



Submit Search


Upload
Lubricants Introduction to Properties and Performance (Marika Torbacke, sa   Kassman Rudolphi etc.) (z-lib.org).pdf
•
0 likes•107 views

S
ssuserdd1c94Follow
Lubrificante e LubrificaçãoRead less

Read more
Engineering




Report
Share








Report
Share



1 of 219Download NowDownload to read offline































































































































































































































































































































































































































































Recommended
Lubricants 101
Lubricants 101TRMarketman 


Lubricants
LubricantsSanjeet Nayak 


Lubrication Fundamentals: Lubricating Oil Basics
Lubrication Fundamentals: Lubricating Oil BasicsTESTOIL 


Basics of lubricant additives
Basics of lubricant additivesBiodiesel Automotive 


Basic Lubricat Knowledge
Basic Lubricat KnowledgeAung Htun 


Basic of-lubricants
Basic of-lubricantsSachin Jangid 


Presentation on lubricants
Presentation on lubricantsMd.Arman Hossain 


Lubrication fundamentals
Lubrication fundamentalsFahad Aldhawi 










What's hot
Lubricant additives
Lubricant additivesshivanshu trivedi 


Lubrication fundamentals
Lubrication fundamentalsAyman Aljahdali 


Lubricanting oil additives
Lubricanting oil additivesSHIVAJI CHOUDHURY 


Properties of Lubricats and Lubrication
Properties of Lubricats and LubricationMohammud Hanif Dewan M.Phil. 










What's hot
Principles of lubrication new
Principles of lubrication newMamdouh Alhanafy 


Lubrication and lubricants (1)
Lubrication and lubricants (1)Abdul Shakeer 


Base Oil
Base OilUmair Khalid 


My Base Oil And Fundamentals Basic
My Base Oil And Fundamentals Basicboricua67 










What's hot
Oil Analysis Report Interpretation
Oil Analysis Report InterpretationTESTOIL 


Grease basic knowledge_nk0906
Grease basic knowledge_nk0906bocah666 


Grease presentation
Grease presentationPINAKI ROY 


What is the difference between mineral oil and synthetic oil
What is the difference between mineral oil and synthetic oilShield Lubricants - Kuwaiti Lubricants and Greases 










What's hot
Lubrication oil, grease and others
Lubrication oil, grease and othersKhairul Bashar 


Heavy Duty Diesel Engine OIl Fuel Economy
Heavy Duty Diesel Engine OIl Fuel EconomySandesh Dubey 


Elf Training
Elf Trainingabdrazy 


Diesel Engine Lubrication and Lube Oil Contamination Control
Diesel Engine Lubrication and Lube Oil Contamination ControlMd. Moynul Islam 










More Related Content
What's hot
Lubricant additives
Lubricant additivesshivanshu trivedi 



Lubrication fundamentals
Lubrication fundamentalsAyman Aljahdali 



Lubricanting oil additives
Lubricanting oil additivesSHIVAJI CHOUDHURY 



Properties of Lubricats and Lubrication
Properties of Lubricats and LubricationMohammud Hanif Dewan M.Phil. 



Principles of lubrication new
Principles of lubrication newMamdouh Alhanafy 



Lubrication and lubricants (1)
Lubrication and lubricants (1)Abdul Shakeer 



Base Oil
Base OilUmair Khalid 



My Base Oil And Fundamentals Basic
My Base Oil And Fundamentals Basicboricua67 



Oil Analysis Report Interpretation
Oil Analysis Report InterpretationTESTOIL 



Grease basic knowledge_nk0906
Grease basic knowledge_nk0906bocah666 



Grease presentation
Grease presentationPINAKI ROY 



What is the difference between mineral oil and synthetic oil
What is the difference between mineral oil and synthetic oilShield Lubricants - Kuwaiti Lubricants and Greases 



Lubrication oil, grease and others
Lubrication oil, grease and othersKhairul Bashar 



Heavy Duty Diesel Engine OIl Fuel Economy
Heavy Duty Diesel Engine OIl Fuel EconomySandesh Dubey 



Elf Training
Elf Trainingabdrazy 



Diesel Engine Lubrication and Lube Oil Contamination Control
Diesel Engine Lubrication and Lube Oil Contamination ControlMd. Moynul Islam 



LUBRICATING OILS
LUBRICATING OILSDharmesh Khaire 



Chain lubrication 
Chain lubrication AkhilMurthy1 



Factors for selection of high speed grease
Factors for selection of high speed greaseMosil Lubricants 



Testing Of Lubes And Its Significance Nov 2011
Testing Of Lubes And Its Significance Nov 2011M Hussam Adeni 





What's hot (20)
Lubricant additives
Lubricant additives 


Lubrication fundamentals
Lubrication fundamentals 


Lubricanting oil additives
Lubricanting oil additives 


Properties of Lubricats and Lubrication
Properties of Lubricats and Lubrication 


Principles of lubrication new
Principles of lubrication new 


Lubrication and lubricants (1)
Lubrication and lubricants (1) 


Base Oil
Base Oil 


My Base Oil And Fundamentals Basic
My Base Oil And Fundamentals Basic 


Oil Analysis Report Interpretation
Oil Analysis Report Interpretation 


Grease basic knowledge_nk0906
Grease basic knowledge_nk0906 


Grease presentation
Grease presentation 


What is the difference between mineral oil and synthetic oil
What is the difference between mineral oil and synthetic oil 


Lubrication oil, grease and others
Lubrication oil, grease and others 


Heavy Duty Diesel Engine OIl Fuel Economy
Heavy Duty Diesel Engine OIl Fuel Economy 


Elf Training
Elf Training 


Diesel Engine Lubrication and Lube Oil Contamination Control
Diesel Engine Lubrication and Lube Oil Contamination Control 


LUBRICATING OILS
LUBRICATING OILS 


Chain lubrication 
Chain lubrication  


Factors for selection of high speed grease
Factors for selection of high speed grease 


Testing Of Lubes And Its Significance Nov 2011
Testing Of Lubes And Its Significance Nov 2011 






Similar to Lubricants Introduction to Properties and Performance (Marika Torbacke, sa   Kassman Rudolphi etc.) (z-lib.org).pdf
Project thesis Refining of used motor oil using Solvent Extraction
Project thesis Refining of used motor oil using Solvent ExtractionSyed Waqas Haider 



Safe-Handling-Manual_5th-Edition_Final.pdf
Safe-Handling-Manual_5th-Edition_Final.pdfAshwin Dhadwal 



表面活性剂技术
表面活性剂技术passkalilo 



Carb back loading 1.0 download
Carb back loading 1.0 downloadpasskalilo 



表面活性剂技术
表面活性剂技术passkalilo 



Carb back loading 1.0 download
Carb back loading 1.0 downloadpasskalilo 



表面活性剂技术
表面活性剂技术passkalilo 



foglar book.pdf
foglar book.pdfBalqeesMustafa 



IRJET-Performance of Bio Oil on Journal Bearing Instead of Synthetic Oil
IRJET-Performance of Bio Oil on Journal Bearing Instead of Synthetic OilIRJET Journal 



Pressure Distribution and Load Carrying Capacity of Journal Bearing by using ...
Pressure Distribution and Load Carrying Capacity of Journal Bearing by using ...IRJET Journal 



IRJET- Manufacturing of Pongamia Oil based Bio-Lubricant for Machining Applic...
IRJET- Manufacturing of Pongamia Oil based Bio-Lubricant for Machining Applic...IRJET Journal 



Effects of poor practices on engine oil change by filling station
Effects of poor practices on engine oil change by filling stationAlexander Decker 



Barry A. Perlmutter - Integration and Optimization of Unit Operations_ Review...
Barry A. Perlmutter - Integration and Optimization of Unit Operations_ Review...MarcoAntonio1611 



Barry A. Perlmutter - Integration and Optimization of Unit Operations_ Review...
Barry A. Perlmutter - Integration and Optimization of Unit Operations_ Review...MarcoAntonio1611 



Lubricants
LubricantsGerard B. Hawkins 



Determination of physico chemical properties of castor biodiesel  a potential
Determination of physico chemical properties of castor biodiesel  a potentialIAEME Publication 



Separation techniques in oils & fats science
Separation techniques in oils & fats scienceSadanand  Patel 



Routsis injection molding_reference
Routsis injection molding_referenceSmarty Dheeraj 



Study of Lubricating Oil Deterioration Using Fourier Transform Infrared Spect...
Study of Lubricating Oil Deterioration Using Fourier Transform Infrared Spect...IRJET Journal 



Informative Speech On Changing Oil
Informative Speech On Changing OilMichelle Davis 





Similar to Lubricants Introduction to Properties and Performance (Marika Torbacke, sa   Kassman Rudolphi etc.) (z-lib.org).pdf (20)
Project thesis Refining of used motor oil using Solvent Extraction
Project thesis Refining of used motor oil using Solvent Extraction 


Safe-Handling-Manual_5th-Edition_Final.pdf
Safe-Handling-Manual_5th-Edition_Final.pdf 


表面活性剂技术
表面活性剂技术 


Carb back loading 1.0 download
Carb back loading 1.0 download 


表面活性剂技术
表面活性剂技术 


Carb back loading 1.0 download
Carb back loading 1.0 download 


表面活性剂技术
表面活性剂技术 


foglar book.pdf
foglar book.pdf 


IRJET-Performance of Bio Oil on Journal Bearing Instead of Synthetic Oil
IRJET-Performance of Bio Oil on Journal Bearing Instead of Synthetic Oil 


Pressure Distribution and Load Carrying Capacity of Journal Bearing by using ...
Pressure Distribution and Load Carrying Capacity of Journal Bearing by using ... 


IRJET- Manufacturing of Pongamia Oil based Bio-Lubricant for Machining Applic...
IRJET- Manufacturing of Pongamia Oil based Bio-Lubricant for Machining Applic... 


Effects of poor practices on engine oil change by filling station
Effects of poor practices on engine oil change by filling station 


Barry A. Perlmutter - Integration and Optimization of Unit Operations_ Review...
Barry A. Perlmutter - Integration and Optimization of Unit Operations_ Review... 


Barry A. Perlmutter - Integration and Optimization of Unit Operations_ Review...
Barry A. Perlmutter - Integration and Optimization of Unit Operations_ Review... 


