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Abstract
The lubricants of the future have to be more environmentally adapted, show a 
higher level of performance, and give a lower total life cycle cost (LCC) than 
those used today.  One way to produce, choose and formulate these lubricants is to 
have good knowledge about the properties of the base fluids and their additive 
response. Base fluid properties can be divided into four different groups – 
physical, chemical, film formation properties and additive response. This thesis is 
based on the results from the Swedish HiMeC research project “Environmentally 
adapted lubricants for high performance components”. 

A number of different environmentally adapted ester fluids considered suitable for 
formulating environmentally adapted lubricants were investigated according to 
properties, molecular structure and film formation capability. It was found that 
both thermal conductivity and specific heat capacity are high for the esters 
compared to mineral fluids. There is also a strong correlation between the number 
of carboxylate groups and the thermal conductivity. Optical interferometry in a 
ball and disc apparatus was used to investigate the film formation capability.  

A new model for measuring the running in performance of mechanical 
components was developed. The tests are run un-accelerated, with the same 
contact pressure and speed as the real applications they represent. The method is 
based on a tribotest and the exact measurement of the surface topography at the 
exact same spot before and after the test. The most interesting parameters to 
monitor were found to be Rdq and Rpk. Even very small changes at the uppermost 
parts of the topography could be measured and monitored with this method. 

The additive response for both traditional anti-wear additives and specially 
designed more polar additives were studied. The test was performed at Iwate 
University in Japan. A modified Falex pin and vee block tribotest machine were 
used. The new type of additives was found to be efficient, but further research is 
needed to formulate fluids based on this chemistry.  

When putting all together, it could be seen that it will be possible to tailor-make 
base fluids with suitable properties and additivating them with the correct 
additives for the task they should perform. This will make it possible to achieve 
better results than the fluids used today regarding both environmental and 
performance aspects. 
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Nomenclature

Variable Meaning    Dimension 

 Temperature-viscosity coefficient  K-1 

 Shear rate    s-1

 EHD friction coefficient   - 
 Density    kg/m3

 Dynamic viscosity   Pa s
 Film parameter   -  
 Friction coefficient   - 
 Kinematic viscosity   m2 s-1(cSt·106)
 Shear stress    Pa 
 Thermal conductivity   W m-1 K
Cp Specific heat capacity per unit volume  J/kg K

Ac Slip to roll ratio   - 
COOH Number of carbonyl groups  - 
hc Central film thickness   nm 
hmin Minimum central film thickness  nm 
MW molecular Weight, (molecular mass)  g/mol 
NPI Non Polarity Index   - 
Rq RMS surface roughness   m
ub Velocity, ball   m/s 
ud Velocity, disc   m/s  
VI Viscosity index   - 
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1 Introduction 
Because we live on a planet with finite resources, we have to consider coming 
generations and work for a sustainable development in the field of lubrication 
engineering. Therefore, the lubricants of the future have to be more 
environmentally adapted, show a higher level of performance, and give a lower 
total life cycle cost (LCC) than those used today.

To produce, choose and formulate these lubricants, the properties of the base 
fluids and their additive response have to be well-known.  The base fluid 
properties can be divided into five different groups – rheological, chemical, 
thermodynamical, environmental and additive response properties.  

Properties from all of these investigated groups will improve the understanding of 
their influence on base fluid overall performance. Other parameters could also be 
of interest, such as adhesion, wetting and maybe some others, but they could be 
focused upon in future investigations. 

1.1 Map of lubricants 
Tribology comes from the Greek word “tribos”, meaning rubbing, but Peter Jost 
first introduced the word tribology in 1966 in the well-known Jost report [1]. The 
Jost report focuses on the enormous losses in GNP by poor lubrication. The 
science of tribology is about “wear, lubrication, and friction”. Textbooks and 
scientific papers, such as “History of Tribology” by Dowson [2] and “History of 
tribology- The Bridge between Classical Antiquity and the 21st century” by Bartz 
[3], extensively cover the history and development of tribology from the very first 
beginning to today. The science of tribology is growing and will become more 
and more important in the future because of the constantly increasing demands of 
improved efficiency from the industry.  

Tribology is a wide and interdisciplinary science; in Figure 1 the position of this 
contribution from a base fluid point of view can be located on a suggested “Map 
of lubricants” from a base fluid point of view. The lubricants can be divided and 
subdivided into different groups according to their composition. This study focus 
on environmentally adapted ester based fluids.  
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Tribology

Lubricated ContactsUnlubricated Contacts

Solid
Lubricants

Fluid
Lubricants

Gas
Lubricants

Mineral
Fluids

Synthetic
Fluids

Semi Synthetic
Fluids

PAO Synthetic Esters PAG,PIB etc.

Polyol-EstersDi-Esters Complex Esters

Environmentally
adapted

Non environmentally
adapted

Figure 1. Suggested Map of lubricants, with this contribution highlighted 

1.2 Background 
For most lubricated applications, the conventional choice is a mineral oil-based 
lubricant. Mineral oils used as lubricants have well-known properties and have 
been used as lubricants on a large scale since the end of the 19th century. When a 
mineral oil is selected, viscosity and VI1 (Viscosity Index) are normally used to 
characterise the fluid. If a synthetic ester-based lubricant is chosen for an 
application, for technical reasons, environmental reasons or both, many additional 
properties might have to be evaluated obtain an optimized result, i.e. more so for 
synthetic esters than for conventional mineral oils. Thermal conductivity and 
polarity are examples of properties that differ more between different synthetic 
esters than different mineral oils.  

There are a lot of investigations of properties of fluids suitable as base fluids for 
environmentally adapted lubricants such as, [4].  

1 Viscosity Index, the linear temperature-viscosity relationship according to ASTM D-2270 
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There are several other studies of additivation of environmentally adapted fluids 
both vegitable fluids as, [5],[6] and synthetic ester based fluids as [7],[8]. 

To improve efficiency and performance in the Swedish industry, a tribology 
research programme entitled HiMeC (High Performance Mechanical 
Components) was started year 2000. The programme ran for 5 years and involved 
4 universities and more than 50 companies.  HiMeC was supported by Swedish 
industry and SSF (Foundations for Strategic Research). This thesis is based on the 
results achieved from the HiMeC project “Influence of molecular structure on 
lubricant properties and performance”. 

1.3 Objectives 
The main objective of this thesis is to increase the understanding of how the 
molecular structure influences the properties for a base fluid and affects the 
lubrication performance and additive response for the fluids. The other objective 
is to increase the general knowledge about properties and performance for 
environmentally adapted lubricants of ester type. 

Why is this question important right here in my study?  

In a synthetic environment the number of choices is larger, in some senses 
“infinite”. The challenge is to find, describe and rank the influence of molecular 
structure parameters on the properties of a finished lubricant.

1.4 Outline of this thesis 
The investigation starts at bulk fluid properties that are directly useful in the HD 
and EHD regimes, followed by the mixed regime and finally in the boundary 
regime. The environmental aspects of tribology have been in constant focus 
through the entire investigation. This thesis is composed by the following 
chapters:

1. Chapter one is an introduction to the subject. 

2. Chapter two describes different base fluids and their characteristics and 
molecular structure 

3.  Chapter three describes the studied properties

4. Chapter four describes the influence of the lubricant properties in different 
lubrication regimes 
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5. Chapter five describes the experiments and calculations performed to get 
the properties out from the experiment data.  

6. Chapter six discusses the results  

7. Chapter seven draws conclusions from the results and suggestions about 
future work in this area of research.

1.5 Limitations 
Only synthetic esters are studied in this investigation except one mineral fluid 
used as a reference. The viscosities for the selected fluids are around the ISO VG 
46 range. 
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2 Base fluids for lubricants 
All liquid lubricants are formulated with one or more base fluids as the major 
component. As a weighted average of all lubricants produced, the base fluid 
accounts for more than 95% of all lubricant formulations. But the percentage of 
additives in a formulation differs greatly from less than 1% in some simple 
compressor oils and circulation oils, ~20% in PCMO (passenger car motor oil), 
and up to over 30% in some metalworking fluids and gear lubricants [9]. Some 
lubricants contain solvents to adjust the viscosity, improve the blending 
performance or both, such as two stroke engine oils. The content of solvent can be 
large, but the solvent is not of concern as a base fluid.

Base fluids could be of different types: mineral, synthetic, or ester, and are 
classified in various ways. As an example, a base fluid for use in engine oil is 
classified by API [10], but a fluid for formulating a hydraulic fluid is only 
classified by the ISO VG system [11]; Table 1 shows the API classification of 
base oils. In this study, several different synthetic esters, and one mineral 
reference oil are investigated. 

