mg/MJ] COF [mg/MJ] COF [mg/MJ] COF [mg/MJ] COF [mg/MJ] COF 

ACERCHINA 126.6 0.35 142.1 0.38 170.3 0.34 134.4 0.38 173.3 0.34 * * 

ATV 55 96.1 0.36 84.8 0.27 106.8 0.28 105.1 0.34 106.9 0.28 257.9 0.32 

FRASLE 57.6 0.40 63.7 0.33 81.7 0.34 68.2 0.41 71.1 0.10 84.4 0.10 

JURID 77.2 0.32 129.9 0.34 128.2 0.37 73.5 0.42 136.1 0.35 108.3 0.33 

* Test could not be performed.

MECHANICAL TESTS 
Regarding mechanical test results Figure 4, presents the average Brinnel hardness 
results for the friction lining materials tested. Acer presents the highest hardness 
values, while JURID presents the lowest, a 36% decrease relatively to ACER. 
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Figure 4. Brinnel hardness average measured values for materials in study. 

Figure 5, presents the average Elastic modulus results all friction lining materials tested 
at controlled temperature at Tambient, 50ºC, 100ºC and 150ºC using the impulse 
excitation technique. It is possible to observe a clear tendency of decrease in elastic 
modulus for increasing temperatures for all friction materials. 

Figure 5. Elastic modulus average measured values attained for friction material for temperatures 
ranging from Tambient to 150ºC. 

In the present study it was only possible to test tribologically and mechanically four 
commercial friction lining materials pads for heavy duty vehicles. This materials 
presented distinct behaviour for the same service conditions. Concerning the 
tribological several sliding speeds and normal pressure were used, friction force and 
temperature were measured. Hardness tests and Elastic modulus were done to 
understand the materials behaviour. It was possible to conclude that: 

• Generally with the increase in sliding speed and normal pressure there is an
increase in friction coefficient, and therefore dissipated energy;

• Temperature follow the same general tendency as friction force during
tribological tests;

• In some cases, during the tribological test, the pads produced an acute
continuous noise, this phenomenon happening mainly with the loading
conditions and higher speeds. ACER due to its high content of glassy elements,
harder and therefore more likely to cause this phenomenon;

• JURID pads were the ones recording a higher COF in most of the tests;
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• The friction material that better dissipate the heat are the ATV 55, even if the
COF is generally lower than the rest, the pads that worst dissipate heat are
ACERCHINA and JURID;

• Regarding wear, ACER China are the ones with the highest wear values in most
of the tests, while FRASLE are the ones with less material losses during tests;

• Ideal specific wear values, should range between 40 and 100 mg/MJ [2], in the
present study, only FRASLE maintained this parameter in between the interval
for all test conditions;

• Hardness values have wide range of values, JURID presented 36% reduction
in hardness relatively to ACER;

• With increasing temperature friction lining materials present decreasing elastic
modulus.
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ABSTRACT 
In this work we present the evaluation of pristine and functionalized graphene as 
reinforcements for UHMWPE-based composites. These composites were 
manufactured by physically blending graphene particles and medical grade 
UHMWPE powder followed by a thermo-compression process. Mechanical behaviour 
by means of uniaxial tension and biaxial load by small punch were carried out. 
Friction coefficient and wear rate were measured. In some cases composites 
enhanced stiffness and yield stress, although with loss of toughness. This 
mechanical behaviour was recuperated after a thermal treatment. Small positive 
changes were obtained with some graphene concentrations respect to the friction 
coefficient. However, 20 % of reduction in wear rate was obtained when the 
graphene was functionalized. In general these composites present a good trend to be 
a potential alternative to the current highly crosslinked polyethylenes.  

KEY WORDS: friction, wear, UHMWPE, graphene. 

1.- INTRODUCTION 
In the field of total joint replacements, ultra high molecular weight polyethylene 
(UHMWPE) is considered one of the most relevant bearing materials because of its 
outstanding mechanical and tribological properties [1] besides its biocompatibility. 
Current UHMWPE components are limited in their thickness due to concerns about 
elevated stresses and the potential for fracture. The appearance in the last decade of 
2D carbonaceous materials with very high aspect dimensional ratio, low density, 
high stiffness and strength has allowed to exploit their potential in novel UHMWPE 
composites [2]. Another expected advantage of the use of graphene as 
reinforcement is that 2D particles could provide a higher degree of lubrication 
according to previous [3,4] works. In this last study, graphene was shown to be very 
effective for friction and wear reduction, acting as a lubricant and as an additive to 
composites, oils and solvents. In this work, we assess the mechanical and 
tribological properties of functionalized and pristine 1-2 layered graphene as potential 
reinforcements of the medical grade UHMWPE. 

2.- MATERIALS AND METHODS 
2.1- Composites 
UHMWPE powder was supplied by Celanese (Irving, USA) with an average particle 
size of 150 µm, a molecular weight of 3-6 106 g/mol and without additives. We use 
pristine 1-2-layered graphene provided by Avanzare (Spain) and in-house poly-
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(ethylene oxide)-polyethylene (PEO-PE) functionalization, both in concentrations of 
0.1, 0.3, 0.5 and 1 wt%.  
These carbonaceous particles were blended in UHMWPE and the mixtures were 
homogenized in a ball mill for 8 hours at 400 rpm to obtain a homogeneous 
dispersion of the reinforcements in the polymer matrix. The compression process 
was carried out using a thermo-compression process cell (Perkin-Elmer) for 30 
minutes at 175°C under 15 MPa pressure, followed by cooling in air down to 40°C 
under the same pressure. Samples were denoted as G-X/UHMWPE and GF-
X/UHMWPE for the pristine and functionalized graphene, respectively, where X 
stands for the weight % of reinforcements in the polymer matrix. GT-X/UHMWPE is 
the notation for the composites underwent further thermal treatment. 

2.2 - Mechanical properties 
Uniaxial tensile tests were carried out according to ASTM D638M (UNE-EN ISO 527-
2) in an Instron machine (model 5565). From the stress-strain curves different
mechanical parameters were obtained: Young´s modulus, E, yield stress, y, 
deformation of fracture, , and work of fracture, W.  
Small punch test (SPT) were performed according to ASTM F2183 at a constant 
displacement of 1 mm/min. Several parameters were measured from this biaxial test: 
peak force, Fp, force and displacement of fracture, Futs, and duts respectively, and 
biaxial work of fracture, WSPT. 

2.3.- Wear measurements 
A commercial ball-on-disk tribometer (CSM instruments; Peseux, Switzerland) 
allowed assessing wear resistance and constantly monitoring the coefficient of 
friction for all materials. Wear tests were performed in at least three samples per 
material group working with a rotating vessel, which contained UHMWPE disks 
immersed in bovine serum (B-9433, Sigma Aldrich). The counterpart was a stationary 
ball, 6mm in diameter, made of alumina with an average roughness, Ra= 0.05 ± 0.02 
m, whereas the load applied to the ball was 5 N. The radius of the circular track was 
4 mm and the sliding speed was 0.05 m/s. The environment temperature was set to 
37 ◦C, the body temperature. Assuming hertzian contact, the previous loading 
conditions gave an approximate contact pressure of 37 MPa, which is in the range of 
peak contact stresses (≥30 MPa) found for some contemporary polyethylene tibial 
inserts. Wear rates were measured after 4400 m sliding distances. After each wear 
test, disks were removed from the tribometer and underwent a cleaning protocol 
following guidelines included in ASTM F2025. 
Confocal microscopy was performed using a SENSOFAR PLU 2300 optical imaging 
profiler and served to evaluate worn disk surfaces. Four line measurements 
diametrically opposed were carried out on the wear tracks of each sample. The 
average of the registered worn areas was used to calculate the wear factor, k, 
according to the following equation: 

Ls

rA
k m2
 (1) 

where r is the wear track radius, L is the applied load, s is the sliding distance, and 
Am is the average worn area a week after the sample was tested. 
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3.- UPSHOTS AND DISCUSSION 
3.1.- Mechanical properties 
The use of graphene as a filler should lead to strong increase in mechanical 
properties since the elastic modulus and strength are close to 1 TPa and 130 GPa, 
respectively. However, the results obtained from the uniaxial tension test indicated 
that this goal was not reached in our composites when we incorporated 1-2- layered 
graphene up to 1 wt%. In fact, the stiffness and yield stress practically remains 
constant with values of 288 MPa and 19 MPa, which are similar to those observed in 
the neat UHMWPE. On the other hand, the ultimate tensile strength and elongation 
at break, and consequently the work of fracture underwent a strong reduction when 
increasing graphene concentration. Small punch data provide some small changes 
as an increase of 15 % in the Young modulus at 0.5 wt%, maintaining the same fall in 
toughness. Similar mechanical behaviour was detected in other different UHMWPE 
composites reinforced with graphene fillers such as GO (graphene oxide), RGO 
(reduced graphene oxide), GNP (graphene nanoplatelets) and GNS (graphene 
nanosheets) [2]; the only difference between these three last graphene related 
materials is the number of graphene layers. The stiffness increases up to 20 % 
whereas toughness reduced up to 50 %. This loss of toughness is in general 
associated to the segregated structure formed during the consolidation process 
where the filler are set around the UHMWPE particles, together a lack of dispersion 
of these nanofillers in the matrix. The only positive outcome in both stiffness and 
ductility were obtained by Lahiri et al. [5] in composite films prepared by electrostatic 
spraying. This manufacture method seems to lead to a more uniform distribution of 
graphene particles than blending or mixing techniques as used in this work.  
In order to enhance the adhesion between the filler and the matrix and therefore the 
transmission of load in the composite material, pristine 1-2- layered graphene was 
functionalized with PEO-PE. The result pointed out an increase of 15 % in elastic 
modulus and a leger rise in yield stress. However, toughness indicators went on 
undergoing strong reductions, since the dispersion method does not contribute to 
eliminate the aggregates and their associated concentrator effect.   

Figure 1. Stress-strain curve for composites after thermal method, GT-X/UHMWPE 

Some attempts to enhance self-diffusion of the ultra-long polyethylene chains 
between the polymer granules during the consolidation process were carried out by 
means of thermal process [6]. We applied a heating process to our composites, at 
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240 ºC during 8 hours and the samples changed the color acquiring a darker color 
and mechanical properties (Figure 1) was enhanced compared to the untreated 
composites by increases of 16 %, 14 %, 25 % and 40% for E, y, * and W, 
respectively for 0.1 wt%. Similar rises were obtained for the composite with 0.5 %.     

3.2.- Tribological behavior 
Friction coefficient of pristine graphene/UHMWPE composites presented high 
dispersion for each of the filler concentrations studied from 0,1 to 1 wt% (n =3). 
There was not a clear trend respect if graphene layers contribute to reduce the 
friction against Al2O3 counterpart.  

 Figure 2. Evolution of the friction coefficient for GF-X/UHMWPE composites  

In Figure 2 we show the results of the functionalized graphene as reinforcements for 
UHMWPE-based composites. After running-in period, friction coefficient for the 
intermediate concentrations, 0.3 and 0.5 wt%, were lower than the neat UHMWPE 
however for the extreme concentrations, 0.1 and 1 wt%, the coefficient was similar to 
the resin. This behavior is in the line of the controversy appeared in literature where 
some researcher obtained an increase of the friction for GO/UHMWPE composites 
[7], whereas other authors [8] indicated that UHMWPE reinforced with graphene 
platelets reduce the friction.  
The knowledge of wear resistance is relevant in any bearing material. Table 1 reflect 
the wear rate for each of the studied composites.  

Table 1. Wear factor of the pristine and functionalized graphene/UHMWPE composites  

Materials Wear rate
k · 10-6 

(mm3/N·m) 

UHMWPE 2.64 ± 0.21 

G-01/UHMWPE 2.74 ± 0.18 
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G-03/UHMWPE 2.74 ± 0.44 

G-05/UHMWPE 2.64 ± 0.19 

GF-01/UHMWPE 2.04 ± 0.13 

GF-03/UHMWPE 1.74 ± 0.10 

GF-05/UHMWPE 1.95 ± 0.10 

GF-10/UHMWPE 2.43 ± 0.11 

We realize that the lubricant effect of the pristine graphene layer practically do not 
contribute to enhance the wear behaviour of the neat UHMWPE. A better result was 
obtained for the PEO-PE functionalized graphene with a reduction around 20 % at 
the lowest concentrations. So far, very few works [7,8] have dealt with the wear 
concern using graphene or related materials as fillers of UHMWPE. In the first case, 
authors reached a reduction close to 50% for a very high concentration, 3 wt% and 
more than four times for the second one. However in both cases they used zircona 
instead of alumina and dry conditions instead of biological conditions. New research 
should be carried out with thermal treated composites due to the better dispersion of 
the nanofillers. 

CONCLUSIONS 
Although graphene/UHMWPE composites present mechanical properties far of the 
theoretically expected ones, wear resistance present improved behaviour in some 
cases. These results could be enhanced after gamma or electron beam irradiation 
due to the positive effect introduced by means of polymeric chains crosslinking and 
therefore to be an alternative to the current highly crosslinked polyethylenes. 
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ABSTRACT
Cryogenic treatments have been employed over the last three decades in both tool
and high-alloy steels to improve wear resistance, mainly through the transformation
of retained austenite and the precipitation of  fine carbides.  In this work the wear
behavior  of  deep  cryogenically  treated  (DCT),  low-carbon  AISI  420  martensitic
stainless steel specimens has been studied with  respect to that of  conventionally
heat treated (CHT) ones.
The tribological properties of the materials were assessed by means of ball-on-disk
tests, under a range of applied normal loads in a paraffinic aditive-free vaseline bath.
The disks were made of AISI 420 stainless steel subjected to two different heat
treatments, namely, quenched and annealed (CHT), and quenched, soaked in liquid
nitrogen for 2 h and annealed (DCT). A 5 mm tungsten carbide ball was used as the
counterbody.  Wear  behavior  has  been  characterized  by  wear  volume,  friction
coefficient  measurements  and  analyses  of  worn  surfaces,  wear  debris  and
subsurfaces.  It  was  found  that  the  wear  resistance  of  cryogenically  treated
specimens  showed  increases  ranging  from  35%  to  39%  in  comparison  to  the
conventionally treated ones. 

KEY WORDS: wear resistance, cryogenic treatments, carbides, ratchetting.

1.- INTRODUCTION
Cryogenic treatments are being increasingly used as a manufacturing technique to
improve  wear  resistance  and  dimensional  stability  of  a  wide  range  of  materials,
ranging from high-alloy tool steels to non-ferrous alloys, such as copper, magnesium
and aluminum alloys. This kind of treatments possess several advantages, such as
its relative low cost, ease of application and volumetric effect. This latter property
means  that  the  whole  volume  of  the  workpiece  exhibits  a  wear  resistance
enhancement,  in  comparison  to  superficial  techniques  such  as  plasma  nitriding,
electrodeposited coatings or case carburization. 
One of the first systematic studies regarding the influence of cryogenic treatments
over a wide range of steels was performed by Barron [1]. The results reported in his
research showed that cryogenic treatments increased the wear resistance, specially
in the case of tool steels. In this early work it was found that cryogenically treated
stainless  steels  exhibited  a  wear  resistance  enhancement  in  the  order  of  10%
compared to conventionally treated specimens, whereas plain carbon steel and cast
iron showed no significant improvement after deep cryogenic treatment (DCT).
The application of deep cryogenic treatments is associated to the transformation of
retained austenite  and the precipitation of  small  second phase particles,  such as
secondary carbides [2]. In the case of the AISI 420 martensitic stainless steel, it has
been  found  that  the  modification  of  its  mechanical  properties  after  cryogenic
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treatment is mainly due to the precipitation of secondary carbides, with  a smaller
average diameter and a more homogeneous size distribution when compared to CHT
specimens [3], whereas transformation of retained austenite had no significant effect.
As  stated  before,  the  precipitation  of  small  secondary  carbides  is  an  important
phenomenon related to wear  enhancement.  In this sense,  Meng et al.  [4,  5]  and
Stratton et al. [6, 7] addressed this subject in their studies. They found that cryogenic
treatments  generate  not  only  the  precipitation  of  a  higher  amount  of  secondary
carbides, but also a reduction of the average particle size and a homogenization of
particle size distribution with regard to conventionally treated specimens. It is worth
noting that the majority of the research efforts related to cryogenic treatments has
been focused in high-alloy steels, in which the variety and volume fraction of alloy
elements promotes the precipitation of a wider range of carbides. 
Due to its usage in pumping applications related to oil  industry,  it is interesting to
evaluate the tribological response of cryogenically treated AISI 420 stainless steel.
This steel can be usually found in valves and pump rotors used for oil extraction and
in  refinement  operations,  therefore  they are  subjected to  severe  mechanical  and
tribological solicitations. 
The tribological tests performed in this present study demonstrated that cryogenically
treated specimens had a superior wear resistance with regard to conventionally heat
treated  ones,  with  improvements  ranging  from  35%  to  39%.   This  behavior  is
attributed to the less degree of plastic deformation and sub-surface cracking found in
the  wear  scars  of  cryogenically  treated  specimens  in  comparison  to  the
conventionally treated ones.

2.- MATERIALS AND METHODS
A low-carbon,  AISI  420 martensitic  stainless  steel  has been used in  the present
study.  Its  chemical  composition,  shown  in  Table  1,  was  determined  using  a
SPECTRO MAXX optical emission spectrometer. The results are shown along with
the reference composition taken from ASM Metal Handbook Volume 3 [8].
Pin-on-disk tests were used for wear  behavior  characterization.  For  this purpose,
AISI  420 steel  disks  were  machined,  with  a  diameter  of  42  mm. Two groups of
specimens were prepared, namely, a conventionally heat treated one (CHT), in which
the disks were quenched in oil from 1030 °C and afterwards, annealed at 410 °C for
10 min with furnace cooling. The other group of disks were quenched in oil from 1030
°C and then soaked in liquid nitrogen, at an equilibrium temperature of -196,4 °C.
The cooling rate was set at 0.45 °C/s and the soaking time at cryogenic temperature
was of 2 h. Finally, the specimens were annealed at 410 °C for 10 min and slowly
cooled inside the furnace. This latter group was identified as DCT. All specimens
were polished using abrasive silicon carbide papers up to 600 grit and  ultrasonically
cleaned with toluene for 5 min before and after each test. A 5 mm diameter tungsten
carbide ball was used as the counter-body. Roughness parameters were determined
using a HOMMEL ETAMIC T-500 contact stylus profilometer prior testing, with a 4.8
mm cut-off length. 
The sliding speed in all cases was 0.06 m/s, while the sliding distance was set at 500
m. The applied normal loads were 5, 10, 15, 20 and 25 N. During the test, the friction
force was continuously measured and logged with a data acquisition system. Tests
were  performed  in  a  low-viscosity,  additive-free  paraffinic  vaseline  bath,  with  a
cinematic viscosity of 17 cSt at 40 °C. All the experiments were performed under
ambient  laboratory conditions (~25 °C,  65% relative  humidity).  Wear volume was
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calculated following ASTM G-99 standard [9] using at least 3 valid tests for each
experimental condition.
Wear surfaces were  analyzed by means of   an NIKON ECLIPSE LV-100 optical
microscope. NIKON NIS-ELEMENTS  D image processing software was used for
measuring wear track width, at least at 30 different positions. SEM images and EDS
measurements were also used to characterize worn surfaces and sub-surfaces, by
means  of  a  JEOL  JSM-35CF   scanning  electron  microscope,  equipped  with  an
energy dispersive X-ray spectrometer. For sub-surface examination, worn disks were
cut  using  a slow speed cold  cut  saw and carefully  polished until  the  transversal
section  became  tangential  to  the  wear  scar.  Final  polishing  was  made  with  an
alumina suspension (particle size: 3 μm). Afterwards, specimens were attacked using
Marble reagent (10 g CuSO4 in 50 ml HCl and 50 ml water), during 5 s in order to
reveal the microstructural features. 

3.- RESULTS AND DISCUSSION
Roughness measurements taken prior  to  tribological  testing showed that average
roughness (Ra) was 0.077 mm ± 0.003 mm, while maximum profile peak height (Rp)
was 0.290 mm ± 0.034 mm and Rz was 0.644 mm ± 0.026 mm.

Table 1. AISI 420 chemical composition (wt%)
C Cr Si Mn P S Fe

Bar 0.177 12.83 0.55 0.76 0.05 0.017 Balance
AISI 420 
Datasheet

0.15
min

12.00-
14.00

1.00
max

1.00
max

0.04
max

0.03
max

Balance

Wear rate in DCT specimens was lower than CHT ones at all the applied normal
loads, being the difference of 39% at 5 N, 35% at 10 N, 36% at 15 N, 37% for 20 N
and 38% for 25 N The response of both groups of materials was similar, with an
increasing  value  of  wear  rate  as  the  applied  normal  load  was  augmented.  This
behavior can be seen in Figure 1a, that shows the wear rate as a function of applied
normal load.

Figure 1. a) Wear rate and b) COF value as a function of the applied normal load 

A wide range of wear resistance increments can be found in the literature. Barron [1]
reported  a  21%  wear  resistance  increase  in  a  cryogenically  treated  AISI  440
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martensitic stainless steel. Das et al. [10] reported improvements ranging from 21%
to 257% in a AISI D2 die steel, while Bensely et al. [11] had reported an average
improvement in wear resistance of 372% when studying a cryogenically treated case
carburised steel. Meng reported increases of up to 600% in [5] and between 180 and
200% in [6]. Thus it can inferred from our results that cryogenic treatments generate
a  moderate  improvement  in  the  wear  resistance  of  AISI  420  stainless  steel,
accounting for an average increase of 37%.
It can be seen in Figure 1b. that the COF of DCT specimens was slightly lower than
the corresponding to CHT specimens.  It is interesting to note that the COF values
were very low for both CHT and DCT specimens, ranging between 0.05 and 0.08 in
all cases. A minimum value can be observed at 15 N for both groups of specimens,
this phenomenon is related to the formation of certain oxide layers. A more detailed
characterization of these layers is the subject of our further studies.
The  worn  specimens  were  examined  using  both  optical  and  scanning  electronic
microscopy. It can be seen in Figure 2 that the surface morphology of the wear scars
is quite similar for CHT and DCT specimens, where both specimens developed oxide
layers in the wear scar.
DCT  specimens  shown  a  more  uniform  oxide  layer  (Figure  2b),  that  became
compacted during sliding, in contrast with the corresponding to the CHT specimens
(Figure 2a), that developed a rougher surface with several patches, signaling oxide
spallation.

Figure 2. OM images at 500× of wear scars of a) CHT specimen and b) DCT specimen. 25 N of
applied normal load. Arrows indicate sliding direction.

The effect of increasing the normal load is shown in Figure 3, in which not only a
wear scar widening can be seen, but also a change in coloration, with a stronger
presence of blueish oxides. This is associated to higher temperatures in the contact
zone. At high load levels, mild adhesion and oxide layer transfer levels between the
disk  specimens  and  the  counter-body  were  observed  for  both  CHT  and  DCT
specimens. 
The examination of wear debris and transversal images indicates delamination wear.
Suh [13] proposed that there is an accumulation of plastic shear deformation due to
the surface traction induced by the sliding of a hard indenter on a soft surface. This
accumulation process favors sub-superficial  crack nucleation -as it  can be clearly
seen in Figure 5- and when the cracks reach a certain size, they generate flake-like
wear debris. Some extent of oxide spallation can be appreciated in Figures 2 and 3,
as oxide layers grow in thickness, they reach a critical size and break-off the surface.
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Figure 3. Wear scars OM images at 200× of CHT specimens at a) 15 N b) 25 N applied normal load.
Arrows indicate sliding direction.

Figure 4 shows the formation of slivers along the worn surface. These superficial
features are commonly associated to a ratchetting process and are expected to form
under unidirectional sliding tests. These slivers grow by plastic deformation until a
thin plate-like debris is formed, subsequently breaking off and detaching from the
surface. In Figure 4b it can be observed that the amount and extension of slivers is
less noticeable in DCT specimens. Additionally, their worn surface was more uniform
compared with CHT ones.

Figure 4. SEM image of worn surfaces of a) CHT specimen at 1800×; b) DCT specimen at 2000×. The
applied normal load was 25 N in both cases. Extrusion slivers (marked with red arrows) can be seen,

signaling ratchetting damage. The black arrows indicate the sliding direction.

The damage beneath  the  surface of  the  wear  track  of  a  CHT specimen can be
appreciated in Figure 5. The martensitic microstructure has been strained along the
sliding  direction,  showing  a  fair  amount  of  plastic  deformation.  DCT  specimens
exhibited similar characteristics. The bright zones near the surface correspond to the
oxide layers. A developing sub-superficial crack can be seen in the region highlighted
by the red box,  this phenomenon is  consistent with the ratchetting damage that is
observed in Fig. 4a, thus supporting the proposition that the active wear mechanisms
are a combination of ratchetting and oxide spallation.
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Individual carbides can be seen near the surface layer, as well as a carbide cluster,
that  has  also  been  distorted  by  the  shear  stresses  developed  during  sliding.
These results support the hypothesis that carbide distribution plays a fundamental
role  in  the  modification  of  the wear  resistance of  steel  alloys.  In  [6]  Meng et  al.
addressed this subject more thoroughly, reporting a reduction in the average carbide
size of the same order than the registered in our specimens [4].  In that case, the
volume  fraction  of  retained  austenite  was  below  the  detection  limit  of  the  x-ray
diffractometer (~3%), even for the quenched and tempered condition.

Figure 5. Cross sectional SEM image at 1800× of a CHT specimen tested at 25 N applied normal load,
showing plastic deformation of martensite laths and carbide clusters along with sub-superficial

cracking. The arrow indicates the sliding direction.

The main microstructural difference between CHT and DCT specimens was that the
latter  exhibited  a  higher  amount  of  fine  secondary  carbides  [4],  with  a  more
homogeneous size distribution. These results are in strong accordance with those
reported by Meng et al.  [5]  while studying the precipitation of nanometric rod-like
carbides in the range of 20 to 40 nm. DCT specimens exhibited a higher amount of
finer η-carbides carbides, while bigger ε-carbides were found in CHT specimens. 
Suh also hypothesized about the influence of inclusion – matrix interfaces and their
effect over crack nucleation [13], recognizing that this type of features act as stress
concentrators. As a consequence, cracks can nucleate at lower stress levels in the
surroundings of inclusions and second phase particles. This could explain the wear
resistance  improvement  of  cryogenically  treated  specimens  as  they  had  smaller
carbides  and  more  evenly  dispersed  in  the  matrix.  This  hypothesis  have  been
addressed more deeply by Pandkar et al. [14] and Bhattacharyya et al. [15] while
studying the effect of microstructural features, such as carbide size and distribution,
in the resistance to rolling contact fatigue of bearing alloys.

5.- CONCLUSIONS
From the obtained results it can be concluded that cryogenic treatments generate a
moderate increase in the wear resistance of AISI 420 martensitic stainless steel at all
the tested loads. This behavior is attributed to the less plastic deformation and sub-
surface  cracking  found  in  the  wear  scars  of  cryogenically  treated  specimens  in
comparison to the conventionally treated ones. Additionally, the linearity of the results
indicates that the same wear mechanism  was operative in all cases. 
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Tribological study of the AISI316L/Sapphire contact with  
self-lubricating films of protic ionic liquids 

Grupo de Ciencia de Materiales e Ingeniería Metalúrgica, Universidad Politécnica de Cartagena, 
Cartagena, Spain 

ABSTRACT 
Ionic liquids have shown an outstanding performance as lubricants in different 
contacts. Protic ammonium carboxylate ionic liquids (PILs), both neat and as 
additives in water, are being studied as friction-reducing and wear prevention 
lubricants in stainless steel-sapphire contacts. 
When a PIL was used as additive in water, the high temperature reached at the 
sliding contact produced the evaporation of water and the formation of a low friction 
PIL boundary layer. 
In the present study, the formation of the PIL boundary layer on AISI316L stainless 
steel under static conditions is described and its lubricating performance against 
sapphire balls has been studied. The effect of relative humidity has been studied 
using a vacuum chamber.  
The results described in the present study show a good tribological performance of 
these thin surface films, in pin-on-disc tests, reducing the running-in period of high 
friction coefficient, preventing wear and reducing the volume of lubricant with respect 
to the results obtained when water+1%PIL and neat PIL are used as lubricants. 
KEY WORDS: friction, wear, ionic liquids, lubricants. 

1.- INTRODUCTION 
1.1.- Ionic liquids in tribology 
Room temperature ionic liquids (ILs) are fluids composed of ions which are stable in 
the liquid state at room temperature. ILs present a unique combination of properties, 
such as nonflammability, a wide electrochemical window, high-thermal stability, wide 
liquid range, and negligible vapor pressure, which make them useful in a variety of 
applications. 
Among many other applications, ionic liquids have been extensively studied as 
lubricants and additives for friction reduction and wear protection [1,2], nanophase 
modifiers [3], electrolytes [4] and as corrosion protection agents either as inhibitors 
[5], or as precursors of protective surface coatings [6]. 
By far, the most widely studied ILs belong to the imidazolium family and they can be 
used either as neat lubricants or as additives of mineral or synthetic oils. 
However, for reactive metals such as iron and aluminum-based materials, when the 
anion contains halides, particularly fluorine, a severe tribocorrosion process may 
occur, thus increasing friction and wear. 

1.2.- Previous studies with protic ionic liquids as lubricants 
The most recent reviews on room-temperature ionic liquids also include protic ionic 
liquids (PILs). The scarce PILs previously used as lubricants contain potentially 
corrosive groups, with fluorine or sulphur in their composition [7-9]. 

T. Espinosa-Rodríguez(*), J. Sanes-Molina, M.D. Bermúdez-Olivares
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In the present study, fully oganic PILs are used. They are readily available by a quite 
simple synthetic route as recently described [10]. They can present the advantages 
of the imidazolium salts without their disadvantages, because they are composed 
exclusively by C, H, N and O, so no toxic phases will develop and they are not only 
less corrosive, but they can even show corrosion inhibitor behaviour. The presence 
of proton donor and acceptor sites in the PILs molecules can build up a hydrogen 
bonded network which could improve their lubricating performance [11-13]. 
There exists a large variety of PILs depending on the number of carbon atoms in the 
chains, the number of hydrogen atoms on the ammonium cation and the number of 
carboxilate groups in the anion. 
Water would be a real eco-lubricant, being cheap, nonflammable, readily available, 
and with relatively low compressibility. At the same time, some important 
disadvantages are its poor lubricating performance, corrosiveness, high-melting 
point, and low-boiling point. Additives must be used in order to minimize these 
inconveniences. ILs form ordered nanostructures in the liquid state and also in 
aqueous solution [14] so they can be used as additives.  
In a previous work [15], we studied the tribological problem of lubricating a ceramic–
metal pair where the extremely high-interface temperatures cause the failure of water 
or conventional water-based lubricants. In particular, the sapphire–stainless steel 
contact was selected due to the difficulty to reduce the friction and wear of this 
contact by using water-based lubricants. The contact was lubricated with water, with 
the protic ionic liquid bis (2-hydroxyethylammonium) succinate (MSu), and with a 1 
wt% solution of MSu in water. Neat water evaporated after the running-in period to 
give a transition to dry contact. Neat MSu reduced the running-in period, reducing the 
friction coefficient. The addition of a 1wt% MSu to water not only reduced the 
running-in period with respect to neat water, but the coefficient of friction showed a 
marked decrease to ultra-low friction values after water evaporation, because MSu 
molecules remained as a surface boundary film after the evaporation of water. 
Therefore, in the present study, the formation of the PIL boundary layer on AISI316L 
stainless steel under static conditions is described in order to prevent or reduce the 
running-in period with respect to water and water+1%PIL and to reduce the volume 
of liquid used when neat PIL is used as lubricant. The lubricating performance of 
these boundary layers against sapphire balls has been studied. The effect of relative 
humidity has been studied using a vacuum chamber. 

2.- EXPERIMENTAL SECTION 
Figure 1 shows the chemical structure of the PIL used in the present work, Di-[bis (2-
hydroxyethyl)ammonium] adipate (Dad). This PIL was kindly supplied by Dr. M. 
Iglesias (currently at the Federal University of Bahia, Brazil) and used as received. 

Figure 1. Chemical structure of Di-[bis (2-hydroxyethyl)ammonium] adipate (Dad)  

SEM images and EDX analysis were obtained using a Hitachi S3500N scanning 
electron microscope. Optical micrographs were obtained using a Leica DMRX optical 
microscope. 
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For tribological tests, according to ASTM G 99-05 standard, AISI 316L stainless steel 
(170-220HV) discs (25mm diameter; 5mm thickness; surface roughness R<0.1μm) 
were tested in a pin-on-disc tribometer (Microtest, Spain) against sapphire balls 
(Al2O3 99%, 0.75mm sphere radius), at room temperature under a normal applied 
load of 1 N, with a sliding radius of 9 mm, at a sliding velocity of 0.10 ms−1, and a 
sliding distance of 500 m. Friction coefficients were continuously recorded with 
sliding distance for each test.  
3D surface topography images and volume loss measurements were obtained by 
means of a Talysurf CLI optical profiler. Wear mechanisms have been studied by 
optical and electronic microscopy and profilometry. 
Mean friction coefficients and wear rates are obtained after at least three tests under 
the same conditions. 
Two kinds of tests have been developed: external lubrication with 0.5ml of neat PIL 
and water+1%wt PIL added before the tests, and the formation of a PIL boundary 
layer on AISI316L stainless steel under static conditions. 
This PIL boundary layer has been obtained covering the disc surface with the 
water+1%wt PIL solution and introducing it in a vacuum oven at 60ºC during 3 hours, 
then letting it sit for a day in a desiccator.       
 
3.- RESULTS 
3.1.- Tribological performance 
Figure 2 compares the friction records for water, water+1%DAd, neat DAd and DAd 
boundary layer. The results are similar to those obtained for MSu. Water evaporation 
is necessary to lower friction. The boundary layer shows a lubricating performance 
even higher than that of the neat PIL: 
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Figure 2. Friction vs. sliding distance for the steel-sapphire contact lubricated with: water (black), 

water+1%Dad (blue), neat Dad (red) and Dad boundary layer (green).  
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Table 1 shows the specific wear rates of the steel discs for each of the DAd 
lubricants. Wear tracks on steel and sapphire surfaces are also shown. 
  
Table 1. Specific wear rate, 3D image of the steel disc and optical micrograph of the sapphire ball after 

tribological tests.  

Lubricant Water+1%DAd Neat DAd 
Dad boundary 

layer 
Specific wear rate 

(mm3/N·m) 
3.46x10-5 6.66x10-7 7.54x10-7 

Wear track on steel 
disc 

 

Wear track on 
sapphire ball 

 
Wear rates for neat DAd and for the boundary layer are similar and two orders of 
magnitude lower than that obtained for water+1%DAd, which produces a very severe 
wear as con be observed in the SEM micrograph and EDX element maps shown in 
Figure 3. 
 

 

 
Figure 3. SEM Micrograph and elemental maps of carbon and oxygen inside the wear track of the 

steel disc after the tribological test with water+1%DAd. 
 
3.2.- Effect of relative moisture 
As we have seen in the previous section, the presence of water determines the 
tribological results. In order to control relative humidity, new tribological test were 
carried out using DAd boundary layers under different relative humidity (HR) 
conditions. Figure 4 compares the friction records for the same boundary layer for a 
60% and a 30% HR conditions. A 50% decrease in HR produces a 35-40% friction 
reduction. 
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Figure 4. . Friction vs. sliding distance for the steel-sapphire contact lubricated with Dad boundary 
layer at: HR=60% (black) and HR=30% (blue).  

4.- CONCLUSIONS 
New self-lubricating stainless steel surfaces have been obtained by controlled water 
evaporation from 1wt.% solutions of PILs in water.  
The new boundary layers present a tribological performance similar to that of the 
neat PILs, under low relative humidity conditions, to prevent water absorption. 
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ABSTRACT 
The application of minimum quantity of lubricant (MQL) for metal cutting has emerged 
as an alternative for reducing the abundant flow of cutting fluids, thus achieving cleaner 
production. Although considered an innovative technique in grinding operations, the 
widespread application is hindered mainly due to the high heat generation and the 
clogging of wheel pores caused by machined chips, harming the final product quality 
and increasing tool wear. This study sought to improve MQL use in grinding. Thus, 
besides the conventional MQL injected at the wheel/workpiece interface, a 
compressed air jet was also added, in order to clean the clogged wheel pores from the 
mixture of MQL oil and machined chips. Experiments were conducted using external 
cylindrical plunge grinding on AISI 4340 quenched and tempered steel, and a vitrified 
cubic boron nitrite (CBN) wheel. The lubri-refrigeration methods employed were the 
conventional with abundant flow, conventional MQL (both without any cleaning air jets) 
and MQL with the cleaning jet, directed at the surface at different angles of incidence. 
The main goal of these experiments was to verify the viability of replacing traditional 
abundance flow with MQL with wheel cleaning. The analyses were conducted by 
measuring the following output variables of the process: workpiece surface roughness, 
roundness, diametrical wear of the wheel. Results show the possibility of implementing 
the cleaning jet technique as a technological improvement of the minimum quantity of 
and grinding, in order to reduce the usage of cutting fluids. The MQL technique with 
cleaning compressed air jet, for a specific angle of incidence (30°) proved to be 
extremely efficient to obtain improved surface quality and accurate workpiece shape, 
as well as to reduce wear wheel and to prevent thermal damage, when compared to 
the other lubri-refrigeration methods tested (without cleaning jet). 
KEY WORDS: external plunge grinding, MQL, minimum quantity of lubricant, wheel 
cleaning, CBN. 

1.- INTRODUCTION 
Abrasive processes are used in the production of higher quality components in terms 
of shape, integrity and surface finishing [1]. State that grinding is an abrasive machining 
process in which material is removed through interaction between the abrasive and the 
workpiece. In this typical finishing process, possible problems generated in previous 
processes can be corrected. Therefore, [2] conclude that, since grinding is usually the 
final operation in a given surface, errors could prove expensive. 
Describe grinding as an energetically intense machining process, a great amount of 
energy is required per unit of removed material compared to other processes. As a 
result of the combination of countless high-speed cutting edges, a great amount of 

797979



Cartagena/Spain, 18-19 June 2015 

energy is consumed, and this energy dissipates in the form of heat. The heat generated 
in the contact area between the wheel and the workpiece is the main cause for the 
deterioration of the metallurgical properties, surface quality and dimensional accuracy 
of the part, not to mention the grinding wheel life [1]. Also underscore that during the 
material removal process, the heat will induce thermal distortions in both machine and 
workpiece, thus limiting the precision. However, if lubricants, such as cutting fluids, are 
used, the heat can be reduced by decreasing friction. Thus, the forces and the residual 
stresses in the workpiece will be minimized [3]. 

However, when abrasive tools are used, a reduction in the use of cutting fluids 
impairs one of functions, i.e. the cleaning of the wheel pores (filled up with machined 
chips), favoring the tendency for clogging, which consequently decreases cutting 
potential [4]. Weel clogging increases the forces involved, accelerates degradation of 
wheel surface and gives rise to high surface roughness on ground surfaces [6]. Since 
MQL uses low oil flow, efficient removal of the machined chips from the cutting zone is 
not achieved, because they tend to mix with the MQL fluid and create a grout which 
adheres to the surface of the cutting tool, thus clogging its pores. 
Analyzing this context, this work demonstrates a technological improvement of the 
MQL technique, by adding a wheel cleaning system to the conventional MQL. The 
results obtained proved very satisfactory, even exceeding those achieved in 
conventional lubri-refrigeration. This fact enables to replace the abundant use of 
cutting fluids with this new technique, generating several benefits to industries through 
a reduction in excessive expenses with handling and disposal of cutting fluids, while 
reducing environmental and health impacts, thus contributing towards sustainable 
technological development. 

2.- PROBLEMS WITH CUTTING FLUIDS 

The state that cutting fluids are used in machining of materials, aiming for the reduction 
of friction, which is always present on the contact between workpiece and tool 
(lubrication), and also the minimization of generated heat in the cutting region through 
refrigeration [6]. 
Cutting fluids also hinder corrosion of the workpiece and machine tool, while helping 
to transport the chips away from the cutting zone, thus cleaning the wheel [7].  
Once used, cutting fluids contain tiny particles of materials, such as small abrasive 
particles from the wheel, chips and other impurities. As a result, after some time, all 
the fluid needs to be changed and disposed due to contamination. 
Despite the technological advantages cutting fluids promote, their negative effects 
have been questioned, since it can give rise to both environmental aggression and 
health-related problems [8]. Thus, Companies are being forced to program less toxic 
refrigeration strategies in machining processes. 
Strategies for promoting a reduction in cutting fluid use is to optimize fluid flow, which 
occurs with the use of the minimum quantity of lubricant [9]. 

3.- THE MINIMUM QUANTITY OF LUBRICANT TECHNIQUE 

The minimum quantity of lubricant (MQL) is defined as an aspersion of small droplets 
of oil in a compressed air jet, directed to the cutting region, avoiding the huge flows of 
conventional cutting fluid application techniques. Since the air jet carries the oil 
droplets directly to the cutting area, it provides efficient lubrication. Conventional 
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cutting fluids, due to the use of additives and the low jet pressure, are not able to enter 
the cutting zone directly, making MQL more efficient in this aspect [10]. 
One of the advantages of MQL is the fact that at the end of grinding, chips, workpiece 
and tool have less fluid residue, making cleaning easier and more economical. 
Furthermore, during grinding, since the workpiece is not fully covered with fluid, it can 
be easily observed through visual contact. On the minimum quantity of lubricant, a low 
oil flow is used, approximately 2.0.10-9 to 2.7.10-8 m3/s (nearly one thousand times less 
that in conventional processes) at a pressure of 4.0.104 to 6.0.104 Pa [11]. A major 
challenge for the minimum quantity of lubricant technique is in refrigeration, with its 
problems in situations when high refrigeration rates are needed. Moreover, the lower 
fluid flow entails less removal of chips from the cutting zone, bringing about conditions 
for wheel clogging [12]. 

4.- PHENOMENON OF WHEEL CLOGGING 

When energy at the wheel/workpiece interface generates a rise in temperature, there 
is greater tendency towards lodging of metal particles in the pores of the abrasive tool. 
That will lead to an even higher increase in local temperature, which may cause 
thermal damage, such as workpiece surface burn, while also impairing the workpiece 
finishing and increasing wheel wear. 
The wheel clogging phenomenon as follows: when the chips generated in the grinding 
process are not fully removed from the cutting zone by the cutting fluid, they lodge in 
wheel pores, impairing the entrance of the cutting fluid in the cutting zone and thus 
further hampering the cleaning. These lodged chips affect the process efficiency and 
quality due to the increase of the contribution of elastic and plastic deformations in total 
grinding energy. Thus, the initial energy of the process will rise as the heat in the cutting 
zone [13]. 
Certain alloys are characterized as being hard to grind because they easily clog the 
wheel pores when metal particles are compressed and also adhered to the spaces 
between grains. With high chip removal rates, the phenomenon is further accentuated; 
also, some wheels are more or less passive to clogging. These same authors also 
describe two ways to avoid clogging: using a wheel with an open structure, which will 
have fewer grains (and thus less capacity to obtain good workpiece quality), increasing 
the probability of fracturing the bond; or dressing it frequently, which increases the 
costs involved in the process [14]. 

5.- PERSPECTIVES OF JETS OF COMPRESSED AIR FOR CLEANING 

Who conducted experiments in groove grinding, the compressed air jet is an alternative 
for reducing clogging, because the air impacts on the wheel surface and removes a 
great part of the impurities that adhere to it (see Fig. 1). Thus, the lower the air 
pressure, the lower the cleaning effect will be. These same authors concluded that an 
increase in cutting depth is achieved by reducing tool wear, and furthermore, it is 
possible to obtain better geometric tolerances and shape surface quality, i.e., better 
surface roughness values and overall finishing, when cleaning jets were used [8]. 
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Fig. 1. Effect of the compressed air jet in wheel cleaning. 

6.- EXPERIMENTAL PROCEDURE 

The grinding experiments were conducted on a cylindrical CNC grinding machine 
equipped. 
The ground material was AISI 4340 steel with hardness of 54 ± 2 HRc. The workpieces 
were ring-shaped, with outer diameters of 54 mm, internal diameters of 30 mm and 
thicknesses of 4 mm. The grinding method employed was external plunge cylindrical 
grinding. A vitrified CBN wheel was used, with an outer diameter of 350 mm, an inner 
diameter of 127 mm, a width of 20 mm and an abrasive material thickness of 5 mm. 
The MQL equipment is made of a compressor, pressure regulator, air flow gauge and 
mixing nozzle. This equipment uses a pulsating system for oil supply, which allows the 
regulation of the flows of compressed air and lubricant separately. The compressed air 
flow was monitored with the aid of a turbine flow meter. 
The wheel cleaning system is comprised of a compressor, compressed air flow and 
pressure meter, flow distributor and nozzle. The nozzle was attached at a distance of 
1 mm from the wheel surface.  
Three workpieces were ground in each experiment. Chip volume removed at each 
experiment was 3900 mm³. Three different types of lubri-refrigeration were used: 
conventional (abundant flow), conventional MQL, and MQL + cleaning system, using 
distinct jet angles of incidence on the wheel surface. Four angles of incidence were 
defined for the cleaning jet: 30⁰, 60⁰, normal and tangential to the wheel. 
Besides the variation in lubri-refrigeration conditions, the wheel infeed velocity was 
also varied (three different values). The output parameters measured were workpiece 
quality (surface roughness and roundness), wheel wear, acoustic emission generated 
by the process. 
Measurement of surface roughness was carried out using Ra, with a surface 
roughness meter (Taylor Hobson Surtronic3+). The results shown are averages of 
readings in different positions, for each of the 3 workpieces used, for each lubri-
refrigeration condition. The number of surface roughness readings was such to 
guarantee 95% confidence that the sample average represented the average of the 
population. 
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Roundness errors measurements were obtained in all experiments, with 5 
measurements at different positions of the ground workpieces, carried out on a Taylor 
Hobson Talyrond 31C. 
Measurement of wheel wear was done using a cylindrical AISI 1020 steel workpiece 
used for printing the wheel profile. This measurement was possible due to non-
utilization of total wheel width (15 mm against 4 mm for the workpiece). Thus, the 
profile produced in the wheel after the experiment, enabled to print wheel wear on this 
soft steel cylinder. The diametrical wheel wear was measured using a surface 
roughness meter software (Taylor Hobson TalyMap) for profile projection and 
measurement. Five measurements were made on each piece, and each experiment. 
The machined parameters and the experimental setup data are: 
Grinding mode: external cylindrical plunge grinding, grinding wheel SNB151Q12VR2 
(vitrified cubic boron nitride wheel). Grinder speed (Vc) - Vc = 30 m /s, infeed velocity 
(Vf) - Vft = 0.25 mm/min; 0.50 mm/min and 0.75 mm/min, angular speed of the piece 
(ωw) ωw = 204 rpm. Cutting depths (ae) - ae = 1.2; 2.5; 3.7 µm.  
Lubri-refrigeration conditions - conventional (abundant flow), conventional MQL and 
MQL with wheel cleaning, at four angles using compressed air jets with the following 
incidence angles: 30⁰, 60⁰, tangential and normal. Conventional cutting fluid - semi-
synthetic vegetable oil based emulsion at 2.5% concentration, MQL cutting fluid - 100% 
vegetable, biodegradable, oil flow in MQL - 2.7.10-8 m3/s, air pressure in MQL 6.0.105 
Pa, air flow in cleaning system - 8.0.10-3 m3/s, air pressure in cleaning system 
7.0.105 Pa, workpiece material - AISI 4340 steel, quenched and annealed (54 ± 2 HRc), 
dresser - multigranular fliese, dressing depth (ad), sparkout time (ts), dressing speed 
(vd) - ad = 0.02 mm, ts = 3s and 600 mm/min 

7.- RESULTS AND DISCUSSION 

This section will present the experimental results of the output variables for each 
grinding condition. The condition used as a reference for discussions was the 
conventional lubri-refrigeration system, because it is the most broadly used in industry. 
The results for those variables analyzed are shown in bar graphs, containing the 
average of measurements with their respective confidence intervals calculated at 95%, 
according to Student’s distribution. 
Average surface roughness (Ra) and roundness as results of infeed velocity are shown 
in Figures 2 and 3, respectively.  
Before beginning the analysis of these figures, it is important to mention that described 
porosity as the measurement of spacing between abrasive grains, a local effect in the 
wheel structure, which enables fluid flow and the lodging of machined chips. When the 
cleaning jet is used, the quantity of chips left in the pores is reduced, further improving 
the results, because there is less probability for them to indirectly scratch or deform 
the ground surface. Some points need to be underscored in these figures: 
- MQL without wheel cleaning provided much higher workpiece surface roughness and 
roundness errors than the conventional lubri-refrigeration method (abundant flow). 
Higher temperatures in the cutting zone, when using MQL, increased chip ductility and 
made them adhere to the wheel, clogging the pores and thus hampering workpiece 
quality; 
- When the compressed air jet was used to clean the wheel, workpiece surface 
roughness and roundness error values fell substantially, when compared to the MQL 
(without the cleaning jet), becoming smaller or equal to those obtained with abundant 
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flow (conventional lubri-refrigeration). This proves that the worse workpiece quality, 
when changing from conventional lubri-refrigeration method for conventional MQL 
(without cleaning) was caused by the clogging of wheel pores by machined chips; 
- The 30º angle of incidence of the compressed air jet was the condition that achieved 
the greatest efficiency in wheel cleaning, thus generating the lowest workpiece surface 
roughness and roundness error values.  