Lubricants
Lubricants 


Determination of physico chemical properties of castor biodiesel  a potential
Determination of physico chemical properties of castor biodiesel  a potential 


Separation techniques in oils & fats science
Separation techniques in oils & fats science 


Routsis injection molding_reference
Routsis injection molding_reference 


Study of Lubricating Oil Deterioration Using Fourier Transform Infrared Spect...
Study of Lubricating Oil Deterioration Using Fourier Transform Infrared Spect... 


Informative Speech On Changing Oil
Informative Speech On Changing Oil 









Recently uploaded
Super Duplex Steel 32750 Fasteners, UNS S32750 Fasteners
Super Duplex Steel 32750 Fasteners, UNS S32750 Fastenersfastenersboltss 



Direct methanol fuel cell and proton Exchange membranes i
Direct methanol fuel cell and proton Exchange membranes iShahXubair 



TYPES OF GRAIN DRYER IN POST HARVEST TECHNOLOGY.pptx
TYPES OF GRAIN DRYER IN POST HARVEST TECHNOLOGY.pptxARUL S 



FSMR - FIRE SAFETY MAINTENANCE REPORT FORM.pdf
FSMR - FIRE SAFETY MAINTENANCE REPORT FORM.pdfArnold Saludares 



ISO 5725-2 2019 Accuracy (trueness and precision) of measurement methods and ...
ISO 5725-2 2019 Accuracy (trueness and precision) of measurement methods and ...Boris Chicoma Larrea 



PLC/PAC in Industrial Automation and Control Systems
PLC/PAC in Industrial Automation and Control SystemsIrena  



Process management- This ppt contains all required information regarding oper...
Process management- This ppt contains all required information regarding oper...ApurvaLaddha 



Osst-Alternative-Waste-SystemGroup-5.pptx
Osst-Alternative-Waste-SystemGroup-5.pptxImjusttryingtohelp 



IoT definition and the presentation for engineers
IoT definition and the presentation for engineersjeevarajan1302 



OVERVIEW OF OPERATING SYSTEM -Basic concepts of operating system like functio...
OVERVIEW OF OPERATING SYSTEM -Basic concepts of operating system like functio...ApurvaLaddha 



SOLAR PANEL POWERED BATTERY E VEHICLE....
SOLAR PANEL POWERED BATTERY E VEHICLE....DeepakK547422 



seminar power point presentation by Getahun Shanko.pptx
seminar power point presentation by Getahun Shanko.pptxGetahunShankoKefeni 



ia-chapter61water quality-provisions.pdf
ia-chapter61water quality-provisions.pdfmohamedmustafa939456 



Renewable sources to produce electricity , Wind Energy
Renewable sources to produce electricity , Wind EnergyMaryam79507 



Understanding HAZOP: Implementation, Advantages, and Limitations in the Oil a...
Understanding HAZOP: Implementation, Advantages, and Limitations in the Oil a...soginsider 



Integrity Constraints in Database Management System.pptx
Integrity Constraints in Database Management System.pptxPallaviPatil905338 



Lecture on Introduction  to  finite element methods  & its  contents
Lecture on Introduction  to  finite element methods  & its  contentsMesayAlemuTolcha1 



PHA vs HAZOP: Understanding Key Concepts in the Oil and Gas Industry
PHA vs HAZOP: Understanding Key Concepts in the Oil and Gas Industrysoginsider 



Application of eddy current in industry and domestic purposes.pptx
Application of eddy current in industry and domestic purposes.pptxsukantatechedu 



Chase Commerce Center History Nordberg manufacturing Rexnord Global power com...
Chase Commerce Center History Nordberg manufacturing Rexnord Global power com...drezdzond 





Recently uploaded (20)
Super Duplex Steel 32750 Fasteners, UNS S32750 Fasteners
Super Duplex Steel 32750 Fasteners, UNS S32750 Fasteners 


Direct methanol fuel cell and proton Exchange membranes i
Direct methanol fuel cell and proton Exchange membranes i 


TYPES OF GRAIN DRYER IN POST HARVEST TECHNOLOGY.pptx
TYPES OF GRAIN DRYER IN POST HARVEST TECHNOLOGY.pptx 


FSMR - FIRE SAFETY MAINTENANCE REPORT FORM.pdf
FSMR - FIRE SAFETY MAINTENANCE REPORT FORM.pdf 


ISO 5725-2 2019 Accuracy (trueness and precision) of measurement methods and ...
ISO 5725-2 2019 Accuracy (trueness and precision) of measurement methods and ... 


PLC/PAC in Industrial Automation and Control Systems
PLC/PAC in Industrial Automation and Control Systems 


Process management- This ppt contains all required information regarding oper...
Process management- This ppt contains all required information regarding oper... 


Osst-Alternative-Waste-SystemGroup-5.pptx
Osst-Alternative-Waste-SystemGroup-5.pptx 


IoT definition and the presentation for engineers
IoT definition and the presentation for engineers 


OVERVIEW OF OPERATING SYSTEM -Basic concepts of operating system like functio...
OVERVIEW OF OPERATING SYSTEM -Basic concepts of operating system like functio... 


SOLAR PANEL POWERED BATTERY E VEHICLE....
SOLAR PANEL POWERED BATTERY E VEHICLE.... 


seminar power point presentation by Getahun Shanko.pptx
seminar power point presentation by Getahun Shanko.pptx 


ia-chapter61water quality-provisions.pdf
ia-chapter61water quality-provisions.pdf 


Renewable sources to produce electricity , Wind Energy
Renewable sources to produce electricity , Wind Energy 


Understanding HAZOP: Implementation, Advantages, and Limitations in the Oil a...
Understanding HAZOP: Implementation, Advantages, and Limitations in the Oil a... 


Integrity Constraints in Database Management System.pptx
Integrity Constraints in Database Management System.pptx 


Lecture on Introduction  to  finite element methods  & its  contents
Lecture on Introduction  to  finite element methods  & its  contents 


PHA vs HAZOP: Understanding Key Concepts in the Oil and Gas Industry
PHA vs HAZOP: Understanding Key Concepts in the Oil and Gas Industry 


Application of eddy current in industry and domestic purposes.pptx
Application of eddy current in industry and domestic purposes.pptx 


Chase Commerce Center History Nordberg manufacturing Rexnord Global power com...
Chase Commerce Center History Nordberg manufacturing Rexnord Global power com... 








Lubricants Introduction to Properties and Performance (Marika Torbacke, sa   Kassman Rudolphi etc.) (z-lib.org).pdf

	1. cants
Lubr
Introduction to Properties  and Performance
Marika Torbacke
Åsa Kassman Rudolphi
Elisabet Kassfeldt
 



	3. LUBRICANTS
  



	5. LUBRICANTS
INTRODUCTION TO PROPERTIES
AND  PERFORMANCE
Marika Torbacke
Statoil Lubricants, Sweden
Åsa Kassman Rudolphi
Uppsala University, Sweden
Elisabet Kassfeldt
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	13. Preface
How to lubricate  for optimal and lasting function is a key challenge. Today there is a trend
towards higher power density applications, which also have to meet increasing environmental
demands. This requires an understanding of both the applications and the lubricants. Lubri-
cants: Introduction to Properties and Performance is written to fulfil the gap between the
knowledge of applications and that of lubricants. It is divided into two parts. The first part is
theoretical and serves as the basis for understanding. It describes lubricant properties as well
as base fluids and additives. The second part is hands-on and introduces the reader to the actual
formulations and the evaluation of their performance.
The first part comprises four chapters:
r Introduction to Tribology
r Lubricant Properties
r Base Fluids
r Additives
The chapter Introduction to Tribology introduces the reader to the tribological contact,
friction, wear and lubrication. Lubricant Properties introduces the basic concepts regarding
properties and the most commonly made analyses on lubricants. Base Fluids explores the
origin of different base fluids and their properties. In the same manner the chapter Additives
gives the reader a flavour of the broad spectrum of common additives used in lubricants.
The second part comprises four chapters:
r Formulating Lubricants
r Tribological Test Methods
r Lubricant Characterization
r Surface Characterization
Formulating Lubricants describes different applications and the corresponding lubricant
formulations necessary to fulfil their requirements. In Tribological Test Methods the level of
testing is discussed followed by a focus on model testing in a laboratory environment. The final
chapters, Oil Characterization and Surface Characterization, give the reader an introduction
to different methods of characterizing lubricants and surfaces respectively.
Writing Lubricants: Introduction to Properties and Performance has been a joint effort
of Statoil Lubricants, Luleå University of Technology and Uppsala University. The aim was
to write the tribological parts for a person with a chemical engineering background and the
 


	14. xii Preface
lubricant parts  for a person with a mechanical engineering background. We have tried to write
the book in an easy-to-read style. The theoretical discussion is kept to a minimum level of
chemistry and physics, only introduced when they are required for the reader to understand
the related principles or performance outputs.
Finally, writing the book has been very rewarding work for us, but this work has reached
a higher level with the knowledge from others. We would therefore like to thank Prof. Sture
Hogmark (Uppsala University), Prof. Erik Höglund (Luleå University of Technology), Prof.
Thomas Norrby (Statoil Lubricants) and Pär Nyman (Statoil Lubricants) for reviewing and
valuable commenting on the material at an early stage of the work. Several persons have been
very helpful during the writing by contributing their knowledge in special areas. Among these
are colleagues at R&D (Statoil Lubricants), as well as colleagues at the tribomaterials group
(Uppsala University) and at the machine elements group (Luleå University of Technology).
Thanks, to all those who have helped us.
We hope that the book is both educational and can serve as a handbook for ready reference.
Enjoy your reading of Lubricants: Introduction to Properties and Performance!
Marika Torbacke, Åsa Kassman Rudolphi and Elisabet Kassfeldt
Sweden, November 2013
 