Table 1. The API classification of base fluids 

Group  Saturate wt % Sulfur ,wt % Viscosity Index 
I < 90 and/or > 0.03   > 80 to < 120 
II  90 and  0.03  80 to  120 
III  90  0.03  120 
IV PAO, (Poly Alpha Olefins) 
V All other basefluids, such as Esters, PAG, PIB etc 

2.1 Mineral base oils 
Mineral base fluids are produced from crude oil that is pumped up from the 
ground at oil fields on land or offshore. The use of petroleum can be traced back 
to 3,000 BC in Mesopotamia, (i.e. present day Iraq). Seepages of bitumen were 
mixed with fibrous materials and used for building materials, as well as for water 
proofing baskets, and mats. 

The large scale use of mineral oils started in August, 1859 in Drakes Well2,
Titusville, Pennsylvania. Edwin Drake from the Seneca Oil Company successfully 
drilled in the ground and found oil at a depth of 69 feet (21m). From that date a 

2 Some sources defines James Williams oil well in Ontario Canada 1857 as the first commercial oil 
production.  
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new era was started for human kind, the “oil age”. The processing of the crude oil 
varies depending on the quality, chemical composition and the expected quality 
for the produced base fluid [12]. Crude oil generally consists of many thousands 
of different chemical components; some of the most common structures types are 
schematically shown in. Figure 2. The composition of crude oil varies depending 
on its origin, e.g. crude oil from South America often has a naphthenic dominance 
in the structure of the components, whereas crude oil from the Middle East has 
more paraffinic structures, [9]. 

Paraffinic

Iso- Paraffinic Aromatic

Naphthenic

Figure 2. Schematic views of different components in mineral oil 

A mineral base fluid could be of three different types as determined by the major 
type of chemical bonds in the molecules: naphthenic, aromatic, or paraffinic. The 
paraffinic type is most common in lubricants because of its relatively good 
properties. Naphthenic base fluids are sometimes used when good low 
temperature properties are required and poor VI (Viscosity index) are not of 
importance, e.g. electrical transformer and insulation oils.  

White oil is an extremely high-refined mineral oil without any unsaturated 
structures, with all aromatics being removed by different treatments [13]. As the 
name indicates, they are nearly colourless. White oils are used in food grade 
lubricants medicinal products, and some lubricants with OHS, (occupational 
health and safety) issues. White oil has poor biodegradation and is therefore 
unsuitable as a base fluid for environmentally adapted lubricants. In this study, 
mineral base fluid of the paraffinic type is included as a reference. 

2.1.1 Highly modified mineral fluids  
One way to increase the performance for mineral base fluids is through severe 
hydro cracking, wax isomerization or both, which produces highly modified 
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mineral fluids, often known as VHVI, Very High Viscosity Index (and UHVI) 
fluids [9]. In these processes, the uniformity in molecular distribution is increased 
and the properties are improved compared to simpler less refined mineral products. 
Fluids of this type have a VI of over 120, low volatility, and the colour of the base 
fluid is very light. An example of an application where VHVI base fluids are used 
is in PCMO. The use of VHVI base fluids is increasing due to a decreasing price 
difference between them and mineral base fluids on some markets. VHVI oil 
belongs to the Group III Base oils in the API system; however, no VHVI fluid is 
included in this study.  In an environmental perspective, the performance of VHVI 
fluids is poor, due to a lack of renewability and poor biodegradation. 

As a result of efforts to increase the value of the natural gas resources GTL, (Gas 
to liquid) processes have been developed. The technique is based on the 80-plus 
year old Fisher-Tropsch process, where high quality liquid products are produced 
from natural gas through partial oxidation, polymerization and isomerization. 
Very clean and high quality fluids with VI over 160 can be produced with this 
technology [9]. The type of new fluids is sorted into the API group III base fluids. 
Even if the VI is high, the evaporation losses are still higher and the low 
temperature properties poorer than for PAO base fluids.

2.2 Synthetic base fluids 
According to Zisman [14], synthetic base fluids were first used industrially in 
1931 after Sullivan published his research results on synthetic polymerized olefins. 
Many different synthetic base fluids have been invented, but the most commonly 
used in lubricant formulation are polyalphaolefin (PAO) and synthetic esters (SE) 
of different types. Cost limits the use of synthetic base fluids, where the cost of a 
synthetic base fluid relative to a mineral one is high, i.e. the relative cost varies 
from 2-3 times up to over 500. Other synthetic fluids used in lubricant 
applications are Poly Alkylene Glycols, (PAG), phosphate esters, Poly Iso 
Butylene (PIB) and other special types, which are not in focus in this study.

2.2.1 Poly Alpha Olefins, (PAO) 
There are many different types of PAO, from PAO 2 to PAO 100, with the 
number corresponding to the viscosity in centistokes (cSt) at 100°C. For PAO 2 to 
PAO 10 the number also corresponds to the number of monomers in the structure. 
PAO is made by polymerization of 1-decene to larger molecules; see Figure 3. 
The term PAO was first used by the Gulf Oil Company and has been an 
internationally accepted generic appellation for hydrocarbons manufactured by 
catalytic oligomerization of linear -olefins [9]. Because of the increased market 
demand for PAO base fluids, some base fluid manufacturers have started to 
produce base fluids made from olefins other than 1-decene, such as mixed 
fractions of C8-C12 -olefins.
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1-decene

PAO 6

Figure 3.  1-decene and PAO 6 

PAO characteristics are: 

High VI (over 130) 
Low volatility 
Uniform distribution of molecular weight 
Low polarity (High NPI) 
Extremely good low temperature properties  
High thermal stability 

PAO has an almost ideal carbon number (and thus, molecular weight) distribution, 
regarding high- and low-temperature properties. Figure 4 shows the schematic 
molecular distribution for a mineral oil, a VHVI fluid, and a PAO 2 fluid. Low Cx
indicates more volatile species, which worsens high-temperature properties. High 
Cx indicates heavy species which contribute to poor low-temperature properties. 
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0 5 10 15 20 25 30
Cx

n

Molecular distribution

VHVI
Mineral
PAO 2

Figure 4. Carbon number (and molecular weight) distributions for VHVI, PAO and a 
mineral oil 

PAO was only used in a high tech application like aerospace when it was 
invented, but then consumer products became widely available in the late 1970s. 
Nowadays, PAO is used as base fluids in most high performance lubricants, 
synthetic motor oils, low temperature hydraulic fluids, etc. A problem with PAO 
is the low polarity that could lead to seal shrinkage and loss of elasticity. To 
overcome this problem, a synthetic ester with higher polarity could be added to 
the lubricant and increase the seal compatibility, [9] and [15]. PAO has low 
performance according to biodegradability, except very low viscosity grades such 
as PAO2 that shows moderate biodegradability. No PAO base fluid is included in 
this investigation. 

2.2.2 Vegetable oils 
Prior the mid-nineteenth century, almost all used lubricants were derived from 
natural sources such as animal lard, whale oil, and vegetable oils. Today, 
vegetable oils remain a very important economic activity. Chemically speaking, 
almost all vegetable oils are esters of tri-glyceride type; another important kind is 
wax esters. About 100 million tons of vegetable oils are produced yearly, 90% of 
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which for use in food and 9% to produce soap. The remaining quantities are used 
in technical applications such as lubricants, paints, and varnish.

Vegetable oils have excellent environmental properties as well as being very 
sensitive to degradation. There are several important sources for vegetable oils, 
such as soybeans, rapeseed and palm oil. Almost all vegetable oils are 
triglycerides, based on the alcohol glycerol and fatty acids with different chain 
lengths. Weather, soil and other growing conditions affect the composition of the 
vegetable oil. There are limited ways to improve vegetable oils and thus obtain 
improved performance. For advanced products, vegetable oils are not a good 
option compared to tailor-made synthetic esters. 

2.2.3 Synthetic Esters 
The first synthetic esters, SE, were developed in Germany during World War II 
when available mineral hydrocarbon fluids could not satisfy the demands for 
aircraft engine oils. After World War II, the development of high performing ester 
based fluids was closely linked to the development of aviation gas turbines. A 
synthetic ester in its simplest form consists of an alcohol and one fatty acid. In 
lubricant applications esters are normally made with two or more carboxylate 
groups. TMP (Tri Methylol Propane) oleate, which is a commonly used 
environmentally adapted base fluid, is made from the alcohol trimethylol propane 
and three fatty acid molecules, ideally oleic acid. Figure 5 shows the ester reaction 
for TMP oleate, which is a commonly used base fluid in environmentally adapted 
lubricants.