Fig. 2 – Average surface roughness (Ra) results for each plunge speed and lubri-refrigeration 
condition. 

Fig. 3 – Roundness error results for each plunge speed and lubri-refrigeration condition. 

In Figure 4, for the three infeed velocities, MQL with cleaning jet (at 30 degrees) was 
the condition that presented the lowest diametrical wheel wear values. It is interesting 
to observe that the compressed air jet did not remove wheel particles. On the contrary, 
it preserved the wheel against more accentuated wear. The presence of lodged chips 
in the wheel pores was the reason for the wheel wear, since the conditions of greater 
amount of chips on the wheel surface were also those which provided higher 
diametrical wheel wear (Fig. 4), higher surface roughness (Fig. 2) and higher 
roundness error values (Fig. 3) (MQL without cleaning and MQL with an air jet normal 
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to the wheel). The increase in cutting forces caused by the friction of lodged chips and 
the workpiece makes exceed the cohesion force of abrasive grains in wheel, thus 
accelerating wear.  

Fig. 4 – Diametrical wheel wear (μm) results for each plunge speed and lubri-refrigeration condition. 

8.- CONCLUSIONS 

After analyzing the results, it can be concluded that: 
 - The use of the MQL lubri-refrigeration technique associated with a compressed air 
jet for cleaning the wheel surface, with the nozzle placed with an incidence angle of 
30° provided efficient wheel cleaning and, thus, better results in almost all analyzed 
variables, when compared to conventional lubri-refrigeration and especially 
conventional MQL (without cleaning jet). 
 - The clogging of the wheel pores by machined chips was the responsible for increase 
of the acoustic emission signals, workpiece surface roughness and roundness errors, 
and diametrical wheel wear.  
With the increase of the infeed speed, the superior performance of this condition was 
maintained, indicating that the use of MQL along with a compressed air jet (placed with 
an adequate incidence angle), makes possible the increase of the grinding conditions, 
reducing the grinding time, without harming the workpiece quality. 
 - The drastic reduction of the fluid flow, associated with the better results of surface 
roughness and roundness errors of the workpiece, and the decrease of the wheel wear 
caused by the use of MQL with cleaning jet indicate that the improvement of the lubri-
refrigeration conditions in grinding operations may reduce the environment and health 
hazards, contributing to a cleaner, faster and more cost-effective manufacturing 
process. 

ACKNOWLEDGEMENTS 

Special thanks to FAPESP (State of São Paulo Research Assistance Foundation) 
(process 2009/51440-5 (Research Assistance) and 2009/51439-7 (Scientific 
Initiation)) for the financial resources made available for this study, and to the 

858585



Cartagena/Spain, 18-19 June 2015 

Schaeffler Group (INA brand) for the support offered in conducting metallographic 
analyses. 

REFERENCES 

[1] Alagumurthi, N., Palaniradja, K., Soundararaja, N., 2007. Heat generation and heat 
transfer in cylindrical grinding process - a numerical study. International Journal of 
Advanced Manufacturing Technology. 34, 474–482. 
[2] Ren, Y.H., Zhang, B., Zhou, Z.X., 2009. Specific energy in grinding of tungsten 
carbides of various grain sizes. CIRP Annals – Manufacturing Technology. 58, 299–
302. 
[3] Guo, C., Shi, Z., Attia, H., Mcintosh, D., 2007. Power and wheel wear for grinding 
nickel alloy with plated CBN wheels. CIRP Annals – Manufacturing Technology. 56, 
343-346. 
[4] Sadeghi M.H., Haddad M.J., Tawakoli T., Emami M., 2009. Minimal Quantity 
Lubrication-MQL in grinding of Ti–6Al–4V titanium alloy. International Journal of 
Advanced Manufacturing Technology. 44, 487–500. 
[6] Pawlak, Z., Klamecki, E. B., Rauckyte, T.; Shpenkpv, P. G., Kokowski, A., 2004. 
The tribochemical and micellar aspects of cutting fluids. Tribology International. 38, 1-
4. 
[7] Stanford, M., Lister, P. M., Kibble, K. A., Morgan, C., 2007. Investigation into the 
use of gaseous and liquid nitrogen as a cutting fluid when turning BS 970-80A15 
(En32b) plain carbon steel using WC-Co uncoated tooling. Journal of Materials 
Processing Technology. 54, 11-19. 
[8] Dhar, N., Islam, S., Kamruzzaman, M., 2007. Effect of minimum quantity lubrication 
(mql) on tool wear,  and dimensional deviation in turning aisi-4340 steel. G.U. Journal 
of Science. 20, 23-32. 
[9] Tawakoli, T., Westkaemper E., Rabiey M., 2007. Dry grinding by special 
conditioning. International Journal of Advanced Manufacturing Technology. 33, 419–
424. 
[12] Brinksmeier, E., Brockhoff, T., 1996. Utilization of grinding heat as a new heat 
treatment process.  CIRP Annals – Manufacturing Technology. 45, 283-286. 
[13] Cameron, A., Bauer, R., Warkentin, A., 2010. An investigation of the effects of 
wheel cleaning parameters in creep-feed grinding. International Journal of Machine 
Tools & Manufacture. 50, 126-130. 
[14] Sinot, O., Chevrierb, P., Padilla, P., 2006. Experimental simulation of the efficiency 
of high speed grinding wheel cleaning. International Journal of Machine Tools & 
Manufacture. 46, 170–175. 

868686



 Ibertrib 2015. VIII Iberian Conference on Tribology 

GRINDING OF AISI 4340 STEEL WHITH INTERRUPTED CUTTING BY 
ALUMINUM OXIDE GRINDING WHEEL 

H. J. de Mello
1(*)

, D. R. de Mello
1
, E. C. Bianchi

1
, P. R. de Aguiar

2

1 School of Engineering, Univ. Estadual Paulista – UNESP - Campus de Bauru, Department of 
Mechanical Engineering, Brazil. 
2 School of Engineering, Univ. Estadual Paulista – UNESP - Campus de Bauru, Department of 
Electrical Engineering, Brazil.

ABSTRACT 
There has been a great advance in the grinding process by the development of 
dressing, lubri-refrigeration and other methods. Nevertheless, all of these advances 
were gained only for continuous cutting; in other words, the ground workpiece profile 
remains unchanged. Hence, it becomes necessary to study grinding process using 
intermittent cutting (grooved workpiece – discontinuous cutting), as little or no 
knowledge and studies have been developed for this purpose, since there is nothing 
found in formal literature, except for grooved grinding wheels. In this paper, grinding 
trials were performed using a conventional aluminum oxide grinding wheel, testing 
samples made of AISI 4340 steel quenched and tempered with 2, 6, and 12 grooves. 
The cylindrical plunge grinding was performed by rotating the workpiece on the 
grinding wheel. This plunge movement was made at three different speeds. From the 
obtained results, it can be observed that roughness tended to increase for testing the 
sample with the same number of grooves, as rotation speed increased. Roundness 
error also tended to increase as the speed rotation process got higher for testing 
sample with the same number of grooves. Grinding wheel wear enhanced as rotation 
speed and number of grooves increased. Power consumed by the grinding machine 
was inversely proportional to the number of grooves. 
KEY WORDS: External cylindrical plunge grinding, interrupted cut, finishing, 
microhardness, cutting power. 

1.- INTRODUCTION 
Since a long time ago, the external cylindrical plunge grinding operation is widely 
used in a machining cycle, particularly at the end of it, as it is a traditional finishing 
process [1]. It is able to produce a workpiece with very satisfactory dimensional and 
geometric features, such as accurate dimensions and reduced values of roughness 
and roundness. Grinding is normally used for continuous cutting (i.e., grinding of 
workpiece without discontinuity), while intermittent cutting (workpiece with grooves, 
slots or other kind of discontinuity) is little known, since formal literature information is 
scarce. The intermittent cutting operation is usually studied in conventional 
processes, such as turning [2]. 
When compared to other machining operations, grinding can present harmful effects 
such as rapid grinding wheel wear, greater use of coolant agents and even poor 
dimensional tolerance, as it involves large specific energy [3]. Furthermore, the 
biggest problem in the cutting operation is to control heat transferred to the 
workpiece [4]. This is because cutting fluid is not sufficiently supplied at the cutting 
zone, in which the temperature rapidly increases and causes damage, such as 
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burning and microstructural modification of the machined surface. All these factors 
have made several researchers seek for possible solutions to such problems. Finally, 
they were able to demonstrate that intermittent grinding (for grooves on grinding 
wheel) is a promising method to reduce both the average force of grinding [3] as well 
as thermal damage due to its excellent cooling effect [5,6]. 
According to [7], discontinuous cutting is a cutting process in which the tool is now in 
contact with the workpiece, but sometimes loses this contact (inactive time). It is a 
process widely used in material machining. In the turning process, for example, there 
is intermittent cutting when the raw workpiece geometry is not cylindrical, such as a 
square section bar, or it is cylindrical, but it contains a keyway or a transverse hole 
[8]. With respect to the milling process, it is also naturally considered an intermittent 
cutting process, since the various cutting edges on the tool, present cutting cycles; 
that is, at a given instant it is removing material and afterwards it is not. Thus, there is 
an intermittent period that benefits the cooling process. 
Discontinuous cutting is important due to changes in force characteristics acting on 
the tool. Coupling and uncoupling between the workpiece and tool generates impacts 
between them that might cause changes in both the forces involved in the process 
and the machined surface roughness [7]. 
The aim of this study was to verify whether discontinuous cutting, along with 
conventional method of lubrication and refrigeration (with abundant fluid use), is 
suitable under various machining conditions (finishing, semi-roughing and roughing) 
to obtain the best variables (surface roughness, roundness, diametrical grinding 
wheel wear, power, microhardness and micrograph), and also studying interruption 
influence (grooves) on the grinding process of AISI 4340 steel, quenched and 
tempered using a conventional aluminum oxide grinding wheel under various 
machining conditions. 

2.- MATERIAL AND METHOD 
2.1.- Material and testing samples 
Testing samples were made of AISI 4340 quenched and tempered steel of 54 HRc 
hardness. Figures 2.1.a, 2.1.b and 2.1.c show different testing sample (TS) 
geometries and Figure 2.1.d their dimensional specifications. 
The grinding wheel used in trials has the following specification: RT 355 mm x 25.4 
mm x 127 mm (diameter x thickness x bore diameter); AA 150 L6 VS (where AA: soft 
white aluminum oxide; 150: fine-grained; L: medium hardness; 6: basis; V: vitrified 
bonding; S: manufacturer private brand) and a cutting speed (Vs) of 30 m/s. 

Figure 2.1.a – TS with two-groove. Figure 2.1.b – TS with six-groove.
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Figure 2.1.c – TS with twelve

2.2.- Experimental method
For the grinding operation, an external cylindrical plunge grinding machine was used.
The TS was placed on an axis, which lay between the grinding edges, allowing the
TS’s surface to be perpendicular to the wheel plunge. Before contact between the
workpiece and abrasive tool, both were rotated in the same direction, in order to
remove greater amounts of material, besides having the cooling system turned on for
abundance. The grinding wheel cutting speed was
(nw) 204 rpm. Grinding depth was 5 mm, with 0.1 mm penetration depth between
each spark-out time (about 3 s), infeed rates (V
each one of the three TS types. At each dressing operation, two trials were
conducted in different cutting surfac
with a conglomerate type dresser, whose penetration was 40 µm and lateral
displacement speed= 100mm/min.
To analyze the diametrical wear of the grinding wheel, abrasive tool imprints were
made before its dressing into pre
mm/min, at which improved accuracy was
wear was measured by means of these imprints.
Then, the TS’s were subjected to soaking in chemicals to become the clea
possible in order to perform roundness and roughness analyses, using tweezers as
an aid to avoid contact with the natural fat on hands. Therefore, they were immersed
in the following baths: kerosene or turpentine; thinner; ethyl or hydrated alcohol; a
methyl alcohol. The purpose of this sequence is to remove coarse impurities, such as
coolant, by solvents with greater power of removal, such as kerosene and thinner.
For roundness evaluation, each TS was placed in the equipment, performing three
measurements each, where the initial contact position of the workpiece’s touch
sensitive edge differs by 120º from the previous contact point. Tayrond 31c
equipment (Taylor Hobson brand) has been used for roundness evaluation.
In a similar way, the surface rou
measurements were made at each TS, each differing 120° from the previous. The
equipment used was the Surtronic 3
Grinding wheel wear was measured by using a surface roughness measuring
In a previously machined cylinder, an imprint was made, and this cylinder got the
same grinding wheel profile. This "imprint" is nothing more than grinding wheel
penetration into the cylinder (in this case, 0.1
0.25 mm/min and full cut depth of 1.0 mm). Thus,
length and, in this way, detects depth changes of the imprint, revealing the abrasive
tool wear through a software.
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TS with twelve-groove. Figure 2.1.d – TS dimensional specification
(mm).

method 
For the grinding operation, an external cylindrical plunge grinding machine was used.
The TS was placed on an axis, which lay between the grinding edges, allowing the
TS’s surface to be perpendicular to the wheel plunge. Before contact between the

e and abrasive tool, both were rotated in the same direction, in order to
remove greater amounts of material, besides having the cooling system turned on for
abundance. The grinding wheel cutting speed was 30 m/s and workpiece rotation

ng depth was 5 mm, with 0.1 mm penetration depth between
out time (about 3 s), infeed rates  (Vf ) of 0.25 - 0.50 -

each one of the three TS types. At each dressing operation, two trials were
conducted in different cutting surface areas of the grinding wheel. Dressing was done
with a conglomerate type dresser, whose penetration was 40 µm and lateral
displacement speed= 100mm/min. 
To analyze the diametrical wear of the grinding wheel, abrasive tool imprints were

ssing into pre-machined cylinders at a infeed rate of 0.25
improved accuracy was promoted. Using a proper equipment

wear was measured by means of these imprints. 
Then, the TS’s were subjected to soaking in chemicals to become the clea
possible in order to perform roundness and roughness analyses, using tweezers as
an aid to avoid contact with the natural fat on hands. Therefore, they were immersed
in the following baths: kerosene or turpentine; thinner; ethyl or hydrated alcohol; a
methyl alcohol. The purpose of this sequence is to remove coarse impurities, such as
coolant, by solvents with greater power of removal, such as kerosene and thinner.
For roundness evaluation, each TS was placed in the equipment, performing three

rements each, where the initial contact position of the workpiece’s touch
sensitive edge differs by 120º from the previous contact point. Tayrond 31c
equipment (Taylor Hobson brand) has been used for roundness evaluation.
In a similar way, the surface roughness (Ra) was measured; that is, three
measurements were made at each TS, each differing 120° from the previous. The
equipment used was the Surtronic 3+ (Taylor Hobson brand). 
Grinding wheel wear was measured by using a surface roughness measuring
In a previously machined cylinder, an imprint was made, and this cylinder got the
same grinding wheel profile. This "imprint" is nothing more than grinding wheel
penetration into the cylinder (in this case, 0.1-mm penetration at a

/min and full cut depth of 1.0 mm). Thus, the device is set to scan a given
length and, in this way, detects depth changes of the imprint, revealing the abrasive
tool wear through a software. 
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For the grinding operation, an external cylindrical plunge grinding machine was used. 
The TS was placed on an axis, which lay between the grinding edges, allowing the 
TS’s surface to be perpendicular to the wheel plunge. Before contact between the 

e and abrasive tool, both were rotated in the same direction, in order to 
remove greater amounts of material, besides having the cooling system turned on for 

and workpiece rotation 
ng depth was 5 mm, with 0.1 mm penetration depth between 

- 0.75 mm/min for 
each one of the three TS types. At each dressing operation, two trials were 

e areas of the grinding wheel. Dressing was done 
with a conglomerate type dresser, whose penetration was 40 µm and lateral 

To analyze the diametrical wear of the grinding wheel, abrasive tool imprints were 
machined cylinders at a infeed rate of 0.25 

promoted. Using a proper equipment-aid, 

Then, the TS’s were subjected to soaking in chemicals to become the cleanest 
possible in order to perform roundness and roughness analyses, using tweezers as 
an aid to avoid contact with the natural fat on hands. Therefore, they were immersed 
in the following baths: kerosene or turpentine; thinner; ethyl or hydrated alcohol; and 
methyl alcohol. The purpose of this sequence is to remove coarse impurities, such as 
coolant, by solvents with greater power of removal, such as kerosene and thinner.  
For roundness evaluation, each TS was placed in the equipment, performing three 

rements each, where the initial contact position of the workpiece’s touch-
sensitive edge differs by 120º from the previous contact point. Tayrond 31c 
equipment (Taylor Hobson brand) has been used for roundness evaluation. 

) was measured; that is, three 
measurements were made at each TS, each differing 120° from the previous. The 

Grinding wheel wear was measured by using a surface roughness measuring device. 
In a previously machined cylinder, an imprint was made, and this cylinder got the 
same grinding wheel profile. This "imprint" is nothing more than grinding wheel 

mm penetration at an infeed rate of 
device is set to scan a given 

length and, in this way, detects depth changes of the imprint, revealing the abrasive 
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The power required by the machine was measured by means of a potentiometer that 
acquired grinder signals and sent them to the dedicated software (LabView® 7.1, 
National Instruments®) in the computer. The file generated by the software was 
processed in MATLAB® 2012.

3.- Results and discussion 
This section presents the experimental results of the output variables for each 
grinding condition.

3.1.- Surface roughness 
Surface roughness behavior (Ra) is presented in Figure 3.1.a according to trials, and 
their respective standard deviations.

Figure 3.1.a – Surface roughness due to the grinding wheel infeed rate.

It can be observed that there is a trend of increasing roughness as infeed rate 
increases for the TS type (same number of grooves). According to [6], grinding wheel 
speed affects workpiece surface finishing by means of changing tangential cutting 
force, which increases surface roughness as the force soars up. Thereby, surface 
roughness is increased as the infeed rate increases from 0.25 mm/min to 
0.75mm/min. This result can be explained through constant hits between TS and 
wheel, in such way that at first cut, after going through one of the grooves, the impact 
causes an increase in cutting force in coupling, resulting in a decrease in surface 
quality. The higher the infeed rate of the grinding wheel in TS, the more severe the 
workpiece-tool impact and friction are, leading to higher force peaks and greater 
roughness. In [7], explains that discontinuous cutting is important due to changes in 
the acting force characteristics of the tool, i.e., coupling and uncoupling between 
workpiece and tool would generate impacts between them that might cause changes 
both in forces and surface roughness. According to [3], forces in an intermittent 
grinding process (with the grinding wheel grooves) are changed compared to 
conventional grinding (grinding wheel without grooves). The same author noted there 
was a decrease of average force and increase in force peaks for the intermittent 
process when compared to the conventional one, and conclude that the fewer the 
grooves, the smaller the average forces and the higher the peaks. And also, 
according to [9], who studied the influence of intermittent grinding (grinding wheel 
with grooves) in the machining process of ceramic matrix composites (CMC), the 
surface roughness value for conventional grinding was slightly lower than for the 
intermittent process, explained by the constant hits between the abrasive tool – 
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workpiece in the intermittent grinding. This is due to the coupling and uncoupling 
between the grinding wheel and workpiece. However, when observing trials with the 
same infeed rate but different TS’s, it appears that there is a trend of roughness 
decrease for removal rates of 0.25 and 0.50mm/min , i.e. roughness decreases with 
the increase in groove number. At an infeed rate of 0.75mm/min, for trials 03 (2 
grooves) and 06 (6 grooves), a decreasing roughness trend was maintained; 
nevertheless, for trial 09 (12 grooves) it remained high. As the number of grooves 
grows at a certain infeed rate, there is less friction between the workpiece and wheel, 
resulting in higher peak forces [3] and lower temperature in cutting area by greater 
couplings and uncoupling frequency, promoting a cooling process. In [4], who when 
working with grooved wheels, concluded that the cutting temperature is reduced as 
the number of grooves on the wheel increase, which may be justified by a more 
effective coolant supply at the cutting area in intermittent compared to conventional 
grinding.; thus, reducing the surface roughness.

3.2.- Roundness 
Roundness values of the testing samples for each trial and their standard deviation 
are presented in Figure 3.2.a.

Figure 3.2.a – Roundness due to the grinding wheel infeed rate.

The above results allow to conclude that, as roughness results, there was a trend in 
roundness increase; i.e., for same TS; as infeed rate increased, roundness increased 
[roundness can be understood as "oval shape" growth or macro-geometric deviation 
as described by [10]]. This fact occurs because the higher the speed plunge, the 
more severe is the cut, which makes the workpiece undergo increasingly intense 
compressive strain, facilitating its circular profile (ideal) deviations. 
Comparing trials at the same infeed rate, it can be observed that an increase in 
groove density from two to six at 0.25 and 0.5 mm/min speeds enhances roundness, 
which conversely decreases with twelve grooves. This fact is given due to a "low 
infeed rate”, since the more grooves, the lower the external TS profile is. That way, 
12-groove TS’s have a lower profile than the others, helping to reduce macro-
geometric deviation. 
In contrast, for 0.75mm/min, increasing the groove number from two to six, promotes 
roundness values to increase, which also increases when using twelve grooves. This 
is the case of a higher infeed rate where a high level of mechanical stresses takes 
place, and the profile variation is observed for all grooved workpieces. According to 
[11], spark-out time implies in roundness deviation reduction. Higher spark-out 

919191



Cartagena/Spain, 18-19 June 2015 

periods (12 to 15 seconds) would result in minor deviations and would increase 
machining time, which can represent a capital loss to industry. The same author also 
found that in regards to conventional refrigeration, spark-out time alteration does not 
result in significant changes in roughness and wheel wear. 
It can be observed from the roughness results that there is no defined trend among 
the infeed rates, that is, the roughness and roundness values tended to increase as 
the infeed rate increases, but when one assesses the results for a given infeed rate 
there is no consistent trend. However, smaller differences and a decreased 
measurement scale, hundredth of µm, in roughness values can be noted. In regard to 
the roundness values, the workpiece fixture plays an important role in the 
measurments performed, in other words, the ground workpiece is fixed to the chuck 
and when it is released, the stresses generated by the fixture setup are reflected in 
the roundness error. Nevertheless, the tendency of increase in roundness values as 
the infeed rate increases was possible to observe.

3.3.- Diametral grinding wheel wear 
Figure 3.3.a presents the grinding wheel wear at each trial.

Figure 3.3.a – Diametral grinding wheel wear Vs.

It can be seen that there is a trend of higher wear as infeed rate and groove number 
increase. This is because higher infeed rates and a greater number of grooves imply 
in further impacts on the wheel, increasing peak forces as described by [3]. 
Additional impacts cause grain and bonder (vitrified) fractures resulting in wear. 
Moreover, by increasing the number of groves, the number of impacts against the 
wheel also grows due to coupling and uncoupling between tool and workpiece [9], 
making the grinding operation most severe. As a basis, [12] explains that wear 
occuring on the grinding wheel is related to abrasive grain breakdown and vitrified 
bonder fracture, both arising from thermal deterioration or severe mechanical 
stresses to which the wheel is subjected. 

3.4.- Power 
Figure 3.4.a shows results for the power applied in the process. 
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Figure 3.4.a – Power consumed due to the grinding wheel infeed rate. 

It can be seen that for the same groove number, there has been a trend of power 
consumption increase as tool infeed rate increased. On account of higher removal 
rates leading to greater efforts in the cutting area, as previously mentioned, and, in 
addition to greater friction, greater machine power is required to perform the 
machining process, which becomes more severe with the increasing removal rate. 
Indeed, when analyzing Figure 3.4.a for the same infeed rate, it can be seen that 
there was a decreasing power requirement trend, for the three speeds (0.25, 0.50, 
0.75mm/min), with an increasing number of grooves. This is explained by the lower 
contact area between workpiece and grinding wheel, as the number of grooves is 
higher, resulting in lower cut and friction effort and, therefore, less required power to 
perform the cutting operation. 
These results are similar to the [3] study, who observed that a benefit commonly 
found in intermittent grinding (grooved wheel) is power reduction, which means that 
this wheel can work at high rates of material removal without exceeding the grinder 
limit power. In [13], attributed this power reduction to the thickest splinter and 
looseness to splinter flow, and concluded that the reduction of required power and 
better access of cutting fluid lead to a reduction of thermal damage to the machined 
area. 

4.- Conclusion 
From obtained results, it can be concluded: 
When testing, sample roughness tends to improve as groove number and grinding 
wheel infeed rate increases, being the lowest roughness value obtained for 12-
groove TS’s at 0.25mm/min; 
Just as roughness, roundness also tends to enhance as the infeed rate increases for 
the same groove number of TS’s. The lowest roundness deviation (2 µm) was also 
observed for 12-groove TS at 0.25mm/min; 
Grinding wheel wear enhances as the infeed rate and groove number increase, and 
minor wear was noted in trial at 0.25 mm/min for 2-groove TS;  
Required power was greater as infeed rate reached higher levels for the same 
groove number of TS’s. The lowest required power was observed for 12-groove TS 
at 0.25 mm/min rate; 
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ABSTRACT 

A significant part of the friction losses in the automotive engine results from the 
abrasive action of particles formed in the interface between cylinder and piston/rings.  
Those particles are responsible for axial grooves that are observed in the liners of 
used engines. The objective of this work was to get a better understanding of the 
wear mechanisms related to liner/bore grooving and to identify a laboratory testing 
setup that might reproduce them under controlled conditions. Specimens of Gray 
Cast Iron (GCI) and of AISI 1070 steel with matrix hardness close to that found in 
GCI (≈200HV30) were submitted to scratch tests in a tribometer. It was found that 
scratches performed under 20-50 mN indenter load were similar to grooves observed 
in cylinder liners. No sharp transition between abrasion mechanisms was observed. 
Calculation of material removal factor fab from optical profilometry resulted in values 
with a large dispersion; they could not be associated with different abrasion 
mechanisms. 
KEYWORDS: abrasion, gray cast iron, cylinder, liner, graphite 

1. INTRODUCTION

Approximately 11% of the total energy supplied by the fuel is actually used to move 
the engine. Of those, 45% (5% of the total) are spent in the contact between cylinder 
and piston/rings as indicated in Figure 1.    

Figure 1 – Energy consumption of typical automotive engine [1] 

Part of that energy is consumed by the abrasive action of particles that form in the 
interface between cylinder liner and piston as a result of combustion and metal wear. 
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Those particles are responsible for axial grooves that are observed in the liners [2] as 
shown in Figure 2.  

Figure 2 – Grooving of cylinder liner by abrasive particles [2] 

Naturally those figures call for a good understanding of the wear mechanisms 
involved as well as means for estimating what part of the energy losses could be 
attributed to the cylinder liner abrasion. 
Scratch tests were a natural choice since it seemed that they could simulate what 
happens when an abrasive particle is caught between piston and engine block or 
cylinder liner. It was not clear how the indenter would interact with the graphite 
lamellae in GCI. Scratch tests of the AISI steel would provide a reference, 
considering that for the scale under consideration its microstructure might be 
considered homogeneous.  
Besides the values of the apparent coefficient of friction (COF) directly provided by 
the tribometer, geometric parameters of the scratches – width, depth, average profile 
and material removal factor fab – were analyzed and scanning electronic microscope 
(SEM) images provided additional information on the abrasion mechanisms. 

2. MATERIALS AND METHODS

In order to obtain some information on the effect of surface finishing half the samples 
were ground and half were polished. Table 1 summarizes the basic information on 
the specimens: 

Table 1 – Specimen Characteristics 

Material Origin Hardness 
HV30 

Dimensions 
(mm) 

Surface 
finish 

Roughness 
Sa (μm) 

GCI Engine 
block 

212 ± 2 20 x 12 x 3 Ground 0.22 ± 0.01 

Engine 
block 

207 ± 3 20 x 12 x 3 Polished 0.043 ± 0.06 

AISI 
1070 

Round bar 198 ± 4 18 x 10 x 6 Ground 0.20 ± 0.01 

Round bar 190 ± 5 18 x 10 x 6 Polished 0.011 ± 0.01 

Scratch tests were performed on a Hysitron 950 Triboindenter with a diamond conical 
indenter (60o apex angle, 5 μm tip radius). Three specimens were tested for each 
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material/finishing combination (a total of twelve combinations, half of them ground 
and half polished). All the scratches were done under constant load, and for each 
load level two scratches were done on each specimen. Seven load levels were used: 
20/50/75/100/125/150/200 mN. The Hysitron program consists of three main phases 
of indenter displacement:  

 Indenter displacement under extremely low load in order to obtain original
surface profile;

 Indenter return under specified load making the scratch;
 Indenter under light load measuring scratch depth.

Files generated by the equipment (.txt) provided force values as well as vertical 
position of indenter carriage and directly calculated COF values. 
SEM images provided important information related to the role played by the the 
graphite lamellae and to the abrasion micromechanisms. 
Geometric parameters of the scratches were measured using a Taylor Hobson 
optical 3D profilometer CCI-MP as indicated in Figure 3: 

Figure 3 – Scratch parameters measured with 3D optical profilometry (polished GCI 
50 mN) 

In the example of Figure 3 the instrument provided scratch width measured between 
peaks of the pile up (lp ≈ 4.9  μm) and at the reference plane level (lr ≈ 3.1 μm), 

maximum average depth (p ≈ 0,9 μm) and areas of the scratch cross section 

(Ss=1.489 μm2) and of the pile up material cross section (Sp1 + Sp2= 1.118 μm2). The
latter would yield a value of fab = 0.25 through use of equation (1) [3]: 

     
       

  
   (1) 

3. RESULTS

At light loads strong correlation can be observed between indenter depth and 
coefficient of friction. Superposition of SEM image and depth/COF curves indicates 
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that when the indenter crosses a graphite lamella the scratch depth increases and 
there is a sudden COF increase as indicated in Figure 4. 

Figure 4 – Correlation between indenter depth, COF and graphite crossing (polished 
GCI 20 mN) 

The above results agree with models seen in the literature [4].  
Abrasion mechanisms are highly dependent on the microstructure and scratch width 
may vary accordingly. Steadite presence seems to be responsible for width reduction 
as seen in Figure 5: 

Figure 5 – Scratch width reduction in the vicinity of steadite 

Figure 6 presents scratch depths produced under indenter loads of 20 and 50 mN; 
values are close to those observed in cylinder liners and indicated in the literature [2], 
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[5] and [6]. Corresponding scratch widths remained below 6 μm. Both depth and 

width were lower for the ground specimens. 

Figure 6 – Scratch depth x Indenter load (GCI) 

COF at both the lower and higher load regions of the Gray Cast Iron and AISI 1070 
graphs were quite similar as indicated in Table 2 and Figure 7 a) and b). 

Table 2 – Coefficient of Friction x Load 
AVERAGE COEFFICIENT OF FRICTION 

Gray Cast Iron ISI 1070 
Load (mN) Polished Ground Polished Ground 

20 0.142 0.136 0.210 0.174 
50 0.270 0.153 0.512 0.284 
75 0.605 0.192 0.803 0.725 

100 0.750 0.375 0.874 0.823 
125 0.875 0.741 0.949 0.909 
150 0.937 0.887 1.011 0.894 
200 1.028 1.014 1.035 0.981 

Error bars indicated in the graphs represent the standard deviation of the mean. 

a) GCI – COF x Load b) AISI 1070 – COF x Load
Figure 7 – Friction coefficient as a function of indenter load 
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It should be noted that a high COF around 1.0 was attained, similar to literature 
values [7], but it was not possible to correlate it to high values of fab [3] as the latter 
measurements were highly dispersed for both GCI and 1070. 
Tests with samples that had been ground presented lower COF values than polished 
samples. While for steel the difference might not be statistically significant, that was 
not the case of GCI where differences exceeded the standard deviation of the 
means. One possible explanation in the case of GCI ground samples might be the 
presence of graphite particles appearing as "background noise" in the Carbon lines 
obtained with the scanning electronic microscope. Figure 8 shows a striking 
difference between the two carbon lines: 

a) ground GCI specimen b) polished GCI specimen
Figure 8 – Carbon lines taken along the bottom of the scratch 

4. CONCLUDING REMARKS

• It was possible under laboratory conditions to reproduce grooves similar to
those observed in cylinder liners.

• Material removal factor fab could not be used to identify abrasion mechanisms.
• COF values should allow initial estimates of energy consumption by abrasion.
• Contrarily to what is indicated in the literature, no sharp transition between

abrasion mechanisms was observed.
• Further studies of the effect of surface finishing should be undertaken.
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ABSTRACT 
This paper is a case study of the efficiency of a 2.5 MW wind turbine gearbox including 
the influence of each gearbox element: gear tooth geometry, rolling bearings and oil 
formulation. The power loss model used to predict the gearbox efficiency was 
previously validated with experimental results. The calculations showed that the 
efficiency of a wind turbine gearbox can be improved by selecting different wind turbine 
gear oil formulations, modifying gear tooth geometry. The energy savings can be even 
more significant if both gear tooth geometry and oil formulation are adequately 
selected. 
KEY WORDS: wind turbine gearbox, power loss, efficiency, gear oil. 

1.- INTRODUCTION 
The wind energy is becoming more and more important on the energetic sustainability 
of the modern civilizations. Wind turbines have a significant contribution to the 
electrical power generation from renewal sources around the world [1]. The blades of 
a wind turbine rotate at very low speeds, typically 20 revolutions per minute, which are 
not suitable for conventional power generation using an electrical generator. This 
constraint is solved using a multiplying gearbox between the blades shaft and the 
electrical generator. 
Wind turbine gearboxes handle with several megawatt and even a small efficiency 
increase can save energy, useful for several more households. Nevertheless, any 
efficiency increase will have a significant impact, reducing the power loss and the 
operating temperature. 
The previous works [2, 3, 4, 5, 6, 7, 8, 9, 10, 11] aimed to fully characterize wind turbine 
gear oils in terms of physical properties and friction, on gears and rolling bearings. 
Experimental tests were performed, allowing to calibrate each power loss source and 
then a gearbox power loss model was developed. 
Furthermore, the experimental results clearly showed that it is possible to increase 
gearbox efficiency through an improved gear tooth design or selecting the most 
suitable gear oil formulation, or even, combining these two possibilities. 
The present work is devoted to the power loss prediction of a 2.5 MW wind turbine 
gearbox lubricated with different fully formulated ISO VG 320 wind turbine gear oils. 

2.- WIND TURBINE GEAR OILS 
Four different wind turbine gear oils were selected, covering a good range of base oils: 
a mineral, a polyalkylene glycol, a polyalphaolefin and a mineral+PAMA.  
The physical properties of the oils can be found in Table 1. All the oils are ISO VG 320 
as can be observed by the kinematic viscosity measured at 40 °C. At the usual 
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operating temperature of a wind turbine gear oil, 80 °C, the kinematic viscosity is quite 
different between oil formulations. PAGD presented more 44% viscosity than MINR 
and more 23% than PAOR. 
A chemical characterization of each wind turbine gear oil was previously presented in 
[12] where the film thickness as well as the coefficient of friction were measured using 
a ball-on-disc device. 

Table 1 – Wind turbine gear oils physical properties. 
Parameter Unit MINR PAOR PAGD 
Base Oil [-] Mineral PAO PAG 

Density @ 15 °C [g/cm3] 0.902 0.859 1.059 
Viscosity @ 40 °C [cSt] 319.2 313.5 290.3 
Viscosity @ 80 °C [cSt] 43.9 60.4 78.9 

Viscosity @ 100 °C [cSt] 22.3 33.3 51.1 
mA [-] 9.066 7.351 5.759 
nA [-] 3.473 2.787 2.151 
VI [-] 85 150 230 

3.- CALIBRATED POWER LOSS MODEL 
According to Höhn et al. [13, 14, 15] the gearbox power loss is due to gears (no-load 
(𝑃𝑉𝑍0) and load dependent (𝑃𝑉𝑍𝑃), rolling bearings (𝑃𝑉𝐿), seals (𝑃𝑉𝐷) and auxiliary losses 
(𝑃𝑉𝑋). The auxiliary losses are considered in the case of rotating parts other than gears, 
bearings or seals. The total power loss is then given by equation (1). 

𝑃𝑉 = 𝑃𝑉𝑍0 + 𝑃𝑉𝑍𝑃 + 𝑃𝑉𝐿 + 𝑃𝑉𝐷 + 𝑃𝑉𝑋 (1) 

3.1.- Rolling bearings 
Rolling bearing tests were performed aiming to characterize different wind turbine gear 
oil formulations and rolling bearing geometries. The results were published in [2, 3, 4, 
5]. 
The rolling bearing losses were calculated using the new SKF model presented in 
equation (2) [16]. 

𝑀𝑡 = 𝑀𝑟𝑟 + 𝑀𝑠𝑙 + 𝑀𝑑𝑟𝑎𝑔 + 𝑀𝑠𝑒𝑎𝑙 (2) 

The sliding torque is dependent on the oil formulation and is estimated with equation 
(3).  

𝑀𝑠𝑙 = 𝐺𝑠𝑙 ∙ 𝜇𝑠𝑙 (3) 

The sliding coefficient of friction is calculated with equation (4), but the reference values 
of 𝜇𝑏𝑙 and 𝜇𝐸𝐻𝐷 should be known in advance in order to have an accurate model. 

𝜇𝑠𝑙 = ∅𝑏𝑙 ∙ 𝜇𝑏𝑙 + (1 − ∅𝑏𝑙) ∙ 𝜇𝐸𝐻𝐷 (4) 

The lubrication regime influence on the coefficient of friction is calculated with the 
quantity presented in equation (5). 

∅𝑏𝑙 =
1

𝑒2.6×10−8(𝑛∙𝜈)1.4∙𝑑𝑚
(5) 
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In a previous work [17] the reference values of coefficient of friction 𝜇𝑏𝑙 and 𝜇𝐸𝐻𝐷 for 
ball and roller bearings were determined for each wind turbine gear oil. The values are 
presented in Table 2. 

Table 2 – SKF model reference values for each wind turbine gear oil and rolling bearing type [17]. 
Oil Reference CoF TBB 51107 RTB 81107 

MINR 𝝁𝒃𝒍 0.058 0.035 
𝝁𝑬𝑯𝑫 0.056 0.018 

PAOR 𝝁𝒃𝒍 0.049 0.039 
𝝁𝑬𝑯𝑫 0.044 0.010 

PAGD 𝝁𝒃𝒍 0.054 0.025 
𝝁𝑬𝑯𝑫 0.044 0.010 

3.2.- Gears 
FZG gear tests were performed using several different gear geometries lubricated with 
different wind turbine gear oils and the results were published in [6, 18]. 
The meshing gears losses were determined using Ohlendorf’s equation (6) [19]. The 
equation takes into account the input power (𝑃𝐼𝑁), the local gear loss factor (𝐻𝑉𝐿) and 
the average coefficient of friction along the path of contact (𝜇𝑚𝑍). 

𝑃𝑉𝑍𝑃 = 𝑃𝐼𝑁 ∙ 𝐻𝑉𝐿 ∙ 𝜇𝑚𝑍 (6) 

The local gear loss factor was proposed by Wimmer [20] and is presented in equation 
(7). 

𝐻𝑉𝐿 =
1

𝑝𝑏
∫ ∫

𝐹𝑁(𝑥, 𝑦)

𝐹𝑏𝑡

𝐸

𝐴

𝑏

0

∙
𝑣𝑔(𝑥, 𝑦)

𝑣𝑡𝑏
𝑑𝑥𝑑𝑦 (7) 

The coefficient of friction on the meshing gears was calculated using the Schlenck 
equation (8) [21]. 

𝜇𝑚𝑍 = 0.048 ∙ (
𝐹𝑏𝑡/𝑏

𝑣Σ𝐶 ∙ 𝜌𝑟𝑒𝑑𝐶
)

0.2

∙ 𝜂−0.05 ∙ 𝑅𝑎
0.25 ∙ 𝑋𝐿 (8) 

In a previous work [8], the lubricant parameter (𝑋𝐿) from Schlenck equation (4), was 
determined based on FZG tests for each wind turbine gear oil formulation using type 
C gears with 40 mm of face width. The values are presented in Table 3. 

Table 3 – Lubricant parameter (𝑋𝐿) for each wind turbine gear oil formulation [18]. 
Oil MINR PAOR PAGD 

𝑿𝑳 0.85 0.67 0.59 

3.3.- Seals 
The Freudenberg [22] equation (6) was used to calculate the seals power loss. 

𝑃𝑉𝐷 = 7.69 × 10−6 ∙ 𝑑𝑠ℎ
2 ∙ 𝑛 (9) 
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4.- 2.5 MW WIND TURBINE GEARBOX 
A wind turbine gearbox, rating 2.5 MW was selected [23, 24]. The gearbox has a 
common wind turbine gearbox configuration, i.e. two planetary gear stages plus a 
parallel helical gear stage as presented in Figure 1. On each stage the gearbox has 
the rolling bearings listed on Table 4. The gear tooth geometry for each stage can be 
found in Table 5. 

Figure 1. 2.5 MW wind turbine gearbox with two planetary gear stages plus one parallel helical gear 
stage. 

Table 4. Rolling bearings type of the wind turbine gearbox. 
Stage Rolling bearing type Location Quantity 

Stage 1 SKF NU 20/800 ECMA Carrier 1 
SKF NU 1080 MA Carrier 1 
SKF NU 2340 ECMA Planets 3 
SKF NU 2340 ECMA Planets 3 

Stage 2 SKF NU 244 ECMA Carrier 1 
SKF NU 1060 MA Carrier 1 
SKF NNCF 4930 CV Planets 3 
SKF NNCF 4930 CV Planets 3 

Stage 3 SKF NU 1060 MA Pinion shaft 1 
SKF 32960 Pinion shaft 1 
SKF 32960 Pinion shaft 1 
SKF NU 1036 ML Pinion shaft 1 
SKF NUP 236 ECMA Wheel shaft 1 
NSK QJ 1036 Wheel shaft 1 

Table 5. Gear tooth geometry of the wind turbine gearbox. 
Stage 1 Stage 2 Stage 3 

Parameter Sun Planet Ring Sun Planet Ring Pinion Wheel 
z 21 35 -96 23 38 -103 117 35 
b 320 320 331.5 168.4 168.4 177.4 245 240 
m 16 9 7 
αz 20 
βz 10 
x 0.71 0.8031 0.2093 0.6464 0.7693 -0.0639 0.769 0.7176 

SF 1.68 1.19 1.89 1.98 1.39 2.18 2.74 2.91 
SH 1.09 1.15 1.79 1.18 1.22 2.25 2.02 1.99 
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4.- OPERATING CONDITIONS 
The test conditions considered for the present study are resumed in Table 6. It was 
assumed the full power capacity of the wind turbine, i.e. 2.5 MW corresponding to an 
input speed on the blades of 20 rpm. The rotational and tangential speed of each gear 
mesh are presented in Table 7. The load conditions produced by a 1200 kNm torque 
applied to the input shaft, produced the maximum Hertz pressures presented in Table 
7. It is important to advise that in previous works [6, 8], the operating conditions used
to test fully formulated gear oils in a FZG gear testing machine were very similar to 
those presented here. 

Table 6. Operating conditions considered for the wind turbine gearbox. 
Condition Quantity 

Input torque 1.2 MNm 
Input speed 20 rpm 
Output speed 2040 rpm 
Nominal power 2.5 MW 
Operating temperature 60 and 80 ˚C

Lubrication method (gears) Oil jet 
Lubrication method (bearings) Dip 

Table 7. Rotational and tangential speed on the gear mesh of a wind turbine gearbox for an input 
speed of 20 rpm. 
Stage 1 Stage 2 Stage 3 

  Property Unit P/S P/R P/S P/R Helical 
n [rpm] 111.4 34.9 610.4 190.6 610.4 

vt [m/s] 1.867 0.974 6.302 3.251 24.933 
p0 [MPa] 1028 699 921 624 567 

 (P/S – Planet/Sun, P/R – Planet/Ring) 

4.- SIMULATION PROCEDURE
To carry on the simulations, the power loss model was used as resumed in equation 
(10). 

𝑃𝑉 = 𝑃𝑉𝑍𝑃 + 𝑃𝑉𝐿 (10) 

The no-load losses of gears and seals were disregarded for different reasons. In the 
present study, the no-load gear losses will not be considered in the simulation since 
the models available are not independent of the gearbox configuration. Furthermore, 
the experimental and model results presented in previous works [6, 18] show that the 
influence of the no-load gear losses on the total torque loss of a gearbox, at low speed, 
are very small. At the same time, the oils used are ISO VG 320 and the differences 
between them, in terms of no-load losses, are expected to be very small. 
The seal losses were not considered since the seals used in this particular gearbox 
are not known. Furthermore, the Simrit equation (9) does not account for the influence 
of different oil formulations. 
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A simulation was performed for MINR, PAOR and PAGD gear oils. Two different 
operating temperatures were considered, 60 and 80 ˚C which is the usual range of 
operation in a wind turbine gearbox. 
The first and second stage were analysed using the concept of mesh-power, while 
stage 3 of the wind turbine gearbox, being a parallel helical gear, was analysed using 
equation (6). 
The input power on each planetary stage is splitted in 3 planets and the tangential 
force applied on the base plane is calculated with equation (11). 

𝐹𝑏𝑡 =
𝑃𝐼𝑁

3 ∙ 𝑣𝑡
(11) 

The mesh power in each meshing pair should be calculated as presented in equation 
(12), and so the relative speed was considered. The mesh power (𝑃𝑀) should be used 
in equation (6) instead of input power (𝑃𝐼𝑁) for the case of planetary gears. Regarding 
the coefficient of friction the sum velocities in the pitch point (𝑣Σ𝐶) should also be 
calculated using the relative velocities. 

𝑃𝑀 = 𝐹𝑏𝑡 ∙ 𝑣𝑡′ (12) 

The input shaft of stage 3 runs at 610 rpm, which corresponds to 25 m/s of tangential 
speed. 
Independently of the oil used, the gears will perform under full-film conditions. The 
Schlenck equation is suitable for mixed film lubrication conditions and the coefficient 
of friction would decrease ad infinitum if the speed is increased without care. To avoid 
the underestimation of the meshing gears power loss, the third stage coefficient of 
friction was calculated for Λ=2, i.e. it was assumed that the coefficient of friction is 
better estimated if calculated at the speed corresponding to the beginning of full film 
conditions. 
The rolling bearing power losses were calculated using the calibrated power loss 
model described before. The coefficients of friction (𝜇𝑏𝑙 and 𝜇𝐸𝐻𝐷) were determined 
based on the experimental results are here again used for the simulation performed, 
assuming that no significant difference is found between 60 ˚C and 80 ˚C [17]. 

5.- SIMULATION RESULTS 
Considering the main sources of power loss in each gearbox stage, gears and rolling 
bearings, antagonistic effects were observed, as presented in Figure 2, Figure 3 and 
Figure 4. PAGD reduced the gears power loss but slightly increased the rolling bearing 
losses. The opposite behaviour is observed for MINR. 
The temperature also has an opposite effect, depending if gears or bearings are 
considered. Increasing the operating temperature increases the gear losses, as shown 
in Figure 3a) and Figure 3b). The rolling bearing losses reduce by increasing the 
temperature and consequently lowering the viscosity. The rolling torque (𝑀𝑟𝑟), in rolling 
bearings, is the main source of power loss in stage 3 and it is mainly dependent on 
speed and viscosity. Consequently, the rolling bearings power loss in stage 3 is almost 
independent of the oil formulation.  
The present results showed that ism possible to reduce the total power loss by 
changing the oil formulation used as presented in Figure 2.  

110110110



 Ibertrib 2015. VIII Iberian Conference on Tribology 

a) b) 

Figure 2. Total power loss results: a) 60 ˚C and b) 80 ˚C [12]. 

a) b) 

Figure 3. Meshing gears power loss results: a) 60 ˚C and b) 80 ˚C [12]. 

a) b) 

Figure 4. Rolling bearings power loss results: a) 60 ˚C and b) 80 ˚C [12]. 
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The efficiency of each gearbox stage is presented in Table 8 for each oil formulation. 