	15. List of Symbols
The  list of symbols includes a description and the section in which a symbol is introduced or
explained.
Symbol Description Unit Section
A contact area m2 1.2.1, 2.1.4
AES Auger electron spectroscopy – 8.5.5
AFM atomic force microscopy – 8.2.4
ATF automatic transmission fluid – 4.3.2, 4.3.3, 4.5.2, 4.5.3
AW antiwear additive – 4.3.3, 4.3.5, 4.3.6
c concentration mole/m3 4.1.5
cads ratio of concentrations in solution and at
surface
– 4.1.6
csolution concentration in the solution mole/m3 4.1.6
csurface concentration at the surface mole/m3 4.1.6
const constant used in Arrhenius equation – 2.2.3
CnH2n+2 hydrocarbon chain with numbers indicated – 3.1
CxHy hydrocarbon chain – 2.2.3, 3.1
Cp specific heat capacity J/kg, K 2.1.4
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Introduction to Tribology
When  surfaces move relative each other, friction and wear arise. Tribology is the science and
technology of interacting surfaces in relative motion and covers the three subjects of friction,
wear and lubrication. Practical examples of tribology are found anywhere. This can be a
slippery shoe on ice or a piece of soap in a wet hand, but also a well lubricated smoothly
running machine or mechanical system.
Baldos, a unique car built by students at Luleå University of Technology, is an excellent
example of development of new machines with a focus on design for low energy losses
(see Figure 1.1). Baldos has been invited to different worldwide events in, for example,
Washington DC, Stuttgart and Monaco.
The term ‘tribology’ is derived from the Greek word tribos, which means rubbing [1].
Friction, wear and lubrication can be treated separately, each of them with its own underlying
questions, but in order to understand tribology a system approach is required [2–5].
The subject of tribology is visualized in Figure 1.2. Friction and wear can be investigated
on their own in unlubricated or lubricated contacts. Lubrication is supplementing the areas
of friction and wear. In this book, examples from hydraulics, gears and combustion engines
are used.
Tribology is highly important for sustainable growth of industry and society. High levels
of friction and wear will lead to high energy consumption and in the worst case will shorten
the life of the system. Sustainable growth implies, for example, reducing consumption of raw
materials and toxic or environmentally harmful surface materials and lubricants. This means
that even minor reductions in friction and prolonged life of lubricated systems yield large
monetary and environmental savings.
The impact of environmental demands is exemplified by the emission legislation placed on
the automotive segment regarding emissions of both particulate matter and greenhouse gases.
Improved tribological performance can make vehicles more energy efficient. Both reduction in
friction and improved wear resistance have significant effects on fuel consumption and thus also
on greenhouse gas emissions. Good tribological performance is therefore of great importance
in order to meet the increasingly tougher demands for emissions from cars and trucks.
Lubricants: Introduction to Properties and Performance, First Edition.
Marika Torbacke, Åsa Kassman Rudolphi and Elisabet Kassfeldt.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Figure 1.1 Baldos – a machine with low energy losses
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Figure 1.2 The different areas of tribology: friction, wear and lubrication
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Figure 1.3 Tribological contacts are affected by different conditions
General trends in the development of products and processes aim at higher power density,
reduced friction losses, longer wear life, reduced lubricant consumption, less toxic or environ-
mentally damaging lubricants and additives, reduced use of environmentally harmful surface
treatment processes and reduced weight of components.
This chapter will introduce the reader to the most important tribological phenomena, cov-
ering the tribological contact followed by friction, wear and lubrication.
1.1 Tribological Contacts
A tribological contact is defined as two solid bodies in contact under relative motion. It can
be either unlubricated or lubricated. The tribological contact is characterized by its operating
conditions (e.g. velocity, load and type of motions), material parameters (e.g. surface material,
surface roughness and hardness), environmental conditions (e.g. temperature and humidity)
and, in the lubricated case, lubricant properties (e.g. viscosity) (see Figure 1.3).
The tribological contact can be observed at different scales, that is at macroscopic scale (or
macroscale) or at microscopic scale (or microscale) (see Figure 1.4). The macroscale will give
global information of the contact, while the microscale will give local information within the
Figure 1.4 The tribological contact can be observed at macroscale (left) or at microscale (right).
Surfaces appearing smooth at macroscale still show roughness at microscale
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contact. For example, a contact that appears smooth at macroscale may appear very rough and
uneven at microscale. The real contact area between the surfaces is the sum of a large number
of small areas where surface peaks from the two surfaces get into contact. As a consequence,
the apparent contact area at the macroscale is much larger than the real contact area between
the two surfaces in contact.
In engineering systems, as machines, the solid bodies are usually made of steel. Conse-
quently, most contacts are steel–steel contacts. However, yellow metal (e.g. bronze), poly-
meric materials and ceramics are also used. In these cases the contact is often steel–yellow
metal, steel–polymeric material or steel–ceramics. Steel–steel contacts almost always require
lubrication while the other examples may be run either unlubricated or lubricated.
1.1.1 Macroscale Contacts
The shape of the bodies in contact determines the overall geometry of the contact, which
strongly influences the operating conditions and performance of the contact [6]. A contact is
said to be conformal if the surfaces of the two bodies fit exactly or closely together, such as
two flat surfaces in contact. If the two bodies have dissimilar curvatures the contact is said to
be nonconformal, such as a curved body mating a flat surface. When such bodies are brought
into contact they will touch first at a point or along a line (see Figure 1.5). For example, the
contact between the rotating shaft and a bushing is conformal, while the contact between two
gear teeth is nonconformal.
At macroscale the contact areas can be categorized as distributed, line or point contact areas
(see Figure 1.6). In the distributed contact area the load is distributed over an area that extends
in both the x and y directions. Such contacts are found in journal bearings, cylinder/piston
systems and many other sliding applications. Line contact occurs when the profiles of the
Conformal tribological contacts
Nonconformal tribological contacts
Figure 1.5 Examples of conformal and nonconformal tribological contacts
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Figure 1.6 Examples of tribological contacts at macroscale are shown according to the type of contact
area (For a colour version of this figure, see the colour plate section)
bodies are conformal in one direction and nonconformal in the perpendicular direction, for
instance when a cylindrical roller mates a flat surface (e.g. in axial roller bearings). A point
contact occurs, for example, when a ball mates a flat surface.
Conformal contacts give rise to distributed contact areas, while nonconformal contacts give
rise to line or point contact areas. However, in reality both point and line contacts always have
some extension in both the x and y directions.
The relative motion may be sliding, rolling or a combination of both. Pure sliding often
occurs in conformal contacts as for a rotating shaft carried by a bushing (or in skiing and
skating). The most typical example of rolling motion is found in ball bearings. (Rolling may
also dominate for cylindrical solid bodies in a rotating motion against a flat surface, as is the
case of tyres on a road.)
More complex application geometries may give rise to combined sliding and rolling motions.
This is the case, forexample, for the relative motion between gear teeth. When both sliding
and rolling exist it is common to define the ratio between the magnitudes of sliding and
rolling motions.
At macroscale, the contact load appears to be distributed over the whole apparent contact
area. It can therefore be characterized by a mean load or it can be transformed into a contact
pressure distribution. Often, the contact pressure is high enough to deform the contacting
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Figure 1.7 The running-in process smoothens rough surfaces
solid bodies. For example, the load in rolling motion with line or point contact may result in
a very high contact pressure. When the load is removed, the elastic part of the deformation
disappears. If a permanent deformation remains, it is referred to as plastic deformation.
The load and the relative motion will also give rise to friction in the contact. The friction
energy dissipates as heat in the contact, resulting in a temperature rise. At macroscale, the
temperature can be characterized by an average value.
1.1.2 Microscale Contacts
At microscale, all technical surfaces in a mechanical contact have a certain roughness. When
the two solid surfaces move in relative motion the load will be carried by the asperities
(i.e. roughness peaks). This will produce high local pressures and high local temperatures
in the individual asperities in contact. Such local conditions often give plastic deformation,
which usually makes the surface smoother. At the microscale the chemistry and the mechanical
properties of the surface matter. This may include the chemical interaction between the surface
material and the lubricant. These local conditions and interactions can be very dramatic,
with high local energy dissipation resulting in atomic bond breakage and formation of new
atomic bonds.
During the first period of using a new tribological system, wear and plastic deformation of the
asperities may occur. This is known as the running-in process, which results in large changes at
microscale that are hardly visible at macroscale. Due to surface smoothing, running-in results
in reduced local pressure and temperature (see Figure 1.7).
1.2 Friction
Friction is the force resisting the relative motion between two surfaces in contact. It is com-
monly divided into dry friction and viscous friction. It may be static, that is the solid bodies
have no relative motion, or dynamic, when the solid bodies are moving relative to each other.
Dry friction occurs between two dry solid bodies. Viscous friction occurs when the two solid
bodies are more or less separated by a fluid, for example a lubricant.
1.2.1 The Coefficient of Friction
The coefficient of friction 𝜇 is defined as the ratio of the friction force F and the normal force
N between the bodies, as shown in Figure 1.8 and expressed by
𝜇 =
F
N
(1.1)
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Fload
F
mg
F
Fload
N
τ·A
Figure 1.8 Friction visualized as pulling a small box across a flat surface. The set-up (top) and a
cross-section view (bottom). The forces at the interface also are shown
where the normal force is actually the sum of the load of the mass mg and any externally
applied load, Fload:
N = mg + Fload (1.2)
The normal force always acts perpendicular to the contact area. When sliding the mass the
friction force is the force required to maintain the sliding and it always acts tangential (i.e.
parallel) to the contact area.
In tribological contacts external load is often applied to magnitudes making the mass weight
negligible, that is mg ≪ Fload, which implies
𝜇 =
F
Fload
(1.3)
The coefficient of friction is obtained from known or measured forces. Both F and Fload
can be measured with use of, for example, a load cell and may thus be logged as a function
of time.
For a contact where the surfaces are fully separated by a lubricant the friction force is
commonly expressed by
F = 𝜏A (1.4)
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F
Fload
Lubricant
A
mg
Figure 1.9 Illustration of shear forces between solid bodies and fluid in a lubricated contact