O

O

O

O

O

O

HO

O

OH

OH

OH

+ 3 mol water

3 mol +

Figure 5. The ester reaction for TMP oleate 
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The TMP oleate is similar to the rapeseed oil, but a thermally more resilient TMP 
molecule substitutes the glycerol molecule. In a high quality TMP oleate, the 
majority of fatty acids are oleic acids. If the levels of other fractions present, such 
as linoleic, linolenic and stearic acids, are too high, they will negatively affect the 
properties of the base fluid.  

Synthetic esters are a broad range of base fluids and properties that vary greatly 
depending on the chemical structure. Because of the large number of different 
alcohols and fatty acids available to formulate esters, ester properties could be 
tailor-made to fit a certain application. To produce tailor-made ester based fluids, 
understanding the connection between the molecular structure and the various 
properties is necessary. Synthetic esters often have a high VI; hence, VI improver 
can be excluded. Excluding the VI improver is especially beneficial in highly-
loaded high shear contacts where the VI improver is often sheared down and the 
viscosity for the fluid is reduced. When switching to environmentally adapted 
fluids, synthetic esters are the most interesting alternative to traditional base fluids 
because of their high quality, “tuneable” properties, lack of toxicity, and excellent 
biodegradation. Synthetic esters could provide both the performance level needed 
and a composition to satisfy the environmental aspects demanded of future 
lubricants.

2.2.4 Complex Esters 
Polymerization to complex esters is one way to manufacture a high viscosity ester 
base fluid. The viscosity increases with the molecular weight. The class of esters 
known as complex esters are low molecular weight polyesters. Regular polyesters 
(e.g. in clothing) have a molecular weight of about 10,000 to 1,000,000 (g/mol), 
and thousands of repeating units. In the case of complex esters, a small amount of 
di-acid is present in the esterification process, meaning that a small number of 
bridged species are formed, see Figure 6. This increases the viscosity from 50 cSt 
to between 5,000 and 50,000 cSt, depending on the amount of di-acid and other 
process parameters. However, to keep the readily biodegradable properties, the 
viscosity should not be increased to more than approximately 1,100 cSt. 
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n
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R=C18:1 (oleic acid)

n=0

n=1

n=2

Figure 6.  Complex ester made of TMP- oleate, cartoon and molecular model 

2.3 Economical aspects on the choice of base fluid   
The cost of a base fluid is critical to the price of the fully formulated fluid. 
Mineral fluids have traditionally been very inexpensive compared to more 
advanced fluids. But the increased price for crude oil has driven up the price. In 
2000, the price for typical mineral base oil was about 3 SEK/kg3, but today’s
price is 7-8 SEK/kg (2006); see Table 2. This is a cost increase of 230%. The 
price for environmentally adapted fluids and other synthetic fluids has not varied 
greatly, so the price gap between simple and advanced fluids is reduced 
dramatically, opening up an increased market share for base fluids that are more 
advanced, more environmentally adapted or both. Another important factor 
besides the price is the total life cycle cost, LCC. A more advanced and more 

3 1 US $ = 7.2 SEK, (2 August 2006)  
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expensive product can give a lower total cost at the end because of longer life 
time, less environmental impact and cheaper disposal.  

Table 2. Base fluid prices, June 2006 

Base fluid API 
Group

Price,
[SEK/kg] 

Remarks 

Mineral fluid, (SN600) I 7-8  
VHVI III 8-12 High viscosity, higher price. 
PAO 4 IV 17-20  
PAO 40 IV 35-40  
Unsaturated ester (TMP 
oleate)

V 15-18  

“Hi-tech” complex ester V 27-30 Light molecular weight  
“Hi-tech” complex ester V 36-40 High molecular weight 
Vegetable  base fluid  - 6-8 Rapeseed oil 
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3 Properties of base fluids 
Base fluid properties that influence the formulated lubricant performance can be 
divided into four groups, viz. rheological, chemical, thermodynamical and 
environmental properties. These groups could also be divided into some 
subgroups to simplify the categorization of the properties. Other studies of 
lubricants properties and the definition of the properties are available, such as 
Larsson et. al. [16]. Additive response is also a base fluid property, but is not 
included in this chapter.  

3.1 Rheological properties 
The rheological properties for a base fluid are mainly viscosity and how it is 
affected by pressure, temperature, shear stress and shear strain. Two kinds of 
viscosity could be defined, kinematic and dynamic viscosity. The relationship 
between dynamic viscosity, ‘ ’ and kinematic viscosity, ‘ ’is:

   (1) 

where  is the density. 

The standard parameters normally measured by the lubrication industry are 
kinematic viscosity at 40°C and 100°C and density at 15°C. The Viscosity Index 
(VI) can be calculated from the two viscosity values, according to the ASTM 
standard D-2270 [17]. For PCMO the “High Temperature High Shear viscosity, 
HTHS is also measured according to ASTM D 4683. There are also other 
viscosity measurements for special applications, but they are not covered in this 
thesis. The manufacturer has provided the kinematic viscosity and density for the 
fluids tested in this study. 

3.1.1 Non Newtonian behaviour 
The rheological behaviour for a fluid can be described with the following equation 

)(S    (2) 

Where  is the shear strain,  is the shear rate and function S( ) that describes 
the rheology’s shear dependence  

Lubricants normally shows a Newtonian behaviour at reasonable shear rates 
(under 1051/s) and low pressure.  The shear forces are proportional to the shear 
rate and the viscosity is constant: 



Environmentally Adapted Lubricants – Properties and Performance 
Anders Pettersson   
 16

   )(S constant  (3) 

At high shear rates the rheological behaviour can switch to shear thinning, when 
the proportion between the shear forces and the shear rate is decreasing. The 
opposite behaviour, where the viscosity increases with the shear rate, is called 
dilatancy. Human blood and uncooked cornstarch mixed with water are fluids that 
have a shear thickening behaviour. A fluid exposed to an extreme high shear rate 
can be sheared down and develop a permanent viscosity loss; this process is 
irreversible due to molecular breakdown. An example is the breakdown of VI 
improvers that permanently lowers the viscosity.  

3.2 Chemical properties 
Commonly used chemical properties for base fluids are the molecular weight, 
molecular formula, and Non-Polarity Index (NPI) defined by van der Waal [18]. 
The non-polarity index is calculated as shown in the equation: 

100groupscarboxylicofNumber
weightMolecularatomsCofnumberTotalNPI  (4) 

The Non-Polarity Index describes the polarity for a molecule, where a low 
number corresponds to a highly polar molecule and a high number indicates a 
non-polar molecule. Non-Polarity Indexes for lubricants range from about 50 for 
short synthetic esters up to over 300 for PAO4. Detergents and friction modifiers 
are highly polar molecules that are often used as additives in lubricants. Using a 
highly polar base fluid with these kinds of additives leads to competition between 
the base fluid and the additives for access to the surface. Other problems that 
could occur by using the wrong polarity in the base fluid are seal swelling or 
shrinkage and reduction of seal elasticity and lifetime [18]. There are other more 
advance ways than the NPI available to measure the polarity, such as the QPI 
(quantitative polarity index) [19]. However, in this study the NPI good enough.

3.3 Thermodynamic properties 
Useful thermal properties from a tribologist’s point of view are thermal 
conductivity and heat capacity. High thermal conductivity and high thermal 
capacity are good for hydrodynamic film formation, especially under high slip and 
high load conditions. High heat capacity allows the fluid to increase its vibrational 
and rotational quantum state instead of increasing the temperature [20]. High 

                                                
4 Assigned NPI over 300, (NPI over 300 means almost no polarity effects on polymers.)   
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thermal conductivity increases the amount of energy transferred from the 
lubricated contact out to the surrounding material and fluid, thereby lowering the 
temperature in the contact zone and thus increasing viscosity. Synthetic esters 
normally have higher thermal conductivity and higher heat capacity compared to 
mineral fluids. 

3.4 Properties related to environmental fate 
What makes a base fluid environmentally adapted? In this thesis different 
environmental properties are considered to render a base fluid as environmentally 
adapted. These are: 

Toxicity
Biodegradability
Relative content of renewable raw material  
Bioaccumulability and Biomagnification 

Other definitions and examples of test methods for environmentally related 
properties can be found in a number of studies, such as [21] and [22].  