Table 8. Wind turbine gearbox efficiency [%] and total power loss for each oil formulation at 80 ˚C. 
Oil Gearbox design Stage 1 Stage 2 Stage 3 Global 𝑃𝑉[W] 
  MINR Standard 98.93 99.12 98.20 96.25 93,597 
 PAOR Standard 99.12 99.28 98.20 96.59 85,043 
 PAGD Standard 99.26 99.38 98.18 96.82 79,423 

6.- CONCLUSIONS 
The power loss model proved to be a valuable tool to optimize the gearbox efficiency. 
It was found that the rolling bearing losses predominate in very high speed conditions 
while meshing gear power losses are very important in low and intermediate speeds 
of stage 1 and 2 planetary sets. The results showed that a PAGD can promote an 
efficiency increase up to 0.6% when compared with a MINR. 
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NOTATION AND UNITS 

𝑎𝐴 ASTM D341 reference kinematic viscosity [cSt] 
𝑎′ centre distance [mm] 
𝑏 gear face width [mm] 
𝑑𝑚 rolling bearing mean diameter [mm] 
𝐹𝑁 gear normal force per unit contact length in each meshing position along the path 
of contact [N/mm] 
𝐹𝑏𝑡 gear tangential force on the base plane [N] 
𝐺𝑟𝑟 rolling torque factor depending on the bearing type, bearing mean diameter and 
applied load [/] 
𝐺𝑠𝑙 sliding torque factor depending on the bearing type, bearing mean diameter and 
applied load [/] 
LSS low speed shaft [/] 
LIS low intermediate shaft [/] 
HSS high speed shaft [/] 
𝐻𝑉𝐿 local gear loss factor [/] 
𝑖 gear ratio [/] 
𝑚 gear module [mm] 
𝑚𝐴 ASTM D341 viscosity parameter [/] 
𝑀𝑟𝑟 rolling friction torque [Nmm] 
𝑀𝑠𝑙 sliding friction torque [Nmm] 
𝑀𝑑𝑟𝑎𝑔 friction torque of drag losses [Nmm] 
𝑀𝑠𝑒𝑎𝑙 friction torque of seals [Nmm] 
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𝑀𝑡 internal bearing friction torque [Nmm] 
𝑛𝐴 ASTM D341 viscosity parameter [/] 
𝑛 rotational speed [rpm] 
𝑃𝐼𝑁 input power [W] 
𝑃𝑉 total power loss [W] 
𝑃𝑉𝑍0 no-load gears power loss [W] 
𝑃𝑉𝑍𝑃 meshing gears power loss [W] 
𝑃𝑉𝐿 rolling bearings power loss [W] 
𝑃𝑉𝐷 seals power loss [W] 
𝑝𝑏 gear transverse pitch [mm] 
𝑅1 geometry constant for rolling friction torque [/] 
𝑅𝑎 average surface roughness [m] 
𝑆1 geometry constant for sliding friction torque [/] 
𝑆𝐹 root stress safety factor [/] 
𝑆𝐻 flank stress safety factor [/] 
𝑣𝑔 gear sliding velocity in each meshing position along the path of contact [m/s] 
𝑣𝑡𝑏 gear tangential velocity on the base plane [m/s] 
𝑣ΣC sum of the gear surface velocities on the pitch point [m/s] 
𝑥𝑧 gear profile shift [/] 
𝑧 gear number of teeth [/] 
𝛼𝑧 gear pressure angle [˚] 
𝛽𝑧 gear helix angle [˚] 
∅𝑏𝑙 sliding friction torque weighting factor [/] 
∅𝑖𝑠ℎ inlet shear heating reduction factor [/] 
∅𝑟𝑠 kinematic replenishment/starvation reduction factor [/] 
Λ specific film thickness [/] 
𝜇𝑏𝑙 coefficient of friction in boundary film lubrication [/] 
𝜇𝐸𝐻𝐷 coefficient of friction in full film lubrication [/] 
𝜇𝑠𝑙 sliding coefficient of friction [-] 
𝜐 kinematic viscosity [cSt] 
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ABSTRACT 
In this work a series of experimental tests were performed in thrust ball bearing 
lubricated with polymer greases at constant temperature. The tested greases were 
formulated with the same base oil (PAO) but different thickener content 
(polypropylene). 
The friction torque in rolling bearings produced by these greases was measured and 
the coefficients of friction under boundary and full film lubrication were numerically 
calculated through the approximation of the SKF friction torque model to the 
experimental results. 
KEY WORDS: rolling bearings friction torque, lubricating greases, polymer 

1.- INTRODUCTION 
About 90% of all the rolling bearings are grease lubricated [1]. Despite this fact, there 
is very little work on the grease lubrication mechanisms which rule the film thickness 
formation and friction torque. 
Most analytical tools to predict film thickness and friction in grease lubrication only 
take into account the base oil properties and generally disregard the grease 
formulation, i.e., the type of thickener, its content or its interaction with the base oil, 
the additive package, etc. Furthermore, the base oil properties are often used to 
predict film thickness [2,3,4] and rolling bearing friction torque [5,6], even though for 
many grease formulations, the grease shows very different characteristics than the 
base oil. According to Cann et al.[7,8], the grease lubrication mechanisms after the 
churning phase depend mainly on bearing type, operating conditions and grease 
properties where base oil oxidation, thickener degradation, and anti-wear/boundary 
properties will all play a role. Moreover, the SKF model itself does not take into 
account different grease formulations (thickener type and concentration) which may 
influence the torque measurements and it only considers the base oil properties to 
predict the friction torque of rolling bearing lubricated with grease.  
This work intends to analyze the friction torque behavior of this recent and still poorly 
studied type of lubricating greases, formulated with different content of polypropylene 
thickener. The tests were performed in a rolling bearing test rig using thrust ball 
bearings, running over different entrainment speeds at constant load and controlled 
temperature. 
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2.- MATERIALS AND METHODS 
2.1.- Tested greases 
Four greases were tested in this work: M1, M2, M3 and MLi. The greases' main 
properties are shown in Table 1.  

Table 1 – Tested greases properties. 

Experimental batches of polymer greases were specifically manufactured for this 
work. These batches were processed so they should reflect the differences in their 
composition. The samples have been melted and quenched in 1 kg batches using 
the same settings for each batch. The milling has been done in a colloidal mill where 
each grease has passed through the mill exactly the same number of times with 
decreasing gap size. The process is kept as uniform as possible. 
All the polymer greases were formulated with the same poly-alpha-olefin (PAO) base 
oil. Grease MLi was formulated with a mixture of two different grades of PAO and 
some ester to facilitate the saponification reaction. 
Regarding the thickener, greases M1 to M3 were formulated with polypropylene (PP) 
while MLi was formulated with Lithium Complex (LiX). Greases M1, M2 and M3 were 
formulated with different thickener content, respectively, 11%, 13% and 15%. These 
greases are not additized, which means that this study relies only on the influence of 
the thickener content on the performance of these polymeric greases.  
Since Lithium thickened greases are the most common lubricating greases in the 
market, MLi was tested as a benchmark grease for high temperature greases. 
Grease MLi was retrieved from a production batch prior to the addition of additives 
and therefore, it has no polymer or additives in its formulation. 

2.2.- Rolling Bearings Friction Torque Measurement 
The bearings friction torque tests were performed to evaluate the generated friction 
torque of each grease. The tests were performed in a modified Four-ball machine, 
using a rolling bearing assembly in the place of the typical four ball arrangement, as 
shown in Figure 1. This procedure has been used before by Cousseau et al.. For 
careful overview of the procedure and bearing assembly please see references 
[9,10]. 
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Figure 1 – Rolling bearing friction torque test rig. 

The tests were conducted under controlled operating temperature. This temperature 
is measured very close to the raceway using a thermocouple (number III in Figure 1), 
which is associated with a digital PID controller, allowing to adjust and maintain the 
operating temperature steady through the activation of two electrical resistances, 
symmetrically applied to the bearing house. The assembly chamber is permanently 
submitted to air-forced convection, by action of two fans with 50 mm in diameter, 
which enables the evacuation of some generated heat. 
A piezoelectric torque cell KISTLER 9339A (number 11 in Figure 1) was used to 
measure the friction torque. The device allows high accuracy measurements for short 
periods of time and constant temperature (±2 ºC). For each speed step, 10 
measurements were performed. 

Table 2 – Operating conditions of the rolling bearing tests. 

The tests were conducted applying an axial load of P≈7000 N, while varying the 
rotational speed stepwise from 100 to 3250 rpm, assuming it was possible to keep 
the controlled temperature steady. The test procedure is shown in Table 2. 
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Each test was performed on a new SKF 51107 thrust ball bearing (marked with 
numbers 3 to 5, in Figure 1). The rolling bearing was lubricated with 2 ml of grease 
(about 30% of the rolling bearing's free volume). 

3.- RESULTS 

3.1.- Rolling bearing friction torque 
In Figures 2 and 3, it is possible to observe the measured rolling bearing friction 
torques versus the entrainment speed, for all the tested greases at different operating 
temperatures. The average and standard deviation of 10 measurements at each 
speed step is shown.  

Figure 2 – Left: Measured rolling bearing friction torque of the tested greases at different operating 
conditions (60 and 80ºC). Right: Calculated specific film thickness at 60 and 80 ºC. 
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Figure 3 – Left: Measured rolling bearing friction torque of the tested greases at different operating 
conditions (110 ºC). Right: Calculated specific film thickness at 110 ºC. 

Despite the high standard deviation of a few measurements, the rolling bearings 
friction torque of all the tested greases shows the typical behavior where the friction 
decreases with the entrainment speed increase. In the same figures 2 and 3, the 
specific film thickness calculated according to Hamrock and Dowson [11]  is also 
shown, for the same operating conditions. The analysis of both results indicates that 
the friction torque decrease is due to the increase of the film thickness for higher 
speeds. Moreover, the friction torque results at any operating temperature show that 
there is a relationship between the thickener content of the polymer greases and the 
rolling bearing friction torque. Grease M1, which was formulated with 11% of PP 
thickener, generally produced higher friction torque than grease M2 (13%) and M3 
(15%), this last grease showing the smallest overall friction torque.  
Since these polymer greases were formulated with the same base oil, it should be 
expected that the specific film thickness is the same for all the greases under the 
same operating conditions and therefore, the measured friction torque should also be 
very similar. However, the results show in Figures 2 and 3, suggest that the thickener 
content differences seem to be very relevant, especially at low entrainment speeds 
and small specific film thickness. 

3.2.- Optimization of the SKF friction torque model to the experimental results 
The SKF friction torque model [5] is the only one that considers the true physical 
sources of the friction torque, hence it provides a better understanding of the bearing 
operating conditions. 
The model allows to separate the different sources of power loss in rolling friction 
torque and sliding friction torque, based on the base oil properties of the grease (see 
Appendix A for complete SKF friction torque model applied to thrust ball bearings). 
However, the model does not have into account the thickener type or content and 
therefore, it assumes that any grease formulated with the same base oil should show 
the same friction torque. Still, as it was shown in Figure 2, it seems that the thickener 
content influences the friction torque. 
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The model assumes that for the actual lubrication regime, the coefficient of friction is 
defined by a combination of the boundary (µbl) and full film (µehd) coefficients of 
friction through a distribution function which takes into account the lubricant 
properties, the rotational speed and the rolling bearing diameter, as shown in 
Equation 1.  

(1) 

In order to contemplate the thickener influence on the overall coefficient of friction 
(µsl) of each grease, the coefficients of friction under boundary and full film lubrication 
were adjusted and used as input on Equation 2, to calculate the overall sliding 
coefficient of friction. 

(2) 

With this procedure, the model is then optimized to the experimental results and the 
coefficients µbl and µehd are obtained for each grease, considering that µbl should be 
constant and the same for all operating temperatures. 
In Figure 3 it is possible to observe the comparison between the experimental results 
and the optimized model for grease M1 at 60, 80 and 110 ºC. In the same figure, the 
different sources of friction are also explicit showing the decrease of the sliding 
friction torque with the entrainment speed and on the other hand, the rolling friction 
torque increasing with it. It is also possible to notice that at 110 ºC the model 
optimization gets worse and the average error increases. 
In Table 3, the coefficients of friction obtained from the optimization process are 
shown as well as the average error of the optimization, for all the tested greases. 
Table 3 shows that the optimized values of µbl decrease with increasing thickener 
content. Moreover, the values of µehd decrease with the temperature increase since it 
leads to lower lubricant viscosity and therefore, to smaller film thickness. Thus, in this 
situation, the weight of the coefficient of friction under full film (µehd) becomes less 
relevant in Equation 2 and its value decreases. 

Table 3 – Calculated coefficients of friction under boundary and full film lubrication. 
Tested greases M1 M2 M3 MLi 

µbl 0.087 0.075 0.062 0.071 

60 ºC µehd 0.031 0.024 0.022 0.035 

Avg. error [%] 7.9 12.1 6.8 9.3 

80 ºC µehd 0.013 0.013 0.009 0.017 

Avg. error [%] 11.6 10.6 11 6.7 

110 ºC µehd 0.001* 0.001* 0.001* 0.001* 

Avg. error [%] 16.1 13.2 29.2 16.1 

* - lower limit restriction allowed in the optimization process
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Figure 3 – Optimization of the SKF model to the experimental results of grease M1 at different 
operating conditions. The different sources of friction torque according to the SKF model are also 

shown in the figures to the right.  
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From the values obtained in Table 3 and using the distribution function shown in 
Equation 1, it is possible to build Stribeck curves for each grease at different 
operating temperatures. These curves are shown in Figure 4 where the coefficients 
of friction are plotted as a function of the Stribeck modified parameter shown in 
Equation 3 [11]. 

(3) 

Figure 4 – Stribeck curves of grease M1, M2, M3 and MLi at different operating temperatures. 

This dimensionless number allows to plot the Stribeck curves as a function of a 
normalized parameter for each lubricant (through their dynamic viscosity η and piezo-
viscosity α), running under the same operating conditions (entrainment speed U and 
normal load F), and directly compare their coefficient of friction when measured with 
the same surface geometry, roughness and material.  
According to Figure 4, the coefficient of friction decreases with the temperature 
increase. Since the viscosity of the active lubricant is decreasing, it is also expected 
that the viscous friction will decrease, down to the point where mixed or even 
boundary lubrication regime is reached. Therefore, with the increasing temperature, 
the calculated Stribeck curves move down and to the left (towards boundary 
lubrication, smaller Sp numbers). 
Figure 5, shows the calculated Stribeck curves at the same operating temperatures 
for all the differently formulated greases. 
Comparing each grease at the same operating temperature as shown in Figure 5, it 
seems that the higher the thickener content, the lower is the coefficient of friction for 
under or close to boundary lubrication (low Sp numbers). When the lubrication regime 
gets close to full film lubrication (increasing Sp numbers), the thickener influence is 
very low and the Stribeck curves of greases M1, M2 and M3 get closer which was 
already expected since they were formulated with the same base oil. Grease MLi, 
tested as a reference, was formulated with a PAO of higher viscosity and therefore, 
for the same operating conditions (speed and load), should be running closer to full 
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film lubrication (towards higher Sp numbers) than the polymer greases for all 
operating temperatures. 

Figure 5 – Stribeck curves of the tested greases as a function of the Stribeck modiefied parameter Sp. 

4.-CONCLUSIONS 
The friction torque behavior found at different operating conditions showed that other 
aspects of grease formulation might have more influence than considering only the 
base oil’s properties for the rolling bearing friction torque behavior. A friction torque 
dependency of the thickener content was found. 
The SKF model seems to be able to fairly predict the friction torque by optimizing the 
coefficients of friction µbl and µehd for each lubricant. From the optimization of the 
model to the experimental data, the overall sliding coefficient of friction was 
calculated at different operating conditions, allowing to plot Stribeck curves for each 
lubricant, at each operating temperature. Their analysis revealed a good agreement 
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not only to the measured friction torques, but also to the expected lubrication regime 
of the rolling bearing, estimated by the calculated specific film thickness curves.  
It was found that the rolling bearing friction torque decreased with the increasing 
thickener content which reflected on the decreasing sliding coefficient of friction, 
calculated using the SKF friction torque model. 
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APPENDIX A 

The friction torque model proposed by SKF [5] considers that the total friction torque 
is the sum of four different physical sources of torque loss, represented by Equation 
4. 

The thrust ball bearing (TBB) 51107 does not have seals so the Mseal torque loss 
term was disregarded. The drag losses after the churning phase are very small, 
consequently, the drag torque loss term (Mdrag) was also disregarded. Thus, the total 
friction torques of the TBB has only two terms: the rolling and sliding torques, 
respectively, M’rr and Msl, as represented in Equation 5. 

The rolling friction torque can be calculated through Equations 6 and 7, corrected to 
include the “inlet shear heating” factor ϕish (Equation 8), and the “kinematic 
replenishment” factor ϕrs (Equation 9). The product of the “kinematic replenishment” 
factor by the “inlet shear heating” factor decreases when the operating speed 
increases. 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 
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The rolling torque M’rr is mainly influenced by the viscosity of the lubricant at the 
operating temperature (in grease lubrication, the base oil should be considered) and 
also by the rotational speed.  
Since the total friction torque was measured experimentally (Mt = Mexp), it is possible 
to calculate the sliding torque once the rolling torque is known, as shown in Equation 
10. 

However, the sliding torque can also be numerically calculated using Equations 11 
and 12, if the coefficients of friction µbl and µehd , are known or can be estimated, to 
calculate the sliding coefficient of friction µsl (Equation 2). 

The optimization of the coefficients µbl and µehd, allows to calculate the µsl value which 
minimizes the error between the model results and the experimental data. 
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ABSTRACT 
Experimental gear scuffing results were obtained in the FZG test rig for wide ranges of 
the applied torque, tangential speed, base oil viscosity and bath oil temperature, and 
for FZG type A and type C gears. 
A scuffing criterion for gears lubricated with base mineral oils was developed, 
proposing the existence of gear mass temperatures which are critical for each lubricant 
(viscosity grade). The scuffing criterion shows very good correlation with experimental 
results. 
The dynamic viscosity of the oils at those critical mass temperatures is constant that 
permits the determination of other critical temperatures for other gear mineral oils 
without need additional scuffing tests. 
KEY WORDS: friction, wear, scuffing, gears, mineral oils. 

1.- INTRODUCTION 
Traditional scuffing criteria are not able to explain many of the phenomena observed, 
for instance, how the different geometries of the type A and type C FZG gears and how 
the oil bath temperature affect the scuffing load carrying capacity of FZG gears 
lubricated with additive free base mineral oils. 
For restricted and particular operating conditions all scuffing criteria seem to be valid, 
however no one seemed appropriated for the wide ranges of operating conditions 
considered. A preliminary analysis of the experimental results shows that the oil bath 
temperature and the friction coefficient between gear teeth have a very significant 
influence on the scuffing load carrying capacity of the FZG gears. 
An expression for the friction coefficient, FZG (1) in mixed contact lubrication regime 
that generally occurs between FZG gear teeth was developed taking into account the 
results published by Hohn e al [1] obtained from experimental measurements of the 
power loss in FZG type C gears lubricated with mineral oils [2]. 

𝜇𝐹𝑍𝐺 = 0,0257
𝑃0

0,18

𝑉𝑅
0,26 𝜂0

−0,05 (
𝑅𝑎

𝑎
)

0,25

(1) 

This friction coefficient, is obtained at each contact point of the gear meshing line, 
function of the maximum hertzien pressure, P0, the rolling speed, VR, the oil dynamic 
viscosity, 0, at the bath oil temperature, T0. The surfaces composed average 
roughness, Ra and the centre distance, a. 
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2.- EXPERIMENTAL SCUFFING RESULTS EQUATIONS 

Table 1 shows the results of scuffing tests performed in a FZG test machine [3]. Two 
FZG gear geometries were used: type A gears, 10 mm and 20 mm wide (referenced 
as A10 and A20 FZG gears, respectively) and type C gears, 14 mm wide, (referenced 
as C14 FZG gears) [3]. Six base oils, with 4 different viscosity grades, were tested. 
The most important characteristics of the gears and oils used are presented in 
appendix 1. 
Several different types of tests were performed: Variable torque tests (at constant oil 
bath temperature and rotating speed), variable temperature tests (at constant torque 
and rotating speed), variable speed tests (at constant torque and oil bath temperature) 
and also some standard load carrying capacity tests, according to DIN 51354. In all 
tests KFGZ is the FZG load (torque) stage, n is the rotational speed of the wheel (rpm) 
and T0 is the oil bath temperature (ºC). There is almost total compatibility between 
these different test procedures, which is very good for the results analysis. The gear 
geometry and the lubricant properties are presented in appendix I. 

Table 1 – Gear scuffing conditions / results. 
Test 
Nº 

Oil 
Ref. 

Gear 
type 

Temp 
(ºC) 

n 
(rpm) KFZG 

1 68I A20 100 750 10 
2 68I A20 100 1500 6 
3 68II A10 75 2500 7 
4 68II A10 90 2500 5 
5 68II C14 100 3000 5 
6 68II C14 100 1500 8 
7 150II A10 85 2000 9 
8 150II A10 90 2000 8 
9 150II A10 95 2500 6 

10 150II A20 100 2000 10 
11 150II C14 100 3000 7 
12 150II A20 105 1500 9 
13 150II A20 105 2250 7 
14 150II A10 105 1500 7 
15 150II A10 105 1750 6 
16 150II A10 105 2500 6 
17 150II C14 110 3000 6 
18 150II C14 110 1500 10 
19 220I A20 110 3000 8 
20 220I A20 118 2250 7 
21 220I A20 119 1500 8 

Test 
Nº 

Oil 
Ref. 

Gear 
type 

Temp 
(ºC) 

n 
(rpm) KFZG 

22 220I A20 120 750 12 
23 220I A20 120 1500 7 
24 220I C14 120 1500 10 
25 220I C14 120 3000 7 
26 220II A10 100 3000 8 
27 220II A10 110 2000 9 
28 220II C14 120 3000 8 
29 680I A20 143 1500 12 
30 680I A20 150 1500 9 
31 68I A20 75 3000 5 
32 68I A20 88 3000 3 
33 68I A20 100 3000 3 
34 68I A20 113 1500 4 
35 68I A20 130 1500 3 
36 68I A20 130 3000 2 
37 150II A20 105 3000 5 
38 150II A20 120 1500 8 
39 220I A20 120 2250 3 
40 220I A20 120 3000 5 

3.- THE FRICTION POWER INTENSITY AND GEAR GEOMETRY 
A scuffing criterion for FZG gears (FZG: Gear Research Centre at Technical University 
Munich) lubricated with base oils is proposed based on several different criteria: the 
traditional PVT scuffing criteria (Alman criteria) [4] is adequate when the aim is to 
compare the performance of different gear geometries; the FPI (Friction Power 
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Intensity) scuffing criteria, together with the friction coefficient developed, is adequate 
to evaluate the influence of the torque (or contact pressure) and of the tangential 
velocity in scuffing [5]. The criteria proposed adopted the integral concept from integral 
temperature criteria applied to FPI, resulting in critical oil bath temperatures or gear 
mass temperatures, above which the lubricant has no longer the ability to generate an 
hydrodynamic film and scuffing may occur for non-severe conditions, in the case of 
base oils without anti-wear or extreme pressure additives. 
Figure 1 shows the FPI (FZG-P0VS) applied for gear type A and C. In scuffing 
conditions, the area A of figure 1 is equal to area B of figure 2, which means the integral 
of FPI is very important for scuffing analysis and permits to compare scuffing in 
different gear geometries. 

Another important aspect is the zone where the scuffing occur is also predicted by this 
parameter, that is in the beginning of tooth contact in type C gears and the end of tooth 
contact in type A gears. 

Figure 1 - Variation of the friction power intensity (FZG-P0VS) along the meshing line of a type C FZG 
gear (left) and type A (right). 

This integral FPI, or each area, could be calculated approximately from the product of 
maximum FPI, which occurs at the point A or the point B in the gear meshing line, for 
the distance between those points to the pitch point (I), respectively TA or TB. 

4.- THE SCUFFING CRITERIA BASED ON POWER DISSIPATION AND 
TEMPERATURE 
Figure 2 shows the integral FPI plotted against the corresponding oil bath temperatures 
in scuffing conditions, for the different mineral base oils considered. In all cases the 
integral FPI product (at scuffing) have a linear decrease with the oil bath temperature 
increase. Figure 2 also shows that behaviour is consistent with both types (A and C) 
of FZG gears. 
This linear behaviour could be represented by an expression (2) that predicts a critical 
temperature for each lubricant, where there is no power dissipation possibility or no 
load carrying capacity, where the integral FPI is equal zero:  

𝑇𝐶𝑅 − 𝑇0 =
𝜇𝐹𝑍𝐺𝑃0𝑉𝑆𝑇

𝐶𝑝
(2) 
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Figure 2 - Integral FPI (FZG-P0VST) vs oil bath temperature, T0. 

Figure 3 shows the correlation between the criteria proposed and the experimental 
results and in practical terms fully agree with experimental results. For another point 
of view the criteria predicts critical gear mass temperatures that leads to scuffing, that 
is reinforced by the constant C presented in the criteria expression (2) that have 
thermal conductivity units. 

Figure 3 - Correlation between experimental and analytical results. 

5.- THE SCUFFING CRITERIA AND GEAR MASS TEMPERATURE 
In fact, the critical temperature can be considered as a critical mass temperature, or 
the temperature of the surface at the beginning of the mesh. Figure 4 shows the heat 
generation along the meshing line for a FZG type A pinion. The point A is the beginning 
of gear tooth meshing and point B is the last meshing point between two contacting 
teeth. Point I is the pitch point, where no friction power is generated. Assuming that the 
heat generated during gear teeth meshing is mainly evacuated by heat conduction (Cp 
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is the thermal conductivity of the gears) through the gear teeth surfaces, the general 
expression for the heat conduction is, 

∆𝑇 =
𝐹𝑃𝐼

𝐶𝑝
∆𝑧  (3)

Figure 4 - Heat generation and mass temperature in a FZG type A pinion. 

where z is the depth from the contact point on the tooth surface to the point in 
subsurface where the maximum subsurface temperature occurs, along the meshing 
line, as presented in figure 4. The mass temperature, Tm is the consequence of the 
heat power input through the surface, assuming for simplification that this temperature 
increases proportionally to the distance between the pitch point and the contact point 
on the meshing line. 

An additional simplification was used, considering that the mass temperatures in the 
approach segment 𝐴𝐼̅̅ ̅, TmA, and in the recess segment 𝐼𝐵̅̅ ̅, TmB, are constant but
different from the each other. In case of FZG type A gears, shown in Figure 4, it is clear 
that the heat generation is higher along the recess segment 𝐼𝐵̅̅ ̅, explaining why tooth
scuffing always occurs in this zone. However, in the case of type C gears, the heat 
generation is higher in the approach segment, and tooth scuffing always start in this 
zone, although sometimes it may extend to the recess zone, where the heat generation 
is smaller but still very significant. 

The power dissipation intensity, FPI, is given by 

𝐹𝑃𝐼 = 𝜇𝐹𝐺𝑍.
2

3
. 𝑃0𝑉𝑆 (4) 

The difference between the subsurface maximum temperature and the surface 
temperature, reflects the difference between mass temperature and bath oil 
temperature, that is 

∆𝑇 = 𝑇𝑚 − 𝑇0 (5) 

FPI 

A 
I B 

TmB 

z 
TmA 
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The mass temperature at the beginning of the mesh, could be rewritten as, 

𝑇𝑚 = 𝑇0 +
𝐹𝑃𝐼

𝐶𝑝
∆𝑧 = 𝑇0 +

𝜇𝐹𝑍𝐺
2

3
𝑃0.𝑉𝑆.

𝐶𝑝
∆𝑧 (6) 

When the mass temperature, reaches a critical value that depends on oil viscosity, 
scuffing may occur for any conditions, meaning that film generation is not possible, and 
scuffing occurs even for light loads. 

For a steel thermal conductivity of Cp = 52Wm-1K-1, and considering the results from 
the original criteria, eq. (2), the values obtained for z are function of the distance from 
the pitch point to the contact point, T,  

∆𝑧 = 0,000483 𝑇 (7) 

According to equation (7), the maximum subsurface temperature is about 71m below 
the surface in type A gears, and about 47m in type C gears. 

For the oils tested, the critical mass temperatures, Tm, are presented in Table 2, which 
also shows the corresponding dynamic viscosities at those critical mass temperatures. 
It can be noticed that the viscosity at those critical temperatures are very close, 
meaning that is possible to associate these temperatures to a constant “scuffing” 
viscosity (for mineral oils without no anti-wear additives). 

Table 2 – Critical mass temperatures (ºC) and dynamic viscosity (cP) for each oil. 
68I 68II 150II 220I 220II 680I 

TmCR 113,0 110,6 124,3 136,7 142,9 170,2 
 5,1 5,5 5,8 6,2 5,6 5,8 

A dynamic viscosity of 5,7cP is the average value obtained from these results. For 
such dynamic viscosity, Table 3 presents the calculated critical mass temperature for 
each oil. Comparing Tables 2 and 3, the difference between these critical temperatures 
are very small, enhancing the potential of this “scuffing” viscosity, for the determination 
of other critical temperatures for other gear mineral oils without anti-wear and friction 
modifiers. 

Table 2 – Critical mass temperatures for constant oil dynamic viscosity. 
68I 68II 150II 220I 220II 680I 

TmCR 108,0 109 125,7 141,5 141,8 171,1 

This approach could be extended other oil formulations, and in future works can be 
experimentally validated. Another important future work is to calculate accurately the 
effective mass temperature and eventually considering that mass temperature is not 
constant along the contact path, analysing deeply the conductive heat transfer from 
gear tooth surface to subsurface and convection heat transfer from surface to the oil 
sump. 
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6.- CONCLUSIONS 
1. A scuffing criterion for gears lubricated with base mineral oils was developed,

merging together the concepts of the Friction Power Intensity and of the Integral
Temperature Criteria.

2. The new scuffing criterion proposes the existence of critical gear mass
temperatures, which are characteristic of each lubricant (viscosity grade). The
difference between the Critical Mass Temperature and the oil bath temperature is
proportional to the energy intensity dissipated along the gear meshing line.

3. The new scuffing criterion shows very good correlation with experimental results
obtained with FZG type A and type C gears lubricated with base mineral oils of 4
different viscosity grades. In global terms from 40 tests performed, 34 are fully
justified by the present scuffing criterion, 4 are justified by insufficient running-in
and only 2 are slightly away from the criterion prediction.

4. For the critical mass temperatures, the dynamic viscosity of the oils are very near,
that means that is possible to associate this temperatures to a constant viscosity
that enhances the potential of this critical viscosity, for the determination of other
critical temperatures for other gear mineral oils without anti-wear and anti-friction
modifiers.
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Appendix 1 – Gears and lubricants characteristics 

A1. Gears 
FZG type A and type C gears are made of case hardened 20 MnCr 5 steel. Table A1 
shows some of the geometric characteristics of these gears. The contact ratio =1.36 
in type A gears and 1.46 in type C gears. 
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Table A1 – Geometric characteristics of FZG type A and type C gears. 

Parameter Symbol Pinion Wheel 
Type A Type C Type A Type C 

Working centre distance a' 91.5 
Module m 4.5 
Working pressure angle W 20 
Number of teeth Z 16 24 
Profile shift factor x 73.20 109.80 
Pitch diameter dw 88.68 82.64 112.5 118.5 
Addendum diameter daw 88.68 82.64 112.5 118.5 
Tooth flank roughness Ra 0.35 0.30 0.30 0.30 

A2. Lubricants 
The lubricants tested are mineral parafinic base oils without any kind of additives, in 
particular, extreme pressure (EP) and anti-wear (AW) additives. 
Table A2 shows some of the lubricants characteristics. They are divided in two groups 
(I and II). Group II pretends to be better base oils more resistant to scuffing. 

Table A2 – Lubricant characteristics. 
Reference Kinematic Viscosity - cSt Specific mass - Kg/m3 

40 (40ºC) 100 (100ºC) 15 (15ºC) 
68I 72.8 8.3 888 
68II 69.5 8.5 887 
150II 148.0 14.0 893 
220I 236.8 18.5 900 
220II 211.9 18.3 897 
680I 680 37.7 921 
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ABSTRACT 
This paper presents visual examination results and topographic analysis of two 
8-valves engines intake and exhaust valves and valve seats in order to characterize 
wear damages as part of the “FAPESP – Desafios tribológicos em motores Flex-Fuel 
– TRIBOFLEX” project. One of the engines was tested in dynamometer through
thermal shock test, operated from idle to full load regime. The other engine was 
tested using conventional vehicle in injection system test. The terminology used to 
describe observed damages was not lined up with the commonly used designations 
in the literature, to avoid preconceived ideas of the damage. The damage was 
documented using scanning electron microscopy (SEM) with an energy-dispersive X-
ray spectroscopy (EDS) and photographically using optical microscopy (OM). Many 
damages were observed in both: intake and exhaust valves of both engines, 
although some damages, such as oxidation, was observed only in the exhaust 
valves. The damages characterized as: presence of deposits, polishing and oxidation 
were observed. Through detailed description and documentation of valves damages 
it is expected to contribute to the characterization of valves wear morphology by the 
automotive industry. 
KEY WORDS: wear, valve, valve seat, engine. 

1.- INTRODUCTION 
The constant technology evolution of internal combustion engines made possible the 
production of engines with higher energy efficiency, lower fuel consumption, reduced 
emissions, improved performance and the use of alternative fuels, such as ethanol. 
With all these changes, there was also an increase in mechanical demands of its 
components, requiring more knowledge of their modes of operation and mechanical 
stress. The terminology used to describe observed damages was not lined up with 
the commonly used designations in the literature, to avoid preconceived ideas of the 
damage. The engines were identified by MT-1 and MT-2. MT-1 engine were tested in 
dynamometer through thermal shock test, which consist of temperature variation 
from 110 to 40 degree Celsius, and engine were operated from idle to full-load 
regime, i.e., the combustion chamber pressure varying from idle to full load 
operation. The engine was run-in for 10 hours with regular gasoline and the 
dynamometer test was performed with ethanol E100 fuel for the period of 200. The 
other engine, MT-2 was tested using conventional vehicle in injection electronic 
system test, using the standard road cycle (SRC) under normal operating conditions. 
Intake and exhaust valves and valve seats of cylinder number one of both engines 
will be analyzed. 
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2.- VISUAL INSPECTION 
The valves and valve seats surface wear damages were evaluated through visual 
examination of the valve surface in contact with valve seat using a low-magnification 
Nikon SMZ800 model stereo-microscope with Nikon 1200F digital camera. The 
combustion chambers of both engine heads are shown in Figure 1 and were 
identified as C1 to C4, from right to left for MT-1 and I to IIII for MT-2.  

(a)                                                                       (b) 
Figure 1. Cylinder head of 8-valve engines. Combustion chambers engine (a) MT-1 (b) MT-2. 

The analyses of wear were conducted on the intake and exhaust valves and valve 
seats, as can be seen in Figure 3a and 3b. The region analyzed in this work is 
identified in Figure 2 as "contact width". 

Figure 2. Contact width between valve and valve seat of engine. 

Table 1 summarizes the comparison of damage found on intake and exhaust valves 
and valve seats of both analyzed engines (MT-1 and MT-2) and is shown below. It 
can be observed that many damages occurred in both: intake and exhaust valves 
and valve seats, however, some of the damages were observed only in one of the 
valves such as rust which was only observed in the exhaust valves. It was also 
observed that more than one type of damage could occur in many valves and valve 
seats, such as deposits, circumferential scratches, observed in the intake valve of the 
first cylinder of both 8-valve engines. Surface damages as wear step and wear on 
central region were not found in this analysis. 

Figure 3 present the intake/exhaust valves and valve seats of cylinder one of both 
engines. The intake valves of both engines were covered by black sticky deposit, 
typical of high temperature thermal decomposition of lubricant, while the exhaust 
valves were covered by gray deposit of material probably consisting of ash from the 
combustion residue of the lubricant.  

Valve 
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Figure 3. First cylinder with intake and exhaust valves of engine (a) MT-1 (b) MT-2. 

Table 1 – Damage observed on contact surface on the intake and exhaust valves and valves seats. 

Damage 

Engine 

MT-1 MT-2 

Valve Valve seat Valve Valve seat 

Int Exh Int Exh Int Exh Int Exh 

Step 
Wear on central region 
Deposit X X X X X X X 
Clear central band X 
Indentation X 
Oxidation X X X 
Polishing X X 
Circumferential scratch X X X X X X 
Radial scratch X 
Oblique scratch X 
Circumferential grooves 
and ditches X X X 

2.1.- Intake 
The Figure 4 shows the surface contact of the intake valve of the engine MT-1 by MO 
and SEM. It is possible to separate the area (surface) into two regions with different 
characteristics denoted by 1 and 2. The region 1 appears in both edges of contact 
and is characterized by having circumferential scratches (machining) and deposits. 
Region 2 is defined by a clear central band and smooth polished surface. 

(a) 

(b) 
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Figure 4. OM (a) and SEM (b) images of the surface of intake valve (MT-1). 

In Figure 5 it can be noticed material deposition on the contact surface, indicated by 
orange color in Figure 5a. This can be derived from the interaction between the valve 
seat material with the compounds of the air-fuel mixture. It also can be seen grooves 
as shown in Figure 5b. The grooves were caused by small particles that also left a 
deposit material as seen in the image of SEM. 

Figure 5. OM (a) and SEM (b) images of the surface of intake valve seat (MT-1). 

The surface of the intake valve is presented in Figure 6 of the engine MT-2. The 
contact surface is divided into two regions with different characteristics, denoted by 1 
and 2. The region 1 has more homogeneous grayish appearance and region 2 has a 
surface with more evident circumferential scratches. 

Figure 6. OM (a) and SEM (b) images of the surface of intake valve (MT-2). 
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In another region of the valve seat, presented in Figure 7, it can be observed a 
different coloring. However, this does not represent a change in surface wear, but a 
deposition of material, as seen in the image obtained by SEM. 

Figure 7. OM (a) and SEM (b) images of the surface of intake valve seat (MT-2). 

2.2.- Exhaust 
The surface of the MT-1 engine exhaust valve shown in Figure 8 is divided into two 
regions. Region 1 has marks of circumferential scratching and grooves due to 
detachment of material caused by small particles or surface with protuberances. 
Region 2 (Figure 8b) has a smooth surface. It can be also observed a spot, possibly 
a result of oxidation caused by the high temperatures of the exhaust gases. The 
oxidation can be better seen with angled illumination of 45°. In the images obtained 
by SEM, Figures 8c and 8d, it can be noted that there is deposition of material at the 
edges of the stain. 

Figure 8. OM image with normal illumination (a) and angled illumination (b) of an oxidation stain. 
SEM images of the same region (c) and (d) of the surface of exhaust valve (MT-1).  

(a) (b) 

(a) (b) 

(c) (d) 

1 2 

1 
2 

Dark oxidation stain Dark oxidation stain 
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The contact surface of the exhaust valve of the engine MT- 2 shown in Figure 9 can 
be divided into three regions, which have different coloring and aspects indicating 
that wear occurred in different ways. 

Figure 9. OM (a) e SEM (b) images of the surface width of exhaust valve (MT-2). 

The region 1 show deposits, dark spots and circumferential machining scratches, 
which can be seen in Figure 10a. Region 2 has a transition characteristic between 
regions 1 and 3. The region 3 exhibits a smooth surface with disorganized deposition 
of material, which indicates, as mentioned above, increased wear in this region. 

Figure 10 – SEM image (a) of region 1 in the surface of exhaust valve (MT-2). 
EDS analysis of spot 001 (b). 

An energy-dispersive X-ray spectrometry (EDS) analysis was performed in the dark 
spot. In Figure 10b can be observed the presence of elements such as Fe, C, Si, K, 
S, Mn, Ni and Cr, constituent elements of the valves and valve seats, but it was 
observed a peak of oxygen which indicates oxidation at this location. The presence 
of Na, P and Zn, may indicate that occurred a deposit of material from the lubricating 
oil. 

3 

2 

1 (a) (b) 

(a) 

Spot 001 

(b) 
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In Figure 11, it can be observed deposition of material, which occupied the whole 
contact surface. In the image obtained by OM it is noticed that the deposit has 
orange coloring with early stage of oxidation in the region indicated by the arrow. In 
the image obtained by SEM can be observed that the deposition has no defined 
distribution pattern, showing that this deposit is not related to the wear caused by 
contact between the valve and the valve seat, but by the interaction with the hot 
combustion gases. 

Figure 11. OM (a) and SEM (b) images of the surface of the exhaust valve seat (MT-1). 

The surface of the exhaust valve seat of the engine MT-2 shown in Figure 12 was 
divided into three regions with different aspects and coloring. Region 1 is 
characterized by having surface with less roughness than the others regions closer to 
the inner edge (region 3), characterized by the circumferential machining scratches 
and deposits. Region 2 has a transition characteristic between regions 1 and 3. This 
fact indicates that the region 1 suffered more severe wear (as explained in 
Figure 13). 

Figure 12. OM (a) and SEM (b) images of the surface width of exhaust valve seat (MT-2). 

Some regions of the valve seat surface had different appearance as can be seen in 
Figure 12a. In the central region there are circumferential scratches, as shown in 
Figure 12b obtained by SEM. Despite different coloring obtained by optical 
microscopy, the wear mechanism occurred in both regions was not different from that 
described for the reference section, as seen in the SEM image. 

The wear was more severe possibly due to the higher contact pressure that occurs at 
the outer edge, indicating that wear increases from the inner edge to the outer edge 
of contact surface. This may occur due to the project recommendation between valve 

(a) 

(b) 

(b) 

1 

2 

3 
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and valve seat, in which is desirable that the first line of contact occur in the region 
close to the outer edge, in order to ensure the sealing of the contact, as shown in 
Figure 13. 

Figure 13. Contact scheme in the design of valves – valve seats. 

Visual inspection of intake and exhaust valves and valve seats of 8-valve engines 
revealed occurrence of surface damages produced not only by tribological 
phenomena but also by engine operating condition and by corrosion process, such 
as the presence of oxidation, in addition to the circumferential machining scratches 
due to the manufacturing process.  

Many of the damage were observed in both, intake and exhaust, valves and valve 
seats; however the oxidation occurred only on the exhaust valves of both examined 
engines, suggesting it was produced by high temperature conditions during engine 
operation. Due to the severity of the operating conditions of exhaust valves and valve 
seats, their wear was more pronounced when compared with the intake valves and 
valve seats.  Damages: step and wear in the central region were not found in 
tribological pairs analyzed. 

The most significant changes occurred in the surface of the valve seats, due to the 
known definition of project, in which, in general, the wear in the valves should be 1/3 
of the total wear and the remaining 2/3 occur in the valve seats.  
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ABSTRACT 
The wear resistance and the rolling contact fatigue (RCF) behaviour of different rail 
steel grades versus a railway wheel steel is analysed in this work. For this purpose, a 
twin-disc test was setup, in order to replicate the in-service damage suffered by the 
rails due to the contact pressure appearing in the rail and to analyse the wear and 
RCF behaviour of the rail steel in a quick and efficient way. Different rail steel grades 
have been studied under different test conditions and the influence of the applied 
load and the sliding rate on the wear and RCF behaviour of these materials has been 
analysed. At the end of the tests, the specimen mass loss was determined and 
degradation phenomena assessed by metallographic characterization. The nature, 
shape and size of the cracks were analysed and compared to those obtained in the 
tests carried out with the same materials at a pilot plant scale. It has been 
demonstrated that the proposed Twin-Disc tests are able to predict the behaviour of 
the different steel grades in rail-wheel systems in a quick and easy way.  
KEY WORDS: Rolling contact fatigue, RCF, wear, rail, pearlitic steel grades, free 
carbide bainitic steel grades. 

1.- INTRODUCTION 
Rail wear and fracture due to rolling contact fatigue (RCF) are serious problems on 
railways worldwide. Both phenomena are due to repeated wheel contacts under 
normal stresses and tangential traction which, combined, reach values above the 
material yield strength [1]. 
There are different ways to deal with the study on the wheel-rail contact, wear 
phenomena and cracks initiation and growth due to rolling contact fatigue. One of 
them is studying the fracture mechanisms involved on the breakage of rails that, 
unfortunately, still happen nowadays. Other options, used to predict the behavior of 
new steel grades, are the use of tests carried out in rail circuits, specifically designed 
for this purpose, or in full scale test benches. This last type of tests allows the 
simulation of the damage mechanisms acting in the in service conditions, but are 
very expensive and time consuming. 
Since the mechanisms by which RCF cracks initiate and grow are complex, it is 
convenient to study them in laboratory scale equipments, able to reproduce the 
damage mechanisms in an inexpensive and quick way. 
This work describes the tuning of a laboratory twin-disc test, able to reproduce the 
damage mechanisms in small-size samples extracted from rails and wheels. The 
effect of the different test conditions, such us the contact pressure or the sliding rate, 
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on the wear and the RCF behavior has been analyzed. The obtained results have 
been compared to those previously obtained in a full scale test bench [2]. 

2.- EXPERIMENTAL PROCEDURE 
2.1.- Equipment description 

Tests have been performed in a twin-disc test machine designed for this purpose. 
This equipment is able to carry out rolling and rolling-sliding tests by using two 
separate 5 kW motors that drive two shafts, at the end of which the disc specimens 
are placed. Normal load, up to 15 kN, is applied on the line contact between the discs 
by a hydraulic piston, and is measured by a load cell mounted in line with the piston. 
Torque due to rolling-sliding contact between the specimens is measured by a 
transducer attached to the drive shaft of the rail specimen (Figure 1). 
One of the shafts keeps fixed and the other one can be moved by the action of the 
hydraulic piston. The distance between both shafts ranges from 70 to 120 mm, so 
different test samples and configurations can be adopted. 

Figure 1. Detail image of the test configuration. 

All the tests were performed using twin discs with the same size (47 mm diameter 
and 10 mm thickness).The rail specimen was mounted on the fixed drive shaft, 
connected to the torque transducer, and the wheel disc on the mobile one. Figure 2 
shows the location of sample extraction on the rail and wheel. The relative motion of 
both discs and the loads involved in the test will be explained in Figure 5 below. 

Figure 2. Sample discs extraction. 
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2.2.- Materials 

Different rail steel grades have been tested versus a R7 rail wheel steel, according to 
the American standards. Three pearlitic rail steels (P1 to P3) and one experimental 
carbide-free bainitic steel (B4) were included in this study [3]. Table 1 collects the 
different tested materials, their nominal hardness and a short description. 

Table 1. Tested materials. 
Code Description HB 

Hardness 
P1 Pearlitic steel rail >260 
P2 Head hardened pearlitic steel rail. >350 
P3 Experimental hypereutectoid pearlitic steel grade. >390 
B4 Experimental carbide-free bainitic steel grade. >390 

2.3.- Test conditions 

In order to analyse the influence of the different test conditions on the wear behaviour 
and crack initiation and growth due to rolling contact fatigue, several tests have been 
carried out. Table 2 collects the analyzed test conditions. 

Table 2. Test conditions. 

Test 
No. 

Tested 
material 

Contact 
Pressure 

(MPa) 

Slip rate 
(wheel/rail) 

(%) 

Rail 
disc 

speed 
(rpm) 

Cycles 
Lubrication 

(yes/no) 

1 P1 900 1 400 10.000 No 
2 P1 900 1 400 21.000 No 
3 P1 900 1 400 50.000 No 
4 P1 900 5 400 50.000 No 
5 P1 1.500 1 400 10.000 No 

6 P1, P2, 
P3, B4 

1.250 1 400 30.000 
10 kcyles dry/ 

20 kcycles 
water 

At the end of the experiments, sample discs were characterized by mass loss 
determination and metallographic characterization. Discs were diametrically cut at 
their middle section and the length and depth of cracks were determined by optical 
microscopy techniques. 

3.- RESULTS AND DISCUSSION 
3.1.- Test condition influence 
Figure 3 shows micrographs of the P1 steel grade samples after twin-disc tests 
performed under different experimental conditions. 
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(a) 

(b) 

(c) 

(d) 
Figure 3. P1 Steel grade. Test condition 3, 4, 5 and 6 (a, b, c and d respectively). 

Due to the applied contact pressure and the traction stress, result of the relative 
motion of the discs, a region of maximum stress is generated a few micrometers 
under the surface. Cracks nucleate in this area as a consequence of fatigue 
mechanisms. 

On the one hand, experiments carried out under dry condition (test conditions 3 to 5) 
lead to wear and delamination phenomena, rather than inducing any important crack. 
The employment of higher slip rates, such us 5% in test condition 4, leads to higher 
adhesive forces, that are responsible for the increase of the wear rate and the 
generation of wear debris from the surface of the discs. Increasing the contact 
pressure (test condition 5) leads to the generation of some deeper cracks, however 
not important differences have been found on these samples. 