where 𝜏 is the shear stress in the lubricant and A is the contact area. The shear stress is
determined by the lubricant properties, the velocity of the motion and the distance between
the bodies. The forces in the lubricated contact act on both the solid bodies and the fluid, as
shown in Figure 1.9.
Some examples of friction coefficients are given in Table 1.1. It is apparent that lubricants
significantly lower the friction coefficients in sliding contacts. In rolling contacts lubricants are
used to distribute the load. This will increase the coefficient of friction because the lubricant
hinders the motion of the rolling body through viscous shear. Still, rolling contacts generally
yield lower friction than sliding contacts.
1.2.2 Lubrication Regimes
A general description of the friction behaviour in a lubricated contact can be seen in Figure 1.10,
where the dependence of the coefficient of friction 𝜇 versus the film parameter 𝛬 is shown.
The film parameter 𝛬 is calculated as
𝛬 =
h
√
R2
qA
+ R2
qB
(1.5)
Table 1.1 Typical friction coefficients for different types of contact conditions
Case Friction coefficient Type of motion
Unlubricated journal bearing 0.1–0.2 Sliding
Oil lubricated journal bearings 0.01–0.09 Sliding
Oil lubricated roller bearings 0.001–0.005 Rolling
Unlubricated roller bearingsa
0.0005–0.001 Rolling
a
Only valid for low loads
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Figure 1.10 Coefficient of friction 𝜇 versus film parameter 𝛬 in lubricated sliding contacts
Figure 1.11 Boundary lubrication, where there are always some asperities in contact
where h is the lubricant film thickness and RqA and RqB represent the surface roughness of the
two surfaces A and B in contact (see the definition of roughness in Section 8.3). The contact
is classified as boundary, mixed or full film lubricated depending on the degree of mechanical
contact between the solid surfaces. The curve in Figure 1.10 originates from the Stribeck
curve1 [7].
Boundary lubrication implies heavy contacting between the asperities with a 𝛬-value
below 1. The load is carried by the solid surfaces in contact (see Figure 1.11). The lubri-
cant is mainly acting as a carrier of additives. The presence of additives is necessary to ensure
the performance and build-up of a boundary film. This regime is characterized by high load
and low speed. A slowly rotating shaft and a bushing mainly work in the boundary lubrication
regime even if they are lubricated.
In mixed film lubrication the surfaces are less separated than in the full film regime. The
surfaces are close enough for asperity contact to occur occasionally. The mixed film lubrication
regime is a combination of full film lubrication and boundary lubrication with 𝛬-values
between 1 and 3. Thus, the load is carried partly by a pressure in the fluid film and partly by
the asperities in contact, as shown in Figure 1.12. The lubricant will support the contact with
necessary additives to reduce wear.
1 In the Stribeck curve the coefficient of friction 𝜇 is plotted versus the ratio of velocity and viscosity to load. Since
velocity, viscosity and load are easier to measure and control than the film parameter 𝛬, the Stribeck curve is often
used to, for example, present results from laboratory testing.
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Figure 1.12 Mixed lubrication, where the surface roughness is in the same order of magnitude as the
film thickness
A journal bearing working under various speed conditions can alter between the full film
lubrication and mixed lubrication.
In full film lubrication the solid bodies are lubricated by a thick enough lubricant film to
ensure full separation of the surfaces (see Figure 1.13). In this regime the coefficient of friction
is very low. A 𝛬-value higher than 3 indicates full film lubrication. Hydrodynamic bearings
are examples of machine components carefully designed to operate in the full film regime.
Elastohydrodynamic (EHD) lubrication is part of the full film regime. In this regime the load
is high enough to cause elastic deformation of the surfaces. Elastohydrodynamic lubrication
can be found in nonconformal contacts, such as a ball on a flat surface when the motion is
rolling or rolling and sliding. Performance in the EHD conditions is mainly governed by the
viscosity and the viscosity–pressure dependence.
The lubricant film thickness h (see Equation (1.5)) is determined by the lubricant properties
(see Chapter 2), the operating conditions, the contact geometry and the solid surface’s material
properties [8]. In practice, typical lubricant film thicknesses are about 1–100 μm.
1.3 Wear
Wear is loss of material from a solid surface. Wear can appear in many ways depending on the
material of the interacting contact surfaces, the environment and the operating conditions. At
least five principal wear processes can be distinguished: abrasive wear, adhesive wear, surface
fatigue and fretting and erosive wear. These are briefly described below.
Adhesive wear occurs under sliding conditions where asperities are plastically deformed
and welded together by high local pressure and temperature. When the sliding continues, the
asperity bonds are broken and the result is removal of material or transfer of material from
one surface to the other. Extensive adhesive wear is commonly described as scoring, galling
or seizure.
Abrasive wear may occur when a rough hard surface mates a softer material where the
asperities of the hard material scratch the softer surface. This process is called two-body
Figure 1.13 Full film lubrication, where the surface roughness is much smaller than the film thickness
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abrasive wear. If hard loose wear particles are present between the mating surfaces one or both
surfaces can be worn by scratching. This situation is called three-body abrasive wear.
Surface fatigue occurs when cyclic loading weakens the material and can be the predominant
wear mechanism in rolling contacts involving some sliding. This may result in subsurface
cracks that may propagate and lead to material losses. Surface fatigue is sometimes also called
pitting when small pieces of material break away from the surface, forming pits.
Fretting wear, or fretting, occurs when there is a very small oscillatory relative motion
between two surfaces in contact. Often the intention is that the surfaces should be fixed, but
due to, for example, vibrations some motion still occurs. The term fretting is often used to
denote damage mechanisms such as fretting fatigue, fretting wear and fretting corrosion.
Erosive wear occurs in situations where hard particles impact a solid surface and remove
material. The impacting particles can be stones, ore pieces, or small particles carried in a water
or air jet.
Often more than one wear mechanism is active at the same time. For example, small,
abrasive particles may be generated due to adhesive wear or surface fatigue, which may also
lead to abrasive wear. In addition, tribochemical wear can occur, which involves chemical
reactions between the solid surfaces and surrounding lubricant or environment. The chemical
reactions, such as corrosion, can weaken the surface layer, which will enhance the effect of
other wear mechanisms.
1.3.1 Wear Rate
Wear is often classified as mild or severe from an engineering point of view. Mild wear often
results in a surface that is smoother than the original surface. On the other hand, severe wear
often results in a surface that is rougher than the original surface. Wear is an ongoing process
between two mating contacts that has to be controlled. Typical wear behaviour is shown in
Figure 1.14. Starting with newly manufactured surfaces, the process starts with a running-in
Wear
Time
Running-in
Mild wear
Severe wear
Failure
Figure 1.14 The wear process depends on time with periods of running-in, mild wear, severe wear and
failure
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period, followed by, if correctly designed, a mild wear period. The life of the components ends
if the wear rate significantly increases and causes failure.
A severe wear situation is not acceptable in most cases. Mild wear is what the engineers
strive for. It can be obtained by proper shape and surface roughness of the contact surfaces
together with proper materials. However, often lubrication of the surfaces is necessary to
secure mild wear.
Wear can be expressed as wear volume or wear rate. The wear rate is commonly expressed
by Archard’s wear model
V
s
= kwN (1.6)
where V is the volume removed from the surface, s is the sliding distance, kw is the specific
wear number and N is the normal load. The result is a ratio often called the wear rate, given as
a number in units of mm3/m [9].
1.4 Lubrication of the Tribological System
When designing a mechanical system it is obviously important that the designer from the very
beginning considers the properties and performance of all parts of the system, including the
lubricant. Analogously, the designer of the lubricant must foresee the operating conditions and
environment for it in order to formulate the optimum combination of base fluids and additives
for each application (see also Chapter 5).
In this section, the purposes of lubricating a tribological system are presented. Lubricant
properties and characteristics of base fluids and additives are presented in the following
chapters (Chapters 2, 3 and 4).
1.4.1 The Purposes of Lubricants
Lubricants can serve several functions in tribological contacts. The overall purpose of it is
to control friction and wear. However, the diversity of the lubricant function comprises the
following:
r separate moving parts
r transfer heat
r transfer power
r reduce friction
r protect against wear
r prevent corrosion
r carry away contaminants and debris
r seal for gases
r reduce noise and vibrations.
It is crucial to separate the moving parts in order to reduce friction and avoid wear. The
relation between the lubricant film thickness h and the surface roughness Rq shows the ability
of the lubricant to separate the surfaces (see Equation (1.5)). In order to separate the surfaces
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fully, that is to transfer the contact into the full film lubrication regime, the lubricant film
thickness has to exceed a minimum value.
The friction that occurs in the contact will raise the local temperature. The temperature rise
may be high enough to soften or to almost cause local melting of the material. Thus, a very
important lubricant property is to transfer the heat away from the contact. Important thermal
properties are the specific heat capacity and the thermal conductivity.
Lubricants are in some applications used to transfer power. This is done, for example,
in hydraulic systems where power is transferred from one point to another with the aid of
the lubricant.
When two surfaces in a sliding contact move close to each other, separated by a thin lubricant
film, friction will result in the contact. The friction would be much higher without the lubricant.
This friction-reducing property is commonly referred to as lubricity, which is determined by
tests since it cannot be measured directly.
Lubricants protect against wear just by being in the contact, since it reduces friction and
local temperatures. They are also formulated to reduce wear by adding antiwear and extreme
pressure additives.
Lubricants protect against corrosion by covering the surfaces and protecting them from, for
example, oxygen and water. In addition, they are formulated to reduce corrosion even further
by adding corrosion inhibitors.
It is important to reduce the amount of particles in the contact interface. Hard particles may
give rise to abrasive wear in the contact even if a proper lubricant has been selected. Metal
particles may also catalyse oxidation and consequently cause ageing. The lubricant will act as
a carrier and will transfer contaminants as wear debris and particles from the contact. It is also
common to have a filter in the application that collects contaminants and debris.The lubricated
contact is usually narrow. At the narrow opening the capillary forces will efficiently seal for
leakage of gases and liquids. In many applications the use of lubricants will also reduce noise
and vibrations that originate from the contact or are transferred through the contact.
1.4.2 Reducing Friction and Protecting against Wear
A lubricant can reduce wear, either directly or by reducing the friction. A lubricant can also