3.4.1 Toxicity 
The base fluid has to be non-toxic to be environmentally adaptable, as are most 
commonly used base fluids [21].  Experience has shown that the toxicological 
properties of fully formulated lubricants are related to those of the base fluid and 
additive components. The measured toxicity of mixtures is found to be close to 
the sum of component toxicities. Used oil can be toxic, e.g. used engine oils 
contain polycyclic aromatic hydrocarbon that is known as a cancer producer [23] 

3.4.2 Biodegradability 
The base fluid should be rated as readily biodegradable by the OECD 301B/F test 
[24]. The OECD 301 test is a measure of biodegradation in an environment 
similar to what is common in biological degradation process of wastewater 
treatment plants. Biodegradation varies greatly between different base fluids [25]. 
Synthetic esters generally have good biodegradability, though it should be noted 
that the biodegradability for high viscosity synthetic esters is moderate. There are 
other methods to measure available biodegradability, but they are not covered in 
this study. The base fluid manufactures provided the values for biodegradability 
for the tested fluids. 

3.4.3 Relative content of renewable raw material 
The base stock that produces the base fluid should be somewhat renewable (made 
from vegetable or animal products), preferably as high as possible (over 75% - 
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even though a low percentage of renewable base stock is better than nothing). The 
European Union Eco-label the “Flower”, states that the RRM (Renevable Raw 
Material) should be at least 50% [26]. 

 The amount of renewable raw material varies according to the composition of 
each synthetic ester. Commonly, the polyol part of the ester molecule is of 
petrochemical origin and thus non-renewable, but the fatty acid is of natural 
origin, i.e. renewable. 

To calculate the relative contribution of polyol and fatty acid to overall 
renewability (% renewable), the oxygen-to-carbonyl ester bond is “cut”, and one 
oxygen atom per ester group is assigned to the polyol. The fatty acid fragment 
begins with the carbonyl fragment (carbon-oxygen double bond); see Figure 7. 

O

O

O

O

CUT

Figure 7.” split-up” procedure of an ester molecule for calculation of relative content of 
renewable raw material (NPG C18-C16 ester) 

Sometimes re-refined base oil is labelled as a renewable base stock, or rather, re-
cycled, since the oils used for re-refining are originally made from petroleum. Re-
refined base fluids are made by re-refining waste oil in specially equipped 
refineries [12]. As an example, re-refined base fluids are used as a small part of 
the overall base fluid content in some hydraulic fluids [4]. The use of re-refined 
base fluids are increasing in the European Union due to regulations that force the 
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industry to re-refine some percentage of used lubricants. The increased 
availability of relative low cost re-refined base fluids makes it economical to 
produce lubricants based on re-refined base fluids.

3.4.4 Bioaccumulability and Biomagnification 
Bioaccumulation is when a substance accumulates in an organism. 
Biomagnification is when the accumulated substance concentrates higher up in the 
food chain. Biomagnification can be high for certain substances (DDT, PCB, etc.) 
in some ecosystems. None of the commonly used base fluids are bioaccumulative. 

Bioaccumulation and biomagnification may cause severe damage to the 
inhabitants of an ecosystem during prolonged exposure. For biomagnification to 
occur, the pollutant must be [27]:  

Long-lived (display persistence, resistance to biodegradation)
Mobile
Soluble in fatty tissue 
Biologically active  
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4 Lubricating regimes 
Different lubrication regimes can be defined for a tribosystem, according to speed, 
contact pressure, mean surface roughness and efficient viscosity. The different 
regimes are Boundary, Mixed, Elasto-Hydrodynamic, (EHD) and Hydrodynamic 
regime [28]. The different lubrication regimes can be graphically illustrated with a 
Stribeck diagram; see Figure 8. The film parameter, , used on the x axis in the 
figure is calculated according to:  

2
q2

2
q1

min

RR
h   (5) 

Figure 8. The Stribeck diagram and corresponding lubrication regimes 

The Stribeck diagram describes the relationship between friction and the film 
parameter, . The film parameter is a combination of the minimum film thickness 
and the effective surface roughness. The minimum film thickness varies with 
speed, effective viscosity and load. 

31

Boundary Mixed Full film 
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4.1 Full film lubrication 
From right to left in the Stribeck diagram, you start in the full film lubrication 
regions, hydrodynamic regime (HD) and Elastohydrodynamic regime (EHD). Full 
film means that the surfaces are fully separated by the lubricating film, without 
any asperity contacts between the surfaces. In the hydrodynamic regime, there is 
full separation between the surfaces and the pressure is not high enough to 
significantly deform the surfaces. Hydrodynamic lubrication is found in journal 
bearings, tilted pad thrust bearings and similar machine elements. Important fluid 
properties for the performance on an HD regime contact are: viscosity, 
temperature viscosity coefficient, thermal conductivity and specific heat capacity. 
The contact pressures in the EHD regime are high enough to elastically deform 
the surfaces, thereby full separation can be obtained with very thin lubrication 
film. The effective viscosity for the lubricant in the contact is extremely high due 
to the high pressure. Important fluid properties for the EHD regime are the same 
as for HD regime, but the pressure viscosity coefficient and the EHD friction 
coefficient is also critical. The -value (pressure viscosity coefficient) has to be 
balanced for EHD contacts, since too low gives insufficient separating film and 
too high give larger frictional losses. The other parameters can be put to the 
extreme, e.g. lowest possible friction and highest possible thermal conductivity 
are beneficial. 

4.2 Mixed Lubrication 
The mixed lubrication regime has contact between the tribopairs. The load 
carrying capacity is divided between the hydrodynamic forces and asperity 
contacts between the tribopairs. Important properties in the mixed regime are both 
the properties from the full film regime, and other properties such as polarity and 
additive effects according to EP (extreme pressure) protection, AW (anti wear) 
performance and FM (friction modifiers) agents.  

4.3 Boundary Lubrication 
Asperity contacts between the surfaces carry the entire load in the boundary 
lubrication regime. The contribution of hydrodynamic forces is very small. 
Additives are essential in the boundary regime, with the polarity of the base fluid 
also being important because it affects the additive performance. The influence of 
viscosity and most of the other base fluid bulk properties on a lubricant’s 
performance in boundary lubrication is of minor importance. 
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5 Experiments 
Numerous experiments have to be carried out to characterize the base fluids and 
their performance together with different additives and surface materials. The 
different test methods are described in this chapter. 

5.1 High-pressure viscosity,  and 
To determine the pressure-viscosity relationship at low shear stress, a high 
pressure Couette rheometer was used [29]. This apparatus consists of a rotational 
cylindrical viscometer, with a radial clearance of 0.1 mm, placed inside a pressure 
vessel. The magnetic drive system driven by a stepper motor eliminates the use of 
rotational high pressure seals. The pressure can be raised up to 500 MPa, but in 
this study the maximum pressure was set to 400 MPa. The shear stress is 
calculated from the measured torque by a strain gauge that is mounted on a 
cantilever is connected to the stationary cylinder. A heater element controlled by 
an electronic regulator is warped around the vessel and allows the test temperature 
to be raised to 80°C. The shear rate range of the rheometer is from 0.5 to 
20,000 s-1, but is normally limited by the maximum shear stress.  See Figure 9 for 
a schematic view of the experimental setup. 

Figure 9. Schematic view of the high pressure viscometer setup  

A constant shear stress of 100 Pa was applied in the tests, with the shear rate 
being adjusted to achieve the desired shear stress. The tests were carried out 
isothermally at 3 different temperatures, 40, 60, and 80°C. At each temperature 
the viscosity was measured at several different uniformly distributed pressure 
levels from about 1 MPa to 400 MPa, see Figure 10 for an example. 

PPressure camber

Pressure gauge

Pressure amplifier 

Magnetic
Drive
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Figure 10. Example of raw data and curve fitted model obtained from the High Pressure 
Viscosity measurements 

The viscosity data points were curve fitted against Roelands [30] model for 
pressure viscosity. From the Roelands equation, viscosity can be calculated at any 
point of pressure and temperature. It should, however, be mentioned that 
extrapolation of data points can be dangerous because of inaccuracy in the model. 
There are several different models to describe the pressure viscosity relationship, 
both simpler and more advanced, but the Roelands model was decided accurate 
enough for this study. Simpler models such as Barus pressure- viscosity 
relationship do not give the desired precision. More advanced models, such as the 
free-volume model, may give a more accurate result, but are harder to use. 