On the other hand, the combination of dry cycles with water lubrication (test condition 
6) has led to the generation of much deeper and larger cracks, similar to those
obtained after a full scale test using the same materials (see Figure 4) [2]. 

Rolling 
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Figura 4. P1 Steel grade tested in a full scale test bench. 

Figure 5 shows a schematic representation of the stresses acting in both of the discs 
during a twin-disc test and the crack orientation of both of them [4]. The upper disc 
corresponds to the rail steel grade and the bottom one to the wheel steel. Positive 
wheel/rail slip rates (wheel speed > rail speed) leads to compressive stresses on the 
output contact point of the upper disc, which causes the flattening of the surface 
material. Under dry condition, just a wear process takes place, but under a wet 
condition, water is trapped inside the crack and, as the cracks move through the 
contact, the entrapped fluid is pressurised, promoting crack growth (see Figure 5). 

Figure 5. Schematic representation of the state of stresses in the twin-disc rolling/sliding contact. 
Crack orientation and sub-surface stresses on both discs are shown. 

Since test condition 6 was the most demanding one, it has been selected to carry out 
the comparative study of the different rail steel grades.  
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3.2.- Wear and rolling contact fatigue study performed on the different steel 
grades. 

Figure 6 shows a comparative graphic of the wear rates determined with the tested 
materials. The head hardened pearlitic steel (P2) and the experimental 
hypereutectoid one (P3) exhibited much better wear resistance than the conventional 
pearlitic steel (P1). Anyway, the experimental free-carbide bainitic steel grade give 
rise to the lowest wear rate of all of them. 

Figure 6. Wear rates of the different materials under test condition 6 (µg/cycle) 

Figure 7 collects surface images and micrographs of the longitudinal sections of the 
discs after these experiments. 

Conventional pearlitic rail steel (P1) and head hardened pearlitic rail steel (P2) have 
shown similar contact fatigue resistance. Cracks up to a length of 2 mm with depths 
of 0.8 mm were found in those two steels (P1 and P2). 

In P3 and B4 samples no significant crack evolution was found. The average length 
and deep of the cracks were 0.2 and 0.3 mm respectively, and wear was the only 
failure active mechanism in these tests. 

The route to improve the fatigue resistance of steel rails is through the delay of crack 
initiation. Crack formation in rail discs is always preceded by a considerable amount 
of plastic deformation. Since cracking is preceded by plastic deformation, a stronger 
steel grade can be expected to have a longer fatigue life. For a given combination of 
contact stress and creepage (slip rate), the amount of plastic deformation will depend 
on the shear yield strength of the steel. Stronger steels will require more load cycles 
to develop the same amount of deformation than weaker ones. Once cracks have 
initiated in a heavily deformed microstructure, their propagation can still be hindered 
if the paths of weakness, such us manganese sulphide inclusions and primary ferrite 
or cementite on grain boundaries, are reduced [4]. 

Hypereutectoid steels, in which cementite crystallizes in a fine and discontinue 
network (P3), are expected to have greater fatigue resistance than fully pearlitic and 
ferrito-pearlitic steels (with soft ferrite present on grain boundaries), due to their 
higher hardness (higher yield strength) and lack of microstructure weakness paths 
[5]. 
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The presence of highly stable retained austenite between the ferrite laths provides a 
better wear behavior to the experimental carbide free bainitic steel (B4). 
Transformation induced plasticity (TRIP) effect in the subsurface region, where 
cracks nucleate, increases the local hardness and strength of this material, improving 
its wear resistance. Additionally, the formation of martensite particles in the contact 
line of the discs leads to an “auto-polishing” surface process which delays the 
evolution of cracks. 

Figure 7. P1, P2, P3 and B4 steel grades. Rolling surface appearance of the samples at the end of the 
tests (on the left) and microstructural damage observed in the transverse section of them (on the 

right). Test condition 6 (Table 2). 

P2 

B4 

P3 

P1 
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4.- CONCLUSIONS 

The setting of a laboratory scale twin-disc test, able to reproduce in an easy, quick 
and inexpensive way the damage mechanisms active in rail service conditions was 
described in this work. 
The influence of different test parameters on the wear and rolling contact fatigue 
resistance of a pearlitic rail steel was analysed. The use of higher sliding rates leads 
to an increase of the adhesive loads and, consequently, an increase on the material 
wear rate. 
Experiments performed in dry condition lead to wear and delamination phenomena, 
rather than producing any significant penetrating crack. Meanwhile, the combination 
of dry cycles with water lubrication ones, leads to the generation of deeper and larger 
cracks, because of the entrapment of water drops inside them. These combined tests 
are able to reproduce the damage induced in the course of the in-service conditions 
of real rails. 
The wear and rolling contact fatigue resistance of three different pearlitic steel grades 
and a free carbide bainitic steel grade were analysed under the combined dry/water 
condition. The main mechanisms for the crack nucleation and growth were identified. 
Head hardened pearlitic steel grade (P2) has exhibit better wear behaviour than the 
pearlitic conventional one (P1), because of its higher hardness and yield strength, 
however both materials have shown a poor rolling contact fatigue resistance and 
cracks up to a length of 2 mm and depths of 0.8 mm were found on both of them. 
Hypereutectoid pearlitic steel grade (P3), with no continuous cementite network 
along primary grain boundaries, has shown a good wear behavior, but more 
important, its excellent rolling contact fatigue resistance should be marked. 
Finally, the experimental free carbide bainitic steel grade (B4) has shown even better 
wear and rolling contact fatigue resistance than the hypereutectoid one (P3), the 
TRIP effect due to the retained austenite present in its microstructure, is the 
responsible for the good wear and RCF resistance of this material. 
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ABSTRACT 

The use of synthetic materials for outdoor and indoor sport fields has increased over 
the last decades. Artificial turfs, commonly used on football fields, are basically 
infilled with recycled crumb rubber derived from old tires, the main of which are NBR 
(acrylonitrile butadiene rubber) and SBR (styrene-butadiene rubber) with fibers 
usually made of Polyethylene (PE) or Nylon. The use of these polymers for artificial 
turf designing purposes has caused controversy to whether their impact in human 
health, especially in skin abrasions during players sliding on the artificial turf. We 
have studied the tribological performance of different artificial human skin and real 
human skin against NBR, PE and Nylon 6.6 at different environmental conditions: 
normal conditions  (25 ˚C and 50% of relative humidity) and high humidity conditions 
(37 ˚C and 80% of relative humidity) and forces of 2 and 4 N to achieve the 
association between friction and skin damage. The applied forces correspond to a 
range of pressures of 121 to 175 kPa and the experiments were conducted at 50 
mm/s. The friction coefficient was obtained for different artificial skin samples: Lorica, 
Silicone L7350, pure PDMS, Cutinova and ESE (an epidermal skin equivalent 
developed by us), and these results were compared to those obtained from excised 
human skin samples obtained from healthy people after a surgery carried out at the 
Radboud Hospital of Nijmegen. Later on the human skin samples were analyzed with 
confocal microscopy and histological images to study the case of the surface 
properties of skin and determine any possible damage on the Stratum Corneum 
related to the tribological tests.  

KEY WORDS: friction, skin, sliding, artificial turf, abrasion 

INTRODUCTION 

Despite of the improvements of the last designs of artificial turfs, there are still many 
issues in achieving a good agreement between the properties of natural grass and 
artificial turf. Among the tests to perform during the testing phase of a new synthetic 
turf, skin abrasion is a required parameter to diminish the risks of skin injury of 
players [1- 3]. To avoid ethical and pragmatic issues when studying the abrasion 
mechanism on real skin during sliding contact, a new artificial skin equivalent is 
needed. In previous work, a new Epidermal Skin Equivalent (ESE) with water 
absorbent capabilities and similar mechanical and surface properties as human skin 
was developed [4]. The current work focusses on its tribological properties in 
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comparison to ex-vivo human skin, specifically in sliding contact with artificial turf. 
Hence, NBR, the main constituent of the infill crumb of artificial turf fields, and PE 
and Nylon 6.6, as main component of the fibers of the artificial grass, were used as a 
counter material to measure the tribological performance of these systems. Besides, 
the tests were also conducted on human skin samples to establish a possible 
association between the abrasion of skin and the selected artificial turf components. 
To achieve the latter, the surface of the ex-vivo human skin samples were examined 
via histological images and confocal microscope analysis to determine any possible 
damage on the Stratum Corneum due to scratching. 

MATERIALS AND METHODS 

The frictional response of 5 different skin equivalents and ex-vivo human skin 
samples were studied under normal and high temperature and humidity conditions. 
The name and properties of the tested materials were: Lorica® applied in the 
development of textiles(Italy); Cutinova Hydro used for wound dressing applications 
from Smith & Nephew plc (UK); Silicone Skin L7350 supplied by Maag Technic AG, 
(Switzerland) applied for FIFA test and pure PDMS cross-linked in a ratio 20:1, base 
to curing agent from Dow Corning (Sylgard 184 kit with catalyst). In addition, a new 
Epidermal Skin Equivalent (ESE) based on a mixture of hydrophobic PMDS and PVA 
hydrogel (as indicated in our previous work [3]) was used. Excised human skin 
samples, belonging to the stomach reduction of a healthy patience from Radboud 
Medical Center of Nijmegen, were also measured at the same conditions. Table 1 
contains visual information about the samples, their Effective elastic modulus (Eff) 
center line average roughness (Ra) and the contact angle (CA) of the materials in 
contact to water drops. 

Table 1. Images of the tested samples and selected surface properties: average roughness “Ra”, 
contact angle “CA” and effective elastic modulus “Eff”. 

LORICA SILICONE CUTINOVA PDMS ESE HUMAN SKIN 

Ra (µm) 18.2 ± 5 1.8 ± 0.15 5.5 ± 0.15 14.2 ± 0.6 12.9 ± 3 13 ± 2 

CA (˚) 109 ± 6 117.7 ± 5 15.8 ± 5 90.5 ±  5 53.1 ± 6 50 - 60 

E (MPa) 7.6  ± 2 6 ± 1 0.2 ± 0.1 1.5 ± 1 0.7 ± 0.1 0.5 – 1 

Figure 1a) shows a scheme of the tribo system of artificial – ex-vivo skin samples 
against  counter surfaces selected from the main material components of artificial turf 
as indicates at Fig. 1 b). The materials used as a pin for the friction tests were 
selected by considering the composition of an artificial football turf from the third 
generation. This generation of artificial turfs are composed of a mixture of granulated 
rubber crumb and sand at the bottom layer with a top layer of pure rubber infill and 
fibers made of PE or Nylon 6.6 as indicated at Fig.1b). Thus, in this work NBR, PE 
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and Nylon balls of 30 mm diameter were used as a pin during the tribological 
measurements to determine the friction of skin in contact to those materials.  
Concerning to the operational conditions, forces of 2 and 4 N were applied during the 
friction tests under normal and high temperature and humidity conditions. The 
mechanical properties of the pin samples and the operational conditions applied 
during the friction test are shown in Table 2. 

Figure 1. Scheme of the tribo - system a); Layered composition of a third generation of artificial turf, b). 

 Table 2. Operational conditions of the tribo measurements and properties of the contacting materials. 

Friction tests 

The tribological performance of the samples was studied by using a pin on disk from 
CSM placed into a climate chamber with temperature and humidity control. Thus, the 
friction coefficient of the samples was obtained at forces of 2 and 4 Newton at a 
sliding velocity of 50 mm/s. Normal conditions of 25˚C and 50% relative humidity and 
high humidity conditions of 37 ˚C and 80% of relative humidity were applied to 
evaluate the influence of the environment. The tested samples were placed on a 
metallic-rotary holder by fixing with double-side tape whereas the human skin 
samples were fixed with stick pins to a piece of cork placed on an special stainless 
steel holder. To determine the maximum pressures at the contact and the indentation 
depths, the Hertzian contact model was applied to each tribological system. Thus, 
considering the mechanical properties of the contacting materials and the operational 
conditions of the measurements, the maximum pressures at the contact were ranging 

Force 2 and 4 N 
Velocity 50 mm/s 
Environmental conditions 25 ˚C – 50% RH 37 ˚C – 80% RH 
Elastic mod. Pin NBR PE NYLON 

4 MPa 2 GPa 2 GPa 
Poisson ration of the pins NBR PE NYLON 

0.49 0.4 0.36 
Ø pin 30 mm 

(a) (b) 
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from 120 - 139 kPa to 152 - 175 kPa for the applied forces of 2 and 4 N, respectively. 
The contact radii was found between 2.6 - 2.8 mm for 2 N force and 3.30 - 3.5 mm 
for an applied force of 4 N. 

Confocal microscope 

The surface roughness of the samples was analysed with a a laser confocal 
microscope VK 9700 from Keyence at a magnification of 10x and z-axis resolution of 
1 nm. Although other the roughness parameters were also obtained, only the 
arithmetic mean (Ra) of the roughness distribution is used to compare the human 
surface roughness of the human skin samples before and after the tribological 
measurements. Immediately after the friction tests the samples were taken to the 
confocal microscopy to determine possible changes on the roughness at the track. 
Subsequently, the tested samples were chemically treated to perform the histology of 
their cross section and determine possible damage on the Stratum Corneum. 

Histological procedure 

Human skin samples were donated by the Radboud Hospital of Nijmegen with the 
consent of the patients, the agreements of the Ethical Committee of the Hospital and 
the approval of the University of Twente. 10 Human skin samples of 30 mm diameter 
excised from surgical proceedings were mounted on a special stainless steel holder 
and fixed with pins in a piece of cork. The samples belonged to the abdomen of an 
unknown person, previously informed about the measurements and who informed 
consent.  
After measuring the roughness of the skin-tested samples, small pieces of skin 
belonging to the track where the friction was measured were taken for histological 
analysis. The samples were cut with a biopsy punch of 8 mm diameter and, 
immediately after, they treated with 10 % formalin for 4 hours and ethanol 70% 
afterwards. Later, they were brought into the machine which embedded them in 
paraffin after 8 hours and paraffin blocks were obtained by mounting the samples in 
specific holders. Paraffin sections of 6 µm were achieved, dewaxed with histosafe 
(Adams) and subsequently, rehydrated in decreasing concentrations of alcohol (100 
– 50%) and, finally, demineralized water.  Eventually, the sections were coloured with
Hematoxylin-Eosin (HE) stain and mounted in a glass slide to check the 
histopathological features with a microscope Axioskop2 MOT (Zeiss) at a 
magnification of 20x. 

3.- RESULTS & DISCUSSION 

Friction tests 

Frictional tests on 5 different artificial skin equivalents and ex-vivo human skin 
samples against NBR, PE and NYLON were performed. The results, which were 
performed 6 times for each material, are summarized by Fig. 2. The presented 
graphs represent the average and the standard deviation of batches of 6 trials for 
each case. The friction values were dependent on the applied force as shown in Fig. 
2 a) and c) pointing the relevance of the real area of contact in the friction value of 
soft materials.  
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Regarding to the influence of the environmental conditions, the results suggest minor 
influence of the humidity or the temperature on the tribological performance of the 
samples as showed Fig.1 a) – c) and b) – d). 

Normal vs high humidity-temperature conditions 

F
2

 v
s 

F
4 

Figure 2. Graphs of the frictional behaviour of the tested samples against NBR, PE and Nylon pins at 
forces of 2 and 4 Newton (up and down, respectively) and at normal and high humidity environmental 
conditions (left and right, respectively). 

According to the results showed at Fig. 3,  higher friction values were obtained when 
performing the measurements with an NBR pin while, PE or NYLON pins addressed 
to lower friction values, suggesting the possible use of these materials either as 
coating or main material as infill materials for new turf designs.  
Moreover, the test also confirmed the good agreement between Lorica samples, in 
concordance with those obtained by Derner et al. [6] in previous work, and the newly 
developed ESE with the human skin results.  

(a) (b) 

(c) (d) 
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Figure 3. Comparison of the friction values for the artificial skin equivalents and the human skin 
samples as a function of the used pins: NBR, PE and Nylon.  

Confocal Microscope and histology 

Confocal measurements showed differences in the roughness of the skin samples 
tested against NBR and the surface of those tested with PE and NYLON as indicated 
Fig.4. Higher roughness suggest a higher deformation of the skin samples tested 
against NBR samples which is in agreement with the histological cross sections. 
However, based on these results it is not possible to conclude that NBR can trigger 
skin damage, since the histological images do not show surface damage when 
comparing with non-tested human skin samples as indicated at Fig.5. Moreover, 
these experiments were performed at low contact pressures compare to those which 
appear at the contact location where an impact occurs.  

Figure 4. Roughness of the human skin samples after the tests performed against NBR, PE and Nylon 
and comparison to a non-tested human skin piece (skin control).  
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Table 3. Histological images of human skin samples after artificial turf testing (a), tribological test 
against NBR ball (b) and non-tested samples for comparison (c). 

Human skin against artificial turf, 
illustrating removal of SC       

(with permission from ref. [7]). 
Human skin against NBR Human skin control 

CONCLUSIONS 

Tribological tests were performed on different artificial skin equivalents and human 
skin samples against the main components of artificial turfs, NBR, PE and Nylon. The 
results confirmed the good agreement of the human skin friction values and those 
obtained for the artificial samples ESE and Lorica. Besides, the friction values 
obtained for human skin samples in contact to NBR, PE and Nylon showed higher 
values for the infill turf when compared to the fibbers which suggests a greater role of 
NBR in the possible abrasion of skin during sliding contact. The results were also 
obtained either for the artificial skin equivalents in contact with NBR rubber, even at 
low loads.  
Despite of the high friction values during the test with NBR, the histological sections 
did not show any damage of the Stratum Corneum.  
Regarding to the environmental conditions, the results do not indicate variability 
when increasing temperature and/or humidity. However, further research needs to be 
conducted to evaluate the effect of the hydration in the tribomechanical performance 
of these samples and fully simulate their agreement with the friction performance of 
human skin at different hydration degrees. Besides, deeper investigation on the 
contact NBR – human skin has to be address at higher pressures to simulate the 
operational conditions during the sliding contact of a football player on artificial grass.  

(a) (b) (c) 
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ABSTRACT 
The deterioration of metal working fluids (MWFs) due to the microbial colonization 
and degradation is a considerable economic factor in the metal working industry. 
Microorganisms (MO) are able to metabolize almost all components of MWFs and 
thus lead to a loss of its function by the reduction or depletion of additives. Microbial 
growth cannot be avoided completely, although various methods exist to reduce the 
bacterial load in MWFs. This paper presents a study on the colonization of MWFs by 
bacteria and fungi in an industrial environment. The cooling lubricants have been 
periodically examined based on biological and chemical methods. The level of the 
total bacterial load in the lubricant is considered as well as the composition of the 
species community and its development over the evaluation period. With regard to 
the increasing relevance of environment friendly processes, a conventional mineral 
oil based MWF has been compared to a product based on renewable resources.  
KEY WORDS: lubrication, cutting fluids, microbiological deterioration 

TABLE OF ABBREVATIONS 
MWF metal working fluid 
MO microorganism 
CFU colony forming units 
ATP adenosine triphosphate 

1.- INTRODUCTION 
In modern metal working industry, metal working fluids (MWFs) play an essential role 
for a wide range of machining processes. As primary tasks of MWFs, the removal of 
heat from the contact zone and the reduction of friction between tool and workpiece 
are to be mentioned. Especially in grinding processes, a suitable MWF-supply is 
necessary for removing chips and swarf from the cutting zone [1]. For the 
maintenance of water miscible MWFs, microbial colonization and biodeterioration is 
of great importance. MWF-cycles are more or less open systems with contact to the 
surrounding environment. Favourable temperatures in machine tools and storage 
tanks as well as the permanent availability of water and nutrients make MWF-
systems to a suitable habitat for microorganisms (MO). Modern MWFs contain 
manifold biodegradable substances, which are potential nutrient sources for a wide 
range of bacteria and fungi. High rates of microbial degradation could be obtained for 
e.g. fatty acid amides, fatty acids, fatty alcohol ethoxylates and fatty ethanol 
amide [2]. The influence of biological contamination of MWFs on the technical 
performance is schematically outlined in Figure 1. Whenever a bacterium enters a 
new ecological system and comes into contact with digestible nutrient sources, the 
metabolism is activated to enable the uptake of these nutrients and subsequently the 
organism’s reproduction. This start-up phase is referred to as latency. In the 
following, oil and additives of the MWF are metabolised with increasing performance. 
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The decreasing additive concentration is expected to lead to a loss of technical 
performance, e.g. increasing tool wear, surface roughness or cutting forces. The 
influence of the biological contamination on the technical performance of cutting 
fluids is a key issue of current MWF-research [3]. Further consequences of heavy 
microbial load are fouling and smell, up to mechanical problems in the MWF-cycle 
due to clogging of filters, pipes etc. by biofilms. Therefore, the latency phase should 
be enlarged as much as possible to increase the MWF-life time.  

Figure 1: Schematically influence of biological colonization of a water miscible MWF 

The microbiology of MWFs has been subject of many research activities and is 
investigated since the 1940s [4]. Several authors have located and identified more 
than hundred different species of bacteria and fungi in MWFs [5]. In general, much 
more bacterial than fungal species were isolated from water miscible MWFs. The 
most relevant bacterial MWF-colonisers belong to the Pseudomonas genus, while 
Fusarium is the mainly represented genus among fungi [6]. 
Various methods exist to reduce microbial colonization of MWFs. Among the 
primarily utilized biocides (bactericides and fungicides) the following are to be 
named: formaldehyde releasers (N- and O-formals), heterocyclic compounds and 
further biocides (penoxyalcohols, carbamate, quaternary ammonium compounds) [7]. 
However, biocides reveal disadvantages such as being hazardous to humans and 
environment, selective impact, bacterial resistances (genetic adaption) and limited 
diffusion through biofilms [8]. The working mechanism of biocides is mainly based on 
chemical effects. Physical working methods such as UV or gamma radiation, 
ultrasound, thermal and ozone treatment influencing the bacterial load are also 
investigated. Due to some substantial disadvantages (selectivity, damage to 
emulsion stability, high costs, etc.), the application in the industrial field could still not 
be realized [9]. 
The existing approaches only allow a deceleration of bacterial colonisation but no 
complete prevention. For an efficient application of MWFs in machining processes, a 
reliable and precise monitoring is essential. Therefore, several tests exist. Some are 
widely distributed in industry, while others are mainly employed in research contexts. 
The pH-value is easy measurable and indicates organic activity due to the release of 
protons by MO. A low pH-value leads to corrosion and emulsion instability. The 
MWF-concentration is another important parameter. By adjusting the concentration, a 
balance between low operating costs and sufficient MWF-performance has to be 
found. To avoid hazards to health and environment by the formation of nitrosamines, 
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the monitoring of the nitrate and nitrite concentrations is mandatory. Furthermore, a 
rising nitrate level indicates high bacterial activity. The practical benefit of these 
methods is limited due to the fact that none of them enables the precise 
quantification of the bacterial load. 
To evaluate the number of living bacteria in MWFs, various strategies were 
established. To determine the colony forming units (CFU) per millilitre by incubation, 
a defined volume of MWF is spread on a culture medium and incubated for few days. 
Subsequently, the grown colonies are counted with the assumption that each colony 
came up from a single bacterial cell. Thus, the colony forming units per millilitre can 
be quantified. This method is labour-intensive and requires biological laboratory 
technology, but therefore it is relatively precise. Disadvantages are the bacterial 
selectivity regarding parameters such as substrate, incubation time or exposure to 
oxygen. Furthermore, this method takes several days to receive the test result [10]. 
The estimation of CFU by dip slides is much easier but also more imprecisely. Dip 
slides are plastic carriers with culture medium, which are dipped in the MWF. 
Accordingly, the volume of the liquid and thus the number of incubated cells depends 
on the viscosity of the MWF. Moreover, the colonies are not counted individually; the 
growth intensity is just estimated by visual impression in comparison to given 
reference values. The incubation takes usually between 24 and 72 hours and is 
limited by substrate selectivity [11]. Although the determination of the bacterial load 
via biological reproduction of living cells reveals expedient data, the named 
disadvantages inhibit these methods from broad industrial applications. 
A new approach to determine the bacterial load is the estimation via adenosine 
triphosphate (ATP), the universal biological energy carrier. With a multistage test, the 
present ATP is utilized to induce the emission of light via a luciferin/luciferase-
complex. The present number of bacteria in the MWF is determined in relation to the 
emitted light [12]. An uncertainty of this technique lies in the varying amount of ATP 
in living organisms. While few very active bacteria provide a high amount of ATP, 
many “sleeping” bacteria can hardly be detected. However, on closer consideration 
this characteristic turns to a practicable advantage, due to the fact that especially the 
active MO are relevant for the degradation of MWFs. The transfer of this technique 
into industrial application is limited due to the complexity of the measurement 
procedure. 
It is apparent, that current MWF-monitoring methods only reveal an incomplete 
description of the MWF-cycle as an ecological system including an active and 
dynamic species community. Neither the presence of individual species nor their 
effect of or correlation with the chemical composition of MWFs are considered by 
conventional monitoring. Therefore, the investigation of the bacterial colonization of 
MWFs is a subject which requires further comprehensive research work. A 
contribution to this issue is given by this paper. Researching the microbial 
deterioration of MWFs requires highly interdisciplinary collaboration, primarily 
including production engineering, chemistry, and biology. The structure and 
constitution of the present species and their progress in the course of time is of 
particular interest. This paper presents a study about the colonization of MWFs by 
MO. 

2.- METHODICAL APPROACH AND EXPERIMENTAL SETUP 
Biological screenings of two different cooling lubricants in service in a machine tool 
were conducted weekly to establish an overview about the species diversity in the 
ecosystem “MWF” and its development over time. One MWF is a conventional 

165165165



Cartagena/Spain, 18-19 June 2015 

product based on mineral oil while the other lubricant is a mineral oil free MWF made 
from renewable resources. They were employed in various metal cutting processes. 
To accelerate the biological deterioration, the formulation of the MWFs contained no 
biocides. The study lasted for a period of 100 days (mineral oil free) and 70 days 
(conventional), respectively. The initial MWF concentration was set up to 5 %. No 
concentrate was added within the duration of the experiment, just water to keep the 
volume level constant. The bacterial load was quantified by determining the CFU 
through incubation on a culture medium and via ATP. Moreover, the present species 
were identified each week to monitor as well the development of the species 
community.  
The biological analysis was carried out once a week. The samples were diluted using 
a weak detergent solution. 50 µl of each dilution were plated on different culture 
media for the enrichment of bacteria and fungi, respectively, and incubated at 25 °C 
for 3-7 days. Subsequently, colony forming units were counted and microbiological 
contamination was calculated as CFU/ml. The species were determined by MALDI-
ToF with using a Microflex mass spectrometer (Bruker Daltonik, Bremen, Germany). 
The determination of the bacterial load via ATP test was conducted to achieve further 
data and enable a comparison of the results. 

3.- RESULTS AND DISCUSSION 
The results of this study distinctly expose the substantial relevance of microbiological 
colonisation for water miscible MWFs for the lubricant’s maintenance. Despite the 
conventional conservation with biocides, both MWFs were affected by a severe 
bacterial load. After four weeks of exponential colonization, the MO reached a level 
of about 107 CFU/ml in both lubricants. Interestingly, the two methods measuring the 
bacterial load revealed varying data for low bacterial contamination below 
105 CFU/ml. While the incubation test indicated no CFU in the very beginning, the 
ATP-test displayed 104 CFU/ml in each freshly prepared emulsion, indicating a slight 
influence of the MWF itself on the ATP-test results. Furthermore, significant 
differences between the conventional and the mineral oil free MWF could be 
observed regarding the composition of the species community. The conventional 
product contained a considerable higher species diversity than the mineral oil free 
lubricant. Only few bacteria such as the pioneer species Pseudomonas mosselii were 
detected in both MWFs. 
Conventional MWF. Figure 2 illustrates the development of the bacterial load on a 
logarithmical scale and the number of identified species. The level of active MO 
increased very quickly to about 107 CFU/ml within two weeks. The bacterial load 
stayed between 107 and 108 CFU/ml in the remaining time.  
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Figure 2: The bacterial load and the number of present species over time of the conventional MWF 

Interestingly, there is a different trend regarding the bacterial load and the number of 
species depicted by the lower line. While the bacterial load is rapidly increasing 
within the first weeks, the number of species takes more time to grow significantly. In 
other words, the considerable reproduction was performed by only few species of 
bacteria, what is apparent in Figure 3. The diagram illustrates the composition of the 
species community for the entire duration of the study. As it can be seen, a dominant 
species in the beginning was Pseudomonas mosselii. 

Figure 3: The development of the species diversity and number of present species over time of the 
conventional MWF 

This pioneer species were able to enter the ecological system in its initial state. The 
degradation of MWF-components and the according release of metabolic products 
increased the spectrum of available substances and allowed more species to start 
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metabolic activity. The number of species was continuously increasing. In course of 
the experiment, the species community shifted due to the available nutrients. Pioneer 
species such as Pseudomonas mosselii vanished due to the selection pressure of 
the rising colonization by Enterococcus casseliflavus, Leucobacter aridicollis and 
several further MO, compare Figure 3. No species was detected over the entire 
duration of the study. After 7 weeks, a broad biodiversity had established, revealing 
the continuous appearance of several species such as Brevundimonas diminuta.  
Mineral oil free MWF. Figure 4 depicts the bacterial colonization of the mineral oil free 
MWF. The bacterial load was rapidly increasing within the first four weeks and 
remained later on a level of 107 CFU/ml, comparable with the conventional product. 
Again, the two graphs showing the concentration of living cells reveal a large 
deviation in the beginning of the experiment. 

Figure 4: The bacterial load and the number of present species over time of the mineral oil free MWF 

Compared to the conventional product, the number of different species increased 
relatively slow and the maximum of detected species was lower, too. Only a few 
species were responsible for the enormous microbial activity in the first weeks. A 
reason for the smaller spectrum of species could be located in the MWF-composition. 
This product based on renewable resources is formulated with considerably less 
components than the conventional MWF. Fewer available nutrients lead to fewer 
active species. The nonetheless high suitability of the mineral oil free MWF can be 
inferred from the high bacterial cell counts of 107 CFU/ml after four weeks. The 
collective of present species in the mineral oil free MWF was as well changing over 
time as it can be seen in Figure 5.  
Although fewer species at a time were found, the overall number of detected species 
is comparable to the conventional product. Important pioneer species in the mineral 
oil free MWF were Pseudomonas mosselii and Pseudomonas oleovorans, while 
Brevundimonas diminuta and representatives of the genus Providencia were relevant 
MO in the last weeks. 
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Figure 5: The development of the species diversity and number of present species over time of the 
mineral oil free MWF 

4.- CONCLUSION 
The microbial colonization plays a significant role in the degradation of water miscible 
MWFs. Independent from the basic MWF-substance, in freshly prepared water 
miscible MWF, the bacterial load may reach 107 to 108 CFU/ml within a few weeks. 
Significant differences between the conventional and the mineral oil free MWF were 
particularly found regarding the biodiversity. In the conventional product, more 
species could live together in a community probably due to a wider range of available 
substances. The turnover of the species community could be observed in both cases. 
Pseudomonas mosselii can be emphasized as pioneer species while Brevundimonas 
diminuta appeared in both MWFs in the last evaluated weeks. With four species in 
the conventional and three species in the mineral oil free product Pseudomonas was 
the most represented genus. The only detected fungus was Fusarium solani, which 
was isolated once in the conventional MWF in the sixth week. The results of the 
colony forming units of the ATP- and the incubation method showed in both 
experiments a large deviation in the range of low bacterial contamination beneath 
105 CFU/ml. 
The necessity of further research work concerning the microbiology of MWF-systems 
is given evidence by this study. For an efficient monitoring of MWFs the 
understanding of cause-and-effect relationships between MO and the environmental 
conditions in the MWF-cycle is an essential requirement. Further studies are planned 
to investigate the influence of various individual factors on the development of the 
species community. These parameters comprise the availability of individual MWF-
components and biocides, the presence or absence of oxygen, the MWF-
concentration or the existence of surfaces in large quantities provided by metal chips 
or grinding swarf. Moreover, the improvement of monitoring methods regarding data 
quality and measurement frequency is mandatory for the development of more 
efficient and reliable maintenance systems for MWFs. 
The extensive investigation of the MWF-microbiology enables the possibility to 
investigate MO revealing positive characteristics for an application in MWF-systems. 
A feasible approach is the production of essential substances for MWF by MO, which 
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are either directly dispersed in the applied MWF or generated in a bioreactor parallel 
connected to the MWF-system and supplied according to the current demand [13]. 
Another possible way is the direct application of MO in MWFs to substitute individual 
components such as lubricating additives [14]. 

7.- REFERENCES 
[1] E. Brinksmeier, C. Heinzel and M. Wittmann, Friction, Cooling and Lubrication in 
Grinding. CIRP Annals – Manufacturing Technology, 48/2 (1999) 581-598. 
[2] A. Rabenstein, T. Koch, M. Remesch, E. Brinksmeier and J. Kuever, Microbial 
degradation of water miscible metal working fluids, International Biodeterioration & 
Biodegradation, 63 (2009) 1023-1029. 
[3] A. M. Grub, M. B. A. Finzi, R. M. Ribas, Á. R. Machado, Evaluation of the Cutting 
Forces and Surface Finishing in Turning Process Using Cutting Fluids Contaminated 
by Microorganisms. LUBMAT conference, June 25th – 27th 2014, Manchester. 
[4] M. Lee and A. C. Chandler, A Study of the Nature, Growth and Control of 
Bacteria in Cutting Compounds, Journal of Bacteriology, 41 (1941) 373-386. 
[5] C. J. Van der Gast, A. S. Whiteley, A. K. Lilley, C. J. Knowles and I. P. 
Thompsons, Bacterial community structure and function in a metal-working fluid, 
Environmental Microbiology, 5(6) (2003) 453-461. 
[6] I. Mattsby-Baltzer, M. Sandin, B. Ahlström, S. Allenmark, M. Edebo, E. Falsen, K. 
Pedersen, N. Rodin, R. A. Thompson and L. Edebo, Microbial growth and 
accumulation in industrial metal-working fluids, Applied and Environmental 
Microbiology, 55 (1989) 2681-2689. 
[7] Deutsche Gesetzliche Unfallversicherung: Tätigkeiten mit Kühlschmierstoffen – 
BGR/GUV-R 143, 2011 
[8] T. E. Cloete, Resistance mechanisms of bacteria to antimicrobial compounds, 
International Bioderioration & Biodegradation, 51 (2003) 277-282. 
[9]  Deutsche Gesetzliche Unfallversicherung: Physikalische Methoden zur 
Reduzierung der mikrobiellen Besiedlung in wassergemischten Kühlschmierstoffen, 
3 (2010)  
[10]  T. Koch and A. Rabenstein, Metalworking Fluids Microbiology: New 
Developments for Monitoring and Surveillance, Proceedings of the 18th International 
Colloquium Tribology. January 10th -12th 2012, Esslingen 
[11]  N. Canter, Monitoring metalworking fluids. Tribology & Lubrication Technology, 
67/3 (2011) 42-51. 
[12]  F. J. Passman, G. L. Egger, S. Hallahan, B. W. Skinner and M. Deschepper, 
Real-Time Testing of Bioburdens in Metalworking Fluids Using Adenosine 
Triphosphate as a Biomass Indicator, Tribology Transactions, 52 (2009) 788-792. 
[13]  B. Palmowski, A. Rabenstein, M. Redetzky, D. Meyer and E. Brinksmeier, 
Emulsifying properties of microorganisms for the application in metal working fluids. 
LUBMAT conference, June 25th – 27th 2014, Manchester. 
[14]  M. Redetzky, A. Rabenstein and E. Brinksmeier, Tribologische Untersuchungen 
zur Wirksamkeit mikrobieller Zellbestandteile. Tribologie-Fachtagung, September 30th 
– Oktober 02nd 2013, Göttingen, 24/1-24/9

170170170



 Ibertrib 2015. VIII Iberian Conference on Tribology 
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ABSTRACT  
Knowledge on tribology of human skin is essential to improve and optimise surfaces 
and materials in contact with the skin, as well in the design process of consumer 
products. Besides that, friction between the human skin and textiles are critical 
factors in the formation of skin injuries (irritations, abrasions, decubitus and blisters), 
which are caused if the loads and shear forces are high enough and/or over long 
periods of time. This factor is of particular importance in bedridden patients since 
they are not moving about or are confined to wheelchairs (and may be aggravated by 
incontinence or perspiration). Decubitus ulcers are one of the most frequently 
reported iatrogenic injuries in developed countries. The risk of developing decubitus 
ulcers can be predicted by using the “Braden Scale for Predicting Pressure Ulcer 
Risk” that was developed in 1987 [1], and contains 6 areas of risk (cognitive-
perceptual, immobility, inactivity, moisture, nutrition, friction/shear), although there 
are limitations to the use of such tools. The coefficient of friction of textiles against 
skin is mainly influenced by: the nature of the textile, skin moisture content and 
ambient humidity. This study will investigate how skin friction (different anatomical 
regions) varies, rubbing against different type of contacting materials (i.e. synthetic 
and natural fabrics) under different contact conditions and their relation with the 
decubitus ulcers formation. The results will be compared with a reference hospital 
fabric. 
KEY WORDS: Biotribology, Skin Friction, textiles, Decubitus. 

1.- INTRODUCTION 
Tribology was first defined in a scientific report as “The science and technology of 
interacting surfaces in relative motion and the practices related thereto” [2] and 
involves the study of friction, lubrication and wear. In particular, biotribology is usually 
defined as the tribological phenomena occurring in biological systems. The tribology 
of human skin is a research topic that has emerged in the last decades and has 
continuously attracted scientific studies since the human skin is frequently one of the 
interacting surfaces in relative motion. Everyday life situations like, shaving, skin care 
and interaction with touch screens with the index finger, illustrates the importance of 
optimizing the operational conditions for a given frictional response. Human skin is a 
soft biomaterial with a very complex surface topography and can be considered as a 
multilayer composite (epidermis, dermis and subcutis, see Fig.1). According to [3], it 
is characterised by nonlinear viscoelastic material behaviour. Therefore, Amontons' 
laws of friction are not applicable and imply a two term friction model consisting of an 
adhesion (sum of the forces required to break the adhesive bonds between the two 
surfaces at the asperity level) as well as a deformation component (the forces related 
to the deformation of the bodies in contact) [4]. However, there have been a few 

171171171



Cartagena/Spain, 18-19 June 2015 

theoretical models in literature to describe the friction mechanism of skin [3,5-7]. It 
was found in recent studies [8-12] that the friction of skin strongly depends on the 
operating conditions like moisture as well as on the presence of water in the interface 
between skin (in the stratum corneum (SC), see Fig.1) and a contacting surface, with 
the dry skin showing relatively low coefficients of friction, while moist or wet skin is 
characterized by significantly higher coefficients of friction. Intermediate layers such 
as cosmetic applied substances, sweat and sebum excreted from skin into the 
tribointerface, also influence the friction behavior of the human skin. Other studies 
investigated gender, age and anatomical sites [13-16]. There are, however, still open 
research questions: the transition from dry to moist skin conditions was so far not 
systematically investigated, research topics, like tactile perception and haptics in 
relation to skin tribology are largely unstudied and poorly understood. This topic is 
very interesting for the design of surfaces with pre-defined tactile feel (smooth, soft) 
that increase the customer’s satisfaction, but also for developments and applications 
in robotics [17]. Analysis of comfort and discomfort in skin product interactions clearly 
reveals the relative importance of skin friction, since the exploratory procedure that is 
used to touch a surface, resulting in a somatosensory response/touch perception is 
similar to experimentally determining friction in a reciprocating test [18]. Deformation 
of the skin and/or high coefficient of frictions during skin product interactions could 
cause discomfort since the subsurface stress and strains within the skin are 
influenced by skin friction and according to [19], a threshold exists for stress at the 
nocicepter (sensory receptor) located below the skin surface. The earliest 
experimental investigations suggested soft and smooth materials as pleasant, those 
that were stiff, rough, or coarse as unpleasant [20]. The main tribological result of 
other study [21] is that positive feelings are generated when a finger rubs over a 
rough surface that is smoother than a fingertip; negative feelings are generated by 
coarser surfaces. Different experimental techniques have been report [17], in order to 
determine the mechanical properties of skin in vivo, based on measurements of 
torsion, suction, extensibility or ultrasound. In a recent study [22], in order to measure 
in vivo skin friction for different anatomical sites, experiments were carried out using 
a multiaxial load cell that allows the simultaneous measurement of the normal and 
tangential forces. The tests consist of sliding the skin surface on a glass disc and 
simultaneously increasing the normal contact pressure. The results reveal that the 
friction behaviour also depends from the anatomical site. The understanding of the 
Biotribology involved in this scientific work will definitely contribute to develop 
guidelines, as well the implementation of pressure ulcer prevention protocols. Thus, 
pressure ulcer prevention requires an interdisciplinary approach and according with 
the Agency for Healthcare Research and Quality, the incidence of pressure ulcers is 
also a healthcare quality indicator. This factor is of utmost importance to hospital 
quality. 
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Figure 1. Structure of human skin showing the functional layers (epidermis, dermis and subcutis) [17]. 

2.- EXPERIMENTAL WORK 
2.1- Material and Methods 
Four types of hospital fabrics were used during the present investigation (Figure 2). 
The materials tested include a reference hospital fabric that is used in bed linen, like 
sheets and pillows, a foam dressing generally made from a hydrophilic polyurethane 
foam, an adult diaper and a normal bed protector made of soft non-slip waterproof 
polyethylene that keeps skin away from dampness, reducing the risk of dermatitis 
and ulceration. The coefficient of friction for the four different fabrics was assessed at 
one specific body region - ventral forearm - under natural skin conditions.  

(a) (b) 

(c) (d) 
Figure 2. Optical micrographs of different hospital fabrics used in contact with the skin: (a) reference 

hospital fabric; (b) foam dressing; (c) adult diaper; and (d) normal bed protector. 
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Preliminary tests to measure in vivo skin friction were performed using a reference 
hospital fabric against four different skin regions (palm of the hand, finger pad, 
ventral forearm and elbow) under different lubricating conditions (natural skin, wet 
skin, skin after spread vaseline and with talcum powder). All experiments were 
conducted at 22±2 ºC and 58±10% relative humidity. 
A portable and easily usable measuring probe, where the probe materials are rubbed 
against skin, was used. Since a rubber O-ring can be used to fix the textile on the tip 
(see Figure 3a), different types of hospital fabrics were simply adjusted to the 
equipment and tested. This probe is based on a multi-component force sensor 
whereby the normal and tangential forces can be measured in order to determine the 
coefficient of friction (see Figure 3b).  

(a) (b) 
Figure 3. Skin friction portable measuring probe: (a) picture showing the O-ring and textile; and (b) 

schematic picture of the multi-component force sensor [23]. 

Friction tests, consist of sliding the portable measuring probe on the specific body 
region and simultaneously increase the Normal load. Typically, the sliding distance 
and normal load, ranges respectively between 0-40 mm and 0-5 N. The Tangential 
Force is then computed as a function of the Normal applied load. By using the 
Amontons-Coulomb friction model, it is possible by fitting an equation to the data 
points (Tangential force against Normal force) and calculating the slope of each 
equation, determine the Coefficient of Friction (COF), for each test condition. 
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3.- RESULTS AND DISCUSSION 

The average values of coefficient of friction for the different test conditions can be 
seen in Figures 4 and 5. 

Figure 4. Coefficient of Friction (COF) for a reference hospital fabric rubbing against different body 
regions under different lubricating conditions. 

The relationship between different substances applied to the skin (lubricating 
conditions) and fabric friction has not been studied in detail before. Only the moisture 
content between the human skin and textiles has been object of several studies. 
Figure 4 shows the effect of different lubricating conditions: vaseline (vaseline was 
scattered and absorbed by the skin prior to testing), moisture and talcum powder on 
coefficient of friction for four different body regions. It can be seen from Figure 4 that 
the effect of vaseline is different according to the anatomical body region 
investigated. However, the coefficient of friction always increases with the addition of 
vaseline if compared with the natural skin conditions. The same trend can be seen 
for wet skin, however COFs of skin against a reference hospital fabric increased from 
natural skin (dry) to wet skin by a factor of more than 2. Our measurements confirm 
previous results [24] who also observed a factor of approximately 2 in friction when 
rubbing dry and wet fabrics against the skin. 
Concerning the effect of different body regions, Figure 4 shows that the COFs vary 
significantly along the human body. The COF are considerably lower in the elbow 
than in other body parts. In the case of talcum powder lubricating conditions, different 
trend was observed with the finger pad showing lower values of COF. 
Figure 5, shows the coefficient of friction for different hospital fabrics rubbing against 
the ventral forearm for natural dry skin. It can be seen that similar values of the 
coefficient of friction were obtained for the four different hospital fabrics, tested 
against the ventral forearm under natural skin conditions, with the COFs varying 
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between 0.25 (adult diaper) and 0.35 (bed protector). No significant correlation was 
found for the selected fabrics under these tested conditions. 

Figure 5. Coefficient of Friction (COF) for four different hospital fabrics rubbing against the ventral 
forearm under unlubricated conditions (natural skin). 

4.- CONCLUSIONS 

 Results demonstrated that the Coefficient of Friction (COF) of a reference
hospital fabric against skin is influenced by the human body region and
lubricating/physiological skin conditions (skin moisture content).

 For the different body regions, the average COF of wet skin exceeded those in
the natural skin condition by a factor of more than two with the friction
increasing with the moisture content.

 Natural skin conditions (dry textile surface), produces the lowest COF for the
different body regions except the test that was performed on the finger pad
with talcum powder.

 In this investigation, no significant correlation was found for the COF of the
four different hospital fabrics.
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ABSTRACT 
Tooth wear is an inevitable process due to chewing conditions. In the development of 
new dental restoration materials one of the requirement is exhibiting a low wear and 
avoid abnormal wear of the antagonist teeth.  
Usually the wear tests are carried out in distilled water or artificial saliva without 
taking into account the existence of microorganisms. 
The aim of the present study was to evaluate the effect of bacteria biofilm in the 
tribological pair wear zirconia/tooth and Streptococcus salivarius (S. salivarius) was 
the selected bacteria in the complex oral microbiota. 
The wear tests, pin-on-plate type, used cusps of molars and premolars, as pins and 
zirconia as plates. Three lubricants were used in a comparative study: artificial saliva, 
artificial saliva with glucose and artificial saliva with glucose and S. salivarius, at a 
temperature of 37 °C and pH 7. Results show that in the presence of S. salivarius 
there is a 70% reduction in the friction coefficient and a 50% reduction in wear. No 
wear was detected on the zirconia surface. 
It was concluded that the existence of biofilm in the zirconia/tooth interface affects 
the tribological results, leading to a decrease in tooth friction coefficient and wear.  

KEY WORDS: Wear, bacteria, biofilm, biotribology 

1.- INTRODUCTION 

Tooth tissue damage is replaced by using several artificial materials in order to 
restore the normal mastication and phonetics functions. These materials need to 
mimic the natural tooth color and translucent and must resist the high stress during 
mitigation, thermal shook and chemical attach of the environment among others. One 
of the major requirements in the materials selection for dental proposals it is to be 
wear resistant and avoid abnormal wear of antagonist natural contacting tooth. 
Abnormal wear leads to lack on the contacting opposing surfaces resulting in 
disturbance of the mastication process efficiency. The tribological performance of 
dental materials is extensively studied, using as lubricant water or artificial saliva, 
however no attention have been given to the presence of bacteria [1]. 
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The human oral cavity holds one of the most diverse microbiome in the human body. 
It includes viruses, fungi, protozoa, archaea and bacteria. These microorganisms 
regulate each other and coexist within the microbial community [2]. They can be 
found in complex biofilms attached to soft and hard tissues assembled in an ordered 
process that begins with adherence of microbial colonizers to a surface followed by 
attachment of different microbial species to initial colonizers [3,4]. 
In oral microbiota, Streptococci are the major group of microorganisms when 
compared to other genera. The species most frequently isolated from the oral cavity 
are Streptococcus salivarius, Streptococcus sanguis, Streptococus mitis, and mutans 
Streptococci [5-7]. Streptococcus salivarius is a lactic acid bacterium and is the first 
commensal bacterium that appears in the oral cavity of newborns. Is a gram positive 
bacteria that has adhesion systems that garantee its residence in the oral cavity [8]. 

The aim of the present study was to evaluate the impact of biofilm on tribological 
response. For that, it was assessed the effect of Streptococcus salivarius (S. 
salivarius) biofilm in the tribological response of the zirconia/tooth pair.  