increase wear, for example by chemical attack or by being a trap for abrasive particles causing
abrasive wear or fatigue.
Lubrication is particularly effective in reducing adhesive wear of sliding contacts. Also,
chemical wear may be reduced by lubrication, if, for example, the lubricant prevents contact
with a corrosive environment. On the other hand, fluid lubricants are generally not very
effective for reducing other wear mechanisms, such as abrasive wear, erosive wear or fretting
wear. Finally, when adhesive wear is reduced by lubrication, asperities may remain, causing
enhanced surface or pitting fatigue.
Lubricants have different roles in different lubrication regimes (see Figure 1.10). In the
boundary lubrication regime the surfaces are in contact with each other and the main purpose
of the lubricant is to carry the additives into the contacts. The additives form a film on the
surfaces, which reduces the friction and wear. If the operating conditions change, a situation
may be reached where the additive film cannot form properly and severe adhesive wear
may occur.
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Table 1.2 The NLGI consistency number of greases
NLGI group number Description Penetration (10−1
mm)
000 Fluid 445–475
00 Semi-fluid 400–430
0 Very soft 355–385
1 Soft 310–340
2 Normal grease 265–295
3 Firm 220–250
4 Very firm 175–205
5 Hard 130–160
6 Very hard 85–115
In the full film lubrication regime the surfaces are completely separated by the lubricant
film, indicating that no wear should occur. The main purpose is to separate the surfaces and
minimize friction.
Also, in a component designed for operation in the full film regime wear may happen. It
may occur during, for example, starting and stopping, before a sufficiently thick lubricant
film has been formed. This means that during a short period of time the contact will act in
the boundary and mixed lubrication regimes. For a new component, that is new surfaces, the
smoothening of the surfaces during the running-in process enhance the possibilities to achieve
full film lubrication.
1.4.3 Semi-Solid Lubricants
Greases are used when liquid lubricants cannot be used, for example when a liquid lubricant
will not stay in the contact or for sealing purposes to protect the contact from contamination by
debris or water or a corrosive environment. Greases are semi-liquids consisting of base fluid
with 5–30% thickener. The base fluid type can be varied (i.e. mineral, synthetic or vegetable
oil). Using a synthetic base fluid will improve low and high temperature properties of the
grease. The thickener can be soap, a polymer or clay. The base fluid lubricates the contact,
while the thickener allows the grease to remain in the contact and protect against contamination.
Greases are described by their consistency, dropping point and base fluid viscosity (refer to
Chapter 2). Consistency is measured in NLGI2 consistency numbers (see Table 1.2) [10]. It is
measured by allowing a cone to sink into the grease measuring the penetration depth. Normal
greases have a consistency number of 2.
The dropping point is the temperature at which the grease changes phase from semi-solid
to fluid. Different greases will melt at different temperatures depending on the thickener and
the interaction of the base fluid and the thickener.
1.4.4 Solid Lubricants and Dry Lubricants
Lubrication can also be achieved through solid lubricants [11]. Solid lubricants are used when
there are problems with keeping a fluid lubricant in the contact, component or system, for
2 National Lubricating Grease Institute.
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example when the contact pressure or temperature becomes too high for a fluid lubricant
to function properly. Different types of solid lubricants are graphite, molybdenum disulfide
and PTFE (polytetrafluoroethylene. They may be applied as coatings or as solid additives in
powder form carried in greases.
Low friction coatings are also used in combination with a fluid lubricant, mainly to protect
the surfaces in the boundary lubrication regime. The most commonly used type of low friction
coating is DLC diamond-like-carbon coatings.
Soft material coatings, such as lead- or tin-based Babbitt coatings, are also used in order to
secure the operation at boundary lubrication. The manufacturing process and costs must be
taken into account when choosing the type of coating.
Semi-solid and solid lubricants will not be further explored in this book.
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Lubricant Properties
The lubricant  properties are important for a satisfactory function of the application. Since the
purposes of lubrication vary between applications, the demands on the lubricant also vary.
Therefore, there are many different ones available. The lubricant properties are verified with
analyses and testing, both during development and by quality control of new and used oils. In
this chapter different lubricant properties are described and for each property an example of
an analysis method is given. Lubricant characterization will be covered in Chapter 7. When
applicable, this chapter covers the following structure for each selected property of liquid
lubricants:
r general importance
r importance for the lubricated contact
r definition
r method1 of measuring and conditions for the measurements.
The lubricant properties can be divided into performance properties, long life properties
and environmental properties [1, 2] (see Figure 2.1). These properties are placed in ovals in
the diagram, stretching from an initial time to a final time, which differs.
The performance properties are central from the very instant the lubricant is added to the
contact. These properties make sure that the purposes for lubricating the tribological contact are
fulfilled (see Section 1.4). These properties include, for example, viscosity, thermal properties,
low and high temperature properties, and air and water contaminant sensitivity.
The long life properties, or the longevity, will prolong the functionality of the lubricated
contact. These properties involve aspects that enhance the life of the lubricant and the lubri-
cated contact, thus minimizing the risk of failure and need of service. Long life properties
involve oxidation stability, hydrolytic stability and corrosion inhibition. In addition, storage
and handling will be covered since they provide the basis for lubricant longevity.
1 There are sometimes several methods available. However, for simplicity reasons one or two are chosen as a reference.
These are tabulated at the end of this chapter.
Lubricants: Introduction to Properties and Performance, First Edition.
Marika Torbacke, Åsa Kassman Rudolphi and Elisabet Kassfeldt.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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Performance
properties
Long life
properties
Environmental
properties
Lubricant life
Figure 2.1 The timescale of different lubricant properties (For a colour version of this figure, see the
colour plate section)
The environmental properties stretch to long times. They may have an acute influence on
either people or the environment during, for example, immediate human exposure, oil spills
and leakages to sensitive environments. They may also have an influence for a very long time
in humans or on the environment if the lubricant is based on, for example, bioaccumulative
substances. Environmental properties include both working environment and properties such as
biodegradability, renewability, toxicity and bioaccumulation. Environmental demands increase
continuously year by year and cover pollution to air, land and sea.
2.1 Performance Properties
Performance properties make sure that the purposes of the lubricant are fulfilled. For instance,
separating moving surfaces will be possible by having the right lubricant film thickness
governed by the viscosity. The temperature characteristics, such as volatility, flash point
and pour point, set the possible operating temperature range. The air and water entrainment
properties, such as foaming, air release and emulsibility, determine whether there is a lubricant
film in the contact or not. One could argue whether these latter properties should be mentioned
as performance properties or long life properties. However, they are mentioned here due to their
possible negative effect on the lubricated contact as well as their impact on the lubricant itself.
Measurements and analyses of performance properties should be done under as realistic
application conditions as possible. Therefore, most analyses are performed at application
temperatures and the laboratory environment should ensure control of important parameters.
Performance properties are all physical properties. This implies that they can be measured
without changing the chemical identity of the lubricant.
2.1.1 Viscosity
The most important performance property is viscosity. The viscosity determines the lubricant
film thickness and thereby the performance of the lubricated contact [1]. In general, a high
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viscosity  will give a thicker lubricant film, while a low viscosity will give a thinner film. If the
lubricating film is too thin, asperities will be brought in contact with each other and friction
will increase. On the other hand, if the film thickness is too large, more energy is required
to move the surfaces. In addition, since pumpability decreases with increasing viscosity, a
lubricant with excessively high viscosity may in the worst case not be possible to pump to the
contact, resulting in starvation and consequently wear or seizure.
The viscosity changes with temperature, pressure and shear rate. All these aspects are dealt
with during the development and lubricants are available in different viscosity grades to satisfy
the requirements in different applications. Generally, the lowest viscosity lubricant that still
forces the two moving surfaces apart is desired.
2.1.1.1 Dynamic Viscosity
Viscosity is defined as the resistance to flow of a fluid deformed by shear stress. It describes
a fluid’s internal resistance to flow and may be thought of as a measure of fluid friction. A
fluid lubricant between two horizontal plates, or solid bodies, one fixed and one moving with
a constant speed, can be used to illustrate viscosity (see Figure 2.2). The fluid can be seen
as consisting of layers moving at different velocities, where close to the stationary body the
lubricant velocity is equal to zero and close to the moving body the lubricant velocity is equal
to the moving body’s velocity.
The shear stress 𝜏, required to move the upper moving solid body at a constant velocity u,
is defined by Newton’s law to be
𝜏 = 𝜂
𝜕u
𝜕y
(2.1)
where u is the velocity of the moving solid body and y is the distance between the two solid
bodies. The change in velocity with respect to height, the term 𝜕u/𝜕y, is known as the shear
Stationary solid body
Moving solid body
Lubricant u/ y
u
y
u = 0
Figure 2.2 A linear velocity profile of the lubricant layer. Close to the stationary body the lubricant
velocity is equal to zero and close to the moving body the lubricant velocity is equal to the moving
body’s velocity
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Figure 2.3 Dynamic viscosity is measured using a rheometer. Fluid is filled in the space between an
inner rotating cylinder and an outer fixed cylinder and the torque required to keep the outer cylinder fixed
is measured
rate. The dynamic viscosity, 𝜂, is the proportionality factor giving the ratio of shear stress to
shear rate (see also Equation (1.4) and Figure 1.9).
Many fluids follow the linear Newton’s criterion, that is Newtonian fluids where the viscosity
is independent of the shear rate. Among these are water and oils, that is a linear velocity
profile arises in a lubricated contact in relative motion (see Figure 2.2). If the relationship
between shear stress and the velocity gradient (shear rate) is not constant, for example at low
temperatures, the behaviour is known as non-Newtonian.
The dynamic viscosity is measured in a rheometer. The liquid is placed in the space
between two concentric cylinders (see Figure 2.3). This rheometer is also known as a rotational
viscometer. The inner cylinder has a known velocity, the clearance is given and the torque
needed to keep the outer cylinder fixed is measured. This gives the shear stress for a given
shear rate. Measurements are performed at the temperature of relevance to the application.