5.2 Thermal conductivity and specific heat capacity,  
 and Cp

The transient hot wire method [31] was used to simultaneously measure heat 
capacity per unit volume, Cp(p,T), and thermal conductivity, (p,T). The tests 
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were performed at the Division of Experimental Physics, Umeå University. The 
technique requires that the tested fluid be placed in a PTFE test cell where a 
nickel (Ni) wire, approximately 40 mm long with a diameter of 0.1 mm, is located. 
A 1.4 s constant power pulse is applied to the wire, and measuring the wire’s 
electrical resistance vs. time determines its temperature rise. An analytical 
solution for the temperature rise was fitted to the data points, thereby yielding 
and Cp. The accuracy is estimated to  2% for  and  5% for Cp. The test cell 
is inserted in a pressure vessel where the test pressure can then be raised up to 1 
GPa. An electronic regulator was used to control the rate of pressure increase. For 
up to 1 GPa, a low rate of pressure increase was set to 3.3 MPa/minute to avoid an 
uncontrolled temperature rise during pressurization. The operating temperature of 
the cell could be raised to 80°C by heating the pressure vessel. The temperature is 
measured using a type K thermocouple and is controlled by an electronic regulator. 
Data were sampled every 150 s. Figure 11 shows the -value for some of the 
tested fluids5 up to 1 GPa.
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Figure 11. Example of raw data for thermal conductivity for some of the tested fluids 

                                                
5 TMP=TMP oleate, IMP=Improved TMP oleate, PEO=PE oleate, ISO=NPG ISO C18, C16=NPG 
C16-C18, CPX=Complex ester, MIN=Mineral oil 
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5.3 EHD friction coefficient, 
One way to determine if a lubricant has the potential to be a high efficiency 
lubricant in highly loaded contacts, such as between gear flanks, is to measure the 
EHD friction coefficient. A low EHD friction coefficient value corresponds to low 
frictional losses. In this study, the EHD friction coefficient for the tested fluids is 
measured with a “Ball and bar apparatus”. Åhrström developed this method for 
transient friction measurements at Luleå University of Technology [32]. It allows 
the friction coefficient to be measured under high pressures and as a function of 
time. A steel ball impacts the lubricated tungsten carbide end plane of a slender 
steel beam and the vibration response is recorded. Figure 12 shows the test setup. 
The data recorded by the computer is analyzed through fast Fourier transform and 
second order dynamic beam theory. Time functions of both transverse and normal 
forces can be accurately calculated, and the friction coefficient can be obtained by 
calculating the relation between them. The tests were performed at a maximum 
contact pressure of 2 GPa and a temperature of 20°C, though the method is useful 
up to over 3 GPa and elevated temperatures up to 80°C. 
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Figure 12. The “Ball and Bar” apparatus test setup 

5.4 EHD film forming capability  
A Ball & Disc interferometer [33] was used to determine the fluids’ film forming 
capability. In this rig, a highly polished steel ball bearing is loaded against a 
transparent sapphire disc, while the contact is continuously fed with lubricant. The 
speed of the ball-and-disc can be set independently, as to create any condition of 
slide-to-roll ratio. The slide-to-roll ratio used in this study is defined as: 

db

db
C uu

uuA 2   (6) 
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The ball and disc contact are illuminated and simultaneously monitored through a 
microscope using a CCD-camera for yielding images of the contact. Since the disc 
is coated with a thin layer of chromium, the incident light generates optical 
interference that is captured and processed digitally for the film thickness, see 
Figure 13. The multi-channel method was used for this purpose [34]. 

Figure 13. The Ball and Disc apparatus and an example picture  

All experiments were conducted at 40°C ±0.5°C. The speed was varied from the 
point that gives a central film thickness of approximately 100 nm, (0.3-0.5 m/s), 
up to 2.4 m/s. The lower limit is due to the minimum film thickness that can be 
measured using this specific setup. Thinner films may be measured with other 
setups. A constant load was chosen to give a maximum Hertzian pressure of 1.13 
GPa. Each fluid was subjected to 3 different tests with a varying slide to roll ratio, 
Ac, of 0, 0.6, and 1.2. Figure 14 shows an example on central film thickness 
measurements during 2 different slide-to-roll ratios, 0 and 1.2, for some tested 
fluids.
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Figure 14. Example of raw data for central film thickness at different relative velocities 

5.5 Running-in performance 
All internal parts of machinery are subject to running-in when the machinery is 
used for the first time. Running-in makes the internal parts of the machinery more 
conformal and reduces the surface roughness due to controlled wear, surface 
modification or both [35], [36]. After a successful running-in phase, the wear of 
the surfaces should be low and stable during the entire service life of the 
component. The running-in performance is of great interest to the production 
industry. If good and stable running-in conditions could be obtained, large savings 
could be gained. In this study a test method to monitor the running-in performance 
for real contacts working in boundary to mixed lubrication under non-accelerated 
conditions is developed.

The studied tribosystem in this investigation comes from a real application, with 
the interface between the stator ring and the vane nose in a hydraulic rotator. 
These types of rotators are used to handle lumber in the forestry industry. The 
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construction is similar to a hydraulic motor, but the rotator is designed with a 
higher internal leakage to reduce the stiffness and prevent the unit from damage. 
Figure 15 shows the stator ring, the vanes and the rotor from the rotator.    

Figure 15.  Internal parts of the hydraulic rotator 

To investigate the running-in process in detail several different test equipment 
were used. A CETR UMT-2 tribometer was used in a pin and disc configuration 
for the tribotests. The pin was represented by a 4 mm slice of a real vane. The disc 
was made of the same material and with the same manufacturing process as the 
real stator ring. A special swivel mount was designed to ensure a perfect 
alignment in the line contact between the vane nose and the disc, Figure 16 shows 
the experimental setup. 

Figure 16. The UMT-2 test apparatus with disc and vane nose mounted 

The normal load is applied via an electronically controlled servo motor. A spring 
assembly is used to minimize the influence of normal load fluctuations. The load, 

Stator ring 

Rotor

Vane



Environmentally Adapted Lubricants – Properties and Performance 
Anders Pettersson   
 31

friction force, friction coefficient and electrical contact resistance from the 
tribometer are digitally recorded on a computer and stored for further analysis, see 
Figure 17 for an example of collected friction and contact resistance results.  
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Figure 17. Example of friction and contact resistance from the running in test  

A WYKO NT-1100 3D-topometer analyzed the worn surfaces. It is a white light 
interferometer that provides 3D surface measurements down to sub-nanometer 
scale. Due to the nature of running-in wear and the small amounts of material 
removed, the focus was to observe changes in the surface topography rather than 
the material loss. 

A relocation technique was developed to identify and measure the same area prior 
to and after testing. A micro Vickers tester at a known radius made a small 
indentation on the disc surface. The disc was mounted in a fixture, the 
topometer’s coordinate table was zeroed in the centre of the disc, and the rotation 
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of the disc was locked with respect to the indention. This allowed the topometer 
measurement area to be located at any point on the disc, any time.  

Tests were also performed when measurements were taken at certain intervals 
during the test. This made it possible to track changes of the surface topography 
during the running-in process.

5.6 Friction and wear under boundary conditions 
To study the friction and wear and produce surfaces covered by tribofilms, 
numerous tribotests were performed in modified Falex equipment. 

The tribotests were run in a modified Falex pin & vee block machine. The 
traditional ASTM D-3233 vee blocks were replaced with assembled vee blocks. 
The block dimension was 5x5x12.7 mm and the surface finish was approximately 
Ra= 0.02 m to ensure reliable results from the chemical surface analysis. The pin 
diameter was 6.35 mm, see Figure 18 for a schematic view of the test setup. 

12.7 mm 

5 mm 

Load Load 

Sliding velocity 

Figure 18. Assembled vee block  

The recorded data from the Falex machine were torque and normal force from 
which the friction coefficient was calculated. The benefits of using assembled vee 
blocks compared to the standard ASTM-3233 blocks are:  

Easier to manufacture test specimens in different materials and coatings 
Simpler sample preparation for surface analysis 
Possibility to run up to four tests on one specimen (by turning it around its 
longitudinal axis) 
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The wear scars were analysed in different ways after the test. An optical 
microscope with an attached digital camera was used to take detailed micrographs 
of the wear track. Surface profile and topography were measured with a WYKO 
NT-1100 optical topometer. The worn off volume was calculated from the wear 
track 3-D measurements. The presented wear scar volumes are for one block 
calculated as an average from all four specimens in the same test, Figure 19 shows 
an example of a wear scar on a test specimen. 

Figure 19. Picture and 3D topographical image of the wear track on a test specimen 

5.7 Chemical composition of formed tribofilm 
A surface analysis has to be performed to determine the chemical composition of 
a surface on a material. There are many different surface analysis techniques 
available, and X-ray Photo electron Spectroscopy (XPS) was chosen in this study 
(also known as ESCA).