2.- MATERIALS AND METHODS 
Reciprocating pin-on-plate wear tests were performed using plates of zirconia and 
cusps of molar and premolar human teeth as pins in three different lubricants: 
artificial saliva (AS), artificial saliva with glucose (AS+G) and finally artificial saliva 
with glucose and Streptococcus salivarius (AS+G+Ss).  Six tests were performed per 
lubricant. The tribological tests operational conditions are given in Table 1. The 
friction force was motorized during the tests.  

Table 1. Wear test operational conditions. 
Frequency (Hz) 1 
Stroke (mm) 5 
Load (N) 2 
Temperature (ºC) 37 
Duration (h) 6 

Zirconia plates were obtained from pre-sinter zirconia blocks. These blocks were cut 
in form of plates and sintered according to the supplier procedure. After, the plates 
were grinded with 600 mesh sand paper. The plates were characterized by 
roughness measurement (Mitutoyo Surftest-301). 
The pins were prepared using molar and pre molar healthy human teeth and acrylic 
resin. Each tooth was cut in order to individualise each cusp. The cusps were 
mounted in acrylic resin. The pins were maintained hydrated in water. For each test 
condition it was used a cusp belonging to a different tooth. The cup´s radius was 
evaluated by profilometry (Mitutoyo, Contracer CP. 200).  

The lubricating conditions were determined by the growth profile of Streptococcus 
salivarius in artificial saliva (AS) and in artificial saliva with three different 
supplements: glucose, meat extract and urea respectively. Artificial saliva is a 
modification of the used by Roger et al., in that porcine stomach type III was not used 
and urea was used as a supplement [8]. 
The growth profiles were obtained recording the absorvance at 600 nm over time. 
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Streptococcus salivarius (MICROBIOLOGICS) was activated in blood agar 
(Liofilchem), according to supplier information, and upon 24 h incubation at 37 oC 
was transferred and precultured twice in AS till absorvance at 600 nm equal 0.6 
(corresponding to stationary phase) and then used in tribological tests.  

After wear testing, the worn surfaces were observed by light optical microscopy 
(LOM) and scan electron microscopy (SEM) and the dental wear was assessed by 
worn cusp area measurement.  

3.- RESULTS AND DISCUSSION 

Streptococcus salivarius growth profiles were determined in artificial saliva (AS) and 
in artificial saliva with three different supplements: glucose (G), meat extract (ME) 
and ureia (U). Table 2 displays the obtained value for the beginning of the stationary 
phase. The maximum absorvance value for artificial saliva with glucose (AS+G) 
shows that the highest bacteria proliferation is obtained in this medium.  

Table 2. Streptococcus salivarius absorvance in stationary phase for the tested artificial saliva. 
Artificial saliva Absorvance  600 nm 

AS+Ss 0.854 
AS+G+Ss 1.028 

AS+ME+Ss 0.380 
AS+U+Ss 0.229 

Therefore AS+G was selected as lubricant for the tribological tests. 

It was also studied the effect of the material in Streptococcus salivarius growth (Table 
3) showing that the presence of both, zirconia and tooth, leads to a decrease on
plantonic bacteria concentration. The observed reduction is related to the biofilm 
formation on the tested materials.  

Table 3. Material (zirconia/tooth) influence on Streptococcus salivarius growth. 
Tested condition Absorvance  600 nm 

AS+G+Ss 1.028 
AS+G+Ss+zirconia 0.843 

AS+G+Ss+tooth 0.759 

The zirconia plates roughness obtained was 1.64 ± 0.54 µm. A similar value has 
been measured in plates whose surface finishing procedure was done according to 
dental crowds manufacture procedure [9]. According to Bollen et al., the lower limit 
for bacteria adhesion is Ra= 0.2 µm and increases with Ra value [10]. In fact, biofilm 
was observed on the zirconia surface after 24 hours of exposition to Streptococcus 
salivarius (Figure 1). Even it is possible to observe that Streptococcus salivarius 
proliferation was higher in plate scratched areas.  
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Figure 1. SEM image of the zirconia biofilm obtained by 24 h exposition to AS+G+Ss. 

The friction coefficient was quite stable for the three lubricants studied: 0.69 ± 0.05 
for AS, 0.50±0.04 for AS+G and 0.16±0.04 for AS+G+Ss. The friction reduction upon 
glucose addition to AS is probably due to glucose organic molecules adsorption at 
the sliding surfaces. The reduction observed in the presence of Streptococcus 
salivarius suggests that bacteria works as boundary lubricant reducing the contact 
between the surfaces during sliding.  

No zirconia wear was observed in any of the tests in contrast with dental wear that 
was always observed. The dental wear was very similar in AS and in AS+G but in the 
presence of bacteria a reduction of 50% was observed (Figure 2).  

Figure 2. Cusps worn area in the tested lubricants. 

A granulose tribolayer on the worn surface of the cusps tested in artificial saliva (AS) 
and artificial saliva with glucose (AS+G) was observed by SEM (Figure 3). In 
contrast, the cusps tested with the lubricant containing bacteria (AS+G+Ss) shown a 
very tiny layer allowing the observation of the prismatic enamel structure. The layer 
with a granular structure suggests that it was obtained by wear particles compaction. 
The results suggest that glucose may play a role in this compaction process. In fact 
the layers obtained for AS+G are thicker (Figure 3 b).  According to Eisenburger and 
Addy the proteins (enamelins and amelogenins), that covers the hibroxapatite 

  100 µm  
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crystals, function as binders leading to particles agglomeration on the worn tooth 
surface [11].  
The present study also suggests that glucose works was binder. Probably glucose is 
absorbed to the enamel debris increasing the compaction process. Additionally, in all 
tested surfaces, it was found features associated to delamination. In presence of 
bacteria this layer was much thinner (Figure 3 c) and the wear was lower (Figure 2). 

a) AS b) AS+G

c) AS+G+Ss

Figure 3. SEM images of the cusp surfaces worn in different lubricants: a) AS; b) AS+G  and c) 
AS+G+Ss. 

Overall the results showed that the tribological response of the tribosystem is 
influenced by the presence of Streptococcus salivarius. 

4.- CONCLUSIONS 
The present study had the objective to study the influence of the presence of bacteria 
on the tribological response. For that pin-on-plate reciprocating wear tests were 
performed using pins of human cusps and zirconia plates. Streptococcus salivarius 
was the selected bacteria and the growth conditions were studied. The results 
showed: 

a) The best Streptococcus salivarius growth conditions were achieved in artificial
saliva with glucose as supplement;

b) The presence of tooth and zirconia reduced the concentration of
Streptococcus salivarius in the planktonic form, demonstrating the ability to
form biofilm on the material;

c) The presence of bacteria reduces the friction coefficient in ~70% and the
dental wear in ~50%.

1 µm 
10 µm 

10 µm 
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ABSTRACT 
There is great interest in the use of ceramics for dental restoration due aesthetic 
similarity to natural teeth. Dental applications also demand adequate mechanical and 
tribological properties. Namely, the restoration material must not wear out easily and 
must not lead to abnormal enamel wear of the antagonist tooth. 
In the present work ceramic composites were developed by slip casting of tailored 
Al2O3/Zr2O formulations containing ZrO2 in the form of submicrometric or of 
nanoparticles. After sintering sample surface was characterized by scanning electron 
microscopy and profilometry; hydrophilicity was evaluated using the sessile drop 
method. Wear behaviour was assessed by reciprocating pin-on-plate tests in artificial 
saliva, using molar and pre-molar human teeth as pins and samples of the produced 
materials as cusps. Commercial dental zirconia was used as reference material. 
High consolidation of composites was attained, with density values ranging from 
95.8 %TD to 99.9 %TD. Samples containing submicrometric zirconia present uniform 
reinforcement distribution and small porosity. Samples containing nanomicrometric 
zirconia show irregular zirconia agglomerates with micrometric dimension and higher 
porosity. Wear measurements show that ceramic wear is not significant, while cusps 
wear is strongly dependent of the opposing ceramic surface counterface roughness 
and porosity.  
Attained results suggest that dental wear can be reduced if highly polished 
zirconia/alumina composites are used instead of zirconia. 

KEY WORDS: Dental materials, alumina, zirconia, biotribology. 

1. - INTRODUCTION
Dental restoration is used to replace missing tooth tissue after trauma or illness, 
aiming to re-establish the masticatory, phonetic and aesthetic functions of natural 
teeth. Development of new reliable and cost-effective bioceramics is thus of great 
significance to the dentistry community. Historically several materials have been 
used for the dental crowns manufacture; ceramic materials are preferred because of 
their aesthetic similarity to natural teeth in terms of colour and translucently. Several 
ceramic materials have been used, e.g. alumina, lithium disilicate and zirconia. 
Dental materials must also endure the chemical, thermal and mechanical demands of 
the oral cavity, including wear against opposing surfaces. Dental wear is a natural 
and unavoidable physiological process [1,2]. However, friction between restorations 
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and natural teeth can introduce pathological damage of natural teeth [3]. Excessive 
wear leads to lack of contact between opposing teeth (or between tooth and 
restoration), with obliteration of chewing surfaces and disturbance of the mastication 
process efficiency [4]. Wear tests are thus mandatory to dismiss the possibility of 
tooth pathological wear, and constitute an important tool regarding selection of dental 
materials.  
In this context the present work evaluates the tribological performance of 
alumina/zirconia composites and compares them with commercial zirconia used in 
dental crowns manufacture.  

2. - MATERIALS AND METHODS
Alumina and composite alumina/zirconia plates were obtained by slip casting, using 
powders of alumina CT-3000-SG (Almatis, d50=0,90 µm) and zirconia. Two different 
zirconia powders (Sigma-Aldrich) were used: submicrometric zirconia (d50=0,33 µm) 
stabilized with 8 wt% Y3O2; and nanometric zirconia (d < 100 nm, according to 
supplier) stabilized with 3 wt% Y3O2. 
Tailored powder mixtures were used to prepare slurries containing 70 wt% solids and 
0.5 wt % dispersant (Dolapix CE64, Rohm and Haas). Four different powder mixtures 
were tested: 100 % alumina, and composites with 5 wt% and 26 wt%-ZrO2. After 
casting the green bodies were dried in oven during 24 hours at 38 ºC. Sintering was 
carried out at at 1600 ºC (2 h). Obtained plates were afterwards polished to a 3 µm 
finish. Zirconia plates were obtained from pre-sintered zirconia blocs, which were cut 
and sintered according to supplier’s recommendations. Part of the zirconia plates 
was polished to a 3 µm finish, while others were grinded to a 600 mesh finish. The 
notation adopted for each plate is detailed in Table 2.  
The plates were characterized by roughness measurement (Mitutoyo Surftest-301). 
The density of sintered plates was accessed by the Archimedes method; attained 
values are rendered in terms of percentage of theoretical density, which was 
calculated by the rule of mixtures. The hydrophilicity of the plates was determined by 
the sessile drop method using distilled water; contact angle evolution was monitored 
during 1800 s using a video camera coupled to a microscope (Wild M3Z) and to a 
frame grabber (Data Translation DT3155). Vickers hardness of plate materials was 
measured (EMCO test M4U-025) using an applied load of 10 kgf and dwell time of 
10 s. The hardness number was calculated based on the length of the diagonals of 
indentation marks, using micrographs obtained by field emission gun scanning 
electron microscopy (FEG-SEM) (JEOL JSM-701). Indentation toughness was 
calculated using the length of cracks created by the Vickers indentations using the 
method described by Guedes et al. [5]. 
The pins were prepared using molar and premolar healthy human tooth. Each tooth 
was cut in order to individualise its cusps, which were then mounted in acrylic resin. 
Before testing the cusps were immerged in distilled water to avoid sample 
dehydration. For each test conditions an unused cusp belonging to a different tooth 
was used.  
Plates and cusps were observed before and after wear test by FEG-SEM coupled 
with energy-dispersive spectroscopy microanalysis (EDS) (Inca pentaFETx3; 
OXFORD INSTRUMENTS) and optical microscopy (OM) (Olympus BH2-UMA).  
Reciprocating pin-on-plate wear tests were carried out in artificial saliva (pH 7) [6] 
using plates of the produced alumina and alumina/zirconia composites, and plates of 
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commercial zirconia. It should be noted that zirconia was considered in this study 
because of its extensive use in the dental crows manufacture. Five tests were carried 
out for each condition. The operational conditions used are described in Table 1. 

Table 1. Wear test operational conditions. 

Frequency (Hz) 1 
Stroke (mm) 5 
Load (N) 2 
Temperature (ºC) 37 
Duration (h) 6 

3. - RESULTS AND DISCUSSION

Fig. 1 shows microstructural features of the produced materials after sintering. 

Figure 1. Backscattered electron (BSE) image of the produced materials after sintering: (a) A100; 
(b) A-5Z; (c) A-26Z; (d) A-5NZ (dark grey: alumina; light grey: zirconia). 

Samples A100 (Fig. 1.a) and A-5NZ (Fig. 1.d) present significant porosity, in good 
agreement with measured density values (Table 2). The most efficient consolidation 
is attained for A-5Z and A-26Z (Figures 1.b and 1.c, respectively). In this samples the 
submicrometric zirconia reinforcement is apparently uniformly distributed within the 
alumina matrix, locating mainly in the matrix grain boundaries. In A-5Z the ZrO2 

(c) A-26Z (d) A-5NZ 

(a) A100 (b) A-5Z 
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phase is elongated and small, with approximately 1 µm in the longitudinal direction 
(Figure 1.b), which is in the size range of as-supplied particles. This suggests 
efficient dispersion of the zirconia phase in the prepared suspensions, and also 
absence of significant zirconia grain growth during sintering. In the A-26Z sample the 

ZrO2 particles are bigger (up to 5 µm) and more equiaxed, suggesting grain growth 
during sintering. The sample containing nanomicrometric zirconia (A-5NZ) shows 
non-uniform reinforcement distribution (Fig. 1.d), with irregular zirconia agglomerates 

with dimension roughly between 1 and 10 µm located in the matrix grain boundaries. 
This suggests that the nanoparticle dispersion in suspension was not fully achieved, 
rendering heterogeneities in the course of sintering. Nanosized zirconia is visible 
within the alumina particles, suggesting that they become occluded during the 
sintering process. 
The properties of the produced materials are given in Table 2. Theoretical density 
after sintering ranges between 95.8 % (A-5NZ) and 99.8 % (A-5Z). The low density 
value obtained for A-5NZ is probably due to slurry’s inhomogeneous dispersion 
(Figure 1.d). The average roughness of the produced plates varies from 0.08 µm 
(Z100S) to 1.64 µm (Z100R). The contact angle value obtained for distilled water 
upon the produced composites is approx. 48º for A-5Z and A-26Z and 51º for A-5NZ. 

These values are quite similar to that of 100% alumina (θ ∼ 55º), and higher to that of 

100% zirconia (θ ∼ 70º). Measured plates’ hardness values range between 1200 HV 
(zirconia plates) and 1855 HV (A-26Z plates). Indentation toughness values of the 

produced materials vary between 2.9 MPa⋅m-1/2 for A100 (in good agreement with the 
theoretical value for alumina [7]) and 4.5 for A-26Z. All the alumina-zirconia samples 
present toughness value above that of pure alumina, suggesting that the introduction 
of zirconia particles contributes to alumina matrix strengthening.  

Table 2. Plate identification and measured properties. 

Sample 
identification 

Composition 
(wt% ZrO2) 

Ra 
(µm) 

Contact angle 
(º) 

Density 
(%TD) 

Hardness 
(HV10) 

KIC 

(MPa·m-1/2) 
Observations 

A100 0 0.22 ± 0.07 55.0 ± 3.3 98.8 1624 2.9 --- 
A-5Z 5 0.71 ± 0.13 47.6 ± 2.2 99.9 1789 3.5 micrometric ZrO2  

A-5NZ 5 0.28 ± 0.05 50.5 ± 3.1 95.8 ---- ---- nanometric ZrO2 
A-26Z 26 0.54 ± 0.22 47.9 ± 2.4 99.4 1855 4.5 micrometric ZrO2 
Z100S 100 0.08 ± 0.02 ----- ---- 1200 [8] ---- 3 µm finish 
Z100R 100 1.64 ± 052 70.0 ± 2.0 ---- 1200 [8] 8 [8] 600 finish 

Observations of samples after wear test showed the absence of significant wear of 
the ceramic materials. Wear tracks could not be identified by SEM nor by surface 
roughness.  
Dental wear was observed on all tested cusps (Fig. 2). SEM observation of the worn 
cusp surfaces shows a tribolayer that covers the worn area (e.g. Fig. 2.c and 2.d). 
This layer has granular morphology, apparently resulting from aggregation of small 
particles on the nanometer range. EDS microanalysis identified the presence of 
mainly Ca and P in all cusps, together with Zr and/or Al. These results suggest that 
the small particles generated during wear were adhered and compacted at the cusps 
surface. Tooth enamel is mainly constituted by hydroxyapatite nanocrystals, with a 
thickness and width of 30 mm and 60 nm, respectively, and 100 to 500 nm length [9]. 
The observed tribolayer is expected to result from subsurface microcraking of 
hydroxyapatite crystals, followed by delamination and particle compaction and 
agglomeration. Delamination of the tribolayer is observed (e.g. Fig. 2.d and 2.e).  
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Figure 2. Secondary electron images of cusp surfaces worn against: (a) Z100R; (b) Z100S; (c) A100; 
(d) A-5Z; (e) A-5NZ; (f) A-26Z. 

Cusps wear results are given in Figure 3. The lower wear values were obtained for 
cusps tested against 100% Alumina (A100) and 100% Zirconia (Z100S). The lower 
tribological performance of the composites can be attributed to differences in plate 
surface roughness values, since Fig. 3 shows that cusp wear increases with the 
conterface roughness. In fact, for counterfaces with the same roughness value 
attained results suggest that the produced composites (A-26Z and A-5Z) and 100% 
alumina (A100) would decrease dental wear in comparison to zirconia. More studies 
are needed in order to clarify this point. Higher wear was obtained for the lower 
consolidated sample (A-5NZ). The differences between the composites with added 
micro (A-5Z) and nano (A-5NZ) zirconia particles can be attributed to differences in 

(c) A100 

(b) Z100S (a) Z100R 

(d) A-5Z 

(e) A-5NZ (f) A-26Z 

10 µm 
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samples roughness (Table 2 and Fig. 1), which are suggested to outcome for the 
higher porosity of A-5NZ.  
There is no apparent correlation between counterface hardness and the 
corresponding cusp wear (Table 1), showing that differences in material hardness 
are not the main factor in dental wear. This is in good agreement with previous 
results on enamel/zirconia wear by Figueiredo- Pina et al. [10]. 

Figure 2. Correlation between worn cup area and initial plate roughness. 

Attained results suggest that dental wear can be reduced if highly polished alumina 
or zirconia/alumina composites are used instead of zirconia. For that purpose the 
efficient zirconia homogenization in suspension and the reduction of porosity during 
the densification step of alumina and alumina/zirconia composites are mandatory.  

4. - CONCLUSIONS
In order to evaluate dental wear against alumina/zirconia composites, pin-on-plate 
reciprocating wear tests were carried out using human molar cusps as pins in 
artificial saliva at 37ºC. Zirconia was used as reference material. Attained results 
show that:  

− Dental wear is lower for the produced composites than for zirconia with the 
same surface conditions. 

− Dental wear depends on the ceramic material densification. 

− Dental wear increases with the couterface roughness. 

− Apparently there is no correlation between the couterface hardness and dental 
wear. 

− Apparently there is no correlation between counterface contact angle and 
dental wear. 
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Influence of hydrogen peroxide in the tribocorrosion behaviour of a 
CoCrMo biomedical alloy 
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ABSTRACT 
This paper studies the influence of hydrogen peroxide (H2O2) in simulated body fluids 
on the wear and corrosion behaviour of a CoCrMo biomedical alloy. CoCrMo are 
passive materials commonly used in prosthesis and implants because of its high 
corrosion resistance and mechanical properties. Hydrogen peroxide is produced by 
bacteria and leukocytes as a consequence of an inflammatory reaction which may 
modify the tribo-electrochemical response of metals implanted in the human body. 
Indeed, the oxidizing environment generated by the presence of the peroxide 
increases the metal dissolution rate. Electrochemical and tribocorrosion tests were 
carried out in a PBS solution with different addition of H2O2 (0.5, 2, 4 and 12%).  
. 
KEY WORDS: tribocorrosion, wear, biomedical alloys, hydrogen peroxide. 

1.- INTRODUCTION 
Metallic materials are widely used to restore or improve the functionality of different 
parts of the human body. Among the typical metallic alloys employed in the design of 
those implants one can find CoCrMo alloys, because of their high corrosion 
resistance and appropriate mechanical properties (high strength and wear 
resistance). They are also considered as biocompatible materials. CoCrMo are 
passive materials thus subjected to a passive dissolution mechanism [1][2] when 
immersed in typical simulated body fluids. However, it has been demonstrated [3] 
that degradation mechanisms of implants are a combination of wear and corrosion, 
thus constituting to a tribocorrosion system. A recent review on the tribocorrosion 
behaviour of CoCrMo alloys have been published [4] and it was concluded that 
degradation of CoCrMo alloys in water lubricated contacts are critically affected by 
the prevailing electrochemical conditions. Indeed, a wear transition between low and 
high wear values of more than one order of magnitude as a function of the 
electrochemical potential was observed. 
Cell/tissue interaction with implanted metals is not well understood yet, although 
macrophages cells are often detected near the implants and in tissues with high 
amount of metal ions [5]. These cells are known to release reactive chemical species 
such as nitric oxide (NO) or hydrogen peroxide (H2O2). These compounds may 
modify the surface chemistry of the metallic alloys (composition and thickness of the 
passive film), thus altering the tribocorrosion behaviour in their presence. 
The aim of this work is to study the effect of the hydrogen peroxide on the corrosion 
and tribocorrosion behaviour of a CoCrMo biomedical alloy by tribo-electrochemical 
techniques. 
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2.- EXPERIMENTAL SET-UP 
2.1.- Material and electrolyte 

The studied biomedical alloy is a low Carbon CoCrMo alloy (%wt: C 0.253%, Cr 
27.99%, Mo 5.35%, Si 0.78%, Mn 0.4%, Fe 0.16%, Ni 0.41% and Co 64.62%). The 
samples were ground with SiC emery paper up to 4000 grit and polished with 
diamond paste (1µm) until reaching a mirror-like surface finishing before each 
experiment. The exposed area to the electrolyte was 2.56 cm2. 

The support electrolyte used in order to investigate the effect of hydrogen peroxide 
on the tribo-electrochemical behavior of CoCrMo biomedical alloys was a phosphate 
buffered solution (PBS) with the composition of 8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L 
Na2HPO4 and 0.25 g/L KH2PO4. Several amounts of H2O2 (0.5, 2, 4, and 12 %wt) 
were added to the PBS solution in order to have different solutions PBS+xH2O2 
(where x is 0.15, 0.59, 1.18, 3.6 M). The buffered solutions were adjusted to pH 7.4. 
Temperature of the solution was room temperature. 

2.2.- Electrochemical tests 

Conventional electrochemical measurements were performed employing a three-
electrode configuration using a Solartron 1286 potentiostat. Potentiodynamic curves 
were obtained for the CoCrMo alloy with a platinum wire as counter electrode and a 
silver-silver chloride as reference electrode (Ag/AgCl, 3M KCl). All potentials in this 
paper are given with respect to this reference electrode (-0.205V vs. SHE). The 
potential was swept with a scan rate of 2 mVs-1, starting at the OCP towards –1.1 V 
and ending at 1 V. All experiments were carried out under aerated conditions. 

2.3.- Tribocorrosion tests 

The investigated tribosystem involved a contact between a rotating CoCrMo disc and 
a counterpart made of alumina ball of 6 mm diameter with a surface finish of 0.02 µm 
Ra (according to the manufacturer). All experiments were carried out on a ball on disk 
tribometer connected to a potentiostat. The tribometer operated with an integrated 
electrochemical cell (3-electorde cell) including the specimen as working electrode, a 
Pt wire counter electrode and a reference electrode of Ag/AgCl 3M. The motor 
providing motion rotated at 60 r.p.m. and generated a circular stroke of 6 mm 
diameter (sliding velocity of 19 mm/s). Normal loads of 5 N was applied which 
correspond to average contact pressures of 886 MPa.  
The test procedure was carried out using the following steps: 

• Immersion of the CoCrMo alloy disc in the electrolyte under open circuit
conditions (OCP) during two minutes.

• Cathodic polarization at -1.1 VAg/AgCl during 5 minutes.
• Return to OCP conditions, measurement of the corrosion potential during

1 hour.
• Rubbing during 1 hour while registering the OCP.
• Rubbing is stopped, the OCP is measured for 20 minutes.
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Wear was quantified using a confocal microscopy. For this, three profiles were 
measured across the wear track for each sample. The wear track volume was 
determined by multiplying the area of the profiles situated at heights below 0 
(reference level corresponded to the non rubbed area) and multiplying it by the length 
of the wear track. Optical microscope and scanning electron microscope, SEM, 
(JEOL6300) were used to analyze wear tracks on the metal’s disks and on the 
alumina counterparts. 

3.- RESULTS AND DISCUSSION 
3.1.- Electrochemical behaviuor 
Cathodic polarization behaviour of the CoCrMo in PBS with different H2O2 
concentrations is shown in Figure 1. Cathodic current density increases with the 
presence of the peroxide. 

Figure 1. Cathodic potentiodynamic curves of the CoCrMo biomedical alloy in different PBS solutions. 

Figure 2 shows the anodic polarization behaviour of the CoCrMo alloy in the PBS 
and in the peroxide containing solutions. Typical passive behaviour can be observed 
in the PBS solution, in which four clear potential domains can be distinguished. 
Between -1V and the corrosion potential the current density is given by the water 
reduction and partially of dissolved oxygen; at the corrosion potential a cathodic-
anodic transition takes place and from the corrosion potential, -0.3V, to 0.6V the 
CoCrMo forms an oxide film mainly composed by chromium oxide [6][7], thus 
defining its passive domain, and finally at higher anodic potential the increase in 
current is due to a transpassive dissolution. The corrosion potential is shifted towards 
high anodic values in presence of H2O2. The oxidizing power of the peroxide hinders 
the passive domain of the CoCrMo, thus showing a transition from cathodic to 
transpassive dissolution. In all cases, above 0.8V the anodic current contribution is 
mainly due to the water oxidation. 
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Figure 2. Potentiodynamic curves of the CoCrMo biomedical alloy in different PBS solutions. 

3.2.- Tribocorrosion behaviuor 

Figure 7 shows the evolution of the open circuit potential with time before, during and 
after the sliding on the CoCrMo alloy in the PBS solutions.  

Figure 3. OCP evolution during sliding an alumina ball against CoCrMo alloy in different PBS solutions 
at 37ºC. Normal load 5N. 

In the PBS solution, a potential decay (from -0.3 to -0.4 V) is observed at the onset of 
the sliding due to the mechanical detachment of the passive film which causes a 
depassivation of the wear track, thus generating a galvanic coupling between the 
wear track (anode) and the passive sample (cathode). The OCP of the CoCrMo 
before sliding is much higher in the peroxide containing solutions than in the PBS 
solution, around 0.3 V. When sliding starts, there is also a potential drop due to the 
mechanical action which depends on the H2O2 concentration. The potential during 
sliding shifts towards higher values with the H2O2 concentration. 
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Figure 4. Current evolution during sliding an alumina ball against CoCrMo alloy at 0.3 VAg/AgCl in 
different PBS solutions at 37ºC. Normal load 5N. 

As described elsewhere [8], total wear volume Vtot can be described as the sum of 
the wear accelerated corrosion Vwac and the mechanical wear Vmech. Vtot was 
determined as it is explain previously in 2.3 with confocal microscopy. On the other 
hand, Vwac was determined by integrating the current versus time during the 
potentiostatic tests at 0.3 V and applying the model proposed by Vieria et al [9] and 
applied by Papageorgiou and Mischler [10] when the tribocorrosion tests were 
carried out at OCP. Vmech is obtained by the difference between Vtot and Vwac. 
The obtained Vwac values are listed in Table 1 together with the mechanical wear 
volume (Vmech) and total wear volume (Vtot). At OCP mechanical wear volume 
increases with the H2O2 concentration while wear accelerated corrosion decreases 
as a function of the H2O2 concentration in the peroxide containing solutions. On the 
other hand, the data measured in the PBS solution with or without H2O2 (for H2O2 
concentration below 12 %wt) correspond well with the results obtained under 
electrochemically applied potential. This indicates the equivalence between chemical 
and electrochemical passivation of CoCrMo in the PBS solution. 
The present triboelectrochemical results clearly show that the oxidizing effect of the 
environment directly affects the mechanical degradation of the CoCrMo alloy. Indeed, 
with the increase in the H2O2 concentration in the electrolyte the contribution of the 
mechanical damage to the overall tribocorrosion degradation also increases. 

Table 1. Average wear volumes (·10-3 mm3) of the CoCrMo alloy in the studied solutions at 37ºC 
Solution Potential (V) Vt Vwac Vmech 
PBS OCP (-0.3) 1.0 0.1 0.9 

0.3 5.8 3.6 2.2 
PBS+0.5H2O2 OCP (-0.12) 5.8 4.8 1 
PBS+2H2O2 OCP (0.05) 4.8 3.0 1.8 

0.3 6.5 5.5 1 
PBS+4H2O2 OCP (0.1) 4.9 2.8 2.1 

0.3 16.6 3.3 13.3 
PBS+12H2O2 OCP (0.2) 24.9 1.7 23.2 
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Wear morphology was analysed by SEM and Figure 5 shows the typical image taken 
in the centre of the wear track after the tribocorrosion test of the CoCrMo sliding 
against an alumina ball in the PBS solution. Scratches in the sliding direction causing 
an abrasive damage and small wear particles are observed. 

Figure 5. SEM images of the CoCrMo alloy in the middle of the wear track at the end of the 
tribocorrosion tests sliding against an alumina ball at OCP in PBS at 37ºC. Normal load 5N. 

Figure 6 shows two images of the centre of the wear track in the CoCrMo after being 
tested in PBS+4H2O2 at OCP and 0.3 V respectively. In both cases, smooth surfaces 
with individual scratches are observed without the presence of wear debris. 

(a) (b) 
Figure 6. SEM images of the CoCrMo alloy in the middle of the wear track at the end of the 

tribocorrosion tests sliding against an alumina ball (a) at OCP and (b) at 0.3 V in PBS+4H2O2 at 37ºC. 
Normal load 5N. 
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Corrosion and tribocorrosion behaviour of a CoCrMo biomedical alloy was studied in 
a PBS solution with and without different concentrations of H2O2. The oxidizing power 
of the peroxide enhances the cathodic reaction and suppresses passive domain of 
the CoCrMo. Electrochemical conditions within the contact (OCP variations during 
sliding) modify the tribological behaviour of the biomedical alloy by increasing the 
mechanical damage when the H2O2 concentration increases. At an applied constant 
potential, wear damage is very similar independently on the H2O2 concentration. 
Therefore, the presence of hydrogen peroxide produced as a consequence of an 
inflammation process, causes and acceleration of the wear damage mainly due to 
the increase of the mechanical wear. 
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Wear model for reciprocating ball-on-flat wear tests 

Esteves, M.1, Ramalho, A.1 

1 CEMUC, University of Coimbra, Coimbra, Portugal 

ABSTRACT 
During the design phase of components is very difficult to obtain a reliable 
extrapolation for the outcome of a wear process and its implications. Regarding this 
situation, a wear model suitable for sliding wear was designed, allowing to estimate 
the volume loss on the both sliding surfaces. 
The current model was created specifically to ball on flat contact applications. A 
Hertzian normal contact pressure and a friction stress field are used to determine the 
resulting contact stresses leading to local analysis of the wear process. The 
quantification and matching wear amount can be established using a model based on 
the energy dissipated by friction or alternatively a model based on the normal 
pressure. 
An experimental validation study was produced for a pair of materials commonly 
used in mechanical applications, regarding a steel sphere (AISI 52100) against a 
grey cast iron flat specimen (GJL 200) for a normal load of 10N, 1 Hz frequency and 
a duration range between 5000 and 10000 cycles. 
Initial results present a very good correlation between experimental data and 
predicted values from the wear model, in spite of a high dependency on experimental 
wear rate values used in the model. The resulting wear is compared considering both 
the local wear depth and the wear volume of experimental tests with the forecasted 
values. 
The referred dependency of wear rates was expected since the process is dependent 
on the energy dissipated by friction. The scar morphology should be improved with a 
more continuous contact geometry iteration. 

KEY WORDS: friction, wear, model. 

1.- INTRODUCTION 
Friction controlled processes are present in almost every working environment and 
contact situation, hence there is always the need to anticipate their impact. For that 
reason the present work focus on the creation of a wear prediction model for 
reciprocating ball-on-flat contact geometry. For that purpose the Hertzian normal 
contact pressure and a friction stress field are used to determine the resulting contact 
stresses field enabling the quantification and matching wear amount using a model 
based on the energy dissipated by friction or alternatively a model based on the 
normal pressure. Experimental corresponding studies were performed on two 
commonly applied mechanical materials, the AISI 52100 steel bearing ball and grey 
cast iron GJL 200 flat specimen, classifying the behaviour on a friction dissipated 
energy basis. Model performance was determined by two significant factors, being 
the first and most considerable the total wear amount of the contact surfaces. The 
second factor was the localized wear, directly related with the wear scar morphology, 
an essential parameter for critical condition determination on working applications. 
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The wear behaviour was assessed and classified by optical microscopy and 3D 
profilometry for the experimental study. 

2.- MATERIALS AND METHODS 
The materials used in this study were a grey cast iron GJL 200, DIN EN 1561, for the 
flat specimens and a commercial bearing ball steel AISI 52100. Chemical 
composition and hardness are presented in Table 1. 

Table 1. Specimen composition and hardness. 

Material Chemical Composition 
Hardness 

(MPa) 

GJL 200 3,1-3,4% C; 1,9-2,3% Si; 0,6-0,9% 
Mn; ≤0,15% P; ≤0,15% S 2020 

AISI 52100 
0,95-1,10% C; 0,15-0,35% Si; 0,2-

0,4% Mn; ≤0,03% P; ≤0,03% S; 
1,35-1,65% Cr; ≤0,4% Ni; ≤0,1% Mo 

8316 

Typical GJL 200 microstructure is represented in Figure 1, where large graphite 
flakes with a ferrite-pearlite matrix can be seen [1]. 

Figure 1. GJL 200 microstructure. 

The experimental procedure of reciprocating ball-on-flat wear tests was performed to 
determine the wear behaviour of the grey cast iron as well as the wear produced on 
the steel ball. This technique comprises a sliding contact of a spherical body (10 mm 
radius) in reciprocating motion against a cast iron stationary flat specimen, as shown 
in Figure 2. 
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Figure 2. Reciprocating equipment for ball-on-flat contact. 

The sphere is connected to the moving stage (2) and is kept in permanent contact 
against the horizontal surface of the stationary specimen (4). The normal load is 
applied by a spindle-spring (5), which is connected to the normal load cell (1) to 
measure the normal force applied. In the scope of the present study, the nominal 
value of the normal load was 10 N, the frequency was 1 Hz and four different test 
durations were selected (5000, 6600, 8500 and 10,000). A harmonic wave, 
generated by an eccentric rod mechanism that was set with stroke length of 2 mm 
and frequency of 1 Hz imposed a reciprocating movement to the upper specimen 
carrier (2). The lower specimen holder was connected to a slider guided by ball linear 
bearings to allow movement in the direction of the motion. A stationary load cell (3) 
was used to equilibrate the lower specimen obtaining friction force values along the 
test. 
After the reciprocating wear tests terminated, the scars produced on the flat 
specimen were scanned by Mahr - Rodenstock RM 600 laser 3D profilometer. The 
spherical specimens presented wear scars with spherical-caps shape and the 
diameter of their surface was measured in two orthogonal directions: the direction of 
motion and the direction perpendicular to it. 
Energy dissipated by friction generates wear damage, in spite of the wear 
mechanism involved, for instance in cases of fracturing, plastic deformation or 
tribochemical reactions. Thus, the energy dissipation could be directly associated 
with wear [2]. 
The wear model was based on the distribution of Hertzian normal load contact 
pressure and proportional distributed shearing traction due to friction, resorting to the 
stress field equation of the theory of elasticity [3, 4]. The model relies on the general 
stress distribution on the contact and consequent general dissipated energy 
distribution to determine the amount of wear volume on each specimen, regarding a 
general energetic wear rate, without the need of test every specific condition. This 
relates considerably well to the total amount of wear but still lacks the ability to 
determine specific localized variations. 

3.- Results and Discussion 
3.1.- Results 
Wear obtained after performing the experimental tests was measured and then 
compared against model results, regarding the total wear volume. Every test that 
undergo this process is represented in Table 2. 
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Table 2. Wear volume correlation. 

Wear volume (mm3) 
Test 

Specimen 5000 6600 8500 10000 

Flat 

Experimental 1.13E-02 1.22E-02 2.05E-02 2.31E-02 
Model 1.02E-02 1.29E-02 1.90E-02 2.27E-02 

Relative error (%) -10% 6% -7% -2% 

Ball 

Experimental 1.18E-01 1.06E-01 1.95E-01 2.14E-01 
Model 1.03E-01 1.30E-01 1.83E-01 2.17E-01 

Relative error (%) -13% 23% -6% 1% 

The total amount of wear volume presents a very good correlation between 
experimental and modelled values, although the difference presented on ball wear 
volumes for 5000 and 6600 cycles. This is due to the slight irregular wear behaviour 
and running effect of grey cast iron. 
When 3D representations are compared, regarding the experimental (real wear 
morphology) and the modelled, Figure 3, there are considerable differences on depth 
and width of the wear scars, but not in length. 

Figure 3. Flat Specimen 3D wear scar: a) Experimental; b) Model. 

3.2.- Discussion 
Generally, the results for wear volume obtained resorting to the model were very 
similar to the experimental tests, with the exception of low cycle tests. This is due to 
the running in effect which is significant for contact pair material, mostly on the grey 
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cast iron, but also due to the irregular wear behaviour. The question remains on why 
does the variation reflects more the ball results, since the wear values are evenly 
scattered between both specimens, and the main reason is due to the geometric 
restrictions on the flat specimen. 
Although wear volume prediction is within acceptable range there is still the need to 
address localized wear allocation to better improve the morphology evaluation. The 
difficulty relies on determining the geometric variation that the contacts undergoes 
during the tests, which also depend on geometric restrictions and material response. 
The need for this implementation relies on the necessity to evaluate working 
situations with specific failure parameters, much like maximum wear depth. 

4.- CONCLUSION 
The main conclusions of the work are the following: 
-Global wear evaluation is within acceptable range, therefore giving good predictions 
on wear volume due to the use of global energy dissipation evaluation; 
-Localized volume variation is still in need of refining due to significant difference in 
experimental and model results; 
-Indication on the next step on the present work: refining wear modelling to better 
predict localized wear and the introduction of new contact pairs. 
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ABSTRACT 
This paper presents a discussion on the study of thermal and elastic effects resulting 
from the support bearing. It was proposed a mathematical model based on the short 
bearings equations within the cavitation region, using the principle of mass continuity. 
Then, the used equations are deduced from [1] and energy equations applying a 
modified solution for the Ocvirk’s solution [2]. All the equations are numerically solved 
by the Backward Finite Difference Method. In addition of the treatment of fluid 
mechanics, this paper agrees the thermal analysis on bearings discussed by [3]. To 
calculate the deformation of the structure, it was used a Finite Element Model for a 
specific geometry and an evaluation of the variation of the pressure field is done to 
determinate how this difference affects other fluid properties. Finally, it was 
calculated within the full model to predict the short bearing properties. Comparing the 
similarities among the presented by [4] and the calculated ones, the mean results 
present a difference of 2.33% between the maximum pressure, and one about 1.78% 
for eccentricity ratio for a length-diameter bearing ratio (LDR) of ½. These results 
demonstrates that the model has an interesting relevant and accurate approximation 
for experimental data, reducing the time for calculate some initial properties or 
making qualitative decisions about its operation. 

KEY WORDS: short bearing, modeling, pressure distribution. 

DEFINITIONS 

Radial clearance [m] 
  Distance between the geometrical centers of shaft and bearing [m] 
  Film thickness [m] 
    Film thickness correction factor [m] 
  Mechanical deformation [m] 
  Thermal deformation [m] 
  Bearing pressure [Pa] 
     Principal axis [m] 
  Thermal expansion factor [Pa-1] 
     Relative eccentricity 
  Shaft deformation [m] 
  Fluid viscosity [Pa.s] 
  Radial bearing co-ordinate [rad] 
    Correction co-ordinate [rad] 
  Poison number 
  Attitude angle [º] 
  Angular speed [s-1] 
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  Bearing diameter [m] 
  Young Modulus [Pa] 
  Thermal conductivity [W/(m.K)] 
  Bearing length [m] 
  Horizontal housing length [m] 
  Vertical housing length [m] 
  Bearing radius [m] 
        Housing length [m] 
  Temperature [K] 
  Shaft speed [m/s] 
  Short bearing load [N] 

1.- INTRODUCTION 
The works conducted until the middle of the twentieth century [5, 6, 7, 8, 9] provided 
an understanding of an important number of specific cases of the use of bearings 
and their approximations. However, since the second half of the twentieth century, 
the need to further explore the phenomenon of lubrication has become more 
important, due to technological breakthroughs in the area of transportation and the 
increasing changes in the demand for products. During this period, many works have 
been developed to understand the coupling of lubrication properties and their 
interaction with the structure and the energy equations [10, 11, 12] and various 
correction models were proposed [13, 14]. 
Currently, the majority of lubrication works is dedicated to the study of automotive 
engines [15, 16], focusing on a better understanding of fluid-structure interaction. If 
one analyzes the current trends of reduction in the size of engines and increase in 
the power supplied, the use of the theory of short bearings becomes increasingly 
interesting. This type of theory requires less processing capability, and provides good 
results, when compared with the theory of finite bearings for relations L/D smaller 
than 0.25. The present paper will explore the properties of short bearings, comparing 
a proposal method of design with experimental data provided by [4]. 
In this work, it´s used the equations proposed by [17] for the description of the 
velocity field, for heat dissipation in working fluid - as well as heat exchange with the 
other components of the structure - and the thermal deformation equations. For the 
determination of the pressure field, the basis equation of short bearing was taken and 
it was modified to couple the changes in the film thickness determination. In addition, 
density and viscosity correction models were used for a better interpretation of fluid 
properties. To calculate the pressure field is adopted a mobile coordinate system with 
zero value for the angular position in opposition to the pressure peak, so the angle of 
attitude does not influence the calculation of the properties. 
Therefore, this paper proposes a model based on the modification of the equation of 
short bearings, incorporating a method of determining the viscosity correction for 
pressure and temperature, the correction of the temperature throughout the bearing 
profile and the deformations resulting from temperature and pressure. This 
modification of the classical solution is proposed as a way to expand the scope of the 
validity of the assumptions relating to short bearings and reduce errors in 
approximation by finite bearings in L/D relations above 0.25. 
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2.- THERMO-HYDRODYNAMIC EQUATIONS 
2.1.- Initial Model 
The classical Ocvirk’s solution was designed for bearings with a LDR not greater 
than ¼, nevertheless some authors say that this formulation could be used until the 
LDR of ½ with an acceptable error. In order to reduce the error, the same calculus 
method proposed by Ocvirk’s hypothesis was adopted, wherein the pressure 
variation along the length is much larger than in the radial direction, resulting in 
equation (1). As a way to make more accurate equation, only two variables could be 
changed: the viscosity and film thickness. Therefore, there are proposed a viscosity 
correction model and an alternative model for the determination of film thickness. 

  
   

  

  

  
(   (

 

 
)
 

) (1) 

2.2.- Viscosity determination 
To compare the model with experimental results, we carried out the equalization of 
lubricating viscosity variation curve. Based on figure 1, equation (2) was obtained for 
fluid viscosity versus temperature in 10-3 Pascal. Although figure 1 presents the data 
in Fahrenheit degrees, the equation (2) was converted to Kelvin. 

Figure 1. Diesel fuel viscosity chart. Extracted from [4]. 

                                  (2) 

2.3.- Film thickness 
The term traditionally used to describe the film thickness was modified to include a 
correction term and the mechanical and thermal deformations. Initially, based on 
figure 2 and assuming that the shaft and bearing are dimensionally stable, the value 
of the film thickness ( ) can be obtained for any position by applying geometry laws.  

                                        (3) 
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Figure 2. Generic bearing geometry. 

In equation (3) the first term represent the term traditionally used for film thickness 
and the second is a traditionally despised one, because its order is smaller than the 
first one. Comparing the error committed by despising the second term it could be 
seen in the figure 3, calculated to the relation          . Although the maximum 
error is still very small, by introducing this error in the classic solution for short 
bearings (equation 1) and comparing the values, it could be seen an error about 
1.5% in the prediction of the maximum pressure. Although the error remains small, 
this paper aims to approach the most of the experimental results; the term referring 
to the error will be incorporated into the model as a means of correction for the 
pressure field values. 

                   (  √  ( (
 

 
)       )

 

)     (4) 

Figure 3. Generic bearing geometry. 

In spite of the consideration of non-deformable structures, there are deformations in 
the shaft and bearing when the pressure field is formed. This well-known assumption 
is not valid when the pressure fields reach values close to 10 MPa. As each point of 
the pressure deformation depends mainly on the point itself, then, it can be inserted 
in the film thickness equation, represented by the third term of the equation (3) 
(     ), which will be calculated later. 

212212212



 Ibertrib 2015. VIII Iberian Conference on Tribology 

Similarly to deformation, the temperature also causes a change in film thickness; it 
causes a material expansion and modifies the initial clearance between the pieces. 
The shaft and housing deformation will be represented by      , which will be 
decomposed in each of the expansion terms. 

2.4.- Mechanical deformation model 
The mechanical deformation of the assembly can be envisaged as a bending 
phenomenon (shaft) and a deformation one (bearing housing). As shown in figure 4 
(a), it is possible to separate the portion that interacts with the bearing from the shaft, 
modeling separately from the rest of the structure. One way to model this part of the 
shaft is to treat the shaft portion as a beam (figure 4 (b)). Therefore, it is possible to 
predict the deflection caused by the bearing load. Equation (5) is written based on 
the elastic beam theory for shaft deformation. 

Figure 4. (a) 4-cylinder shaft. (b) Schematic representation of load over a beam. 
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In turn, for calculating the housing deformation, it was assumed a support structure 
representation for the bearing, as shown in figure (5). In order to avoid unnecessary 
deformation calculus of all structure points, it was used the Finite Element Model 
(FEM) to determine the stiffness matrix of the housing. After its determination, the 
resulting deformation was calculated for the applied loads which will be compared 
with theory and the values were inserted into the computer code. 

Figure 5. Support structure representation. 

2.5.- Thermal deformation model 
According to [17], the only significant component of the thermal deformation is 
calculated in the radial direction of the structures, because the deformation in the 
longitudinal direction does not interact with film thickness. Calculating the heat 
exchange between the fluid and the surface, the equations (6) and (7) are 
established to the shaft and the bearing deformations, respectively. 

213213213



Cartagena/Spain, 18-19 June 2015 

 ( ̅     )  
            

 ̅     

  

      
∫  ̅         ̅   ̅

 ̅     

 

 (6) 

   ̅         
              

 ̅       

  

        
∫  ̅           ̅   ̅

 ̅       

 

 (7) 

2.6 - Bearing-house Model 
For the implementation of the thermal bearing equation, it is considered that the 
bearing housing and the bearing form a single piece with the radius equal to the 
distance between the inner surface and the outer side of the bearing housing. Using 
the structure of figure 5, it was modeled an equivalent radius to the equation (7). The 
equivalent radius has a condition, equation (8), which governs the system and allows 
the radius to be written according to Equation (9), otherwise the radius behaves 
according to equation (10). The housing was placed as a way to favor heat exchange 
with the environment, such that there is a faster balance in bearing temperature. The 
length of the housing was assumed equal to the bearing and the other dimensions 
were determined based on a squared housing, in order not to be too large. 
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3.- RESULTS AND DISCUSSION 
To evaluate the proposed model, the results were compared with experimental 
results ([4]), highlighting three experiments: the first experiment consists in a 
comparison with an experiment with large inlet pressure compared with the Ocvirk’s 
solution; the second is compared to a virtually pressurized bearing; finally, the third is 
compared with a bearing with an upper load and closer to the limit of validity of the 
traditional Ocvirk‘s equation. In order to better visualize and compare the results, 
they were superimposed on the chart of [4]. In figures 6, 7 and 8, the dashed lines 
indicate the results for Ocvirk’s solution, the solid lines represent the experimental 
results and the colored lines represent the results obtained by the proposed model. 
Observing figures 6, 7 and 8 can be noted that experimental results not show the 
error of the Bourdon gauge used. In the same way, it is not clear if the pressure 
related come from a single measurement or the mean of measurements at the 
position, because it can be seen for some cases that there is more than one 
measurement in the same position. Also comparing the obtained curves and the 
experimental one in figures 6, 7 and 8 it can be seen that in all the lower pressure 
regions has a worse correlation between the shapes. This effect can be explained by 
the existence of the low accuracy to determine the fluid properties with regard to 
pressure and to an inaccuracy in the determination of the cavitation pressure. 
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Although it is possible to calculate the pressure field at any point of the bearing, when 
fluid cavitation occurs, the pressure becomes constant due to the presence of two-
phase fluid. The experiments for comparing the Ocvirk‘s model, shown by [4], 
showed no such behavior, however, the Bourdon gauge used by [4] cannot measure 
values less than 0.35 kPa (5 psia). Then, this limitation value was taken as the 
pressure at which the fluid undergoes cavitation. Table 1 summarizes the main 
properties studied. 