The unit of dynamic viscosity is Pa s or the more commonly used cP (centipoise), where
1 mPa s = 1 cP. Water at room temperature has a dynamic viscosity of about 1 mPa s and
engine oil has about a couple of hundred mPa s.
2.1.1.2 Kinematic Viscosity
The contact experiences dynamic viscosity. In spite of that, the kinematic viscosity is often
used to specify lubricants. One reason is that the kinematic viscosity is easier to measure. The
kinematic viscosity 𝜈 is independent of the density and is defined as
𝜈 =
𝜂
𝜌
(2.2)
where 𝜂 is the dynamic viscosity and 𝜌 is the density.
Kinematic viscosity is measured by allowing the lubricant to flow through a capillary with
a defined diameter only affected by the gravity. The time for a certain amount of lubricant
to flow thorough the capillary is measured. The set-up is known as a capillary viscometer
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Start  level
Stop level
Capillary section
Figure 2.4 Kinematic viscosity is measured in a capillary viscometer. The fluid flows due to gravitation
and the time for a certain amount of fluid to flow through the capillary section is measured (For a colour
version of this figure, see the colour plate section)
(see Figure 2.4). The kinematic viscosity is often measured at 40 ◦C (KV40) and 100 ◦C
(KV100), which cover common application temperatures.
The unit of kinematic viscosity is mm2/s or the more commonly used cSt (centistokes), where
1 mm2/s = 1 cSt. Water at room temperature has a kinematic viscosity of about 1 mm2/s.
For all lubricants the density decreases with increasing temperature. Consequently, the
dynamic viscosity and the density should be measured at the same temperature in order to get
an accurate measurement of the kinematic viscosity.
Lubricant densities commonly vary between 800 and 900 kg/m3. The density has little
influence in the actual lubricating contact. However, it is important to know the density, for
example, in the case of an oil spill to water determining if the lubricant will sink or float [2].
2.1.1.3 Viscosity Dependence on Temperature
Generally, the viscosity decreases with higher temperature, that is the lubricant gets thinner.
The viscosity dependence on temperature can be reasonably well described as
𝜂(T) = 𝜂40e−𝛽(T−40)
(2.3)
where 𝜂40 is the dynamic viscosity at 40 ◦C and 𝜂(T) is the dynamic viscosity at the selected
temperature T (◦C). The 𝛽-value is the factor showing the viscosity dependency of the
temperature [3]. Typical values are in the range 0.05–0.07 1/◦C, depending on the type of
base fluid [4]. The exponential relationship implies a strong relation between viscosity and
temperature (see Figure 2.5).
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Figure 2.5 The kinematic viscosity dependence on the temperature is shown for hydraulic, gear and
engine oils (left) and log log kinematic viscosity as a function of log temperature for the same fluids (right)
This temperature dependency can also be described by the viscosity index (VI, where a
higher value means a smaller effect of temperature on the viscosity. The VI is constant for
each lubricant, but differs between different lubricants. In Figure 2.6 log log (viscosity) versus
log (temperature) is presented for different lubricants. In this type of graph the slope of a curve
is related to the VI.
log
log
(Viscosity)
log (Temperature)
Lubricant A
Lubricant C
Lubricant B
Figure 2.6 Viscosity dependency of temperature for three lubricants is shown in a log log viscosity–
log temperature graph. The slope of the curves represents the viscosity index (VI). Lubricant C has the
highest VI and lubricant B the lowest
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The  VI was originally described by choosing the two families of oils with the highest and
lowest VI-values at that time. The first family (paraffinic base oils) having a high viscosity
index, VI = 100, and the second family (naphthenic base oils) having a low viscosity index,
VI = 0. The VI of today’s oils may be significantly higher than 100. This is due to use
of synthetic base oils, which have a higher inherent viscosity index, and a viscosity index
improving additives (refer to Chapters 3 and 4).
A high viscosity index is required in many applications for a lubricant to perform across a
wide temperature range. At high service temperatures a sufficiently high viscosity is required
to develop a lubricant film. On the other hand, when exposed to low temperatures, the lubricant
should not become too thick to allow it to flow.
2.1.1.4 Viscosity Dependence on Pressure
The lubricant viscosity increases with increasing pressure.2 In most cases the lubricant com-
pressibility is not important, but in some dynamic sequences it may be crucial. The viscosity–
pressure dependence is described in the Barus expression as
𝜂(p) = 𝜂0e𝛼p
(2.4)
where 𝜂(p) is the dynamic viscosity at the selected pressure p, 𝜂0 is the viscosity at atmospheric
pressure and 𝛼 is the factor showing the viscosity’s dependence on the pressure [5]. At high
enough pressure the lubricant will solidify. This may be the case in highly loaded contacts
such as ball bearings. Typical values for 𝛼 are about 24 GPa−1 at 40 ◦C and atmospheric
pressure [4].
2.1.1.5 Viscosity Dependence on Shear Rate
The viscosity is independent of shear rate for Newtonian fluids while it decreases with shear
rate for non-Newtonian fluids. Lubricants show a Newtonian behaviour at shear rates up
to 105–106 s−1. Low viscosity oils are in general Newtonian due to their low molecular
weight. High viscosity lubricants (e.g. emulsions and polymer-thickened lubricants) may
show non-Newtonian behaviour due to their complex structure. The most common non-
Newtonian behaviour for lubricants is pseudoplastic behaviour, where the viscosity decreases
with increasing shear rate, as shown in Figure 2.7.
Pseudoplastic behaviour is due to the alignment of long molecules at increasing shear
rates and occurs regularly for multigrade oils containing viscosity index improvers (refer
to Chapter 4). The process is in general reversible, which means that when the shear rate
is reduced the original viscosity will be retained. With permanent shear loss the molecular
structure is broken and the lubricant viscosity will therefore not return to its original value,
rendering a permanent shear loss.
There are applications with high shear rates for a long time. Then the viscosity may decrease
as a function of time, that is thixotropic behaviour. The phenomenon is referred to as shear
2 The dependence on pressure is sometimes referred to as piezo viscosity in literature.
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Shear rate, u/ y
Viscosity
Newtonian
Pseudoplastic
Figure 2.7 The viscosity is constant with the shear rate for Newtonian fluids while it decreases with
the shear rate for pseudoplastic fluids
duration thinning. The reduction in viscosity is higher when the lubricant is exposed to higher
shear rates (see Figure 2.8).
The shear stability is tested in tapered roller bearings or via diesel injectors (i.e. the Kurt
Orbahn test) where the viscosity is measured before, 𝜂initial, and after testing, 𝜂after. The
permanent shear loss, Δ𝜂rel, indicates the shear stability of the lubricant as expressed as
Δ𝜂rel =
𝜂initial − 𝜂after
𝜂initial
(2.5)
Time
Viscosity
High shear rates
Low shear rates
Figure 2.8 Visualization of shear duration thinning. The apparent viscosity is reduced more quickly at
high shear rates than at low shear rates
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2.1.2  Low and High Temperature Properties of Lubricants
Both low and high temperatures also affect other properties than the viscosity of the lubricant.
It may solidify at low temperatures and may evaporate and catch fire at high temperatures.
Also, the lubricant may age at increased temperature. However, oxidation stability is covered
under long life properties of the lubricant (Section 2.2) [6].
2.1.2.1 Pour Point
The lubricant’s pour point is the lowest temperature at which it will flow. The demands differ
in the world, for example in the northern hemisphere the requirements can be strong due to
the cold temperatures in wintertime. The pour point value is a rough indication of the lowest
temperature at which the oil is pumpable. Thus, the lubricant may not reach the contact when
approaching the pour point, causing risk of wear or seizure.
The base fluid molecules can move freely in liquid lubricants, but this movement decreases
when the lubricant is cooled down. Consequently, both viscosity and density increase when
the temperature is lowered. The base fluid molecules will always position themselves in a
pattern that is energetically favourable. At a low enough temperature a crystal lattice is formed
and the lubricant solidifies.
The pour point can be determined by pouring the lubricant into a beaker, which is gradually
cooled down. The beaker is tilted every 3 ◦C. The pour point is reached when the lubricant no
longer flows when the beaker is tilted.
2.1.2.2 Volatility
The lubricant will evaporate when it is heated. Volatility is a measure of the lubricant’s tendency
to vaporise and depends on its vapour pressure. In closed systems, the vapour is in equilibrium
with the liquid. A lubricant with a high vapour pressure will be more readily vaporised than
one with a low vapour pressure, at any given temperature. The volatility differs between
base fluids. Low molecular weight molecules have a high vapour pressure and will evaporate
more easily than high weight molecules. In general, this implies that low viscosity base fluids
are more volatile than high viscosity base fluids. Thus, for high temperature applications a
balanced mix of base fluids is required for a well-functioning lubricant. Hence, high quality
lubricants are formulated with low volatile base fluids.
The amount of lubricant is reduced in the system when it vaporizes. It is important to
secure that there is enough lubricant in the contact at any given application temperature.
Vaporization also changes the properties of the lubricant when low volatile base fluids are
removed. Additionally, the volatility is very important for lubricants used in high temperature
applications, where there may be a risk of the lubricant catching fire.
The Noack volatility of a lubricant is measured by heating to 250 ◦C for 60 minutes in a
fume hood (see Figure 2.9). Volatility is evaluated by weighing the lubricant before and after
heating. This test is designed for high temperature applications such as engine oils.
2.1.2.3 Flash Point
As was described in the previous section, the lubricant evaporates at high temperatures. At a
certain temperature the flash point will be reached. The flash point of a flammable liquid is
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Lubricant vapours
Lubricant
Figure 2.9 Lubricant volatility can be measured using the Noack method. The lubricant is heated and
some of the lubricant may evaporate. The weight change is measured
the lowest temperature at which it can form an ignitable mixture in air. At this temperature the
vapour may cease to burn when the source of ignition is removed.
The flash point is used to secure good safety and handling. It is important to select a lubricant
with a flash point well above the highest application temperature in order to avoid fire. The
flash point is primarily important for the total application (i.e. the bulk oil temperature) rather
than the local contact.
The most common way of determining the flash point is by heating the lubricant in an open
cup (i.e. the Cleveland open cup or COC method). The lubricant is poured into a pan-shaped
metallic container and gradually heated (see Figure 2.10). At a certain temperature, that is
the flash point, there are enough fumes to ignite. The volatility and the flash point are closely
related to each other (see Figure 2.11). In general, lubricants with a high volatility have low
flash points.
Lubricant
Figure 2.10 The lubricant is heated during flash point measurements using the Cleveland open cup
(COC) method. A source of ignition is brought into contact with the fumes
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Figure 2.11 The volatility as a function of the flash point for several base oils (see Section 3.2 for
definition of base oil groups)
2.1.3 Air and Water Entrainment Properties
Lubricants almost always contain some air and water in different forms. Normally, the lubri-
cants have additives that will secure good air release, low foaming and good demulsibility