The XPS technique can be explained as a bombardment of the test specimens with 
monochromatic X-rays in an ultra high vacuum environment. The X-rays knock 
out photoelectrons from the outermost surface layers of the test specimen by the 
photo emission effect. The electrons are collected and analyzed in an electron 
detector, see Figure 20. Each element in the specimen has its owns unique 
spectrum. By counting the intensity, the relative quantity of individual elements 
could be determined. 
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Figure 20. The XPS analyze technique 

For many materials the metal oxides and pure metals have their intensity peaks at 
different energy levels. This effect is called a chemical shift and is one of the 
advantages with the XPS technique compared to other different analysis 
techniques. This allows the individual chemical states of a material surface to be 
determined. Another advantage is the high surface sensitivity that permits analysis 
of the outermost layers of the tested material’s surface. Ion sputtering into the 
bulk material allows for depth profiling. The XPS technique is extensively 
described in a number of textbooks and scientific publications, e.g. [37] [38] and 
[39].
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6 Summary of appended papers, results and 
discussion

The five appended papers in this thesis are summarized in this chapter according 
to the procedure, results and important findings.  

6.1 Paper A 
Paper A, “Tribological characterization of environmentally adapted ester based 
fluids” is an investigation of base fluids that were selected based on a strategy 
developed from an earlier study of base fluid properties [40]. The properties for 
six ester-based fluids and one mineral reference fluid were further investigated. 
All the selected fluids are suitable for formulation of hydraulic fluids in the 
viscosity range of ISO VG 46, except for one, which is an ISO VG 68. 

The investigated properties were: viscosity-temperature-pressure-effects, (p, T), 
thermal conductivity, (p,T), and heat capacity per unit volume, cp(p,T); these 
properties are studied in more detail in this paper compared to the earlier study. 
All the tested fluids were highly environmentally adapted according to 
biodegradability and non-toxicity. The fluids were based on renewable raw 
material to a medium to high degree. For an overview of the tested fluids in paper 
A, see Table 3. A three-letter notation was assigned to the fluids for improved 
readability in tables and graphs.

Table 3. Tested fluids in paper A 

Notation Fluid 40 [cSt] VI NPI MW COOH 
TMP TMP oleate 43.78 158 185.5 927.5 3 
IMP Improved TMP oleate 48.16 184 ~180 ~900 3 
PEO PE oleate 71.64 183 229.8 1193.9 4 
ISO NPG ISO C18 45.38 180 130.6 637.1 2 
C16 NPG C16-C18 42.00 158 118.8 609.0 2 
CPX Complex ester 44.05 146 N/A ~720 N/A 
MIN Mineral oil 46.79 55 ~250 N/A - 
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Table 4. Thermodynamical properties for the tested base fluids and number of carboxylate 
groups

# 0@20 °C 
[W/m °C] 

0@80 °C
[W/m °C] 

Cp0@20 °C
[MJ/m3 °C] 

Cp0@80 °C
[MJ/m3 °C] 

TMP 0.160 0.155 1.78 1.90 
IMP 0.162 0.162 1.80 1.80 
PEO 0.170 0.160 1.83 1.90 
ISO 0.142 0.135 1.79 1.88 
C16 0.143 0.140 1.79 1.85 
CPX 0.142 0.140 1.85 1.92 
MIN 0.130 0.125 1.73 1.80 

Vibrational spectroscopy theories can explain the good correlation between the 
amount of carboxylate groups and the thermal properties. The carboxylate group 
bindings are of a high energy level type compared to the normal carbon backbone 
bindings. A high amount of carboxylate groups makes the molecules to a better 
heat conductor and gives them higher thermal capacity compared to traditional 
hydrocarbons.

6.2 Paper B 
In the paper “Film formation capability of environmentally adapted base fluids”, 
the film formation capability of the fluids from paper A was investigated. The 
experiments were run in a Ball & Disc interferometer with the use of optical 
interferometry, at Luleå University of Technology. The multi channel 
interferometry method was used in this paper. Lord Et.al [41] performed earlier 
studies of the film formation of ester fluids under sliding conditions. In that study 
a glass disc was used to limit the maximum contact pressure compared to the used 
sapphire disc in this paper. A contact pressure of 1.13 GPa was chosen for this 
study.

The bulk fluid properties were obtained from paper A, see Table 5.  

Table 5. Bulk fluid properties for the tested base fluids 

 TMP IMP PEO ISO C16 CPX MIN 
·108 [Pa-1] 1.73 1.61 1.46 1.74 1.67 1.79 2.01 
0 [W/m·K] 0.16 0.162 0.17 0.142 0.143 0.142 0.13 
0 [mPas] 40.19 44.84 66.27 41.02 38.09 41.76 40.85 
 [K-1] 0.0267 0.0274 0.0282 0.0334 0.0298 0.0276 0.0405 
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In this study, the  value was defined according to Eqn.5, where  represents a 
best fit to viscosity temperature data in the temperature range 40°C - 50°C. 

TT
T

0

0lnln
  (6)  

The raw results from the film thickness measurements are shown in Figure 14. 
Only the results from the worst sliding case Ac = 1.2 and the pure rolling case 
Ac = 0 are given. The plots have also been divided into two for clarity, but the 
results from the reference mineral oil are given in both. Both the mineral reference 
fluid (MIN) and the PE-Oleate (PEO) have the thickest film for pure rolling. It 
should, however, be remembered that the PEO is a VG68, whereas all others are 
VG 46, which will of course affect the film thickness. The ISO forms a slightly 
thicker film than the IMP and the CPX. The thinnest is created by the TMP, even 
though the differences between the latter three are small. As expected, the film 
thickness decreases significantly when sliding is introduced. As shown in Figure 
14, the amount of film thickness reduction varies among the fluids, where it is 
relatively large for the mineral fluid compared to the others. 

6.3 Paper C 
In paper C, “Running-in studies of a hydraulic rotator”, the running-in 
performance for internal parts of a hydraulic rotator is studied. 

This type of hydraulic rotators is used in a wide range of OEM hydraulic 
machinery, such as forwarders, harvesters and excavators. The rotator studied is a 
high-torque (1-4 kNm at 25 MPa hydraulic pressure). The working principle is 
like a hydraulic vane motor, except with larger internal leakage to reduce the 
stiffness and thus to protect the rotator from shock loads. Two different 
manufacturing processes for the stator ring surface were studied, i.e. plane cut and 
turned. Tribotests were run with disc and vane combinations in the UMT-2 
tribometer. An environmentally adapted hydraulic fluid was used as lubricant. The 
test method is detailed in Chapter 5.5. Figure 21 shows the measured contact 
resistance and friction for the two different tested surfaces from start to a sliding 
distance of 5,000 m.  
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Figure 21. Friction and contact resistance for the two surfaces 

It can be seen that the plane cut surface gives lower friction than the turned 
surface. A non-conducting tribofilm is created on the surfaces during the test. The 
wear on the discs and vane noses were measured with the optical profilometer and 
analysed. Figure 22 shows the wear on vane noses run against the two different 
disc surfaces. 

Figure 22. Wear scars on wing nose run against plane cut (upper) and turned disc surface 
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The changes in topography for the discs are small, but measurable with the 
relocation technology. Figure 23 shows the changes in Rdq and Rpk values for disc 
surfaces as a function of sliding distance. 
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Figure 23. Changes in Rdq and Rpk values as a function of sliding distance 

The change of Rdq is slightly larger for the plane milled compared to the turned 
surface. The change in disc surface topography does not seem to be the main 
reason for friction and contact resistance behaviour. The main reason for the 
changes in friction and contact resistance is probably the build-up of a non-
conducting tribofilm. The changes in surface topography alone are too small to 
change the lubricating regime. The tribofilm is formed after a short distance, but 
cannot grow until the sharpest asperities have been worn off. The plane cut 
surface shows better running-in properties than the turned surface as well as a 
lower friction coefficient and lower wear during the test. For this type of test 
electric contact resistance is the most distinct indicator of running-in. The 
relocation method makes it possible to monitor very small changes in surface 
topography that cannot be studied with traditional techniques. 

6.4 Papers D and E 
The big challenge faced when saturated complex esters are used is the rather 
different additive response compared to unsaturated esters and very different to 
mineral oils and poly-alpha olefins. When using polar base fluids the polarity of 
the used additives has to be carefully selected. In paper D, “Additives for EAL’s- 
Friction and Wear protection”, a friction, wear and performance investigation for 
five different anti-wear additives is presented. The additives are suitable for 
formulation of environmentally adapted hydraulic fluids. The base fluid in this 
investigation is an environmentally adapted saturated complex ester; see Table 6 
for data of the base fluid. 
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Table 6. Tested base fluid. 

Viscosity @ 40°C [cSt] 46 
Viscosity @ 100°C [cSt] 8.1 
VI 150 
NPI ~80 
Pour point [°C] <-50 
Iodine value [gI/100g] <1 

The base fluid is readably biodegradable according to OECD 301 B/F and some 
of the base stocks are of renewable origin. 