Table 1. Summary of available variables. 

Data 
Case 3.1 Case 3.2 Case 3.3 

 (
 

 
) (psia)    (

 

 
) (psia)    (

 

 
) (psia)   

Auksmann 45.00 0.3370 48.00 0.3380 90.50 0.5750 
Proposed 

Model 
46.05 0.3430 48.05 0.3548 90.15 0.5561 

Error 2.33% 1.78% 0.10% 4.97% 0.39% 3.29% 

3.1.- Case 1 
Analyzing the figure 6, it can be seen a better correlation between the experimental 
results and the results of the proposed model compared to Ocvirk’s solution ones. It 
is noted that the three obtained curves are almost entirely superimposed on the 
experimental curves and how bigger pressure level is, higher the correlation is. 
Calculating the error in peak pressure of each curve, it follows that with the pressure 
increasing the error is reduced, reaching become very close to zero at the maximum 
pressure point. Based on the curve ¾L, the maximum error is 6.25%, which is less 
than half the error reported by Ocvirk’s solution. In other hand, in the middle of the 
bearing the error reaches only 2.33% between the proposed model and the 
experimental data, although the Ocvirk’s solution has an error nearest to 10%. 

Figure 6. Experimental pressure chart (case 3.1) compared to the proposed model results. 
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Comparing other variables of interest, it is noted that the eccentricity value reached a 
value of 0.343, which represents a 1.78% error. On the other hand, the calculated 
average viscosity has the value of 2.414 mPa while the value given by [4] is 4.81 
mPa. Despite the difference, [4] states that the viscosity is calculated based on the 
temperature of the fluid container, which is clearly not the working temperature, so 
that any comparison with the viscosity or temperature becomes inaccurate. 

3.2.- Case 2 
Analyzing the Figure 6, there is a perceived very strong correlation between the 
experimental data and those obtained by the model. Moreover, both the peak 
pressure error (0.1%) and the eccentricity one (4.97%) were quite lower than the 
Ocvirk’s solution. The only difference between the prediction and the experimental 
results occurred in the lower pressure region where the curves showed less 
correlation. 
It should be noted that the curves for the ¼ L and ¾ L for the forecast model are 
closer than the experimental ones. According to [4], the curves of ¼ L and ¾ L show 
differences because the fluid enters along the bearing, so the total pressure of the 
inlet side is greater than the output. Therefore, [4] calculates a linear pressure drop 
proportional to the distance from the leading edge, such that it covered half the 
system has a loss of 50% in the pressure difference between the inlet and the outlet 
edges. Therefore, by symmetry of the bearing, the difference between the two curves 
should have a fixed value of 0.5 psia, which does not occur. As shown by the 
experimental curves the difference varies considerably among the angular bearing 
positions, this variation is due to measurement error linked to the measuring 
equipment, making the curves keep way or get close more than the value predicted 
in theory. 

Figure 7. Experimental pressure chart (case 3.2) compared to the proposed model results. 
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3.3.- Case 3 
Analyzing the figure 8, it can be seen that although the maximum pressure error is 
only 0.39% and the eccentricity error is 3.29%, the shape of the curves is quite 
different and the predicted peak pressure occurs before the experiment peaks. 
Furthermore, it is possible to note that the experimental curves are not near to all 
measurements, unlike the previous ones, which could modify the experimental curve 
shape. This effect might be explained by the accuracy of the Bourdon gauge, which 
was subjected to maximum pressure almost two times higher than in the previous 
cases and minimum pressures lower than the measurement limit. Despite the lower 
correlation between the profiles, it can be seen a good correlation in the 
reconstitution of the fluid region and a greater predicted cavitation zone than the 
possibly one existing in the experiment. 
This result shows that when the fluid is subjected to more drastic conditions, it is 
necessary a better knowledge of its properties. Therefore, the prediction model may 
prove more assertiveness in the pressure field determination and possibly on the size 
of the cavitation zone. 

Figure 8. Experimental pressure chart (case 3.3) compared to the proposed model results. 

4.- CONCLUSIONS 
As shown, the proposed model was able to approach the experimental curves. It also 
presented a much smaller deviation than the values calculated by [4] for Ocvirk’s 
solution. It should be mentioned that one of the likely sources of deviations could be 
due to the lack of information on the error of the used instruments. This lack of 
information prevents the curves can be evaluated with the measurement error range, 
verifying if the proposed model is between the maximum and minimum deviation 
values of the measured pressure. Moreover, the lack of information concerning the 
temperature inside the bearing and the lubricant viscosity behavior hinder a better 
determination of viscosity and comparison of the thermal model. 
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ABSTRACT 
When considering polymeric materials for the components design, their behaviour 
under external actions (mechanical, temperature, time, etc.) must be known. Thus, 
the study of their mechanical properties is essential if these materials are going to 
use as structural elements. The traditional mechanical tests, as tensile test or 
dynamic mechanical analysis (DMA), are widely used to determining the mechanical 
properties of bulk polymers or films. However, when these materials are used as 
coatings or when the available component volume is limited, the traditional tests are 
not suitable to determining the mechanical behaviour.  Depth sensing indentation test 
is a technique that allows obtaining the mechanical properties of a component, at 
surface level, even for very small samples. 
In this work the possibility of using depth sensing indentation technique to 
characterize amorphous polymers was explore. The results were compared with 
those obtained by DMA. 
KEYWORDS: Depth sensing indentation, mechanical properties, amorphous 
polymers. 

1.- INTRODUCTION 
In polymers, rather than other materials, the temperature and time significantly affect 
the mechanical properties. Therefore, their response is greatly influenced by the tests 
conditions: strain rate, temperature, magnitude of the imposed deformation, etc.  

Instrumented indentation takes its origin in the indentation for hardness tests, and 
also here an indenter-tip of a known shape is pressed on to a material. Contrary to 
the hardness test, with instrumented indentation the load and the displacement are 
continuously recorded during a loading and unloading cycle, either under a constant 
loading rate or under a constant displacement rate [1]. One objective of using 
indentation methodology is to produce quantitative measurements of elastic modulus, 
E. When the material response is linear elastic during the unloading process, 
analytical expressions can be derived for the relation between the indentation load 
and displacement during the unloading process. 

Since polymers exhibit an intermediate behaviour between elastic solids and viscous 
liquids they exhibit strong time dependence, varying with temperature and the 
experiments duration . This dependence can be expressed both in the time and the 
frequency domain. Consequently, the elastic response (stiffness and compliance) of 
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polymeric materials obtained from indentation tests will be dependent on time. This 
dependence is commonly dealt with the creep or relaxation functions. 

During load-controlled indentation test, creep is frequently observed in three ways: (i) 
increasing displacement during a holding period at fixed peak load; (ii) forward-
displacing creep during unloading, doing that the maximum displacement does not 
occur at peak load; (iii) different load-displacement responses resulting from loading 
at different rates. 

Experimental creep introduces inaccuracies when traditional elastic-plastic (Oliver-
Pharr) analysis of depth sensing indentation data is used ignoring time-dependence 
[1]. Various schemes trying to minimize these effects have been proposed, most 
applying a long holding time at peak load to extent the creep, in an attempt to obtain 
purely elastic (creep-unaffected) unloading, and then,  using the Oliver-Pharr 
methodology [2]. However, another alternative addresses the problem by means of 
analytical models that take into account the effect of creep on the curves obtained 
from the indentation tests. 

Linear viscoelastic indentation models have been developed for quasi static loading 
[3] and dynamic loading [4]. For quasi-static loading, the first linear viscoelastic 
indentation model was developed by Lee and Radok [5]. In their approach, the 
material constants in the elastic solutions of contact problems are replaced by the 
corresponding differential operators in the viscoelastic constitutive equation. 

2.- MAIN OBJECTIVES 
In this work the mechanical behaviour of two amorphous polymers, PMMA and PC, 
has been studied by spherical indentation . The main objective is to determine, the 
creep function of each material from  theindentation tests and compare it with that 
obtained from the dynamic mechanical analysis (DMA) technique. 

3.- THEORETICAL BACKGROUND 
The elastic solution for a spherical indentation was proposed by Hertz [6]: 

( )
F

G

1

R8

3
h

2
3

ν−
= (1) 

where h is the penetration depth, R is the spherical indenter radius, G is the shear 

modulus, ν is the Poisson ratio and F is the indentation load. 

The stress-strain relations for linear isotropic viscoelasticity can be expressed as: 

ijij QP ε=σ (2) 

jjii QP ε′=σ′ (3) 

where P, Q and P´, Q´ are the linear operators in the time variable corresponding to 
stress and strain deviators and hydrostatic components, respectively. 
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Following the methodology proposed by Lee and Radok [5], these operators are 
conveniently brought into equation 1, obtaining a relation between the indentation 
load and penetration depth depending on time (equation 4), where the Poisson ratio 
is considered constant: 

( ) ( ) ( )tF
Q

P
21

R8

3
th 2

3
ν−= (4) 

Using the Laplace transformed operators, the equation 4 can be expressed as 
follows: 

( ) ( ) ( )sF̂
Q̂

P̂
1

R4

3
sĥ 2

3
ν−= (5) 

If the integral operators are used, the convolution theorem provides the viscoelastic 
relation of equation 5 in terms of the creep function in shear, Jd(t): 

( ) ( ) ( )
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tJ

R8

13
th (7) 

being equation 7 only valid for nondecreasing h(t). 

3.- MATERIAL AND METHODS 
Two commercial amorphous polymers have been chosen for this study: PMMA and 
PC (Table 1). Both materials were obtained in the form of extruded sheet of 3 mm 
thickness. No further thermal treatment was applied to the samples. Prior to the 
indentation tests, the sheet roughness was determined by a surface roughness tester 
(Surftest SJ-310, Mitutoyo). A mean roughness, Ra, of about 20 nm was measured. 

Indentation experiments were carried out using a nano-indenter XP (MTS Nano-
Instruments, Oak Ridge, Tennessee). A spherical ruby indenter of 5µm radius was 
selected. 

Since equation 7 is valid under linear viscoelastic conditions, the indentation tests 
carried out on both polymers have been made assuring that the relationship between 
the displacement and the radius of the indenter was below 0.16 [7]. This implied that 
the maximum penetration depth was less than 800 nm. 

All indentation tests were controlled in force, imposing an indentation load function 
depending on time according to equation 8: 

( ) tvtF 0=  (8)
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where t was the time and v0 was the velocity at which the indentation load was 
applied. A range of loading ramps between 0.01 mN/s and 1.8 mN/s was used to 
study the behaviour of PMMA and PC (0.01, 0.03, 0.05, 0.1, 0.2, 0.3, 0.6, 0.9, 1.8 
mN/s). Four indentation tests were conducted for each ramp condition on both 
materials. 

Table 1. Properties of Poly(methyl methacrylate) and Polycarbonate. 

Amorphous polymers Structural formula Tg (ºC) Mw (g/mol) 
Poly(methyl methacrylate) 
- PMMA 

117 2588744 

Polycarbonate - PC 145 18000 

Substituting equation 8 into equation 7 and differentiating the resulting equation leads 
to an expression for the creep compliance function in shear could be obtained: 

( )
( )

( )
dF

dh
th

1

R4
tJ

2
1

d
ν−

= (9) 

This expression depends on the penetration depth evolution and similar equations 
were obtained by Lu et al. [7]. 

The creep function measured via instrumented indentation as contact creep 
compliance, J(t), can be obtained from the creep compliance function in shear 
through the following expression [8]: 

( ) ( ) ( ) ( )th
dF

dh
R4tJ1tJ

2
1

d =ν−= (10) 

The creep functions obtained by indentation were compared with those obtained by 
DMA analysis. Frequency sweep DMA tests were carried out through the single 
cantilever configuration by a Q800 TA instruments dynamic mechanical analyser. 

4.- RESULTS AND DISCUSSION 
Figure 1 shows typical force-displacement curves obtained from indentation tests at 
different loading ramps for PMMA (Figure 1a) and PC (Figure 1b). 

Figure 1 reveals that both materials were sensitive to the loading ramp, v0. 
Consequently, a loading rate-dependent response was obtained for both materials. 
Wide deviations between indentation data could observe depending on the loading 
ramp. If h3/2

 data is divided by the corresponding loading ramp, all curves are 
grouped into a single curve (Figure 2). Therefore, the creep function via depth 
sensing indentation as contact creep compliance is unique for each material. 
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Figure 1. Representative force-displacement indentation curves at different loading ramps; a) PMMA, 
b) PC.

Using equation 10 the indentation creep functions for each indentation loading ramp 
could be obtained. Figure 3 represents the average evolution of the J(t) for each 
loading ramp. Additionally, a global fitting of the J(t) for all loading ramps was also 
included.  

 
 
 
 
 
 

Figure 2. 3/2 power law of the displacement versus indentation time for each loading ramp. 

In order to compare the indentation creep function with the DMA results, a 
transformation from the time dependence to the frequency dependence had to be 
done. To do that, it is assumed that both materials can be idealized through a 
standard solid model. For the standard linear solid model, the creep compliance 
function is given by: 

0

0.5

1

1.5

2

0 100 200 300 400 500 600

Spherical indentation on PMMA

0.01 mN/s
0.03 mN/s
0.05 mN/s
0.1 mN/s
0.2 mN/s
0.3 mN/s
0.6 mN/s
0.9 mN/s
1.8 mN/s

F
o
rc

e
 (

m
N

)

Displacement (nm)

0

0.5

1

1.5

2

0 100 200 300 400 500 600

Spherical indentation on PC

0.01 mN/s
0.03 mN/s
0.05 mN/s
0.1 mN/s
0.2 mN/s
0.3 mN/s
0.6 mN/s
0.9 mN/s
1.8 mN/s

F
o
rc

e
 (

m
N

)
Displacement (nm)

a) b) 

0

1 10
5

2 10
5

3 10
5

4 10
5

5 10
5

0 10 20 30 40 50 60 70

Spherical indentation on PC

0.01 mN/s
0.03 mN/s

0.05 mN/s
0.1 mN/s

0.2 mN/s
0.3 mN/s
0.6 mN/s

0.9 mN/s
1.8 mN/s

h
(t

)3
/2

/v
0
 (

n
m

3
/2

·s
/m

N
)

Time (s)

0

5 10
4

1 10
5

1.5 10
5

2 10
5

2.5 10
5

3 10
5

3.5 10
5

4 10
5

0 10 20 30 40 50 60 70

Spherical indentation on PMMA

0.01 mN/s

0.03 mN/s

0.05 mN/s

0.1 mN/s

0.2 mN/s

0.3 mN/s

0.6 mN/s

0.9 mN/s

1.8 mN/s

h
(t

)3
/2

/v
0
 (

n
m

3
/2

·s
/m

N
)

Time (s)

a) b) 

225225225



Cartagena/Spain, 18-19 June 2015 

( )
C

t

0 eJJJ)t(J
τ

−

∞∞ −+= (11) 

where J∞ is the creep for asymptotic time (t→∞); J0 is the creep for t=0 

(instantaneous response) and τC is the characteristic creep time of the material. 

Figure 3. Average indentation creep functions J(t) of a) PMMA, b) PC. 

Fitting the average indentation creep functions (Figure 3) to equation 11, the 
parameters for the standard linear solid model could be obtained for each material: 

PMMA: ( )
51

t
10-10-10-

e4.6822·102.8420·104.6822·10tJ
−







 −+=  (R=0.996) (12) 

PC: ( )
20

t
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e10·9.350410·7640.410·9.3504tJ
−−−−







 −+=  (R=0.997) (13) 

To obtain the relaxation modulus, E(t) from the creep function J(t), the relation 
between them had to be used for a standard linear solid model [9]: 
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where τR is the retardation time: 

∞

τ=τ
J

J0
CR (15) 

Substituting the values from equations 12 and 13 into equations 14 and 15, the 
relaxation function, E(t), for PMMA and PC could be calculated (Figure 4a). These 
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relaxation functions are depending on time; consequently, they should be changed to 
frequency dependence in order to compare them with those obtained from DMA 
analysis [9].  

( )
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2
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2

0
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τω+

τω−
−=ω′

∞

∞

∞

(16) 

Figure 4b shows the comparative of the relaxation function obtained by the two 
methodologies, indentation and DMA. This result showed that the indentation is 
revealed as a promising technique to characterize PMMA and PC. 

Figure 4. a) Time dependent relaxation functions of PMMA and PC obtained from indentation tests; b) 
frequency dependent relaxation functions of PMMA and PC obtained from indentation and DMA tests. 

5.- CONCLUSIONS 
In this work, the suitability of indentation technique to characterize two amorphous 
polymers, PMMA and PC has been studied. Specifically, the possibility to obtain the 
creep or relaxation function of both materials has been analyzed. These functions 
have been compared with those obtained by the DMA technique. Both techniques 
provide similar relaxation functions. However, the methodology based on indentation 
technique presented some difficulties. A behavioral model for both materials had to 
be supposed, which is a weakness of the method. Moreover, the equations used 
required the computation of derivative of indentation depth with respect to the 
indentation load. Therefore, the experimental data showed high scatter. 
Consequently, more studies concerning the indentation as a technique for obtaining 
such time-dependent functions should be done. 
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ABSTRACT 
This work analyses the wheel-rail interaction in terms of rolling contact fatigue (RCF). 
For this purpose, a full scale testing machine was designed and built in order to apply 
the loads and boundary conditions appearing in the railway (up to 30 tons per wheel, 
application of lateral load in bends, inclination, angle of attack, presence of dust, 
water…) 
Eight tests were performed under different load conditions and rail grades and RCF 
cracks were generated after 50000 to 100000 cycles. The occurrence of cracks was 
determined by magnetic particle inspection at regular intervals in the course of the 
tests. When the non-destructive inspection showed the existence of cracks, the test 
was stopped and the rail longitudinally and transversally cut to perform a 
metallographic analysis in order to know the nature, growth direction, shape and size 
of the cracks. 
The cracks generated in the laboratory tests were identical to those seen in RCF 
affected railways and significant variations were found in the behavior of the different 
rail grades.  The proposed test was able to simulate the damage produced in rails by 
RCF and allows the comparison of the fatigue behavior of different rail grades under 
highly controlled conditions. 

KEY WORDS: Rolling contact fatigue, railway, rail. 

1.- INTRODUCTION 
Over the last two decades traffic density, axle loads and speeds of rail transport have 
increased notably because its advantages: an inexpensive, fast and reliable mode of 
transport. However, the new requirements cause higher wear rates and fatigue 
failures that restricts the axle loads, speeds and increases the inspection and 
maintenance costs [1]. 
Rolling contact fatigue (RCF) is one of the mayor causes of in-service failures of rails, 
therefore it is a critical factor that reduces rail lifetime. The typical failure due to RCF 
is called “head check”: small cracks that nucleate on the rolling sub-surface and grow 
under fatigue loads. The cracks grow horizontally in the first stage, then turn 
progressively until a nearly vertical direction until attaining their critical crack length, 
where brittle facture takes place. This rail catastrophic fracture may cause severe 
accidents [2]. 
The parameters that influence crack propagation are the operating conditions (loads 
by axle, speed, rolling stock characteristics…); track configuration and geometry 
(curvature radii, rail inclination…) and rail and wheel materials properties. Moreover, 
environmental factors, like temperature or humidity, can speed up the propagation 
process [3]. 
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Despite preventive and corrective maintenance measures, over recent years a 
significant effort was made in order to improve rail properties and geometry to 
optimize the lifetime under RCF. 
In this work, a full scale testing facility was designed and built to reproduce the 
conditions where RCF appears. The equipment achieves satisfactory results as it is 
able to generate rail cracks similar to those found in railways. Different rails grades 
were studied. 

2.- METHODOLOGY 

2.1.- Testing machine design 
Tests were done in a multiaxial test rig composed by a 4x2.5 m T-slotted table, a 
portal frame and three servo-hydraulic actuators of 50, 100 and 250 kN of load 
capacity. 
Numerous components were designed to adapt the test rig to this application, where 
the test configuration maintains the wheel axle fixed while the rail is moved 
alternatively, forward and backward. As can be seen in figure 1, the test layout is 
composed by the following components: 
a) A wheel supporting beam. One end is attached to a fixed part of the rig by a pin
joint, and a vertical load is applied by a hydraulic actuator to the other end. The 
wheel axle is mounted on the middle of the beam, therefore the lever ratio is 2:1. 
b) Moving table. Mounted over a high rigidity roller type liner guideway, allows the
reciprocating movement and withstands the reaction loads over the rail with a high 
accuracy, reliability and low friction.  
A portable coordinate measurement machine was used to align rail and wheel 
according to the desired parameters (angle of attack and rail inclination). The table 
movement is provided by a high speed hydraulic actuator. 
c) Lateral load actuator. In order to simulate the rolling conditions on a railway turn, a
hydraulic actuator applies a load to the external side of the wheel flange by means of 
a conical roller, as can be seen in figure 2. As the wheel axle is not fixed in the axial 
direction, the wheel moves laterally and the point of contact against the rail changes. 
d) Rotary actuator. The test rig is also equipped with a 32 kN•m hydraulic rotary
actuator that can be coupled to the wheel axle. Then the rail and wheel movements 
can be synchronized to obtain a controlled grade of slippage, as occurs when train 
accelerates and brakes. 
Two types of test were done: unidirectional and bidirectional tests. In the last one, the 
moving table moves repeatedly forward and backwards while the vertical and lateral 
loads are constantly applied.  
In unidirectional test the loads are applied only in the forward stroke; in the 
backwards stroke the wheel is raised until there is no contact between rail and wheel. 
Notice that in the second case the wheel rotates completely and its entire perimeter 
is tested. However, in the bidirectional test only one wheel portion is tested against 
the rail and overheating problems can occurs (a thermography camera was used to 
control the temperature in the course of the whole test). 
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Figure 1. Test rig adapted to perform RCF tests Figure 2. Detail of moving table and lateral load 
actuator. 

2.2.- Test conditions 
A total of 8 tests were performed using different rail grades and testing conditions. 
The first six tests were done in bidirectional mode with a short stroke (the rolling 
length was only 140 mm). The first test was performed also without lateral load, 
locating the rail 8 mm away from the wheel-flange interaction point (simulating the 
rolling conditions existing in a straight track). Tests nº 7 and 8 were performed in 
bidirectional mode with a long stroke (350 mm). 
The rest of the test conditions were not changed during the study: vertical load of 20 
t, no rail inclination or angle of attack, dry conditions and rolling speed of 0.3-0.4 m/s. 
All parameters are shown in table 1, while table 2 shows the rail grades used on 
every test. 

Table 1. Testing parameters 

Parameter 
Test 
nº1 

Test nº2 
to nº6 

Test nº7 
and nº8 

Vertical load 20 t 20 t 20 t 
Lateral load 0 t 4 t 4 t 

Slippage No No No 
Rail inclination 0º 0º 0º 
Angle of attack 0º 0º 0º 
Environmental 

conditions Dry Dry Dry 

Displacement speed 0,4 m/s 0,4 m/s 0,3 m/s 

Type of test Bidirecti
onal 

Bidirecti
onal 

Unidirecti
onal 

Rail length tested 140 mm 140 mm 350 mm 
Wheel geometry H-36 H-36 H-36 

Wheel grade* C C C 

Table 2. Rail grades tested 
Test 
nº 

Rail Grade 

1 R65-R260 
2 136SS-A 
3 136SS-B 
4 136HH-A 
5 136HH-B 
6 136HSLA 
7 136SS-C 
8 136HH-C 
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Stops for damage inspection were done at regular intervals, using magnetic particle 
test to detect superficial and sub-superficial defects. When cracks were found, the 
test is considered finished and metallographic examination was done in the cracked 
sections to analyze the shape and size of cracks. 

3.-RESULTS AND DISCUSSION   
Table 3 shows the number of runs applied until cracks appeared (in the case where 
no defects were found in the particle magnetic examination, it shows the total number 
of runs of the test). Notice that every cycle in the bidirectional test has two runs, 
however a unidirectional test has only one run per cycle. 
The first test, the only one without lateral load, withstanded 200.000 cycles and any 
crack or defect were found. 
On the rest of the bidirectional tests with lateral load, a corrugated deformation 
appeared on the rail shoulder due to plastic deformation and high wear, as can be 
seen in figure 3. This phenomenon can be explained by the fact that the rail is always 
in contact with the same wheel portion that also has similar deformation morphology. 
As the first test reached 200.000 cycles without cracks, the inspection interval used 
in the next test (test nº2) was increased and the first inspection was done at 100.000 
cycles. Unfortunately cracks were found in the first inspection, therefore this test 
result can not be representative because the inadequate inspection interval (also 
confirmed by the other tests results). 
Cracks on the rail rolling surface were found in all rails tested above 50.000 runs. 
Most of cracks were parallel to the rail longitudinal axis and had a length between 5 
and 20 mm. 
Because crack morphology, rail deformation and wear did not match the in-service 
failure appearance observed in real rails, test conditions were modified increasing the 
stroke to 350 mm and testing in only one rolling direction (unidirectional test). Under 
these conditions, test nº 7 and nº8 were performed.  
Tests nº7 and nº8 get satisfactory results, obtaining cracks similar to those seen in 
railway rails affected by RCF damage. A detail exam was done on the rails to 
analyze the nature, growth direction, shape and size of the cracks. Two zones were 
analyzed per rail: the start and the center of the rolling area; on both zones two 
metallographic samples were cut to analyze longitudinal and transversal sections of 
the rail using optical microscopy. 
It was observed that the depth of cracks was about 1 mm, as can be seen in table 4. 
Rail nº 8 has longer and deeper cracks, however it was submitted to 75.000 runs, 
50% more than rail nº 7. The length of the crack visible on the surface is about 5 mm 
on both rails (figure 4), that meets the relation 1:5 between crack depth and visible 
length observed by others authors [4]. Figure 5 shows cracks in a transverse section 
of the rail, while figure 6 shows cracks in a longitudinal section. The spacing, 
morphology, grow direction and depth of cracks agree with data provided by other 
authors [5, 6 y 7]. 
Crack differences between the start and center of the rolled area can be explained by 
the settlement among rail and wheel when loads and displacements are applied at 
the start of every run. In this case, lateral and longitudinal slippage takes place and 
leads to a higher crack growth rate. 
Moreover, under the rolling area, a significant deformation of the pearlitic 
microstructure of the rail was noticed. Consequently, strain hardening takes place 
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under the rolling surface, raising the hardness from 400 HV to 500 HV in rail nº 7; 
while the hardness of rail nº 8 increased from 430 to 600 HV, as shown in figure 7. 

Figure 3. Detail of rail nº4 surface at the end of the 
test. Corrugation and superficial cracks. 

Figure 4. Detail of the surface of  rail nº7 at the 
end of test.  

Figure 5. Transversal section of the center region 
of rail nº8 (12.5x). Maximum crack depth: 0.71 

mm. 

Figure 6. Longitudinal section of the center region 
of rail nº7 (12.5x). Maximum crack depth: 0.74 
mm 

Figure 7. Longitudinal section (50x, rail nº8), showing surface deformation. Hardness profiles of rails. 
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Table 3. Tests results 

Test nº 
Runs needed to crack 

appearance 

1 No cracks after 200.000 

2 100.000 

3 No cracks after 50.000 

4 50.000 

5 No cracks after 50.000 

6 75.000 

7 50.000 

8 75.000 

Table 4. Crack depth measurements on tests nº 7 
and nº 8  

Maximum crack depth (mm) 

Transversal samples Longitudinal samples 

Nº7-Start 0.88 Nº7-Start 1.18 

Nº7-Center 0.41 Nº7-Center 0.74 

Nº8-Start 0.85 Nº8-Start 1.60 

Nº8-Center 0.71 Nº8-Center 1.42 

4.- CONCLUSIONS 
The full scale rolling contact fatigue testing facility has demonstrated its effectiveness 
to simulate service conditions where RCF cracks appears in railways in a reliable, 
fast and economical way. 
Bidirectional tests do not simulate properly the crack propagation process in rails 
because only one part of the wheel rolls onto the tested rail. Furthermore, crack 
propagation paths depend on the rolling direction and this type of test (it applies the 
same number of runs on both directions) generates interferences in the growth 
behaviour of cracks. 
However, satisfactory results were obtained when the rolling length was increased up 
to 350 mm and tests were done in a single direction. Under these conditions, cracks 
morphology, spacing, size and direction were identical to those seen in railway rails.  
It must be highlighted that hardened head rail grade (rail nº8) showed better 
performance against RCF than the standard strength rail grade (rail nº7). 
In spite of the satisfactory results achieved, it must be remarked the limitations to 
reproduce exactly track conditions due to limitations as the lack of dynamic effects 
caused by railway imperfections and vehicle dynamics; the stability of climatic 
conditions (rain, temperature, presence of foreign bodies…) and, specially, because 
the tested rail is always in contact with the same wheel, therefore the area and 
pressure contact have a special evolution during the test [8], while a railway rail is in 
contact with hundreds of wheels with, at least, slightly different geometries and wear 
distribution. 
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ABSTRACT 

In this paper, the tribological, the tribo-chemical reaction mechanisms and desorption properties of three ionic liquids 
(ILs), [Bu3MeP][ Tf2N], [Bu3MeN][ Tf2N] and [Bu3MeP][ (MeO)2PO2],  in contact with titanium and under vacuum 
conditions are studied with the CATRI © UHV Tribometer developed  by IK4-TEKNIKER [1]. 
The two ILs containing the bis(trifluoromethanesulfonyl)amide anion presented lower coefficient of friction compared 
to that having the dimethyl phosphate anion. The tribodesorption study revealed that it is required an induction 
period to decrease the friction coefficient. The end of this period is accelerated in the case of trifluoromethane ionic 
liquids by the CF3

+ release. Hence, the CF3
+ reacts with the titanium surface generating a titanium fluoride tribolayer 

that could act like a catalyst to generate the tribodesorption of ionic liquid cation fragments (CH3
+, C2H5

+, C3H7
+, C4H9

+). 
The XPS analysis confirmed the generation of a boundary film, comprising of sulfide and inorganic fluoride, and being 
possibly the responsible of decreasing the friction coefficient. The [Bu3MeP][MeO)2PO2] ionic liquid required a long 
induction period, it did not form any tribolayer and no reduction of friction coefficient, yielding instead a high abrasion 
and adhesion mechanism. Thus, it can be concluded that bis(trifluoromethanesulfonyl)amide anion is more effective 
than dimethylphosphate in generating a surface protective film on the titanium surface under the selected test 
conditions and the testing methodology seems to be useful to understand the tribodesorption mechanism.  

KEY WORDS: ionic liquids, tribo-chemical reaction, mechanisms, vacuum tribometer 

1. INTRODUCTION

Ionic liquids (ILs) are room temperature molten salts consisting of large, asymmetric organic cations and usually 
inorganic anions. Due to the large amount of possible combination and their lubrication capacity [2], ILs have attracted 
the attention of many tribologists, especially of the field of vacuum tribology, since properties such as high thermal 
stability, extremely low vapor pressure and high ion conductivity make them excellent candidates for vacuum 
applications. However, the number of related papers are still limited [3], [4].  
Most of the works related to ionic liquids tribology are focused on the relationship between the chemical structure 
and tribological properties of the ILs [5] [6] [7] [8]. But although there is a good knowledge about the lubricating 
properties of most common combination of cation and anions, the reaction mechanism and decomposition of ionic 
liquids is not yet clearly understood. 
In this work, tribological and tribodesorption characterization of three ILs, for vacuum application is presented. The 
tribochemical reactions and decomposition mechanism of each ILs is discussed. 

2. EXPERIMENTAL DETAILS

Materials 

Three kinds of ionic liquids were selected in order to investigate the effects of cation and anion components on 
friction and wear.  Table 1 lists the full names and the chemical structures (hereafter referred to as [Bu3MeP][Tf2N], 
[Bu3MeN][ Tf2N] and [Bu3MeP][(MeO)2PO2]). 
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Table 1: Molecular structures of the lubricants. 

IL 1 IL 2 IL 3 

Name 
Tributylmethylphosphonium-

bis(trifluoromethane 
sulfonyl)amide 

Tributylmethylamonium-
bis(trifluoromethane 

sulfonyl)amide 

Tributylmethylphosphon
ium - dimethylphosphate 

Abbreviation [Bu3MeP][Tf2N] [Bu3MeN][Tf2N] [Bu3MeP][ MeO)2PO2] 
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The tribological test configuration used for the experiments was “Ball on Disc”. In particular, balls with diameter of 3 
mm made of Si3N4 and discs with diameter of 14 mm and 4 mm thick were used for the test. The material chosen for 
the disc counterpart was a titanium Grade 5. This titanium alloy is commonly referred to as Ti-6Al-4V because it is 
composed of titanium alloyed with 6% aluminium, 4% vanadium, 0.25% iron and 0.2% oxygen. These materials were 
selected due to the reactivity of the titanium and the hardness of the ceramic in order to accelerate the 
decomposition process of ionic liquids during the tribotests. The specimens were subsequently cleaned in three 
different solvents (toluene, isopropanol and petroleum ether) for 10 min each, using an ultrasound bath, before and 
after the experiments.  Fresh metal specimens were used for each experiments. 

Characterization methods and Test rigs 

Thermogravimetry. Thermogravimetric analysis (TGA) was carried out on a Mettler Toledo TGA/DSC 1 instrument 
(Switzerland) in the temperature range between 25 and 500 °C at a heating rate of 10°C/min. 

Tribological investigations. The tribological performance was evaluated using the CATRI © UHV Tribometer (IK4-
Tekniker, Spain) for linear oscillating motion in a ball on disc configuration. This tribometer is illustrated in Figure 1 and 
has been described elsewhere in detail  [4[9]. The test conditions chosen are summarized in Table 1. Each experiment 
was performed twice in order to confirm repeatability. 

Figure 1. CATRI © UHV Tribometer, IK4-TEKNIKER. 
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Table 2: Tribological test conditions. 

Test Conditions 

Applied load        10 N  
Maximum Hertzian stress    1,9 GPa 
Sliding velocity       3 mm/s 
Oscillation amplitude       3 mm 
Test temperature         Room temperature 
Cycles       1000 
Environment       1x10-5 Pa 

Tribodesorption measurements. The molecular and fragments ions coming from the tribosystem during the 
tribological test were monitored by a Fast Response Quadrupole Mass Spectrometer (Q-MS) from Hidden (UK). The Q-
MS can measure in two ways: Bar Mode and Multiple Ion Detection (MID) Mode. The Bar Mode displays a histogram 
of peaks and is used for the identification of chemical components and the determination of some parameters for MID 
analysis, while MID mode is suitable for quantitative analysis of trace fragments. As it was described above, each 
tribological test was carried out twice and therefore, each ionic liquid was analyzed using the two modes. The first test 
was monitored using a Bar Mode for determining the main decomposition fragments, while the second repetition was 
carried out using a MID analysis of some specific fragments.  
The quadrupole mass spectrometer detector is closed to the friction zone of the specimens. Even so, during the 
tribodesorption measurements, the main pumping valve of the main chamber remains closed so that the gas 
fragments cannot escape, and only a small orifice is open in order to avoid excessive increase in the pressure. Air was 
pumped out from the main chamber until reaching ultra-high vacuum regime (around 1 x 10-7 Pa), and then the 
tribodesorption experiments were carried out in high vacuum regime (around 10-6 Pa) by closing the pumping valves. 

Surface analysis. The wear scars were examined using a DM 2500 MH Optical Microscope from Leica (Germany) and 
images were obtained with a magnification of x20. Moreover, the topographies of the worn surfaces were analyzed 
using an Eclipse ME600 Confocal Microscope from Nikon Instruments Inc. (Germany), and disc wear volumes were 
calculated from these topographies using a Matlab script developed in IK4–TEKNIKER.  
An additional surface analysis was performed on the disk surface after sliding tests using a Thermo Fisher Scientific 
Theta Probe (East Grinstead, UK) equipped with a monochromatic Al Kα X-ray source (hv=1486.6 eV) and a 
hemispherical analyzer in order to characterize the chemical composition of it. The measurements were performed at 
a base pressure of 2x10-9 Pa. The elemental and chemical composition of the wear track surfaces on the discs was 
obtained by spot analysis with and X-ray beam of 100 µm diameter at a pass energy of 200 eV for the survey spectra 
and 50 eV for the high resolution spectra. The spectra were analyzed with the Avantage Data System software (East 
Grinstead, UK), using Gaussian-Lorentzian peak fitting. 

3. RESULTS AND DISCUSSION

The thermogravimetric analysis of the lubricants is shown in Figure 2. It can be seen that the two ionic liquids 
containing bis(trifluoromethanesulfonyl)amide anion have better thermal stability than that containing 
dimethylphosphate. In particular, the onset temperature for IL 1 and IL 2 were 392 °C and 387 °C, respectively. IL 3 
started losing weight around 300 °C. 
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Figure 2:  Thermogravimetric analysis diagram of the lubricants. 

Tribological Behaviour 

Figure 3 shows the average friction coefficient of the steady state regime for each ionic liquid during the tribotests. 
From previous studies, it was demonstrated that phosphonium phosphate exhibits excellent tribological behavior in 
combination with steel [10][11], this did not happen in combination with titanium. Actually, the [Bu3MeP][(MeO)2PO2] 
provided the highest friction among the three lubricants with values exceeding 0.26 while both the other two ionic 
liquids containing bis(trifluoromethanesulfonyl)amide exhibited lower coefficient of friction with values of 0.1 and 
0.11, respectively.  
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Figure 3: Average of coefficient of friction of the steady-state regime. 

In terms of wear, it can be observed that the higher friction exhibited by the IL 3 is accompanied by more severe wear. 
As matter of fact, the optical analysis of the worn surfaces shows that in this case the wear scar is characterized by 
high abrasion and adhesion while it seems negligeable the influence of chemical reactions on the surface (see Figure 
4). On the contrary, on the disc wear scars of IL 1 and IL 2, it was possible to observe some light sign of chemical 
reaction was appreciable. Figure 5 shows the wear volume of the disk using each ionic liquid. 

Figure 4: Images of wear scar of ball and disk obtained by the optical microscope for: 

(a) [Bu3MeP][Tf2N], (b) [Bu3MeN][Tf2N] and (c) [Bu3MeP][(MeO)2PO2]. 

a) b) c)
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(b) Figure 5: Average wear volume on the disc specimen. 

In this case, it seems that the role played by the anion for reducing friction and wear is much more important than the 
role played by the cation. The ionic liquids having the same anion [Tf2N] showed similar friction and wear 
performance, even though [Bu3MeP][Tf2N] exhibited a slightly lower coefficient of friction and smaller size of wear 
scar than that for [Bu3MeN][Tf2N].  
Comparing instead ionic liquids having the same cation, [Bu3MeP][Tf2N] showed much lower coefficient of friction and 
wear scar than that for [Bu3MeP][(MeO)2PO2].  

Figure 6 shows the total pressure increment during the test for each ionic liquid. The intensity of the picks increased 
after certain induction period. For all ionic liquids examined, the total pressure increased when the sliding started and 
decreased when sliding stopped.  
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Figure 6: Total pressure increment during during sliding for each ionic liquid. 

Figure 7 shows  the results of increases in partial pressure (measured in Pascal) for each fragment m/e (where m is the 
molecular mass and e is the ionic charge) value by sliding in case of [Bu3MeP][TF2N], [Bu3MeN][TF2N] and [Bu3MeP][ 
(MeO)2PO2], respectively. In these images, the x axis shows m/e  from 1 to 120, while the y axis shows the increase in 
Pa as a result of the mechanical action. This increase is defined as the difference between the partial pressure of each 
m/e value at the instant of maximum total pressure during sliding (Figure 6) and the partial pressure of each m/e 
before the sliding. The m/e values of 15, 29, 43, and 57 were assumed to correspond to CH3

+, C2H5
+, C3H7

+ and C4H9
+ 

fragments ions, respectively, released from the cationic components. The m/e value of 69 was assumed to correspond 
to CF3

+ derived from the [TF2N]] anion. No outgassing of neither oxygen (m/e=32) or phosphorous (m/e=31) derived 
from the anion of [Bu3MeP][ (MeO)2PO2] was detected.  
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b) 

b)
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Figure 7: Increasing of fragments partial pressure with sliding for: a) [Bu3MeP][Tf2N], b) [Bu3MeN][Tf2N] and c) 
[Bu3MeP][(MeO)2PO2]. 

The time plot for the intensity of these gaseous fragments –that of mass 15, 16, 32, 43, 57, 69  is shown in Figure 8 
together with the friction trace in voltage for the test for [Bu3MeP][Tf2N], [Bu3MeN][Tf2N] and [Bu3MeP][(MeO)2PO2], 
respectively. For IL 1 and IL 2, the partial pressure of all selected gaseous fragments sharply decreased when sliding 
stopped. For IL 3, these reduction was slightly softer, indicating different mechanisms of decomposition of the ILs. 
In case of [Bu3MeP][Tf2N] (Figure 8), an initial running-in period was observed in the time period of 0-3 min after 
sliding started, coinciding with the induction period. The end of the tribodesorption induction period is accelerated in 
the case of trifluorometane ionic liquid by the CF3

+ release that was detected like a pick in the tribodesorption 
measurements. During steady-state period m/e values of 15, 29, 43 and 57 derived from the cation were hardly 
generated. However, outgassing derived from the anion  (CF3

+) was slightly detected during steady state time; it is 
thought that decomposition of the [Bu3MeP] cation and reaction of the [Tf2N] anion with the track occurred. In the 
case of [Bu3MeN][Tf2N], the running-in and the induction periods were similar than those for phosphonium. And 
similar outgassing behavior also was observed, although for this lubricant, the intensity of CF3

+ ion during induction 
period was smaller. After the test stopped, in both cases, all the ion fragments decreased down to initial values.  
In the case of [Bu3MeP][(MeO)2PO2], a high friction coefficient was observed throughout the entire testing period. In 
this case, IL 3· having the worst thermal stability exhibited a longer induction period, concluding that the induction 
period depends not only on the temperature reached at the contact surface but also on the reactions that take place 
there. Besides, it was no detected outgassing derived from the anion.  

c)
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a) b)

c)
Figure 8: Evolution of different gas fragment intensity and friction force curve in voltage during the test for: a) 

[Bu3MeP][Tf2N], b) [Bu3MeN][Tf2N] and c) [Bu3MeP][(MeO)2PO2]. 

Surface analysis 
Figure 5 shows the images of worn surfaces lubricated with [Bu3MeP][Tf2N], [Bu3MeN][Tf2N] and 
[Bu3MeP][(MeO)2PO2], respectively. As it was described above, the discs lubricated with  IL 3 showed mild abrasive 
wear and high adhesion, while surfaces lubricated with [Bu3MeP][Tf2N] and [Bu3MeN][Tf2N] exhibited smoother wear 
track and chemical attack was appreciable. Therefore, for the interpretation of the chemical surface composition on 
the discs after the tribometrical experiments, XPS analyses were performed. Sulfide and inorganic fluoride was found 
inside and outside wear track for IL 1 and IL 2, indicating the reaction of anion with Ti occurred even under static 
conditions. However, the IL 3, [Bu3MeP][(MeO)2PO2], did not yield  a phosphorus-containing boundary film as occurred 
in reference []¡Error! No se encuentra el origen de la referencia.] for steel. 

Table 3: XPS analysis results of worn disc surfaces 

Sample 
Cation Bu3MeP+ Bu3MeN+ 

Anion (MeO)2PO2
- Tf2N- 

Chemical 
reaction; XPS 

analysis 

Cation P was not found P was not found P was not found 

Anion P aws not found Inorganic F, S(II) Inorganic F, S (II) 

4. CONCLUSIONS

In this work, the tribochemical reactions of [Bu3MeP][Tf2N], [Bu3MeN][Tf2N] and [Bu3MeP][(MeO)2PO2] on titanium 
surface under boundary lubrication conditions were investigated using the CATRI © UHV Tribometer. Tribochemical 
decomposition of IL 1 and IL 2 occurred on titanium surface when the surface oxide layer was removed during sliding. 
In both cases, the induction period observed at the beginning of the tribological tests finalized with the detection of a 
sharp pick of CF3

+. This pick comes from the bis(trifluoromethanesulfonyl)amide anion. This fragment reacts with the 
titanium surface to form titanium fluoride boundary film that catalyst the tribodesorption of the fragments from the 
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cation. The boundary film comprising both sulfide and inorganic fluoride, enhanced considerably the tribological 
properties of the titanium. In the case of IL 3, [Bu3MeP][(MeO)2PO2], the tribotests were characterized by a longer 
induction period, no desorption of ions derived from anion was detected during the test. XPS analysis showed that 
there was no phosphorous inside and outside the wear track, indicating that there was no reaction between the 
titanium and the IL 3. Hence, lubricant may be decomposed due to the temperature reached by friction at the contact. 
Thus, it can be concluded that bis(trifluoromethanesulfonyl)amide anion is more effective than dimethylphosphate in 
generating a surface protective film on the titanium surface under the selected test conditions.  
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ABSTRACT 
Ni-based alloys, such as Inconel superalloys, are characterized by high strength, 
excellent fabricability (including joining), and outstanding corrosion resistance. 
However, their use is limited by their high cost. Ni-based coatings are used on 
carbon steel components in order to increase their service life under extreme 
conditions. Laser cladding deposition has emerged as an excellent method for 
processing Ni-based coatings. In this work, the evolution of the local wear behaviour 
of Inconel 625 laser cladded coatings after high temperature isothermal oxidation 
treatments have been investigated. 
KEYWORDS: Inconel 625, high temperature isothermal oxidation, depth sensing 
indentation (DSI), local scratch tests, wear micromechanisms.  

1.- INTRODUCTION 
Inconel 625 is a Ni-base superalloy constituted by an austenitic Ni-Cr matrix, with 
other elements like Mo and Nb that generate an alloy with a high resistance to 
corrosion environments, oxidation and carburization [1]. This characteristics permit its 
practical use from cryogenic to about 950 ºC, in different industrials sectors like 
aerospace, chemical, petrochemical, marine, nuclear, and power generation among 
others [2-4]. 
The main disadvantage of this alloy compared with the most common stainless 
steels, is its price. Its application as superficial coating permits to reduce these costs 
increasing the component performance [5,6]. 
Thermal sprays techniques are the common methods used to obtain Inconel 625 
coatings. Among them, High-Velocity Oxy-Fuel (HVOF) and Plasma Spraying (PS) 
techniques are the most traditional and well known. The main problem correlated 
with the thermal spraying methods is the deterioration of the substrate properties 
subjected to high processing temperatures for large periods. In the last two decades, 
the development of new high power lasers, permits to explore new coatings 
techniques, like the laser cladding [4,6,7]. 
Laser cladding is a welding method where the coating, also known as “clad”, is 
formed by melting a filler material, in form of powder or wire, by means of a laser 
beam. The energy supplied is also used to melt a small amount of substrate. In this 
way, a strong metallurgical bond between clad and substrate is achieved. The 
coatings could be processed in two or one step. In the first case, the added material 
is pre-placed on the substrate before to be treated by the laser. In the second case, 
the filler is directly injected in the laser beam. 
Inconel 625 was demonstrated to be processed by one step laser cladding [4,7,8]. 
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In addition to a better adhesion, laser cladding provides coatings with higher 
properties than those obtained by thermal spray. Clads free of pores and cracks were 
realised. In addition, a reduced heat-affected zone (HAZ) is produced in the substrate 
[9,10].  
Due to its applications, such as turbines rotor parts in aircraft engines or for energy 
production, these coatings could be subjected to local damages derived from the 
impact with hard particles becoming from the extern or generated into the system, 
like oxide particles formed at high temperature. The behaviour of the material against 
the action of a hard asperity could be studied by means of local scratch tests, that 
permits to avoid the synergism effects of the multiple passes and the contribution of 
multiple asperities obtained in a conventional macroscopic wear test. 
The microstructure, the mechanical properties, and the local wear behaviour of laser 
cladded Inconel 625 coatings were presented in previous works [11,12] but, at the 
authors’ knowledge, no studies about the evolution at high temperature of the local 
wear micromechanisms were done at the moment. In this research, the effects of the 
exposition at isothermal high temperature oxidation conditions on the local wear 
behaviour of Inconel 625 clads were studied. The relationship between the 
microstructure and the mechanical properties and its evolution with temperature were 
investigated. 