and thereby good performance in the application (more details in Chapter 4). However, the
lubricant may be contaminated by impurities, which may be detrimental to air release (or
deaeration), defoaming and demulsibility [7].
2.1.3.1 Air Release
Air occurs in lubricants in the form of free air, foam, entrained air and dissolved air. Free air at
the lubricant–air surface may be drawn into the lubricant via, for instance, a pump. This may
cause foam and entrainment of air, which increases the oxidation of the lubricant. Dissolved
air is invisible and at atmospheric pressure there may be as much as 8% dissolved air in the
lubricant. The dissolved air is in equilibrium with the surrounding air at atmospheric pressure,
but may be released if the pressure is reduced. This may give rise to disturbances in the system
and, in severe cases, cavitation. Poor air release values in hydraulic oils may cause cavitation
in the hydraulic pumps and increase compressibility. It is therefore important to have short air
release values in such applications.
Air release occurs through air bubble transportation within the lubricant to the air–lubricant
surface. The air bubble is formed due to the phenomenon of surface tension 𝛾. The relation
between the pressure difference between the air bubble and the surrounding lubricant ΔP, and
the bubble radius r, is described by the Young–Laplace equation [8]
ΔP =
2𝛾
r
(2.6)
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Air inlet
Lubricant
Figure 2.12 Air is bubbled through the lubricant. After bubbling, the time for air release is measured
Air release is enhanced by the growth of air bubbles, due to coalescence or due to a reduction
in pressure surrounding the bubble during its rise to the surface. The Young–Laplace equation
is applicable to bubbles or droplets formed in lubricants, which is the case in air release,
foaming and demulsification.
The rate of bubble rise ububble can be described by the Stokes equation
ububble =
2g(Δ𝜌)r2
9𝜂
(2.7)
where g is the gravitational constant, Δ𝜌 is the density difference between the air and the
lubricant, r is the bubble radius and 𝜂 is the dynamic viscosity [9]. The radius of the bubble
has an exponential effect on the air release rate, that is large bubbles rise quickly while small
bubbles may even be entrained in the lubricant. Air release is promoted by increasing the
lubricant temperature since this lowers the viscosity.
Air release is measured by bubbling air through a lubricant for 7 minutes at 25 ◦C, 50 ◦C or 75
◦C (see Figure 2.12). The goal is to test all lubricants at approximately the same viscosity. Thus,
low viscosity lubricants are tested at 25 ◦C and high viscosity lubricants are tested at 75 ◦C.
After bubbling (aeration) the time for air release is measured. Measuring the density imme-
diately after aeration and repeatedly during the following air release does this. A theoretical
value of the density at zero air entrainment is calculated for the lubricant containing 0.2% air.
The air release is completed when this level is reached.
2.1.3.2 Foaming
Foaming may occur when air is introduced in a lubricant. Intense foaming may flood the
application and consequently reduce the amount of available lubricant.
Foam is defined as a large volume of gas in a small volume of liquid (or solid) material. Pure
liquids never foam. There are two criteria to fulfil in order to form foam. First, one component
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Air
Lubricant
Surface  active molecule
Figure 2.13 The direction of the surface active components in lubricant foam
Air inlet
Foam
Lubricant
A B C
Figure 2.14 Foaming is tested by bubbling air in a lubricant. A: Before bubbling air through the
lubricant. B: Test with large foam build-up. C: Test with small foam build-up or significant foam collapse
in the lubricant must be surface active. Second, the surface between air and the lubricant must
be elastic. The surface active molecule3 will arrange itself so that the polar part points towards
the air bubble when being in oil (see Figure 2.13).
The foaming characteristics are evaluated at relevant application temperatures, that is room
temperature and at an elevated temperature of 94 ◦C. The foaming is performed by bubbling air
at a constant rate through a diffuser, which distributes the air in the lubricant (see Figure 2.14).
The foam build-up may be rapid and large or small depending on the lubricant formulation.
After 5 minutes the bubbling of air is stopped and the time for the foam to collapse is measured.
After 10 minutes the amount of remaining foam, if there is any, is documented. Some foams
are extremely resistant to breakage while others break easily and/or rapidly.
Studies have shown that foaming is viscosity dependent for viscosities in the range of
100 to 1000 cSt. The maximum foam volume is observed for lubricant viscosities of 200 to
300 cSt [10]. It is important to cover all relevant application temperatures when evaluating
the foaming tendency since the foaming behaviour sometimes differs between temperatures.
3 A surface active molecule has one polar moiety, which is water soluble, and one hydrocarbon chain, which is oil
soluble. This will be further discussed in Chapter 4.
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In cold climates, it may be well worth preheating the lubricant before usage in order to avoid
foaming in cold start-ups.
2.1.3.3 Demulsibility
Water entrainment may result in large or small volumes of water in the lubricant. Large volumes
of water usually occur as droplets or a visible water phase, while small amounts of water may
exist as dissolved water in the lubricant. In general, droplets are more easily separated from
the lubricant than dissolved water. Demulsibility is the ability to separate water (i.e. droplets)
from the lubricant. The rate of water separation depends on the combination of base fluids and
additives.
It is in general important to have good demulsibility, because water entrainment could cause
corrosion, filter problems, wear, and so on. The acceptance of water content differs between
applications. Many lubricants used in the industry, such as gear oils, hydraulic oils or turbine
oils, are formulated not to allow water to be emulsified in the lubricant. One reason for not
accepting water in lubricants is that the operating temperature is below 100 ◦C. Water is, in
general, not a problem in systems with an operating temperature above 100 ◦C since it will
evaporate during operation.
In some applications it is beneficial to allow water entrainment. This is the case for engine
oils where water is formed during combustion. If water is separated it may accumulate in
the crank case, especially if the car is driven only short distances, not allowing an increase
in lubricant temperature. Therefore, dispersant additives (refer to more details in Chapter 4),
which disperse small water droplets to a stable emulsion, are added. For these types of
lubricants a demulsibility test will not show any water separation at all.
Emulsions may form when water entrains the lubricant. There are two main types of
emulsions: oil-in-water (o/w) and water-in-oil (w/o). Water and oil do not naturally mix and
emulsions are therefore usually unstable. They can become stable when adding a stabilizer
supporting water entrainment (refer to Chapter 4).
Oil-in-water emulsions are most frequent. In emulsion breakage the oil droplets will start
to collide and coalesce. The oil droplets will rise in the continuous water phase (also known
as creaming). The coalescence proceeds until a continuous oil phase is formed on top of the
water phase. The time for the coalescence trc is determined by
trc =
Δ𝜌r2
𝜂
(2.8)
where Δ𝜌 is the density difference between the lubricant and water, r is the droplet radius and
𝜂 is the dynamic viscosity [9].
Demulsibility is evaluated by blending 40 ml of lubricant with 40 ml of water intensely for
5 minutes at 54 ◦C. Complete time for the demulsibility is determined when the amount of the
remaining emulsion is 3 ml or less (see Figure 2.15).
2.1.4 Thermal Properties
The lubricant inherent thermal properties may be of importance when designing, for example,
oil coolers in a lubricated application or calculating temperature in a lubricated contact.
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Figure  2.15 Demulsibility is tested by mixing water with the lubricant. A: Test tube before mixing the
water and the lubricant. B: Test tube when the water and the lubricant have been mixed. C: Test tube
after separation
Important properties are the specific heat capacity and the thermal conductivity. Inherent
thermal properties of the lubricants depend mainly on the base fluids and very little on the
additives [1].
The specific heat capacity, Cp given in units of J/kg K, is a measure of the heat energy
required to increase the temperature of a unit quantity of a lubricant. More energy is required
to increase the temperature of a lubricant with high specific heat capacity than one with low
specific heat capacity. The energy Q required to change the temperature ΔT of a mass m is
expressed as
Q = mCpΔT (2.9)
For a lubricant with a low Cp value a relatively small energy input will increase the lubricant
temperature significantly. Consequently, since the viscosity decreases with higher temperature,
the lubricant film thickness will decrease more for lubricants with low specific heat capacity.
The thermal conductivity, 𝜆 given in units of W/m K, indicates the lubricant’s ability to
conduct heat, for example how fast heat can be transported away from the lubricated contact.
The heat transfer G between two surfaces separated by a lubricant can be described by
G = 𝜆A
ΔT
y
(2.10)
where ΔT is the temperature difference, A is the contact area and y is the distance between the
solid surfaces.
In a lubricant between two bodies of different temperatures a temperature profile develops
(see Figure 2.16). A large 𝜆-value promotes heat transfer. A large contact area will pro-
mote a higher heat transfer from the local contact, thus reducing the temperature difference
more quickly.
2.2 Long Life Properties
Long life properties of a lubricant comprise oxidation and hydrolytic stability, as well as cor-
rosion inhibition. The identified long life properties can be referred to as chemical properties,
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Cooled solid body
Heated solid body
Lubricant
Temp
y
Temp = T1
Temp = T2
Figure 2.16 A simplified temperature profile in a lubricant between two bodies with different
temperatures
since they all involve chemical changes of the lubricant. These properties are investigated by
changing the lubricant chemically. Thus, the internal chemical structure of the lubricant must
be affected for its chemical properties to be investigated.
It is important to choose the right lubricant for the application in order to prolong the life of
both the lubricant and the application. In addition to choosing the right lubricant, it is important
to handle and store it in the best way. It is well known that the lubricant ages when exposed to
heat, strong light, water, oxygen, metals and impurities. Therefore, it is important to avoid or
reduce the exposure during handling and storage.
2.2.1 Total Acid Number (TAN)
The total acid number (TAN) is a measure of the lubricant’s condition (or the condition of the
base fluid). New (nonused) lubricants may contain acidic components such as organic acids,
inorganic acids, esters or some acidic additives. Acids also form when lubricants age. The
condition of the lubricant may therefore be evaluated by measuring the acid value. A high
TAN usually indicates an aged lubricant. The acid number is one indicator of the remaining
life of a lubricant. Monitoring the acid value enables the lubricant to be changed before severe
corrosion has occurred in the system.
The acid content, or the total acid number, may be determined by titration. The lubricant
sample is diluted in a beaker. Potassium hydroxide (KOH) is added to the sample while
mixing. The OH− from KOH reacts with H+ from the acidic components in the lubricant,
forming water. When all acidic components have reacted with the KOH, the amount of
acid is given in mg KOH/g of lubricant, corresponding to how much KOH has been added
to reach the equilibrium point. The equilibrium point can be identified by, for example, a
colour change.
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2.2.2  Total Base Number (TBN)