In this study, traditional additives for environmentally adapted fluids are 
compared to newly developed additives with larger polarities regarding tribofilm 
formation capability. The investigated additives are both standard state of the art 
additives for environmentally adapted lubricants and special additives suitable for 
more polar base fluids; see Table 7 and Figure 24. The molecular weight for the 
tested base fluid is about twice as high as for the additives. 
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The additive abbreviated CM, Methylene-bisdialkyldithiocarbamate, is a sulphur 
additive with extreme pressure (EP) and anti wear (AW) effects, and is also 
reported to have some Anti oxidative effects (AO). The TPPT, triphenyl 
phosphorothionate, is a well-known AW additive, containing both sulphur and 
phosphorous along with some AO effects. The PS additive is a penta-sulphide that 
is commonly used as an EP additive. The HAP, hydroxyalkyl phosphate is a 
special synthesized phosphorus containing AW additive with greater polarity than 
other investigated additives. The polarity makes it possible for the additive to 
access the surface even in competition with a relatively polar base fluid. 

Table 7. Tested additives 

Notation Chemical name 
PS Pentasulfie 
TPPT Triphenyl phosphorothionate 
CM  Dithiocarbamate 
HAP Hydroxyalkyl phosphate 
PSHAP HAP and PS 

All the used formulations were additivated to 50 mmol/l concentrations except 
TPPT, with a 100 mmol/l concentration, and PSHAP, with a mixture of 50 mmol/l 
of PS and 50 mmol/l of HAP. Fully formulated products normally have a lower 
concentration of additives than these experiment fluids. These high treat rates 
were chosen to prevent running out of additives in the tribo-contact during the test. 
The HAP additive was prepared by making 0.5 mmol phosphonic acid to react 
with 2.5 mmol of the epoxide in 0.5 ml ethanol. The reaction is spontaneous at 
room temperature [42]. The HAP additive solution was used to formulate the 
HAP and PSHAP fluids. 

The test equipment used in this investigation was a modified Falex tester, see 
chapter 5.6 for a description of the test equipment. The tested material 
combinations were steel-steel and bronze-steel. The steel pin was of standard 
Falex soft pin type. The contact pressures were 0.1 GPa for bronze-steel and 0.35 
GPa for steel-steel. The sliding speed was 0.1 m/s.  

Load and torque were measured – and the friction was calculated. The results for 
steel-steel are shown in Figure 25 and the results of bronze-steel tests in Figure 26. 
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It can be seen that some of the additives (TPPT, HAP and PS) lower the friction 
compared to the pure base fluid (BF). Two of the additives, (CM and PSHAP), 
raise the friction coefficient.
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The friction coefficient shows a larger difference for the bronze-steel tribopairs 
than for steel-steel. The additives PSHAP and HAP show lower friction than the 
base fluid. PS and CM show a friction coefficient similar to the base fluid. The 
TPPT additive shows a dramatically higher friction than the other additives.

The wear scars are investigated with visual inspection, microscope and optical 3D 
profilometer. The optical light microscope investigation shows that some of the 
wears scars have visible tribofilm, see Figure 27, which shows the changes on 
bronze lubricated with PSHAP.  Bronze lubricated with HAP also produces a 
thick visible tribofilm and some transferred material from the blocks on the pin. 
Some tested additives give etching damages outside the wear track, Figure 27, 
showing damage on steel lubricated with HAP. This corrosive process may be 
controlled by the use of AO (anti oxidant) additives. 

Figure 27. Tribofilm on bronze lubricated with PSHAP (left) and material changes outside 
wear track on steel lubricated with HAP (right). 

The worn off volume was calculated from the wear track 3-D measurements. The 
presented wear scar volumes are for one block calculated as an average from all 
four specimens in the same test, see Table 8.   

 Table 8. Wear scar volumes for the tested combinations 
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Fluid Bronze [mm3] Steel [mm3]
BF, (Base fluid) 5.72 10-3 9.63 10-5

PS 1.89 10-2 1.47 10-3

TPPT 3.53 10-3 1.37 10-4

CM 1.08 10-2 9.43 10-5

HAP 2.24 10-3 1.74 10-4

PSHAP 1.36 10-3 2.29 10-4

Paper E, “Additives for EAL´s- Tribofilm formation”, presents an investigation of 
the tribofilms from the tests performed in paper D. 

In this study a Perkin-Elmer PHI-5600 XPS instrument was used for the surface 
analysis. The used spot size was 120 m and a 150 W Aluminium filament was 
used. A wide scan (1400-0 eV) was first performed to get an overview of the 
surface composition. The narrow scans were performed at energy levels for 
interesting elements. Figure 28 shows the difference in the amount of COOH 
groups at the surface for two different additives on steel test specimens. The high 
amount of carboxylic compounds on the surface for the PS additive indicates that 
the ester molecules are broken and highly chemically reacted to the surface.  
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Figure 28. Comparison of C1s spectrums for TPPT and PS on steel specimens 

The result from this investigation shows that the new additives give thick 
tribofilms on both steel and bronze specimens.  

None of the additives give a detectible sulphur tribofilm on steel specimens. There 
can be numerous explanations for this: 

No sulphur containing tribofilm is formed. 
The formed film is continuously removed and regenerated and is too thin 
to be detected. 
The formed sulphur film is covered by a thick layer of phosphor film and 
cannot be detected with the surface sensitive XPS technology.  

The PSHAP and HAP fluid gives the thickest tribofilms on both bronze and steel 
specimens.  

28028
5

290295300305
0

20

40

60

80

100

120

140

160

180

Binding Energy [eV]

c/s

TPPT C1 s

PS C1 s

COOH

Hydrocarbons



Environmentally Adapted Lubricants – Properties and Performance 
Anders Pettersson   
 46

This new type of more polar additives shows promising results for formulation of 
environmentally adapted fluids based on saturated esters. More studies about treat 
rates and synergistic / antagonistic effects of other additives have to be performed. 

6.5 Other related results, not included in appended papers 
It was found that both thermal conductivity and specific heat capacity are high for 
the esters compared to mineral fluids, see Table 4. There is a strong correlation 
between the number of carboxylate groups and the thermal conductivity, see 
Figure 29 

Figure 29. Correlation between number of carboxylate groups and thermal condictivity for 
the tested fluids 
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Some additional low temperature data available for the fluids tested from 
investigations in paper A are not included in the papers. The low temperature 
viscosity was tested with capillary viscometer at -20°C, (-10°C for some of the 
fluds), see Table 9   

Table 9. Low temperature viscosity for the fluids from paper A  

Fluid Trade name T [°C] Viscosity, [cSt]
TMP oleate P2089 -20 1563,5 
Improved TMP oleate DP 5146 -20 1701,6 
NPG ISO C18 P1973 -20 2357,4 
NPG C16-C18 P1923 -20 1985,6 
PE Oleate P1445 -20 over 10000 
Mineral oil  PF VG46 -20 Solid. 
Complex ester DP 5148 -20 2320,8 
      
PE Oleate P1445 -10 1370,5 
Mineral oil  SN220 -10 1351,5 

The cold crancing viscosity, for TMP oleate, was measured according to ASTM 
D-5293; see Table 10. 

Table 10 Cold Cranking Viscosity, (CCS) according to ASTM D-5293 for TMP oleate 

Temperature, [°C] Viscosity [cP] 
-15 1350
-20 1663,5
-25 2567,1
-30 4523
-35 8391,3
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7 Conclusions  
If a synthetic ester fluid is used in a lubricant instead of traditional mineral oil, 
certain differences should be pointed out. 

The synthetic esters can have a well-defined molecular structure and be given 
different properties depending on what is beneficial in the product. The possibility 
to control the molecular structure in a mineral oil is limited.  

An ester is made of an alcohol and a suitable number of fatty acids, where every 
fatty acid contributes with one carboxylic group to the ester molecule. For 
synthetic esters the number of carboxylic groups governs the thermal 
conductivity. An increased number of carboxylic groups gives higher thermal 
conductivity. If the same type of fatty acid is used and the alcohols have similar 
properties, the viscosity will increase with the number of fatty acids. If the chain 
length of the fatty acids is reduced, the viscosity is also reduced, but the polarity is 
increased. This will directly influence the possibility to choose the proper 
additives if the performance of the fully formulated product should be optimized.  

According to film formation capability for synthetic esters, properties other than 
the well-known base fluid properties that define the behaviour in the EHD regime 
also exist. The traditional models to describe the film formation will not always be 
accurate enough. The high-pressure behaviour according to viscosity, 
compressibility and other properties shows a much greater variation for esters 
compared to mineral oils. This can make models that work well to predict 
erroneous results. 