2.- MATERIAL AND METHODS 
Inconel 625 alloy was deposited onto previously sandblasted 316L stainless steel 
(ASTM A276) coupons, with dimensions 50 mm x 30 mm x 5 mm (length x width x 
thickness). 
A Rofin-Dilas High-Power Diode Laser (HPDL), with a wavelength of 940 nm and a 
maximum output power of 1300 W was used. Inconel 625 powder was directly fed 
into a coaxial projection head mounted on the laser equipment. Argon was used as 
protective and powder carrier gas.  
The Inconel 625 powder was a commercial product designed for laser cladding, 
characterized by a spherical shape and with a nominal particles size distribution of 
+150 -75 μm. Its composition is reported in Table 1. 

Table 1. Inconel 625 powder’s composition. 

Product 
Chemical composition, wt. % 

Ni Cr Mo Nb Si Fe Other 

Inconel 625 65.20 21.20 8.80 3.58 0.40 < 0.10 < 2 

The process parameters used for laser cladding were [12]: laser beam power = 900 
W; scanning speed = 15 mm/s; powder feeding rate = 16.5 g/min; carrier gas flux = 4 
L/min; protection gas flux = 14-15 L/min; overlap between subsequent tracks = 40%. 
The obtained clads were isothermally oxidised at 800 ºC for different exposition 
times: 24, 48, 72, 168, and 336 hours. 
The microstructure of the as treated and the oxidised clads were studied by means of 
a Hitachi S-3400 scanning electron microscope (SEM) equipped with an energy 
dispersive X-ray microanalyser (EDX). Secondary (SE) and backscattered (BSE) 
electron images were taken. To this scope, samples cross sections were cut, 
mounted, grinded with SiC papers, and finally polished in diamond slurry of up to 1 
μm nominal size. The samples were then cleaned in deionised water, then with 
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propanol, and finally dried with compressed air. To enhance the microstructure 
visibility, the samples were electrochemically etched. 

The clads’ elastic modulus (E) and hardness (H) were measured by depth sensing 
indentation (DSI) tests performed on the polished (Ra ≈ 0.3-0.4 μm) plain-view 
surfaces of the coatings. A Nanoindenter Agilent G200, equipped with a Keysight XP 
indentation head with a resolution of 50 nN in force and < 0.01 nm in displacement, 
was used. A Berkovich indenter with an ideal tip radius of 50 nm was mounted to 
execute the indentations. The tests were executed following the instructions of the 
ISO 14577 standard. A continue stiffness measurement (CSM) technique was 
employed. The contact stiffness was continuously measured and registered during 
the loading phase by the imposition of a small dynamic oscillation of 2 nm and 45 Hz 
on the displacement signal. The amplitude and phase of the correspondence force is 
measured [13,14]. Continuous loading/unloading cycles were so imposed during the 
loading phase and applying the Oliver-Pharr methodology [15] at each unloading 
cycle, it is possible to obtain an evolution of the elastic modulus and hardness values 
along the penetration depth. 5 matrix of 5x4, for a total of 100 indentations, were 
programmed in each samples in 5 different zones of the polished surfaces to obtain a 
better average of the studied properties. A previous calibration procedure was carried 
out on a commercial bulk Inconel 600 sample, with a known E = 214 GPa, according 
to the CSM methodology [14]. The real contact area (Ac) of the indenter was obtained 
as a function of the contact depth (hc) as proposed by Oliver and Pharr [13]. 
The DSI conditions were selected after previous force control tests. Finally, a 
maximum penetration depth of 1500 nm was fixed to affect a volume large enough to 
obtain average values of E and H of the studied clads. The indentations were 
separated of 200 μm to avoid interactions between them.  
The hardness data were then treated to consider the indentation size effect (ISE) [16-
18], and so obtain values of asymptotic hardness (H0), using the Proportional 
Specimen Resistant (PSR) model proposed by Li and Bradt [19]. 
In addition, Vickers microhardness tests, with an applied load of 300 gf and an 
application time of 12 s, were performed with a Buehler 2101 microindenter 

The wear behaviour of the clads was analysed in terms of local wear rate and was 
measured by means of local scratch tests [20], performed on the polished plain-view 
surfaces of the coatings, using a calibrated Berkovich tip indenter with the largest 
edge as leading border, as schematise in Figure 1(a). 

Figure 1. Scratch test scheme. (a) Longitudinal view; and (b) residual groove cross section. 
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A first step of evaluation of the scratch parameters was done performing local scratch 
tests onto the Inconel 625 as treated clad and varying the scratch normal load (FN) 
and the scratch velocity (vS) between the following listed values: 

 FN = 10 mN, 50 mN, 100 mN, 250 mN;
 vS = 5 μm/s, 10 μm/s, 30 μm/s.

All the possible combinations were tested. The local wear rates calculated result did 
not vary significantly as a function of the FN and the vS in the studied ranges. No 
changes in the wear mechanisms were observed and finally, the combination FN = 
100 mN, vS = 10 μm/s was selected. 3 tests were done on each one of the 5 zones of 
the coatings surfaces where the DSI tests were previously performed. A total of 15 
scratches were so executed for each sample. The scratch length (L) was set to 300 
μm and the tests of each zone were separated between them of 200 μm. A measure 
of the residual groove cross profile was done for each test at L/2 with the same 
Berkovich tip applying a load of 50 μN. 
The local wear rate was evaluated as a function of the volume of material displaced 
(Vd) during the scratch test per unit of normal force and scratch length, according to 
equation (1), and was expressed in mm3N-1m-1 [21,22]: 

LF

V
k

N

d


 (1) 

where k represents the dimensional wear rate. 
The volume displaced during the scratch test was calculated as a function of the 
longitudinal residual scratch profile (Figure 1(a)) and the groove cross profile (Figure 
1(b)) as shown in equation (2): 

   
L

0

L

0
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If the tip rounding became negligible, b  0 and equation (2) could be writing as: 

  dxtan)x(zV
L

0

2

d    (3) 

where z is the depth of the longitudinal residual profile that is a function of the scratch 
distance, x, defined between 0 and L. α represents the semi-angle between the sides 
of the scratch groove, measured in the residual cross profile. 

The scratch grooves were analysed with SEM to evaluate the wear mechanisms. 
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3.- RESULTS AND DISCUSSION 
3.1.- Microstructure 
Coatings with an average thickness of 1.65±0.16 mm were obtained, free of 
interconnected pores and cracks, and with just some punctual inter-run pore at the 
clad/substrate interface that did not affect the strong metallurgical bond achieved 
(Figure 2(a)). A homogeneous dendritic γ-Ni microstructure was observed with 
secondary phases segregated in the interdendritic zones (Figure 2(b)) enriched in Mo 
and Nb with respect to the dendrites body (Figure 2(c), and (d)) [11,12]. 

Figure 2. (a) SE image of the Inconel 625 clads cross section, and (b) BSE image of the dendritic 
microstructure showing interdendritic secondary phases. (c) EDX spectrum of the dendrites, mark 1 in 
Figure 2(b); and (d) EDX spectrum of the second phases, mark 2 in Figure 2(b). 

After exposition at 800 ºC, the presence of irregular blocky shape Laves and needle 
like δ (Ni3Nb) phases were observed at the interdendritic zones for every exposition 
time tested [23,24]. These secondary phases grew from the minimum tested time of 
24 hours (Figure 3(a)) until the maximum one of 336 hours (Figure 3(b)), where they 
extend their presence also into the dendritic zones. 
High contents of Mo and Nb, and presence of Si were observed in these phases. 
While the EDX spectrum obtained for the Laves phase (Figure 3(c)) results similar to 
that obtained for the secondary phases observed in the as treated clads, and 
reported in Figure 2(d), the δ phase shows a higher content of Nb (Figure 3(d)). 
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Figure 3. BSE images of the Laves and δ precipitates in the Inconel 625 clads’ dendritic microstructure 
after exposition at 800 ºC for (a) 24 hours, and (b) 336 hours. (c) EDX spectrum of the Laves phase; 
and (d) EDX spectrum of the δ phase. 

3.2.- Mechanical properties 
Table 2 shows the values of E and H0 obtained from the DSI tests. Comparing the 
values of the asymptotic hardness with those of the Vickers hardness tests (HV0.3, 
also reported in Table 2), it is clear that the PSR model correctly analyse the ISE of 
the hardness measurements obtained from the DSI tests. 
Both the E and the H0 show an increase of their values with the exposition at high 
temperature (Figure 4). While an increase of the 17% of the E was achieved, the H0 
shows a rise of the 48% after 336 hours of exposition. These results agree with the 
microstructural changes presented by the coatings during the oxidation at 800 ºC that 
promote the growth of secondary phases with higher values of E and H0 with respect 
to the Inconel 625 alloy γ-Ni structure [25,26]. 

Table 2. Mechanical properties of the Inconel 625 clads as treated and subjected to isothermal 
oxidation process at 800 ºC for different exposition time. 

Time E H0 
HV0.3

(12s, 40x) 
E/H0 

(hours) (GPa) (GPa) (GPa) (/) 

0 204 ± 3 2.1 ± 0.1 2.4 ± 0.1 98.2 ± 2.6 
24 218 ± 3 2.7 ± 0.1 2.8 ± 0.1 80.6 ± 1.6 
48 223 ± 2 2.9 ± 0.1 3.0 ± 0.1 76.5 ± 1.7 
72 238 ± 2 2.9 ± 0.1 3.1 ± 0.1 81.6 ± 1.7 
168 236 ± 2 3.0 ± 0.1 3.0 ± 0.1 79.3 ± 2.0 
336 238 ± 2 3.1 ± 0.1 3.3 ± 0.1 76.8 ± 1.6 
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Figure 4. Elastic modulus and asymptotic hardness evolution with the oxidation time. 

3.3.- Local wear behaviour 
The values of k calculated by means of equation (1) are reported in Table 3. It is 
possible to observe a decrease of k corresponding to an improvement of the wear 
resistance of the clad, increasing the time of exposure at high temperature.  

Table 3. Local wear behaviour of the Inconel 625 clads as treated and exposed at 800 ºC. 
Time k (x10-3) fab ϕ (x10-2) kCUT (x10-3) kPD (x10-3)

(hours) (mm3N-1m-1) (/) (/) (mm3N-1m-1) (mm3N-1m-1) 

0 13.35 ± 2.76 0.09 ± 0.05 2.8 ± 0.6 1.24 ± 0.63 12.11 ± 2.33 
24 12.64 ± 2.35 0.20 ± 0.06 3.4 ± 0.6 2.55 ± 0.77 10.09 ± 1.32 
48 12.14 ± 2.17 0.30 ± 0.07 3.5 ± 0.6 3.67 ± 0.84 8.47 ± 1.75 
72 11.06 ± 2.91 0.23 ± 0.13 3.2 ± 0.9 2.54 ± 1.06 8.52 ± 1.57 
168 12.60 ± 1.68 0.24 ± 0.07 3.8 ± 0.5 3.01 ± 0.84 9.59 ± 0.75 
336 7.79 ± 1.74 0.19 ± 0.17 2.4 ± 0.6 1.49 ± 0.93 6.30 ± 1.47 

The residual scratch groove left in the as treated Inconel 625 clad shows a regular 
shape, piling-up material on the sides of the path, and the presence of deformation 
bands inside and outside the scratch tracks (Figure 5(a)). These morphological 
characteristics suggest that the micromechanism that governs the wear behaviour in 
this case is mainly plastic deformation. On the other hand, the residual grooves left in 
the oxidised samples, shows an irregular shape, piling-up material on the sides but 
without presence of deformation bands (Figure 5(b)). These characteristics suggest 
that other micromechanisms become important. 
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Figure 5. SE images of the scratch path in the Inconel 625 clads (a) as treated, and (b) after 
isothermal oxidation at 800 ºC for 336 hours. 

These observations were confirmed comparing also variations of the E/H0 ratios, 
reported in Table 2, with those of the k. The E/H0 represents in fact measurements of 
the plastic flows, in accordance with the Greenwood and Williamson theory [27]. 
As the differences in the E/H0 ratios differ from those of the k at the different 
exposition time, and thanks to the microstructural considerations previously done on 
the residual groove, it was deduced that the plastic deformation was not the only 
micromechanisms responsible of the wear behaviour of the clads after isothermal 
high temperature oxidation (Figure 6). 

Figure 6. Dimensional wear rate (k) and E/H0 ratio evolutions as a function of the oxidation time. 

Four type of wear micromechanisms have been defined: microcutting, 
microploughing, microfatigue, and microcracking [21,28]. As the scratch tests 
performed in this work were characterized by a single pass and no cracks were 
detached in the residual groove, no effects of microfatigue and microcracking were 
generated. To evaluate the percentage of microcutting, Zum Gahr [28] suggested 
measuring the volume of removed material that was transformed in wear particles, by 
means of a parameter fab, function of the geometrical characteristics of the residual 
groove cross section (Figure 1(b)). It was defined as fab = 1-(A1+A2)/A and results 
equal to 1 when only microcutting were generated (no pile-up on the groove sides). 
Working out the Rabinowicz theory [21], it is possible to define a dimensional wear 
rate of microcutting as kCUT = ϕ·fab/H0, where ϕ represent a geometrical factor that 
depends on the depth of the longitudinal residual profile z(x) and the semi-angle 
between the sides of the scratch groove, α. A dimensional wear rate of 
microploughing could be so calculated as kPD = k-kCUT. 
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The values of fab, ϕ, kCUT, and kPD for the different samples, were reported in Table 3. 
When the harder Laves and δ precipitates grew in the Inconel 625 clads, during 
exposition at high temperature, the plastic deformation of the alloy is restricted, as 
the decrease of the E/H0 ratio indicates [27]. A reduction of the microploughing 
mechanism was experimented (Figure 7(a)). An improvement of the wear resistance 
of the coating was measured. By the way, the presence of an additional microcutting 
mechanism, that became important especially for the lower time of exposition at high 
temperature (Figure 7(b)), results in higher values of the k and a lower improvement 
of the wear behavior with respect to those obtained if only microploughing was 
presented. 

Figure 7. (a) Dimensional wear rate of microploughing (kPD) and E/H0 ratio evolutions, and (b) 
dimensional wear rate (k) and dimensional wear rate of microcutting (kCUT) evolutions, as a function of 
the oxidation time. 

4.- CONCLUSIONS 
The local wear behaviour of Inconel 625 coatings obtained by laser cladding and 
exposed to isothermal high temperature oxidation at 800 ºC were studied by means 
of depth sensing indentation and local scratch tests. The micromechanisms 
responsible of the wear behaviour were identified and correlated with the 
microstructural changes that occur into the clad. The following conclusions can be 
drawn: 
 After exposition at 800 ºC, the interdendritic zones of the clad were characterized

by the presence of Laves and δ phases.

 Depth sensing indentation tests permit to identify the growth of the elastic
modulus and the hardness of the coatings with the time of exposure at high
temperature corresponding to the generation of Laves and δ hardening phases.

 The wear behaviour of the as treated Inconel 625 clads is dominated by plastic
deformation (microploughing).

 The growth of the Laves and δ phases reduce the ductility of the alloy and
increase the wear resistance of the Inconel 625 clads. At the same time, the
fragile behaviour of these particles, introduces an additional mechanism of wear
by microcutting.
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ABSTRACT 
In the present work, new epoxy resin (ER) – ionic liquid (IL) dispersions have been 
obtained and their abrasion resistance has been determined by multiple scratch 
tests. The IL was added in a range of concentrations between 7 and 12 wt. %.After 
the scratch tests, the viscoelastic recovery and healing ability of the damaged 
surface has been monitorized using optical and electronic microscopy and 
profilometry. The results are discussed on the basis of the curing procedure and are 
related to mechanical, thermal and dynamic-mechanical properties, and to surface 
porosity of the new dispersions. 
KEY WORDS: epoxy resin; ionic liquid; abrasion; self-healing. 

1.- INTRODUCTION 
There is an increasing interest in polymer nanocomposites with enhanced tribological 
performance due to their growing number of applications, from coatings to sliding 
parts. [1-3]. Epoxy resins combine toughness, high electrical resistance and thermal 
stability with ease of fabrication. Their applications range from electric and electronic 
systems, automotive parts, and aircraft components to biocompatible implants, 
protective coatings and adhesives [4]. 
It is well know that the tribological performance of epoxy resins is extremely poor due 
to their high brittleness, which induces severe wear by crack propagation and 
fracture [5]. 
Numerous precedents of self-repairing or healing epoxy resin systems [6-15] have 
been described. In most cases, the mechanism is that previously described [16], by 
releasing of curing agents which repair fracture cracks. 
Room temperature ionic liquids (ILs) have been used to obtain new nanocomposites 
with improved tribological performance [16-21]. Recently, ILs have also been used to 
modify epoxy resin [22-32]. 
In previous studies [16, 18-20], we have shown the prevention of sliding wear and the 
first self-healing of abrasion damage on epoxy resin induced by the presence of an 
IL.  
The main purpose of the present study is to determine the influence of the nature of 
the IL, the concentration of IL added to the epoxy resin and the curing process on the 
self-healing ability of the new nanocomposites.  

263263263



Cartagena/Spain, 18-19 June 2015 

2.- EXPERIMENTAL SECTION 
The preparation of epoxy composites and the experimental procedures have been 
previously described [19, 20]. In the case of ER+9%IL, two different methods have 
been used, the previously described one, and an alternative method where the curing 
process takes place under vacuum, in order to minimize porosity. 

3.- RESULTS AND DISCUSSION 
Effect of IL concentration 
Table 1 shows the evolution of the abrasion grooves on each of the materials 
obtained following the previously described method, without vacuum. In all cases, the 
initial abrasion resistance of the ER+IL materials is lower (in agreement with 
hardness reduction as seen in table 2). After 22 hours, while the scar on neat ER 
remains unchanged, the ER+IL show a remarkable healing effect which seems to 
increase with IL content, as it is maximum for ER+9IL. 

Table 1. Evolution of abrasion scars on epoxi resin and composites (cured wothiout 
vacuum) as a function of IL content. 

Material 0 hours 22 hours 
ER 

ER+7%IL 

ER+8%IL 

ER+9%IL 

As expected, the addition of the IL fluid phase reduces the hardness of the neat 
epoxy resin. An increase in the IL concentration further reduces hardness to reach 
the lowest values for the highest IL concentration, of a 9wt.% (table 2). 

Table 2. Hardness values for materials cured without vacuum 
Material ER ER+7%IL ER+8%IL ER+9%IL 

Hardness 
(Shore D) 

82.84 
(0.230) 

76.54 
(0.654) 

77.23 
(0.463) 

71.84 
(0.780) 

With the aim of studying the limit in the IL percentage that can be added to ER, the 
new ER+12%IL material was obtained. 
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Figure 1 shows the evolution of the abrasion groove on ER+12%IL (with a Shore D 
hardness of 75.8) with time. 

     a)           b)                 c)                      d) 

Figure 1. Evolution of the abrasion groove on ER+12%IL with time: a) 0 hours; 
b) 5 hours; c) 8 hours; d) 22 hours.

The presence of a 12 wt.% IL increases the self-healing effect, but the composite 
blend is not stable, as some IL exhudation was observed at room temperature.  

Effect of curing conditions. 
Figure 2 shows that when ER+9%IL is cured under vacuum conditions, removing the 
gas and minimizing porosity, no self-healing effect is observed after 22 hours. The 
porosity percentage has been measured using optical profilometry. 

a)  b) 

Figure 2. Abrasion groove on ER+9%IL cured under vacuum conditions: a) 0 hours; 
b) 22 hours.

ER+9%IL cured under vacuum shows a 10% increase in hardness with respect to the 
material cured without vacuum (table 3). 
Table 3 also shows the comparative results of porosity measurements on cross 
sections of both materials. 

Table 3. Porosity results 
ER+ 9%IL Number of pores /mm2

(standard deviation) 
Shore D 71.8 7.83 (0.99) 
Shore D 80.3 0.52 (0.05) 

Figure 3 shows the surface topography profiles on two sections of both ER+9IL 
materials, cured without and with vacuum respectively. 
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a) b) 

c) d) 

Figure 3. Surface topography images of cross sections of ER+9%IL: a) and b) Cured 
in vacuum; c) and d) Cured without vacuum. 

4.- CONCLUSIONS 
The results described here show that not only a threshold IL concentration is needed 
for the self-healing effect, but also a porosity network is necessary for the IL to reach 
the damaged surface.  
New studies are being carried out at the present moment with different IL 
compositions and curing processes, to optimize the abrasion damage reduction on 
the new epoxy resin nanocomposites. 
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ABSTRACT 
Surface texturing technology has started to gain attention in the tribology community 
as a method for improving friction and lubrication ability of various mechanical 
components. Micro-sized depressions (e.g., grooves or dimples) on frictional 
surfaces act as fluid reservoirs and promote the retention of a lubricating thin film 
between mating components. Several fabrication techniques can be used to produce 
micro-dimple patterns on surfaces, but most of them show limitations when employed 
in practical efforts. The use of modulation-assisted machining (MAM) processes 
provides a cost-effective approach for creating surface textures over large areas that 
offers high control over the characteristic geometry of the textured surface. 
In this work, the effects of surface texturing and the influence of the dimensions of 
micro-sized depressions produced by MAM on wear performance are studied. Alloy 
360 brass is mated with AISI 440C steel and studied using a ball-on-flat reciprocating 
configuration. Lubricated wear tests are carried out under conditions of variable 
frequency and normal load. The textured surfaces exhibited reduced wear under the 
highest frequency studied. The tribological performance of the surfaces is observed 
to depend on the size of the micro-dimples. 

KEY WORDS: wear, textured surfaces, brass. 

1.- INTRODUCTION 
Every year, much of the energy that the world consumes is wasted through friction 
and wear in mechanical and electromechanical systems. Approximately 11 % of the 
total energy annually consumed in the U.S. in the four major areas of transportation, 
turbomachinery, power generation and industrial processes is lost due to friction [1]. 
Friction is considered to be responsible for major losses of useful mechanical energy 
and wear is a main reason for replacing equipment. A better understanding and 
utilization of the principles of tribology is particularly important for conservation of 
energy and materials in engineering design [2].  
Surface texturing technology has started to gain attention in the tribology community 
as a method for improving friction and lubrication ability of various mechanical 
components [3]. Micro-sized depressions (e.g., grooves or dimples) on frictional 
surfaces act as fluid reservoirs and promote the retention of a lubricating thin film 
between mating components. The dimples or grooves also function as receptacles 
for debris and wear particles, eliminating potential scratching of the substrate surface 
during relative motion of the interface parts. In addition, the depressions boost the 
hydrodynamic pressure that causes separation of the surface Several fabrication 
techniques can be used to produce micro-dimple patterns on surfaces, but most of 
them show limitations when employed in practical efforts [4, 5]. The use of 
modulation-assisted machining (MAM) processes provides a cost-effective approach 
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for creating surface textures over large areas that offers high control over the 
characteristic geometry of the textured surface. In this method, surface textures are 
controlled by the machining and modulation parameters. In conventional machining, 
the chip formation process occurs in a continuous manner and the tool is always in 
contact with the work. It is shown herein that machining with a controlled low-
frequency modulation (<1000 Hz) effects discrete chip formation and disrupts the 
severity of the tool-chip contact in a controlled manner with attendant benefits [6, 7]. 
Furthermore, because of the additional degrees of freedom offered by the 
modulation, MAM can be used for surface texturing and for production of powder 
particulate. 

In rotary turning, two basic configurations for realizing surface textures by MAM are 
possible. The first configuration is known as 'sliding type'. In this configuration, the 
superimposed modulation is applied in the direction of tool feed in turning (Figure 
1a). In the second configuration, known as 'plunging type', the superimposed 
modulation is applied perpendicular to the tool feed (Figure 1b). It is important to note 
that, these two different texturing configurations can be applied on both inner and 
outer cylindrical faces, as well as on the flat surfaces of work cylinders depending on 
the specific configuration used. 

In this work, the plunging-type texturing configuration (Figure 1c) was used to create 
textured surfaces. In this configuration, the tool is engaged in the axial direction with 
a constant depth of cut (dc) and is fed in the radial direction at a feed rate (ho). The 
modulation is applied in the axial (depth of cut) direction, which causes a periodical 
change in the depth of cut (dc). Depending on the cutting and modulation conditions 
the surface finish could be altered, generating dimples of different geometry. In this 
paper, the effects of surface texturing and the influence of the density of micro-sized 
depressions produced by MAM on wear performance are studied under lubricated 
ball-on-flat reciprocating configuration. 

Figure 1. Configurations to produce textured surfaces on outer diameter of cylinders by 
(a) sliding-type texturing and (b) plunging-type texturing. (c) Configuration to produce 

textured surface on cylinder flat faces by plunging type texturing. 

a) b) 

c)
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2.- EXPERIMENTAL DETAILS 
360 brass disks with textured surfaces created by MAM were tested in a ball-on-flat 
reciprocating (Figure 2) tribometer against AISI 440C stainless steel balls (3 mm 
spherical radius, 690 hardness HV). The sliding time (20 min) and amplitude (10.5 
mm) were kept constant for all tests. Variable frequency tests were carried out under 
constant normal load of 23N (corresponding to mean hertzian contact pressure= 0.91 
GPa and maximum hertzian contact pressure= 1.37 GPa). Variable load test were 
carried out under a constant frequency= 1.5 Hz. 2 ml of a synthetic poly alpha-olefin 
oil (Synton PAO 40) were applied on the brass surfaces prior to each test and no 
additional lubricant was added during the test. 

Figure 2. Ball-on-flat test configuration. 

Textured surfaces were created by MAM using plunging-type texturing configuration 
with constant surface speed. Table 1 shows the machining and modulation 
conditions of the samples. In order to establish the effect of dimple density, three 
textured samples with different dimple densities, low, medium and high (LDD, MDD, 
HDD, respectively), were created by changing the modulation conditions (Table 1) of 
the manufacturing process. Figure 3 shows the optical images of the control sample 
and the three textured surfaces. 

Table 1. Machining and modulation conditions for samples; where ho=feed rate; rt= 
tool tip radius; A= modulation amplitude; fm=modulation frequency. 

Sample 

Modulation 
Conditions 

Machining conditions 

Fm 
(Hz) 

A 
(mm) 

h0 
(mm/rev) 

Speed 
rt 

(mm) 

CS 
Control 
Sample 

0.01 
1000RPM 

Spindle speed 
2.5 

LDD 100 0.03 1.5 
0.91 m/min 

Surface speed 
2.5 

MDD 100 0.03 1 
0.91 m/min 

Surface speed 
2.5 

HDD 100 0.03 0.5 
0.91 m/min 

Surface speed 
2.5 

Reciprocating 
Slider Disk Holder 

Load 
Ball 
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Figure 3. Optical images of the samples: (a) CS; (b) LDD; (c) MDD and (d) HDD. 

Wear was obtained after three tests under the same condition. Volume loss was 
determined by image analysis after 45 wear track width (W) measurements (Figure 
4) for each test, according to Eq. 1 [8]:
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322
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As can be seen in Figure 4, W is the wear width, Ls is stroke length and Rf is the 
radius of 440C steel ball. 

Figure 4. Schematic of a wear scar on a flat specimen against a spherical pin of radius Rf. 

Optical micrographs were obtained using a Zeiss optical stereoscope. 

W 

Ls 

Rf 

2 mm 2 mm

2 mm 2 mm

a) b) 

c) d) 
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3.- RESULTS AND DISCUSSION 
3.1.- Effect of sliding frequency 
For this section, the experimental analysis was carried out at constant load and time. 
Figure 5 compares wear volumes of the four samples obtained under increasing 
frequency. Under the lower frequency studied (1.5 Hz), no major differences were 
observed between textured and un-textured surfaces. As frequency increases, the 
dimples have an effect on surface wear performance, consistent with previous 
observations of their importance as fluid reservoirs and their ability to promote 
retention of a lubricating thin film at sliding interfaces [9, 10]. A maximum wear 
reduction of 50% compared with the control sample was obtained for the textured 
surface with medium dimple density (MDD). 

Figure 5. Average wear volume- Effect of frequency (sliding time= 20 min and normal load = 23N). 

Figure 6 shows wear tracks for MDD and CS samples after the wear tests under the 
same set of experimental conditions. From the figure, while wear widths for both 
samples are pretty similar under 1.5 Hz, when the frequency is increased, a much 
wider wear track is obtained for the un-textured surface. 

Figure 6. Wear track, showing  the average value of wear width for each condition, on (a) MDD-23 N, 
1.5 Hz;  (b) CS- 23 N, 1.5 Hz; (c) MDD-23N, 3 Hz; (d) CS-23N, 3Hz. 

1.5 Hz 

3 Hz 

 LDD  MDD HDD  CS 

a) b)

c) d)
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3.2.- Effect of normal load 
In order to study the effect of the normal load on the wear performance of the 
textured surfaces, sliding time and frequency of the experiment were kept constant. 
As can be seen in Figure 7, increasing the normal load increases the wear volume of 
the four surfaces. Under the lower normal load, wear volumes are very similar for all 
materials. Under the higher load studied, medium dimple density sample (MDD) is 
again the most wear resistant material, showing a wear volume reduction of 41 % 
with respect to the control sample. These results are in agreement with [11, 12]. 
Increasing the dimple density on the sample improves the wear performance until an 
optimum value is reached.  Beyond this point, an increase of the dimple density 
increases the wear volume of the samples. This optimum value of the dimple density 
will depend on the geometry of the dimples and the experimental conditions studied. 

Figure 7. Average wear volume- Effect of normal load (sliding time= 20 min and frequency= 1.5 Hz). 

3.2.- Wear mechanisms 
In all cases, a strong component of abrasive wear was observed, as pointed out by 
the abrasion marks clearly parallel to the sliding directions in Figures 6 and 8. When 
the severity of the contact condition increases (higher load and higher frequency) a 
component of plastic deformation is also observed, particularly for CS, where lateral 
plastic flow creates accumulation of material at the edges of the wear track (Figures 
6 (d) and 8 (b). 

Figure 8. Wear track after a test under 34 N and 1.5 Hz, showing the average value of wear width for 
each condition, on (a) MDD;  (b) CS. 

LDD MDD HDD CS 

23 N 
34 N 
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AISI 440C steel balls presented no apparent wear loss, under the experimental 
conditions studied, but showed an adhered layer of brass wear particles (Figure 9). 

Figure 9. Optical micrograph of steel ball after a test against MDD (34N, 1.5 Hz). Arrow show adhered 
material. 

4.- CONCLUSION 
In this paper, the effects of surface texturing and the influence of the density of micro-
sized depressions produced by MAM on wear performance are studied under 
lubricated ball-on-flat reciprocating configuration. 

Under the experimental conditions studied, textured surfaces showed a better wear 
performance than un-textured surfaces, particularly under increasingly severe 
contact conditions such as high frequency and load. 

The sample with medium dimple density (MDD) was the most wear resistant material, 
showing a wear volume reduction of more than 41% with respect to control sample 
under high load and high frequency. Increasing the dimple density on the sample 
improves the wear performance until an optimum value.  After this value, an increase 
of the dimple density increases the wear volume of the samples. This optimum value 
of the dimple density will depend on the geometry of the dimples and the 
experimental conditions studied. 
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ABSTRACT 
Wear and high temperature wear involve mechanical and chemical mechanisms and 
the combination of these often result in significant wear and damage on metallic 
components. Thermal barrier coatings with MCrAlY alloy can improve the tribological 
and friction wear behaviour. One of the techniques for applying Thermal barrier 
coatings is thermal sprayed and specially the High velocity Oxi-Fuel (HVOF) is one of  
the most employed techniques for materials as Nickel or Cobalt base alloys. In this 
investigation tribological behaviour, on a dry friction and wear behaviour at room 
temperature and high temperature of new developed NiCoCrAlY and CoNiCrAlY, has 
been perform in order to know the impact of the technique applied on the coating. 
Tribological wear tests were performed by sliding wear at 20, 350 and 500 ºC, with 
an Al2O3 ball as pin on disk configuration tribometer. Wear test for NiCoCrAlY 
specimens has shown smaller weight losses and lower friction coefficient under high 
temperature, meanwhile CoNiCrAlY coating shows a unexpected ware rate at room 
temperature. The main damage mode for CoNiCrAlY coating at room temperature is 
abrasion, caused by particles detachment from coatings. The coatings and stainless 
steel substrate results were compared. 

Keywords: MCrAlY; Friction; Ball-on-disk; Wear 

1 INTRODUCTION 
MCrAlY alloys are used as bonds coats for thermal barrier coatings (TBCs) [1]. 
MCrAlY alloys (where M is Ni or Co or combinations) are also ones of most important 
protective coatings applied on surfaces to be protected against high temperature 
oxidation in hot parts, like blades and wear proof on duct segments due to the 
particulate nature of the exhaust system, these elements are also exposed to erosion 
in Gas turbines [2].  
The High Velocity Oxy-Fuel (HVOF) spray systems of the third generation can be 
successfully used to spray oxidation sensitive metal alloys [3], like MCrAlY. The high 
kinetic energy of the particles leads to dense coatings due to the deformation of the 
particles in plastic state. This characteristic of the HVOF process is high importance 
for spraying mechanically alloyed materials for maintaining the desired coating 
microstructure. 
In this work, NiCoCrAlY and CoNiCrAlY powders were sprayed by HVOF in order to 
compare the wear performance with the uncoated material austenitic stainless steel 
at room and high temperature by sliding a ball-on-disk tests. 
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2 MATERIALS AND EXPERIMENTAL PROCEDURE 
A commercially  Nickel base NiCoCrAlY(Ni 23Co 17Cr 12Al 0.5Y %wt.) from Sulzer 
Metco Amdry 365-2 (55±17 µm),  and Cobalt base CoNiCrAlY (Co 32Ni 21Cr 8Al 
0.5Y wt%) From Sulzer Metco Amdry 995C (64±20 µm),  powder was used to spray 
them on austenitic stainless steel AISI 304 on coupons (200x30x3 mm), by a High 
Velocity Oxygen Fuel (HVOF) spraying system Model DJ-2600/2700 (Sulzer Metco 
Inc., Westbury, NY, USA), in the facilities of CPT-Thermal Spray Center, Department 
of Materials Science and Metallurgical Engineering, from University of Barcelona. 
The HVOF process parameters used for this investigation are showed in table 1 [4]. 

A dry sliding wear Pin-on-disc test were performed [5] with a Microtest 
MT2/60/SEM/T tribometer to evaluate the abrasive wear behaviour of the Nickel base 
and Cobalt base coatings and the austenitic stainless steel substrate, according to 
the ASTM G99-03 standard, prior the testing, the coatings were ground to an 500 grit 
finish. As the counterpart, an Al2O3 ball with 5 mm diameter was used. The normal 
force on the ball is 10 N and the total sliding distance of 500 m. The sliding speed 
was 0.1 m/s [6] at 20, 350 and 500 oC  temperatures. The data obtained were used to 
determine the weight of the wear track. The value of the weight loss given is the 
average of two measurement of each temperature. The worn surfaces were 
examined and analysed [7] by optical microscopy (OM), scanning electron 
microscope (SEM) and microstructural characterization of the coating by Energy-
dispersive X-ray Spectroscopy (EDS) and XRD diffraction. The porosity quantity was 
evaluated by image analysis.  
Afterwards a wear rate and friction coefficient was determined. A confocal Olympus 
DX500 was used to trace the surface profile and the depth of the track. 

Table 1, thermal spraying parameters applied on HVOF coatings 

HVOF 
coating 

Oxygen Propylene Air Powder 
feed 
rate 

(g/min) 

Stand 
off 

distance 
(mm) 

Presure 
(bar) 

Flow 
rate 

(SLPM) 

Presure 
(bar) 

Flow 
rate 

(SLPM) 

Presure 
(bar) 

Flow 
rate 

(SLPM) 

NiCoCrAlY 
10.3 139 6.9 89 7.2 384 38 250 

CoNiCrAlY 

3 RESULTS AND DISCUSSION 

3.1 FRICTION COEFICIENT 
In Fig. 1 the variation of friction coefficient versus temperature applied is shown. By 
increasing the applied temperatures, specific friction coefficient increase and 
approach to lineal values for CoNiCrAlY and Substrate SS. The quantity of the oxides 
present at high temperature [7] these oxides film acted as intermediate layer on the 
surface, which increase the friction coefficient. The ease of formation of the surface 
oxide layer works as asperity between the coating and the ball.  
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Figure 1, Friction coefficient evolution with temperature test 

Remarkable drop of the friction coefficients, on NiCoCrAlY coating at high 
temperature is appreciable on Fig. 1.  A smoothed and glaze surface on the track at 
high temperature can lead this drop [8], in front of the roughness surfaces on 
CoNiCrAlY and Substrate SS. This smoothed surface, mainly from the Ni oxides 
reducing the friction between the coating and the ball, which consequently decrease 
the coefficient of friction  

3.2 WEAR  
The variation of specific wear rate versus temperature applied is shown in Fig. 2. By 
increasing the temperature, specific wear rate decrease and approach to steady 
values. On the other hand, wear mechanism changes from high temperatures 
between 350ºC and 500ºC to the room temperature [8]. 
At room temperature the CoNiCrAlY shows the highest wear rate, the volume 
removed and debris was important and the wear track had a metallic aspect as the 
bulk material. Fig. 3 shows the wear surface after at room temperature test. A optical 
microscope analysis was done on the cross section of the coatings to determine the 
porosity level per unit area. 23.3 % for NiCoCrAlY coating and 14.5 % for CoNiCrAlY.  
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Figure 2. Evolution of the wear rate versus temperature 

Fig. 3, Optical microscope CoNiCrAlY wear surfaces after room temperature test X100 

Fig.4 backscattered images from room temperature and high temperature, show the 
lack of oxide layers at room temperature, and the oxides protecting the surface at 
high temperature protecting the track from wear. Wear debris size of CoNiCrAlY after 
room temperature test indicates the particles detachment in contrast with debris 
particles obtained and analysed from the substrate. 
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 Room Temperature        High Temperature 

Fig. 4, SEM microscope (20KV BSE mode) surface morphology of the wear track; (a-b) CoNiCrAlY; (c-
d) NiCoCrAlY; (e-f) Substrate SS; (a-c-e) after room temperature test; (b-d-f) after high temperature 
test. 

At high temperature (500ºC), a hard surface is formed,  scanning electron 
microscopy (SEM)  images of the tracks tested shows the presence of oxides on 
track surfaces in front of the minimum quantity presence at room temperature. The 
formed oxide layer ‘glaze’ [9] is reducing the specific wear rates. All high-temperature 
alloys are thermodynamically unstable in air and react with oxygen to form metal 
oxides. Under non-sliding conditions, they rely on the development of a slow-growing 
oxide scale to provide protection against further oxidation. During the sliding between 
the parts at high temperature, wear debris may consist of a mixture of oxide particles 
and partially-oxidized metallic particles.Fig. 5 shows the cross sectional view of the 
CoNiCrAlY coating after wear test at room temperature. A plastic deformation is 
observed in Fig. 5 (b) due to the deformed boundaries and splats detachments in 
comparison with original coating (non deformed).  
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Fig. 5, SEM microscope (20kV BSE mode) cross section of the wear track CoNiCrAlY; a) track after 
room temperature test X500; b) CoNiCrAlY before room temperature test x1000 ; c) CoNiCrAlY after 
room temperature test X1500. 

Based in experimental observations the wear debris may influence on the drop of the 
wear rate at high temperature in several ways [5], 

• The debris may be removed entirely from the contacting surfaces, leading the
wear loss and play no further role in influencing the wear process.

• The debris may be retained initially as freely moving between the surfaces, the
particles are fragmented to a small size capable to agglomerate in some
places particularly in grooves, to form relatively stable compact layers.

• The debris are fine enough size to be retained between the contacting
surfaces and incorporate as non-moving particles in the development compact
particles layers on one or both surfaces.

• The debris are harder compared with contacting surfaces, they may be
retained as freely moving particles between the contacting surfaces where
they may act as third-body abrasion, causing abrasion damage to both
surfaces or may become embedded in one surface acting as two-body
abrasion.

The Al2O3 ball on Fig. 6 show the damage of the track produced for the CoNiCrAlY 
coating tested at 350ºC and Fig. 6(b) backscattered image of the ball is showing 
some adherence of the coating after high temperature test. 
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Fig. 6, SEM microscope (20kV BSE mode) ball after high temperature test on CoNiCrAlY; (a) Ball 
dmage X20; (b) Ball damage X1000. 

4 CONCLUSIONS 

• A transition from room temperature sliding test to high temperature is
observed a wear reduction. This is associated with the well know compacted
layers of wear debris particles. At high temperatures, further oxidation, can
lead to development of hard oxide surfaces on these layers, leading the very
low rates of wear.

• The high wear rate present in the CoNiCrAlY at room temperature is leaded by
abrasive wear of the detachments of the particles projected and the lack of
melted between them.

• The drop of the friction coefficient of the NiCoCrAlY could be leaded y the hard
oxide ‘glaze’ and smoothed surface, further investigation has to been done in
this point.
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ABSTRACT 

Development of new self-lubricant coating systems with control of the lubricous 
species diffusion have enormous potential to be used in the protection of surfaces in 
components for machining. In the last years, vanadium rich coatings have been 
introduced as possible candidates for self-lubrication due to their optimum tribological 
properties. This work is devoted on the study of V additions on the morphology, 
structure and on the tribological properties of TiSiN films deposited by HiPIMS in 
Deep Oscillation Magnetron Sputtering (DOMS) mode. Two different peak powers 
were used on the deposition of coatings in order to produce films with different 
morphology. The tribological properties of coatings were evaluated at room 
temperature against Al2O3 balls on a pin-on-disc apparatus. Increasing of peak power 
showed to change the cross section morphology of films from columnar type to 
compact structure. V additions improved the tribological properties of TiSiN coatings. 

KEY WORDS: Lubricious TiSi(V)N films, DOMS, Tribology 

1. INTRODUCTION

Dictated by elimination of coolant media utilisation and environmental protection 
requirements, recently milling and cutting operations are making a transition to dry 
machining. This shift in machining technology requires machining tools to withstand 
harsh working conditions combining oxidation, abrasion, adhesion, thermal and 
mechanical loads. Solid lubricant coatings such as diamond like carbons (DLCs), 
transition metal dichalcogenides (TMD), and WC/C have been used in improving 
performance and lifetime of the cutting tools. However, their tribological properties 
degrade in humid atmospheres and/or at elevated temperatures due to their low 
oxidation resistance. To overcome this shortcoming, a new concept of high 
temperature lubrication has been proposed. Solid lubricant coatings have been 
developed by combining the intrinsic properties of some binary or ternary films (TiN, 
CrN, CrAlN, TiAlN, YSZ, etc), which are very hard and resistant to oxidation, with 
specific elements (metals), which diffuse to the surface and form a low friction 
tribolayer (as a metal layer, e.g. Ag, Cu, Au, Pb and In, or a low-friction oxide, e.g. 
V2O5, Ag2Mo2O7) [1-4]. Among these elements, particular attention has been given to 
the vanadium-containing coatings (Magnéli phases VnO2n−1), which showed 
interesting tribological properties in the temperature range 500–700 ºC [5-11]. 

Dissimilar series of V-based hard coatings have been developed, such as ternary 
CrVN [12], (V,Ti)N [13], multilayer AlN/VN [14] and quaternary single layered or 
multilayered AlCrVN [15, 16] and TiAlVN [8, 17-19]. Independently of the 
configuration, the friction was decreased and the wear resistance improved. 
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However, such improvements were of short duration due to the rapid release of 
vanadium. The quick out diffusion of V from the coating results in the consequent 
loss of the low friction properties after few minutes [20]. The control of V out-diffusion 
is now one of the major challenges to achieve a suitable long lasting wear and friction 
properties without compromising the original properties of the host binary and ternary 
films. Therefore, one possible proposal to solve this problem is to use coating 
systems with a dual phase structure, such as the case of TiSiN system, in which one 
of the phases (Si3N4) could act as a diffusion barrier to the lubricious phase metal (V) 
release. 

The purpose of this work is to study the effect of V addition on high temperature 
tribological properties of TiSi(V)N coatings deposited by high power impulse 
magnetron sputtering (HiPIMS) in deep oscillation mode (DOMS) as it has been 
reported to allow easily tailor the nanocomposite structure of the TiSiN films; 
condition necessary to produce films with proper barrier to the lubricious species to 
achieve long term lubrication [21]. TiSiN system was selected because of its very 
high oxidation resistance similar to TiAlN, and TiCrN but can be deposited with much 
better mechanical properties. Two series of coatings (using two different peak 
powers) were deposited with increasing V content, in order to evaluate the effect of V 
addition on the surface and cross section morphology, structure and tribological 
properties of TiSiN films. 

2. EXPERIMENTAL PROCEDURE

Six TiSi(V)N films were deposited in reactive, unbalanced mode by DOMS (HiPIMS 
Cyprium™III plasma generator, Zpulser Inc.) at a deposition pressure of 1.2 Pa 
without bias. Prior to the depositions, all the substrates were ultrasonically cleaned in 
acetone and alcohol. The substrates were then mounted in a rotating (18 revs/min) 
substrate holder. A square (150 × 150 mm) of high purity Ti (99.9%) target with 20 
holes (10 mm in diameter) uniformly distributed throughout the preferential erosion 
zone was used. The holes were filled with different number of pellets of high purity Si 
(99.9%) and high purity V (99.9%), in order to achieve a desired Si and V content, 
with the remaining holes filled with Ti pellets. A total of six depositions were made. All 
the coatings were deposited with 7% of Si using two different peak powers (28.31 kW 
and 109.83 kW), with increasing V content (0, 5, and 10 at.%, achieved by using 0, 5, 
and 9 pellets of V at the Ti target, respectively). Hereinafter the coatings will be 
designated as TiSiNy, or TiSiVxNy where y denotes the peak power and x the number 
of V pellets introduced at the Ti target. Thus, coatings with y = 1 and 2 means that 
the coatings were deposited with peak powers of 29.31 kW and 109.83 kW, 
respectively. Table 1 shows the sample designation adopted for coatings 
identification. Before making the deposition, the chamber was evacuated down to 
5×10−4 Pa. Ion gun plasma was used to clean the substrates before depositions. The 
films were deposited onto silicon wafers for structure analysis, cross section, surface 
morphology characterization and chemical composition evaluation; stainless steel 
discs (Ø 20 × 1 mm) for residual stress measurements and AISI M2 (Ø 24 x 7.9 mm) 
substrates for tribological characterization. The chemical composition of the coatings 
was evaluated by energy dispersive spectroscopy (EDS). TiSiN and TiSiVN films with 
different Si and V contents as measured by Electron Probe Microanalysis (EPMA), 
from previous depositions [22], were used as reference for the EDS measurements. 
The chemical composition of the films are plotted in Table 2. Scanning electron 
microscopy (SEM) was used to examine the thickness, fracture cross section and 
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surface morphologies of films. The crystallographic structure was investigated by X-
ray diffraction (X’ Pert Pro MPD diffractometer) using a grazing incidence angle of 3o 
and Cu Kα1 radiation (λ = 1.54060 A). The tribological behavior of films was 
evaluated on a pin-on-disc tribometer at room temperature, using 5N normal load, 
5.3 mm wear track radius, 10 cm/s linear speed and 3000 cycles. Al2O3 ball of grade 
20 with diameter 7.94 mm was used as a counterpart. The friction coefficient was 
continuously measured and the wear rate of films determined from the wear track 
using a Zygo – NewView 7200, 3D profilometer. 

Table 1 - Sample designation of coatings. 

Coating Number of V pellets Peak power (kW) Designation 
TiSiN 0 

28.31 
TiSiN1 

TiSiVN 5 TiSiV5N1 
9 TiSiV9N1 

TiSiN 0 
109.83 

TiSiN2 
TiSiVN 5 TiSiV5N2 

9 TiSiV9N2 

Table 2 - Chemical composition of the coatings in at.%. 