The total base number (TBN) is another measure of the lubricant’s condition and a high TBN
indicates a good condition. Nonused lubricants may contain basic additives such as detergents
and dispersants, giving a high TBN. These basic additives are added to the lubricant to
neutralize acidic components that may form in the lubricant. Therefore, the TBN will gradually
be lowered when these additives are consumed, usually followed by oxidation and an increase
in viscosity. Consequently, the TBN is a good indicator of the remaining life of engine oils,
for instance.
The TBN test is performed by diluting the lubricant sample in a beaker. There are two
methods for measuring the TBN. The basic components can either be titrated with a strong
acid such as hydrochloric acid or with a weak acid such as perchloric acid. In both cases the
acid will react with the basic components. When titrating with perchloric acid both detergents
and dispersants can be determined. This is preferred for determining the TBN in new (nonused)
lubricants. When titrating with hydrochloric acid, detergents only are determined. This is the
preferred method for determining the TBN in used lubricants. When all basic components
have reacted with the acid the amount of acid is converted to a KOH equivalent/g of lubricant
in analogy with the TAN. The equilibrium point is commonly identified using a potentiometer.
2.2.3 Oxidation Stability
Fresh lubricants have inherent oxidation stability depending on their composition. The lubri-
cant ages by oxidation when it is brought into contact with oxygen at elevated temperatures.
The ageing proceeds more quickly at high temperatures according to the Arrhenius relationship
k = const ⋅ e−EA∕RT
(2.11)
where k is the chemical reaction rate constant at temperature T [K], const is a constant, EA is
the activation energy required for a chemical reaction to occur and R is the gas constant. The
rate of oxidation is doubled every 10 ◦C and starts to become significant above 60 ◦C [11].
Oxidation is enhanced by contact with oxygen and metals at elevated temperatures. Thus,
oxidation can be lowered by reducing the contact with oxygen (or air), by reducing the
temperature in the lubricated contact (or in the application) and by removal of wear debris.
In practice, it is difficult to totally avoid the contact with oxygen. However, avoiding mixing
air into the lubricant and improved air release will reduce the oxygen content. Cooling the oil
will reduce the temperature and filtering will remove wear debris.
Oxidation gives increased acidity and sludge formation, that is the formation of insoluble
components. Oxygen consumption, viscosity increase and acid number increase are indications
of oxidation occurrence.
Oxidation tests are performed at elevated temperatures in contact with oxygen and metal
catalysing the oxidation. Several methods include the addition of water to increase the rate of
corrosion during the test. The end of life of the lubricant is determined either by measuring
r the consumption of oxygen
r the total acid number (TAN)
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Figure 2.17 The oxidation of a lubricant starts with oxygen contact. It proceeds as a chain reaction
process
r the viscosity and
r the consumption of antioxidant additives.
The consumption of oxygen may be measured by comparing an initial pressure of oxygen
to a drop in oxygen pressure after a certain time. The TAN, the viscosity and the amount of
antioxidants are measured after the oxidation test has been run and the results are compared
with initial values for the fresh lubricant. A TAN of 2 mg KOH/g proves that oxidation has
proceeded far and is sometimes used to indicate the end of life.
The oxidation process can be explained in more detail (see Figure 2.17). The hydro-
carbon chains4 (RH) in the lubricant react with oxygen during the oxidation process,
forming carboxylic acids (ROOH). Oxidation usually starts at the double bonds in the
hydrocarbon.
At a certain point the carboxylic acids are cleaved forming radicals, RO∙ and ∙OH. A radical
is a highly reactive chemical species and is denoted by a point next to the chemical formula.
The radicals will immediately react with new hydrocarbons (RH), forming sludge and a new
radical, R∙. This radical R∙ will, together with oxygen, O2, react and form ROO∙, which will
react with a new hydrocarbon (RH) to form either an R∙ or ROOH [6].
The oxidation process is a chain reaction, which proceeds until it is stopped by the action
of, for instance, antioxidants (refer to Chapter 4).
4 R is used to describe a hydrocarbon chain with an unspecified number of carbons. RH is used to describe hydrocarbons
when the hydrogen is involved in a reaction, which is the case in oxidation. This is further described in Chapter 3.
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2.2.4  Hydrolytic Stability
Environmentally adapted lubricants are comprised of natural or synthetic esters. These esters
may decompose into acids and alcohols when brought into contact with water. This reaction
is referred to as hydrolysis where the ester reacts with water, forming acids and alcohol:
R1COOH2 + H2O → R1COOH + R2OH (2.12)
The hydrolytic reaction rate is increased at elevated temperatures and is catalysed by metals.
Hydrolytic stability can be evaluated by mixing the lubricant with 10% water at 90 ◦C
for 5 days. It is determined by measuring the total acid number (TAN) where a high TAN
increase indicates low hydrolytic stability. A lubricant with low hydrolytic stability should not
be used in applications where there is a high risk of water entrainment. Such a surrounding
environment may increase the risk of lubricant ageing.
2.2.5 Corrosion Inhibition Properties
Corrosion causes material removal from the metal surface. Severe corrosion may affect the
load-bearing capacity of the contact, resulting in machine failure. Lubricant oxidation is also
catalysed by corrosion since metal is exposed. Thus, corrosion not only shortens the life of the
contact due to surface degradation but potentially shortens the life of the lubricant too.
Corrosion tests are discussed according to the metal being investigated. Thus, the corro-
sion investigation is divided into steel corrosion (or rust), yellow metal corrosion (or copper
corrosion) and soft metal corrosion (commonly referred to as lead corrosion) [6]. Corrosion
tests are part of the compatibility studies that are always performed during development of a
lubricant formulation.
2.2.5.1 Steel Corrosion
When steel is exposed to water and oxygen (or air) it starts to corrode (commonly referred
to as rust). When lubricants contain water, which is more surface active than the lubricant,
and oxygen, the corrosion process may start at the steel surface (see Figure 2.18). Iron at the
steel surface donates electrons to oxygen, which together with water forms hydroxide ions,
Steel
Lubricant
Fe2+
O2
O2
Rust
Water
e–
Fe
Figure 2.18 In the presence of water and oxygen an iron corrosion process starts, resulting in pitting
and rust products
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Pass Fail
Figure 2.19 Steel corrosion is tested by placing a polished steel rod in the lubricant. The steel rod is
evaluated visually after testing
while iron forms iron ions. This happens according to the following reactions (i.e. anodic and
cathodic reactions):
O2 + 2 H2O + 4e−
→ 4 OH−
(2.13)
Fe → Fe2+
+ 2e−
(2.14)
When iron ions are released from the steel surface pitting occurs. The iron ions react with
the hydroxide forming iron hydroxide, which precipitates. The hydroxide quickly oxidizes to
form rust.
Steel corrosion is evaluated by immersing polished steel rods in the lubricant at an elevated
temperature of 64 ◦C with 10% mix of water (see Figure 2.19). The water can be either distilled
or synthetic seawater, depending on application requirements. The corrosion is evaluated and
graded by observing the steel rods visually after 4 hours of testing. The grading is no corrosion
when the steel rod is not stained, minor corrosion when there are few and small stains and
severe corrosion when there are many large rust stains on the steel rod. The test is passed when
there is no observed corrosion.
2.2.5.2 Yellow Metal Corrosion
Yellow metals are common in, for example, bearings. Yellow metal may corrode at high
temperatures, particularly when brought in contact with certain substances. In a lubricant,
substances causing corrosion may be sulfur compounds or oxygen. The corrosion of copper is
here exemplified with the reaction with sulfur (see Figure 2.20) and the following reactions:
Cu → Cu2+
+ 2 e−
(2.15)
S + 2 e−
→ S2−
(2.16)
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Lubricant  S
Cu2+
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Figure 2.20 Yellow metal corrodes in the presence of sulfur compounds at high temperatures
Electrons are released when copper corrodes. This requires that another substance is available
to attract the electrons. In this case sulfur in the lubricant is prone to attract these electrons,
forming sulfur ions. The copper and the sulfur ions react, forming copper sulfide. The corrosion
may be even across the surface or local giving rise to pits.
Yellow metal corrosion is evaluated by immersing a polished copper strip in a lubricant at an
elevated temperature of 120 ◦C. The degree of corrosion is evaluated by visual inspection after
3 hours (see Figure 2.21). The corrosion is graded according to a given colour scale from 1A, 1B
(i.e. minor corrosion), up to 4C (i.e. severe corrosion). The copper strips with minor corrosion
are still copper coloured while the copper strips with severe corrosion have turned black.
2.2.5.3 Soft Metal Corrosion
Soft metal corrosion is not part of the standard procedure when evaluating a lubricant. However,
soft metals do occur in different bearing materials. Therefore, there is interest in looking into
the corrosion of soft metals. In contact with air (or oxygen) the soft metal will oxidize, here
exemplified by the oxidation of lead:
2Pb + O2 → 2PbO (2.17)
If the lubricant contains esters and water is brought into the lubricant, the ester may
hydrolyse, forming fatty acids RCOOH (refer to Equation (2.12)). The soft metal oxide
1A 3B
Figure 2.21 Yellow metal corrosion is evaluated by placing a copper strip in a lubricant. Evaluation is
graded visually according to a given scale
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Figure 2.22 Soft metals corrode in the presence of fatty acids and oxygen
(exemplified by lead oxide) may react with the fatty acid, forming a white precipitate and a
corroded surface (see Figure 2.22):
PbO + 2RCOOH → H2O + Pb(RCOO)2 (2.18)
Soft metal corrosion can be evaluated by placing a piece of soft metal in the lubricant at
elevated temperatures. The weight loss after 168 hours gives the degree of corrosion. The
duration of the test can be shorter if severe corrosion is anticipated and longer if corrosion
is assumed to be minor. Elemental analyses of the lubricant will supplement the weight
measurements of the metal piece in determining the corrosion rate (refer to Chapter 7).
2.3 Environmental Properties
Modern lubricants are relatively harmless to most users, but as with all chemical products
they should be handled with care. It is important to wear protective clothing when handling
lubricants to avoid skin contact. This is particularly important when handling low viscosity
lubricants, both due to risk of uptake via the skin and also due to risk of inhalation of oil mist.
All used oils should be treated as dangerous waste and should be handled according to legal
requirements.
Environmental properties comprise here both local and global environments. By local
environment is meant the working environment with properties reducing, for example, oil mist
or allergies when brought into contact with food and humans.
The global environment considers the impact if a lubricant is spilled on to the ground,
but also considers the fact of oil depletion in the world. Thus, for example, biodegradability,
toxicity and renewability are important factors.
These environmental properties will be covered below, together with marketing aspects.
However, the history of lubricants that reduce the environmental impact will be covered first.
2.3.1 Environmentally Adapted Lubricants
Environmentally adapted lubricants (EALs) are based on biodegradable base fluids with a
high degree of renewable content, such as ester base fluids together with low toxic, low
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