Coating at.% 
N Si V Ti 

TiSiN1 61.76 6.69 31.55 
TiSiV5N1 60.42 6.73 5.29 27.56 
TiSiV9N1 60.07 6.27 9.89 23.77 
TiSiN2 62.45 6.25 31.29 

TiSiV5N2 60.81 6.94 4.79 27.45 
TiSiV9N2 60.11 6.44 10.18 23.27 

3. RESULTS AND DISCUSSION

3.1. Surface and cross section morphology of coatings 

Figure 1 displays the effect of change of peak power and increasing V content on the 
surface and fracture cross section micrographs of TiSi(V)N coatings. Coatings 
deposited with the low peak power (Figures 1 a), b) and c)) showed a typical 
columnar structure, while, the ones deposited with the high peak power (Figs. 1 d), e) 
and f)) displayed a compact morphology, although some very small remains columns 
are still observed. The increasing of compactness level can be attributed to the 
increasing of the bombarding species energy with increasing peak power [21]. As V 
content was increased, in both TiSiN reference films, the columns size and the 
surface roughness were increased. 
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Figure 1 - Surface and cross section morphology of coatings deposited with low peak and 
high peak power. Low peak power: (a), (b), (c) TiSiN1, TiSiV5N1, TiSiV9N1 
respectively; and high peak power: (d), (e), (f) TiSiN2, TiSiV5N2, TiSiV9N2, 

respectively. 

3.2. Structure 

The corresponding X-ray diffraction patterns of the as-deposited coatings are 
displayed in figure 2. The effect of the peak power on the structure of the coatings is 
shown in spectrums a) and b), whilst the effect of V additions in each of the previous 
TiSiN films is displayed in spectrums c-d and e-f for coatings deposited with low and 
high peak power, respectively. All the diffraction peaks could be generally assigned 
to the f.c.c NaCl type TiN phase. However, depending on the power supply used and 
on the V content on the films, different peak positions, intensities and broadening can 
be observed. Increasing the peak power on TiSiN films shift the diffraction peaks to 
lower angles. Such behavior can be attributed to the increase of compressive 
residual stresses on the film with increasing peak power. Compressive residual 
stresses of 1.96 and 2.99 GPa were calculated (based on the Stoney equation) for 
the TiSiN films deposited with low and high peak power, respectively. The increase of 
the level of compressive residual stresses with increasing peak power can be 
attributed to the increase of ions energy, as reported elsewhere [21]. With increasing 
V content, the fcc peaks are shifted to higher angles, behavior associated to a 
smaller unit cell. Since similar levels of compressive residual stresses were measure 
for each series of the V rich coatings in respect to the references TiSiN films, this 
behavior can only be explained by substitution of Ti by the smaller V atoms, which 
due to its smaller atomic radius promotes the contraction of the TiN lattice. Similar 
trend was observed by Pfeiler et al. [17] for the TiAlVN system and by Fernandes et 
al. [22] for TiSi(V)N system deposited by DC reactive magnetron sputtering. 

(a) (c)(b)

(f)(e)(d)

Cartagena/Spain, 18-19 June 2015 

290290290



Figure 2 - X–ray diffraction patterns of TiSi(V)N films deposited with increasing peak power 
and with increasing V content. a) TiSiN1, b) TiSiN2, c) TiSiV5N1, d) TiSiV9N1, e) 
TiSiV5N2, f) TiSiV9N2.  

3.3. Tribological behavior 

Figure 3 shows the friction coefficient, specific wear rate and the 2D profiles of the 
wear track of the different coatings tested against Al2O3. TiSiN coating deposited with 
low peak power showed higher specific wear rate than coating produced with high 
peak power. This result agrees with the friction coefficient values and can be 
attributed to the high hardness of the TiSiN2 film (31.55 against 22.9 GPa for TiSiN1 
film). In all cases, the addition of vanadium resulted in a reduction of the friction 
coefficient (see figure 3 (a)) and also on the improvement of the wear resistance. 
These improvements in tribological properties can be attributed to the formation of 
lubricious vanadium oxides on the wear track of coatings as revealed EDS and 
Raman analysis (not shown here).  

Figure 3 - (a) friction coefficient, (b) specific wear rate, and (c) 2D wear track profile of 
TiSi(V)N coatings. 
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Figure 3 (continued) 

4. CONCLUSION

The results showed that independently of the peak power used on the deposition 
and/or the v content present on the films, all the coatings displayed diffraction peaks 
assigned to crystalline f.c.c NaCl type TiN phase. The increase of peak power in 
TiSiN films showed to shift the diffraction peaks to lower angles, behavior attributed 
to the increasing of the bombarding species energy with increasing peak power, 
which increases the level of compressive residual stresses on the films. A shift of the 
diffraction peaks to higher angles is observed with increasing V content on the TiSiN 
films, suggesting the formation of a substitutional solid solution in TiN phase. This 
behavior showed to be independent of the peak power applied on the coatings 
although different changes in peaks intensity and broadening were noticed. V 
additions to TiSiN films decreased the wear rate and the friction coefficient of 
coatings, due to vanadium oxide formation. 
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ABSTRACT 
Plasma sprayed ceramic coatings are widely used to protect metallic substrates 
when high temperature and/or friction are developed in service. In particular, alumina 
based coatings have been extensively used. Examples of applications are pistons in 
pumps or internal combustion engines and steam valve spindles. Alumina is hard, it 
shows a very high oxidation resistance and it is not permeable to aggressive gases. 
However, the alumina main drawback is its low fracture toughness. Brittle fracture is 
one of the most common wear mechanisms reported for ceramics. It is well known 
that the fracture toughness and the operative conditions are the key parameters 
controlling the crack propagation throughout the material. As a consequence, 
transition from mild to severe wear in ceramic coatings is mainly controlled by the 
fracture toughness of the coating. The typical solutions to improve the fracture 
behavior of alumina coatings are based on mixing alumina powders with other 
ceramic powders with superior toughness. Alumina – Zircona systems are used in 
this way. 
When a mixture of ceramics is thermally sprayed, a very complex microstructure is 
attained in the coating. Nevertheless, a common feature can be pointed out for 
different systems: formation of spinels from both oxides is commonly reported. These 
phases seem to play an important role in the fracture behavior of the coatings and 
subsequently in their tribological behavior. 
This paper presents a summary of the work done in the microstructural, mechanical 
and tribological characterization of plasma sprayed alumina based coatings (Al2O3 – 
TiO2, Al2O3 – ZrO2 and Al2O3 – Cr2O3). Special attention is paid on the role played by 
spinels formed during deposition. 
KEY WORDS: friction, wear, ionic liquids, lubricants. 

1.- INTRODUCTION 
Thermal spraying technology was widely used to deposit thermal barrier coatings 
(TBCs). TBCs are multi-layer system consisting of a ceramic top coat, a metallic 
bond coat and a superalloy substrate [1]. Zirconia (ZrO2) is one of the most employed 
top coats because of its high temperature resistance, chemical inertness, thermal 
phase stability and oxidation resistance [2]. 
Plasma spraying is extendedly employing to generate zirconia coatings for different 
applications, in example in gas turbine hot section components like burners and 
blades [3], because of its high production rate and low cost [2]. Thermal plasma 
sprayed coatings are characterized by a lamella structure and micropores, which are 
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good for thermal resistance and residual stress release [2]. One of the problems that 
may occur during plasma deposition of ceramic powder with high melting point is the 
high presence of interconnected pores in the coating. This could generate a loss in 
mechanical and chemical properties of the coating and also limits its application 
fields [4]. The most serious problem for a coating in a high temperature environment 
is the spallation generated by the thermal oxide layer that could grow at the interface. 
Another problem could be the loss in adhesion. This last one is closely related with 
wear and play an important role in determines the life of coated parts [5]. 
Gas tunnel-type plasma spraying was developed by A. Kobayashi [6] to produce 
coatings with superior properties as compared to the conventional plasma spray 
method [7]. With this technique, the sprayed particles can be melted efficiently and 
the bonding force between particles becomes stronger. The porosity is decreased 
and a dense coating is obtained [4]. Gas tunnel-type plasma spraying technique 
permits to obtain ceramic coating with a higher hardness. In example, is possible to 
obtain alumina coatings with a Vickers hardness of HV = 1200-1600, while an 
alumina sprayed coating is normally HV = 700-800 [4]. Also the adherence of the 
coatings was improved [5][8]. 
As demonstrated in several works, gas tunnel-type plasma spraying could be 
employed not only to generate different ceramic coatings [4][7][10][11][12], but also 
to produce coatings of refractory materials like tungsten [13] and Fe-base metallic 
glass coatings [14]. 
In this work, the zirconia-alumina (ZrO2-Al2O3) and the alumina – chromia (Cr2O3 – 
Al2O3) composite coating system were studied. Previous studies permits to affirm that 
the combination of high hardness Al2O3 with the low thermal conductivity of ZrO2 
and/or Cr2O3, contribute to develop high functionally graded TBC with higher wear 
resistance [15]. In this work, mechanical and wear performance of alumina-zirconia 
(50/50) coatings is studied. Special attention is paid to the role played by the spinels 
o combined phases formed during deposition.

2.- Experimental procedure  

Three sets of alumina – zircona samples (ZA1, ZA2, ZA3) were deposited using the 
Gas tunnel-type plasma spray technique. All of the samples were sprayed using the 
same starting powders (a 50/50 mixture in weight of alumina and zircona). Deposition 
parameters were selected to produce different amount of the spinel between alumina 
and zircona in the final coating. Additional samples from the alumina-chromia system 
(CA1 and CA2) were also deposited using a low power plasma gun. Again, 
deposition parameters were selected to obtain a different amount of combined 
phases between alumina and chromia. 
The coated specimens were sectioned, mounted and grinded-polished. The 
microstructure of the ceramic coatings was examined using a scanning-electron 
microscope (SEM) Hitachi S3400N equipped with an energy dispersive X-ray (EDX) 
spectrometer. Compositional backscattered (BSE) and secondary electron (SE) 
images of the microstructure were taken. 
The phase composition of the surface layers was analysed by X-ray diffraction (XRD) 
using a Philips PW3040/00 X'pert diffractometer with a wavelength of 1.54 Å, 
corresponding to Cu (Kα). Measurements were made within the 2θ angle range from 
15º to 90º. 
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Local mechanical properties were measured using depth sensing indentation. 
Samples were prepared in plain view from the as-sprayed coatings. Depth-sensing 
indentation tests were carried out using a diamond Berkovich indenter with a nominal 
edge radius of 100 nm. The experimental device was a Nanoindenter XP (MTS 
System Co.) equipped with a high load modulus. The nanoindenter applies a load via 
a calibrated electromagnetic coil with a resolution of 50 nN. The displacement of the 
indenter was measured using a capacitive transducer with a resolution of 0.01 nm. 
Scratch tests were also performed on the samples to evaluate the local wear 
resistance of the sample. 

3.- RESULTS AND DICUSSION 

Figure 1 shows SEM images from the three sets of samples deposited in the alumina 
– zircona system.

Figure 1. SEM images showing alumina – zircona coatings deposited using three 
different sets of deposition parameters. a) and b) AZ1. c) and d) AZ2. e) and f) AZ3. 
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In all samples, three different microstructural regions are detected. To clarify the 
composition of these zones, EDX analysis were performed in all samples. As an 
example, in figure 2, EDX details are showed for the ZA2 sample. However, same 
conclusions can be drawn or the three sets of alumina-zircona samples. The alumina 
– zircona coatings seem to be formed by three phases corresponding to zones 1,2
and 3 marked in figure 2. The amount of spinel in the coatings has been measured 
using an image analysis software. Results are collected in table 1. ZA3 sample 
seems to contain the larger quantity of spinel, while ZA1 appears as the coating with 
the lower amount of the mixed oxide. Note that as the amount of spinel increases, 
the coating shows a lower porosity. 
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and zone 3 is a zircona particle. 
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During deposition, an alumina – zircona spinel is formed by reaction of the ceramic 
particles. In figure 3, XRD spectra is shown for the three samples confirming the 
presence in the coatings of alpha and gamma alumina, cubic zircona and a mixed 
oxide between alumina and zircona (spinel).  
Similar results can be obtained for the alumina - chromia system. Several phases 
can be detected in the final coating depending on the deposition parameters. In 
figure 4, a SEM detail of an alumina – chromia coating is showed: 

Figure 4. SEM images of an alumina – chromia system. a) Low magnification. b) 
High magnification. 

It can be seen the presence of different microstructural regions corresponding also to 
a spinel formed by reaction of alumina and chromia during deposition. The question, 
then, is: how the amount of spinel affect the mechanical and wear behaviour of the 
coatings? 
In table 1 Young´s modulus, hardness and fracture toughness for each phase in the 
coatings is measured by means of depth sensing indentation. Similar results are 
obtained despite the coating. The main difference is the volumetric fraction of spinel 
inside the coating. 

Table 1: Mechanical properties and volumetric fraction measured in the coatings. 

Al 2O3 ZrO2 Cr2O3 
Spinel 

Alumina 
- Zircona  

Spinel 
Alumina 

- 
Chromia  

Youngs´s Modulus (GPa) 289 ± 16 189 ± 21 134 ± 14 233 ± 18 196 ± 12 
Hardness (GPa) 18 ± 3 9.5 ± 2 23 ± 2 13 ± 4 20 ± 1 

Indentation Fracture 
toughness (MPa m1/2) 2.8 ± 0.5 3.7 ± 0.5 3.0 ± 0.2 4.6 ± 0.6 4.8 ± 0.4 

Vol. fraction ZA1 (%)* 38 ± 4 48 ± 3 - 6 ± 1 - 
Vol. fraction ZA2 (%)* 32 ± 2 43 ± 2 - 11 ± 2 - 
Vol. fraction ZA3 (%)* 30 ± 3 39 ± 3 - 16 ± 1 - 
Vol. fraction CA1 (%)* 32 ± 3 - 47 ± 4 - 18 ± 2 
Vol. fraction CA2 (%)* 43 ±5 - 45 ± 3 - 0 

* Balanced for porosity

It is clear that the spinel has a superior fracture toughness than pure ceramic phases. 
Hardness and Young´s modulus remain between values from pure ceramics. Brittle 
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fracture is one of the most commons wear mechanism reported for ceramic coatings. 
As a consequence, it is expected to obtain a higher wear resistance in the coatings 
that contains more amount of tough phases. As an initial approach, in figure 5, wear 
rate measured from scratch tests is presented for the tested coatings, confirming that 
the higher the amount of spinel in the coatings, the better the wear behaviour. 
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Figure 5. Wear rate versus scratch load for alumina – zirconia coating. 

4.- CONCLUSIONS 

In this work, microstructure, local mechanical properties and scratch behaviour of 
alumina based coatings deposited by plasma spray have been studied. Despite of 
the particular ceramic system, they present a very complex distribution of different 
phases comprising pure ceramic oxides and spinels formed during plasma spray of 
the starting powders. Spinel phase seems to be tougher than pure ceramics leading 
to a better wear behaviour as the amount of spinel increases in the coating. 
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ABSTRACT 
In the present work, a laser beam was used to cover, with graphite (solid lubricant 
material) mixed with alpha alumina (α-Al2O3), surfaces samples of AISI 4340 steel. 
The proportion of each component used was 50%, mixed in a planetary ball mill 
for 2 hours. A CO2 laser beam of 125 W and 0.2 mm beam diameter was used to 
irradiate the samples previously coated with the powders. The reduced friction of 
the mechanical part was confirmed by a tribo-tester in a reciprocal mode. Friction 
near to 0.15 was obtained with substrate steel hardened to 900 Hv with a ceramics 
top coating. 
KEY WORDS: friction, alumina, graphite, lubricants. 

1.- INTRODUCTION 
Ceramic coatings are used to protect mechanical parts from thermal or corrosive 
degradation and could be applied from different methods: arc plasma spray, HVOF 
and by laser cladding. Laser treatments materials have been applied in a wide range 
of ceramic and metallic in an attempt to improve its properties [1]. The use of a CO2, 
fiber or Nd-YAG laser beam can promote dense coatings metallurgically bonded to 
the steel substrate. Surface roughness, metallurgical bonding, increased 
densification, homogenization of alloying elements, fine distribution of precipitated 
phases are examples of properties modifications achieved by laser treatments, 
widely reported in the literature. [2-7]. 

2.- EXPERIMENTAL PROCEDURE 
Samples of AISI 4340 steel with a thickness of 3 mm and 20 mm diameter, 
previously sanded (SIC paper 600), were used. A CO2 laser with parameters of 
125W and beam diameter of 0.2mm was used to irradiate the steel surface samples 
covered with a mixture of alumina, graphite plus carboxymethyl cellulose (as binder) 
mechanically mixed for 20 minutes in a plastic container with steel balls (52100) for 
the homogenization. Subsequently, the solution was sprayed with a pneumatic pistol 
on the surface of the steel samples, previously heated to 60°C. In the region of action 
beam on the sample surfaces, it was used a gas flow of nitrogen to prevent oxidation. 
To sintering the powders on the steel surface, the laser beam was focused on the 
steel surface. 
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3.- RESULTS AND DISCUSSION 
3-The Figure 1a, presents a sample surface irradiated with 50mm/s and 1b with 
150mm/s. With reduced beam energy no fusion of alumina occurs (Figure 1b), with a 
more smooth coating are produced. 

T

Figure 1a: Surface irradiated with 50mm/s. 
Figure 1b: Surface irradiated with 

150mm/s. 

The cross section of the sample irradiated with 150mm/s presents (Figure 2a) a 
regular and dense coating, with some porous near to the substrate surface. The 
SEM/EDS analyses were performed in the 2a sample (sample treated with 
150mm/s). Each element was mapped with a different color, as indicated in the 
Figure 2b. It can be observed that the iron is present in the coating reaching the 
surface. The coating was applied only one time. Additional cladding steps minimize 
surface contamination by elements originating from the substrate [2]. 

Figure 2a: Cross section by SEM of the 
coating. 

Figure 2b: EDS element mapping on the cross section 
coating. 

To evaluate the phases transformations induced by the laser cladding process, X-ray 
diffraction of the sample are done and shown in the Figure 3. The substrate material 
presents ferrite grains (α), with a more pronounced pike near to 45º. The powder 
diffractogram presents: alumina and carbon pikes. After laser irradiations with 
50mm/s, the iron oxidizes and towards to the surface. No carbons phases are noted 
in the coating surface. When the laser beam energy is reduced, the iron oxide phase 
is reduced and the carbon in the surface can be observed. 
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Figure 3: XRD diffractogram analyses for the powder and substrate material in as received and after 
laser cladding process. 

The average microhardness of AISI 4340 steel without heat treatment is near to 300 
HV0,05. After the alumina-graphite coating cladding with CO2 laser, we can observe 
that the hardness of the steel increased significantly, reaching an average of about 
760 HV0,05. Figure 4 shows the microhardness profile of the cross section of the 
heated affected zone (HAZ), (under the substrate). These results were obtained by 
means of microhardness Future-Tech / FM-700. According to the Figure 4, lower 
laser beam velocities promoted an extended hardened zone. This hardness increase 
was promoted by the heating and cooling of the sample. 
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The irradiated samples were evaluated by pin-on-disc in the reciprocated mode with 
5N applied on the alumina ball of 3mm of diameter. The results of the test are 
presented in the Figure 5a and 5b. A crater of 2micrometer depth and less than 0.15 
of friction rate were obtained. 

Figure 5a: Friction of sample treated with 
50mm/s. 

Figure 5b: Friction of sample treated with 
50mm/s. 

Lower beam velocity (lower energy) promoted reduced friction, which could be 
associated to the coating smoothness. In the test start there is a lower friction due to 
the lubrication promoted by weakly adhered graphite powder. 

4 - CONCLUSIONS: 
The extent of the treated layer, the homogeneity and the microstructure of the 
coating can be controlled by the laser parameters. 
In the tribological test, it was observed that the sample treated with higher beam 
energy present higher coefficient of friction due the increase in the coating 
roughness. 
Self lubricating coatings associated with the heat treatment hardness can be 
produced by the laser process. 
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ABSTRACT 
Ti6Al4V alloy has proven to be an important engineering material due to the excellent 
strength, weight ratio, high corrosion resistance and biocompatibility. However, the 
alloy is susceptible to mechanical degradation in applications involving sliding wear 
or abrasion. In order to improve wear resistance, coatings by laser cladding of 
intermetallic Ti48Al2Cr2Nb on Ti6Al4V have been developed. Different process 
parameters: laser power (W), scanning speed (mm/min), powder feeding rate (g/min) 
and preheating temperature of substrate (°C) were optimized, resulting in a 
microstructure of the coatings considered appropriate, with good metallurgical bond, 
though cracks and pores were observed [1]. The composition and microstructure of 
the coatings were evaluated using optical microscopy (OM), scanning electron 
microscopy (SEM) and X-ray diffraction (XRD) analysis, further the tribological 
properties were evaluated using a ball on disk tribometer, with Al2O3 ball, constant 
speed of 0.1 m/s, 10 N load at room temperature and 500 °C. We measure the 3D 
surface topography obtained from the wear scar and calculated the wear rate. The 
coatings microstructure consists of -TiAl phase and 2-Ti3Al. The wear test results at 
room temperature show a lower wear rate for the coating compared to the substrate. 
At high temperature the coating have a higher friction coefficient and a higher rate of 
wear is obtained when compared with the substrate, obtaining differences between 
the coatings depending on the wear mechanism observed in the worn surface. 
KEY WORDS: friction, wear, Ti6Al4V, Ti48Al2Cr2Nb, laser cladding. 

1.- INTRODUCTION  
Titanium and its alloys are widely used materials due to its excellent combination of 
properties that give it the ability to be used in many applications. One of the most 
used, in about 50% of the applications of titanium alloys is the Ti6Al4V, which 
contains -stabilizers with 4-6% β-stabilizers allowing amounts significant of  β phase
by quenching from the β phase field or two phase (α + β) field. The two phase field 
allows heat treatments resulting in a variety of mechanical properties. Such alloys 
have lower weight than some low strength steels used in aerospace applications and 
better corrosion resistance that some aluminum alloys [1,2]. 
Furthermore, this alloy is one of the most commonly used, with a maximum service 
temperature of 300 C, being the highest temperature that can be used titanium alloy 
today about 600 C, knowing that the operating temperature can be increased by 
proper cooling, coating processes or thermochemical treatments [2,3]. However, this 
alloy is susceptible to mechanical degradation in applications involving sliding wear 
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or abrasion; because it has a high friction coefficient and low hardness, which limits 
their application [4-8].  
Surface modification of titanium parts can extend its scope. The laser beam due to its 
high coherence and directionality is widely used in surface modification of metals, so 
the disadvantages of titanium alloys can be compensated with treatments of surface 
modification by laser damaged parts in service, in addition to better dimensional 
control and access dimensions of complex parts [8]. 
The laser cladding process can be described as the addition of a material in layers 
on the substrate surface using the energy of a powerful laser beam, having a wide 
window of parameters to be used, including: laser power (W), scanning speed 
(mm/min), powder feed rate (g/min) and preheating temperature of substrate (°C) 
and whereas a coating with good metallurgical bond, dense and with good thickness 
is required [9].  
Due to its attractive properties, titanium aluminides are especially considered for high 
temperature in aerospace and automotive applications. These properties include low 
density (3.9-4.1 g/cm3), high specific resistance to creep (yield strength/density), high 
specific stiffness (modulus/density) and good oxidation resistance. Particularly 
between 600C and 800C, its specific resistance is higher than titanium alloys and 
similar of nickel based superalloys [2,10,11]. 
TiAl alloys have limited ductility and toughness at room temperature and low strain 
capacity at high temperatures, which decreases its application field [2,10] and 
promote numerous researches to obtain a fine grain size to improve these properties. 
In this paper we evaluate the friction and wear behavior at high temperature in static 
air at 500 °C and at room temperature for two optimized laser coatings of 
Ti48Al2Cr2Nb on Ti6Al4V and compare with the substrate. 

2.- EXPERIMENTAL PROCEDURE  
2.1.- Materials and laser cladding system 

Ti48Al2Cr2Nb (at.%) powder supplied by TLS Technik with 100-200 m particle size, 
as shown figure 1,was clad on Ti6Al4V (wt.%) sheet substrate (4 mm thickness). 
Coatings 50 x 50 mm2 area were obtained using a laser cladding system Nd:YAG 
laser (wavelength 1064 nm) TRUMPH model HL1006D with a maximum output 
power of 1 kW. For this investigation the laser focused diameter was set in 2 mm, 
samples were placed at 8 mm (z axis) from the nozzle, the movement system 
consists of four axes XYZC commanded by a Siemens digital CNC, with an overlap 
of 40% track, helium was used as a shielding gas (4 l/min) and as a powder carrier 
gas (10 l/min). The substrate is heated before and during processing at 350 °C to 
ensure metallurgical bond. Optimized parameters from previous studies to execute 
coatings [12], corresponding to scanning speed  of 300 mm/min, powder feeding rate 
of 2 g/min, laser power of 700 W (defined as Rec01) and 900 W (defined as Rec02), 
corresponding to specific laser energy of 70 J/mm2 and 90 J/mm2 respectively. 

2.2.- Coating characterization and testing 
Samples of coatings were metallographically prepared by cut transverse section to 
the clad direction, roughing, grinding and etching with Kroll reactive (92% water, 2% 
HNO3 and 6% HF).  The microstructure and the worn surface generated in the wear 
tests of the samples were analyzed by scanning electron microscopy with a 
microscope Jeol JSM6300 including microanalysis using energy dispersive 
spectroscopy (EDS) for the quantification of the chemical composition using an X-ray 
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detector Oxford Instruments microanalysis system (20 μm²) installed in the 
microscope and an optical microscope Nikon LV100. The overall phase composition 
is obtained by means of XRD (Philips X'Pert) using monochromatic Cu K radiation 
(λ = 0.15406 nm), the diffraction patterns were analyzed using X rays X'Pert Plus 
(PANalytical) program into 2 degrees range from 20 to 90. 

Figure 1. Detail of powder morphology Ti48Al2Cr2Nb (SEM, 20 kV, SE mode). 

Dry sliding wear tests were conducted in three samples by condition under static air 
using a ball-on-disc configuration tribometer MICROTEST MT2/60/ SCM/T, in 
samples of 15 x 15 mm with roughness Ra = 0.15 ± 0.06 m roughing obtained with 
SiC grain paper 500. The samples were rotating sliding against a stationary ball 
counterpart of 5 mm diameter under a contact load of 10 N, with a sliding length of 
500 m, linear sliding speed of 0.1 m/s, at room temperature (24 C) and high 
temperature (500 °C), with a nominal wear track diameter of 10 mm. The counterpart 
balls were commercially available balls Al2O3, 99.7% purity, grade 25 (0.05 m Ra 
hardness HV 2400) manufactured by Precision Ball & Gauge Co. The wear rate was 
calculated by the equation.  

xW

V
K


 (1) 

Where K is the specific wear rate (mm3/ (Nm)); V is the wear volume (mm3), W is the 
normal force on the ball (N) y x is the total sliding distance (m). The temperature near 
the ball was measured by a contact type “K” thermocouple and registered during the 
test. Wear 3D profiles were obtained by an inductive contact profilometer Taylor 
Hobson Talysurf 50 (range 2.5 mm).  

3.- RESULTS AND DISCUSSION 
3.1.- Coatings characterization  
Figure 2 shows micrographs of Rec01and Rec02 coatings where can be seen a 
microstructure consisting of two phases: -TiAl (dark phase) and 2-Ti3Al (clear 
phase), for Rec01 coating can be distinguished a thick lamellar microstructure (Fig 
2a and 2c) and for the Rec02 a fine lamellar microstructure (Fig. 2b and 2d). The 
specific energy lasers used in the process and the solidification rate and cooling have 
an influence on microstructure [13,14]. 
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Figure 3a shows the XRD patterns of Ti48Al2Cr2Nb powder alloy and laser coatings, 
where can be identified the -TiAl and 2-Ti3Al phases. For Rec01 coating higher 
presence of peaks corresponding to -TiAl phase and for Rec02 an increased 
presence of peaks corresponding to the 2-Ti3Al phase, corresponding to that 
observed by optical microscopy. This is due to the presence of higher amount of 
specific energy that causes a cooling closer to equilibrium. The EDS microanalysis 
on SEM shows the chemical composition change of Rec01 coating from the surface 
to base metal, which is considered adequate corresponding to chemical composition 
of the powder and substrate, as shown in figure 3b.  

Figure 2. Micrographs obtained by optical microscopy: a) Rec01 b) Rec02. Obtained by Scanning 
Electron Microscopy (SE mode): c) Rec01 d) Rec02 

3.2.- Tribological behavior 
Figure 4 shows changes in the friction coefficient of the substrate and the coatings, 
according to the sliding distance, where the steady state is clearly seen. During this 
state can be observed larger range of values at room temperature than at high 
temperature. It can be seen that the substrate has a lower friction coefficient in both 
cases, indicating that no friction behavior has improved. As regard the wear mass 
loss, expressed as volume is removed at room temperature has higher volume 
removed in the substrate compared to the coatings as well as increased wear rate 
calculated, the opposite occurs at elevated temperatures, according to data 
presented in table 1. 
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Figure 3. a)  XRD patterns of Ti48Al2Cr2Nb powder alloy and Rec01 and Rec02 coatings. b) 
Chemical composition of the Rec01 coating obtained by EDS through SEM.  

Figure 4. Friction coefficient as a function of sliding distance. a) Room temperature b) Elevated 
temperature  

Table 1.Summary results in sliding wear tests. 

Alloy 
Test 

temperature 
(°C) 

Friction 
coefficient 

(Adim) 

Volume  
removed (mm3) 

Wear rate, K
(10-4 mm3/(N·m)) 

Substrate 
Ti6Al4V 

24 0.43 ± 0.034 3.62 ± 0.21 7.24 ± 0.42 
500 0.45 ± 0.045 1.79 ± 0.26 3.58 ± 0.52 

Rec01 
Coating 

24 0.57 ± 0.004 0.97 ± 0.30 1.95 ± 0.06 
500 0.69 ± 0.014 2.32 ± 0.29 4.64 ± 0.58 

Rec02 
Coating 

24 0.86 ± 0.036 1.45 ± 0.13 2.91 ± 0.27 
500 0.63 ± 0.026 3.69 ± 0.49 7.39 ± 0.99 

The SEM micrographs of figure 5a and 5b shown that the substrate suffered severe 
abrasive wear evidenced by plastic deformation, parallel valleys and grooves appear 
following the direction of sliding caused by the ball, which is expected because the 
hardness of the ball is greater than the substrate, the ball penetrates the coating 
producing abrasive wear, this occurs at room temperature and elevated temperature. 
Furthermore, material removals at high temperature are also observed by adhesion. 
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On the other hand it is observed, in the Rec01coating at room temperature pure deep 
abrasion without surface modification, this corresponding to the improvement 
provided by the coating, as shown in figure 5c, the figure 5d shows abrasive and 
adhesive wear. In Figures 6a and 6b can be seen the 3D profiles of tracks at room 
temperature where the differences in amplitude and depth of the wear which relates 
to the tribological behavior presented are verified [15]. We can see that the wear 
track of the substrate was wider than the Rec01 coatings but less deep and it can be 
seen the plastic deformation at the edge in the substrate. 

Figure 5. SEM micrographs of morphologies of wear tracks tested at room temperature and elevated 
temperature: a) and b) Substrate Ti6Al4V c) and d) Rec01 coating  

Figure 6. 3D profile of wear scars at room temperature. a) Substrate Ti6Al4V. b) Rec01 coating 
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4.- CONCLUSIONS  
Has been possible to obtain laser cladding coatings of Ti48Al2Cr2Nb on Ti6Al4V 
sheets, using a preheat temperature (350 C) of the substrate during the process, 
introducing a low amount of macroscopic defects, and acceptable metallurgical bond 
and geometrical characteristics. 
The microstructure obtained is composed by lamellae -TiAl phase and 2-Ti3Al, fine 
or coarse depending on specific laser energy input. The presence of these phases 
was confirmed by XRD analysis, coatings chemical composition obtained by EDS, 
revealed the low dilution with base metal used. 
The wear resistance is improved by the coating at room temperature, resulting in a 
lower wear rate and less abrasive wear mechanism on the wear scar surface. At 
elevated temperature the presence of oxides as third body improves wear resistance 
of the substrate, for obtaining a compact and resistant layer; which does not occur 
with the coatings, which have abrasive and adhesive wear with notches and 
presence of the surface scratched during the sliding wear test. 
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ABSTRACT 
Temperature can have a significant effect on the extent of wear damage of metallic 
components. Thermal barrier coatings with MCrAlY (where M=Ni, Co, Fe or 
combinations) alloys can improve the high temperature tribological and friction wear 
behaviour. In this work the dry friction and wear behaviour at room temperature and 
high temperature of new developed NiCoCrAlY and CoNiCrAlY laser cladding 
coatings were evaluated. Dense coatings, with good metallurgical bonding to the AISI 
304 substrate was obtained by coaxial laser cladding tracks (40% overlapping), with 
previously optimized laser parameters. Tribological tests were performed by sliding 
wear at room temperature and 500 ºC, with an Al2O3 counterpart in ball on disk 
configuration tribometer. The wear scar surface was evaluated by scanning electron 
microscopy (SEM) and energy dispersive spectroscopy (EDS) microanalysis. The 3D 
wear track topography was measured by inductive contact profilometer which 
enabled the wear rate calculation. The microstructure of the coatings consists of -
Ni/-NiAl or -Co/-(Co,Ni)Al phases depending on the chemical composition of the 
alloy, as confirmed by X-ray diffraction (XRD) analysis. The wear test results show a 
reduction in wear rate at high temperature for all materials tested. For the NiCoCrAlY 
coating, the high temperature also reduces the friction coefficient, while it significantly 
increases the friction coefficient of CoNiCrAlY coating. The main damage mode is 
abrasion and adhesion, caused by oxides and partially-oxidized particles in the 
contact surface. The coatings and substrate results were compared, resulting in 
improved wear behaviour. 
KEY WORDS: friction; wear; MCrAlY; laser cladding; coating. 

1.- INTRODUCTION 
Components in aircraft and power-generation turbines are protected by barrier layers 
of MCrAlY alloys. Nickel and Cobalt based superalloys are widely used as coating or 
bonding layer between the substrate and a top layer of ceramic material in thermal 
barrier coatings (TBCs) [1], due to its good adhesion, high modulus, high strength 
and its good resistance to oxidation at high temperature, so that, are widely used in 
mechanical engine components and modern gas turbines [2]. The NiCoCrAlY and 
CoNiCrAlY alloys containing large amounts of Cr with small additions of Y, which 
produce solid solution strengthening. These effects are quite stable, and act as a 
brake on the progress of dislocations in grain boundaries, resulting in the typical yield 
strength of these alloys [3]. An aluminum content of 8-15% by weight enables the 
formation of a thermally stable, adherent, continuous layer of alumina (α-Al2O3) of 
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slow growth at high temperature [4,5], the adhesion of the oxide layer to substrate is 
influenced by the distribution of Y in the alloy before deposition [4]. 
Laser cladding process (LC) can be used to produce dense coatings free of pores 
and cracks that improve their oxidation resistance, and this technique can be applied 
in small parts with complex geometry [6-8]. The laser processing parameters and the 
shielding gas can be controlled to obtain a minimum chemical dilution with the 
substrate and reduce defects such as cracks and pores. 
At high temperature, most metals inevitably oxidized with a wide range of conditions, 
and various interactions between the substrate materials and the atmosphere can be 
expected, such as diffusion, inter-diffusion, decomposition, volatilization and thermal 
growth of the layer oxide [5]. The wear rate and friction coefficient are important 
parameters in the performance of the coated components and subjected to contact 
with other parts at high temperature. The oxidation of metals may influence the 
process of wear and damage mechanisms [9]. The wear behavior of MCrAlY alloys 
has been studied by several authors, seeking to improve the high temperature 
performance with the inclusion of ceramic particles [10-12]. In this paper we 
evaluated the friction and wear behavior at high temperature (500 °C) and room 
temperature, in static air, of two laser cladding coatings made with NiCoCrAlY and 
CoNiCrAlY superalloys and optimized laser cladding parameters as a novel 
alternative to thermal spray coating process. The evaluation of the wear scar 
surfaces was made by SEM and EDS microanalysis. The profile of wear scars was 
measured and the wear rate was calculated for both coatings and the substrate. 

2.- EXPERIMENTAL PROCEDURE 
2.1.- Material and laser cladding processing 
Gas atomized prealloyed MCrAlY powders supplied by Sulzer Metco (Amdry 365-2 
and 995C) were used. NiCoCrAlY alloy was composed mainly of Ni with 23% Co, 
17% Cr, 12% Al and 0.42% Y. CoNiCrAlY alloy was composed of Co with 32% Ni, 
21% Cr, 8% Al and 0.45% Y. The substrate was a cold rolled stainless steel AISI 304 
of 10 mm in thickness. Extensive coatings (30x30 mm2) were obtained using a 
Nd:YAG solid state laser (Rofin-Sinar DY 022) in continuous mode with a maximum 
power of 2.2 kW and a wavelength of 1064 nm; a power (P) of 2.2 kW was used in 
this study. The diameter of the beam focus (D) on the part was 4 mm. The XYZ 
movement was achieved by a robot with 6 degrees of freedom (ABB IRB 2400 unit), 
velocity (V) of 15 mm/s and overlapping ratio in laser scan of 40%. Powder was 
supplied per unit length of 25 mg/mm and provided with a coaxial annular nozzle 
(Precitec YC50) and Sulzer Metco Twin 10-C powder feeder. Helium (20 l/min) was 
used as a shielding gas and Argon (15 l/min) as a powder carrier gas. 

2.2.- Powder characterization and coatings microstructure 
For powder characterization, a laser beam was diffracted through particles 
suspended in distilled water using a Mastersizer 2000 laser diffractometer to obtain 
the variations in particle size diameter. The powder morphology and chemical 
composition was obtained by SEM and EDS microanalysis. The measurements of X-
ray diffraction were carried out on a Philips X'pert using monochromatic Cu Kα 
radiation (λ=0.15406 nm). The patterns of X-ray diffraction were in the range of 2θ
from 20°to 90° and were analyzed using X'Pert Plus software (PANalytical). 
Microstructural characterization of the coating was carried out on a cross section, 
which was previously cut and metallographically prepared for analysis, using 
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backscattered electron images (BSE) of the microstructure at different magnifications 
in a Jeol JSM6300 scanning electron microscope. Microanalysis to quantify the 
chemical composition was performed by EDS using an X-Max Oxford Instruments 
microanalysis system with an X-ray detector of 20 μm². 

2.3.- Dry sliding wear test  
The sliding wear tests were performed with a high-temperature tribometer with a ball 
on disc configuration, manufactured by MICROTEST MT2/60/SCM/T, according to 
ASTM G99-03 and DIN 50324 standards. Four wear tests were made for each 
material/condition. Before the tests, the coating surface was ground to a finish of 500 
grit SiC paper (Ra=0.17 ± 0.05 μm), and were cut into samples of 15x15 mm. Al2O3 
grade 25 balls (5 mm diameter, 0.05 microns Ra and hardness of 2400 HV) 
manufactured by Precision Ball & Gauge Co. were used as counterpart material, due 
to the stability of this material at high temperature. The test parameters were: contact 
load of 10 N, speed 0.1 m/s, sliding distance of 500 m, temperatures of 24 °C (RT) 
and 500 °C (HT) in static air (65% RH), the heat rate for HT wear tests was 20 
ºC/min. A radius of wear track of 5 mm was used for all tests.  
The temperature near the ball-sample contact area was measured with a contact 
type ‘K’ thermocouple with grounded hot junction of Inconel alloy, and recorded 
during the test. Wear profiles were measured with an inductive contact profilometer 
(range 2.5 mm) Taylor Hobson Talysurf 50 to obtain the 3D topography of the 
surface wear track. The average wear area was determined through the 
measurement of four different profiles of the wear track. The measurements were 
done on four wear tested samples for each material. The wear rate (Wr) was 
calculated using the following formula: 

LF

AP
W r .

.
 (1) 

Where Wr is the rate of wear in mm3/(N·m); P is the mean scar circumference in mm;
A is the average wear area in mm2; F is the applied normal load in N; and L is the 
sliding distance in m. 

3.- RESULTS AND DISCUSSIONS 
3.1.- Powder characterization and coatings microstructure 
Two pre-alloyed MCrAlY alloys powders were used in this study. Both powders have 
a spherical morphology as shown in figures 1a and 1b, typical of the gas atomization 
process, and particle size analysis of the powder revealed a mean particle size of 
55.3 µm for NiCoCrAlY powder and 64.7 µm for CoNiCrAlY powder. The morphology 
and size of the powder is very important for the coaxial laser cladding processing 
because the flowability of the powder influences the quality of the coating. Two 
phases can be distinguished in each powder’s feedstock according to XRD analysis, 
consisting of -Ni(Cr)/Co(Ni,Cr) and -NiAl/(Co,Ni)Al depending on the base element 
of the superalloy. 
Many variables are involved in the laser cladding process, which requires studying 
the geometry and chemical dilution of single clad tracks before creating extensive 
overlapping coatings. In previous work [13-15], laser cladding parameters were 
studied on a NiCoCrAlYTa alloy to obtain an adequate aspect ratio, homogeneity, 
low dilution and a good metallurgical bond with the substrate. In this study, high 
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velocity, high powder feed rate and high laser power were combined to build 
overlapping coatings. The specific laser energy (36.67 J/mm2) was combined with a 
laser with a 4 mm diameter allowed us to obtain adequate coatings. This provided a 
dense coating with a homogeneous structure, and minimum dilution with the 
substrate. 

Figure 1. Powders morphology detail in SEM micrograph (20 kV SE mode) a) NiCoCrAlY and b) 
CoNiCrAlY 

The thickness of the CoNiCrAlY alloy coating was 715±32 µm (Figure 2b), with a 
dendritic columnar structure and small pores, while the initial coating thickness for 
the NiCoCrAlY alloy was 832±45 µm (Figure 2a).  

Figure 2. SEM micrographs of the interface coating/substrate (20 kV BSE mode) a) NiCoCrAlY laser 
cladding coating and b) CoNiCrAlY laser cladding coating 

The coatings’ microstructures are composed of two principal phases, a  matrix 
phase and  phase. The NiCoCrAlY coating has a cellular dendritic structure (Figure 
2a), and EDS microanalysis revealed a dendritic γ–Ni matrix phase with Cr and Co 
elements in solid solution and an interdendritic -NiAl phase (dark) rich in Al with Co 
in solid solution. Ni-Y rich zones are present in some / grain boundaries. In the 
CoNiCrAlY coating, a columnar dendritic structure with planar solidification front was 
observed (Figure 2b). In this case, the content of interdendritic phase (dark) is less 

a b 
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due to the lower content of Al in this alloy. EDS analysis also suggests a 
hypoeutectic solidification with -Co(Ni,Cr) and -(Co,Ni)Al interdendritic phase. The 
/coatings’ microstructures are confirmed by XRD analysis. 

3.2.- High temperature friction behavior 
The friction coefficients were obtained from dry sliding wear tests. Figure 3 shows the 
behaviour of the friction coefficient, for both alloys, in function of the sliding distance, 
obtained at room temperature and high temperature (500 °C) in static air. During 
testing, a slight instability in the initial friction coefficient can be attributed to the 
removal or redistribution of the particles on the contact surface. The NiCoCrAlY 
friction coefficient decreases slightly at high temperatures going from 0.49±0.08 (RT) 
to 0.45±0.01 (HT), possibly due to the formation of oxides and other intermetallic 
compounds which reduce the adhesion phenomenon and plowing on the coating. 
While for the CoNiCrAlY coating the plowing phenomenon and adhesion are 
increased on the surface coating at high temperature, greatly increasing the friction 
coefficient going from 0.46±0.03 (RT) to 1.00±0.30 (HT). Both coatings have similar 
frictional behaviours at room temperature but radically different at high temperature. 

Figure 3. Friction coefficient evolution with sliding distance at room and high temperature (10N, 0.1 
m/s, Al2O3 ball)  a) NiCoCrAlY laser cladding coating and b) CoNiCrAlY laser cladding coating 

The cobalt-based super alloy has a higher content of cobalt and chromium with 
aluminium content lower than the nickel-base alloy, which affects the kinetics of 
oxidation of the contact surface and the frictional behaviour, increasing the resistance 
to plowing at high temperature. At room temperature, the main damage mode for the 
NiCoCrAlY coating is abrasion (Figure 4a); at the edges of the track the material is 
plastically deformed in CoNiCrAlY coating, this behaviour at room temperatures is 
common in metallic materials [16]. At high temperature, it appears that the primary 
mode of damage is abrasion for the NiCoCrAlY coating. Wear debris induced the 
formation and removal of oxides during the wear process (Figure 4a) with a higher 
accumulation and adhesion of oxides (Al2O3, Cr2O3, NiO) for both coatings as see in 
Figure 4b and 4d, possible material delamination can also be seen in certain areas of 
the track. The coatings suffered plastic deformation due the increased ductility at 
high temperature. The continuous formation and destruction of the transfer layer 
influences the fluctuation of friction coefficient (Figure 3). Material removed in HT 
tests is lower due to the formation of oxides and partly oxidized alloy particles at high 
temperatures which reduce metal-metal contact and thus reduces the wear rate [11].  
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Figure 4. SEM micrographs of wear tracks surface (20kV)  a) NiCoCrAlY RT test (SE mode) 
b) NiCoCrAlY HT test (BSE mode) c) CoNiCrAlY RT test (BSE mode) and d) CoNiCrAlY HT test (BSE)

3.3.- High temperature wear behavior 
3D profiles of the wear track of the coatings are shown in Figure 5. Differences were 
observed in the width and roughness of the wear tracks obtained at high 
temperature. For each sample the 2D profile of the wear scar was obtained and the 
volume of material removed was calculated from these profiles. The results of the 
wear test indicate that the RT removed volume is higher than the HT volume 
removed, so that the wear rate is reduced by 39% for the NiCoCrAlY coating and 
60% CoNiCrAlY coating at high temperature. In the substrate the trend is similar; the 
wear rate is reduced by 84.6% at high temperature. In wear scar surface the plastic 
deformation at the track edge are observed for CoNiCrAlY (Figure 5d) coating and 
AISI 304 substrate samples tested at high temperature. The counterbody analysis 
after HT tests reveal that in ball surface small abrasion marks (maybe microplowing) 
and dark colour is observed (with flat and undeformed surface), with small residues 
of coating oxides (3-body-abrasion). Summarized results of the friction coefficient 
and wear volume are shown in Table 1. At high temperature the laser cladding 
coatings and substrate have better frictional wear behaviour due to the formation of 
compacted layers of oxide and partially-oxidized alloy particles on the sliding surface 
that reduce the wear [9]. At room temperature the NiCoCrAlY laser cladding coating 
wear rate is similar to reported by previous work [12,17] and lower than wear rate 
reported for thermal spray TBCs [18]. 

a b 

c d 
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Figure 5. 3D topography of the wear tracks  a) NiCoCrAlY LC coating in RT test  b) NiCoCrAlY LC 
coating in HT test c) CoNiCrAlY RT test and d) CoNiCrAlY HT test 

At high temperature the nickel-based laser cladding coating has lower wear rate than 
the substrate, but the cobalt-based coating has a higher wear rate. This is due 
primarily to a combination of wear mechanisms at high temperature: abrasion, 
adhesion by the oxide particles (as see in Figure 5b and 5d), maybe surface fatigue 
and plastic deformation due to the high ductility showing both the substrate and the 
NiCoCrAlY coating at temperature test (500 °C), also the difference in the aluminium 
content and solid solution matrix phase between coatings alloys can affect the wear 
behaviour and hence a lower wear rate is obtained.  

Table 1. Summarized results for RT and HT sliding wear tests 

Laser cladding 
coating 

Temperature 
test 
 (°C) 

Friction 
coefficient 

Removed 
volume 
(mm3) 

Wear rate, Wr

(10-4 mm3/(N·m)) 

NiCoCrAlY 24 (RT) 0.49 ± 0.08 0.82 ± 0.09 1.63 ± 0.18 

500 (HT) 0.45 ± 0.01 0.50 ± 0.18 0.99 ± 0.36 

CoNiCrAlY 24 (RT) 0.46 ± 0.03 2.36 ± 0.24 4.73 ± 0.47 

500 (HT) 1.00 ± 0.30 0.94 ± 0.23 1.89 ± 0.46 
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CONCLUSIONS 
1. The results confirmed that the coaxial laser cladding is a good alternative to the
thermal spray coating process and that the MCrAlY coatings can improve the friction 
and wear behaviour of austenitic stainless steels. The friction coefficient decrease in 
NiCoCrAlY coating at high temperature, while it increases significantly in the 
CoNiCrAlY coating. 
2. The primary mechanism for material removal at high temperature is abrasion due
to the contribution of the action of oxidized particles or residues formed at high 
temperature, although oxide adhesion, surface fatigue and material plastic 
deformation due the ductility is displayed during the tests. At low temperature the 
dominant wear mechanism is abrasion with some adhesion and delamination of the 
coating material. At high temperature the NiCoCrAlY laser cladding coatings obtained 
have better frictional wear behaviour, reducing the wear rate and friction coefficient 
obtained on the substrate. 
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