The high polarity of many ester base fluids can make traditional, well working 
additives show low performance or lack of performance. New specially developed 
additives with increased polarity can give good performance, but also introduce 
new problems such as corrosion damages. This may be controlled with other 
additives such as anti-oxidants, corrosion inhibitors or both.

It could be said that one way to produce the environmentally adapted lubricants of 
is future is through “tailor made” lubricants. A designed lubricant implies that 
attention is paid to the molecular design of the base fluid according to desired 
properties and chooses of the correct additives, both for the application and the 
base fluid.

This is a way to optimise a lubricant to a certain application and thus give the 
needed performance level with a minimum use of resources at a reasonable cost. 
As well, it will be beneficial for the economy, environment and the performance 
of the tribosystem.  
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7.1 Suggested future work 

To go further into this area of tribology, more research in several areas is 
needed.

Categorize more ester based fluids of different viscosity grades (molecular 
weight) to perform a deeper study of the connection between the 
molecular structure and properties. 

Investigate the film formation properties of mixes of high and low 
viscosity complex esters at very low speed. Similar studies are performed 
for blends of viscosity index improvers (VII) and base fluids with 
promising results [43].  

Test and analyse the anti wear performance of more tailor-made additives 
together with a selection of carefully selected base fluids. Try to define 
guidelines for combinations of base fluid and additive polarity.   
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Abstract

Fundamental properties of six synthetic ester base fluids, suitable for the formulation of environmentally adapted lubricants, have
been investigated. High pressure viscosity data for the test fluids were obtained through experimental measurements with a high
pressure Couette rheometer. The temperature, pressure and viscosity data h(p, T) were parameterized against the Roelands pressure–
viscosity equation. Thermal conductivity and specific heat capacity data were obtained using a transient hotwire method, and the
EHD friction coefficient, g, was obtained experimentally as well. The results from these measurements are reported, and the corre-
lation between thermal properties, molecular structure, and the fluid rheology parameters, of the test fluids are discussed.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Environmentally adapted lubricants have become
more and more important in industrial applications. To
meet the market demand and be able to develop new
and highly efficient environmentally adapted fluids, the
properties of the base fluid should be well known. The
properties of different base fluids vary widely and it is
important to understand the effects of these on the per-
formance of a lubricant in the full film and mixed lubri-
cation regimes. To be able to perform EHD calculations,
the effects of pressure on different properties must be
known. It would be of great value if the coupling
between physical properties and molecular properties
were better understood.

Base fluid properties can be divided into a number
of different groups: lubrication, physical, molecular, and
environmental. In this investigation, no lubrication
properties are included.

In this study, properties for seven different base fluids,
six esters and one mineral fluid are investigated. All
fluids are suitable as base fluids for synthetic hydraulic
fluids.

∗ Fax: +46-920-49-10-47.
E-mail address: anders.pettersson@mt.luth.se (A. Pettersson).

0301-679X/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/S0301-679X(03)00098-7

2. Tested fluids

The different fluids chosen for investigation in this
study are listed in Table 1. All the fluids are in the ISO
VG 46 range of viscosity except fluid I which is an ISO
VG 68. The suppliers of the fluids provide information
about density at 15 °C and kinematic viscosity at 40 and
100 °C.

Bis-(2-ethyl-hexyl) sebacate was chosen as calibration
fluid for the viscosity measurements, since its viscosity–
pressure relationship is well known [1,2]. The sebacate
is a synthetic diester and is available in a highly pure
form. Fluids G and H are synthetic triesters based on the
alcohol trimethylol propane (TMP) with mostly oleic

Table 1
The tested base fluids

# Fluid Trade name Molecular formula

G TMP oleate P 2089 C60H110O6

H Improved TMP DP 5146 N/A
oleate

I PE oleate P 1445 C77H140O8

J NPG ISO C18 P 1973 C41H80O4

K NPG C16-C18 P 1923 C39H76O4

L Complex ester DP 5148 N/A
M Mineral oil SN 215 N/A

http://www.elsevier.com/locate/triboint
mailto:pettersson@mt.luth.se
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Nomenclature

n kinematic viscosity
h dynamic viscosity
l thermal conductivity
rCp specific heat capacity
S0,G0,DZ,CZ Roelands coefficients
a pressure viscosity coefficient
b temperature viscosity coefficient
g EHD friction coefficient
VI viscosity index
r density

acid tails (C18:1). The improved TMP oleate is partly
complex. Fluid I, the PE oleate is a tetraester based on
pentaerythriol and oleic acid tails (C18:1). Fluids J and
K is diester based on neopentylglycol (NPG) and differ-
ent fatty acids. Fluid L is a complex ester based on 2-
ethyl-2-butyl-1,3-propanediol and sebacic and octanoic
acid.

The last fluid, M is a mineral oil reference, paraffinic
and solvent neutral refined. Some of the tested fluids are
shown in Fig. 1, since fluids H, L and M do not have
an exact molecular structure they are excluded from
the figure.

The following molecular parameters were determined:
non-polarity index (NPI), molecular mass and the num-
ber of carboxylate groups. The NPI is defined as [3]:

NPI (1)

�
Total number of C atoms � Molecular weight

Number of carboxylic groups � 100

The mineral oil has no carboxylate groups and the

Fig. 1. Schematic figures of molecular structure of fluids G, I, J and K.

synthetic esters studied have two, three or four, see
Table 2.

The data provided from the base fluid suppliers are
found in Table 3.

Table 2
Molecular parameters

# Carboxylate groups Molecular weight Non-polarity index

G 3 927.5 185.5
H ~3 ~900 ~180
I 4 1193.9 229.8
J 2 637.1 130.6
K 2 609.0 118.8
L N/A ~720 N/A
M 0 N/A ~250



817A. Pettersson / Tribology International 36 (2003) 815–820

Table 3
Base fluid specifications

# n40 (cSt) n100 (cSt) VI r at 15 °C (kg/m3)

G 43.78 8.04 158 918
H 48.16 9.45 184 931
I 71.64 12.9 183 925
J 45.38 8.87 180 904
K 42.00 7.80 158 907
L 44.05 7.75 146 948
M 46.79 5.98 55 873

3. Test methods

The fluid characteristics that were determined
included viscosity–temperature–pressure effects, h(p, T),
thermal conductivity l(p, T), heat capacity per unit vol-
ume, rCp(p, T), density, different molecular parameters
and environmental properties.

3.1. High pressure viscosity measurements

To determine the pressure–viscosity relationship at
low shear stress, a high pressure Couette rheometer was
used [4]. This apparatus consists of a rotational cylindri-
cal viscometer, with a radial clearance of 0.1 mm, which
is placed inside a pressure vessel. The pressure can be
raised to 500 MPa and in this study the maximum press-
ure was set to 400 MPa. A heater element, which is con-
trolled by an electronic regulator, is warped around the
vessel and allows the test temperature to be raised to 80
°C. The shear rate range of the rheometer is from 0.5 to
20 000 s�1, but is limited by the maximum shear stress.
A shear stress of 100 Pa was chosen, with the shear ratio
being adjusted to achieve the desired shear stress. The
tests were carried out isothermally at three different tem-
peratures, 40, 60 and 80 °C. At each temperature, the
viscosity was measured at several different pressure lev-
els uniformly distributed from about 1 to 400 MPa, see
Fig. 2 for an example.

The apparatus was calibrated using Bis-(2-ethyl-
hexyl) sebacate, which was used as a reference for the
other measurements [1]. The temperature, pressure, and
viscosity data h(p, T) were parameterized against the
Roelands pressure–viscosity equation [5]. Roelands equ-
ation describes a lubricant’s pressure–temperature–vis-
cosity relationship with four coefficients: S0, G0, Dz

and Cz

h(p,T) � h0(T)e(ln(h0(T))+9.67)(�1+(1+5.1×10�9p)Z(T)) (2)

This relationship is a good empirical model for the
pressure range covered in this investigation. It should
not, however, be used to extrapolate data to higher press-
ures [1].

The viscosity at ambient pressure h0(T) can be
obtained from:

Fig. 2. Viscosity data and curve-fit results for Roelands equation
(fluid H).

h0 � 10(10a�4.2), where a � �S0log�1 �
T

135� (3)

� logG0

The parameter Z(T) was obtained from:

Z(T) � Dz�Czlog�1 �
T

135� (4)

3.2. The use of Roelands equation

If the coefficients in Roelands equation for a given
lubricant are known, it is possible to calculate the vis-
cosity for any temperature and pressure within the limits
of the measurement range. It is thus possible to calculate
both the pressure–viscosity coefficient, a, and the tem-
perature–viscosity coefficient, b, for any pressure and
temperature. The a-value is defined in the Barus
expression:

h � h0ea p (5)

The value of a can be obtained from Eq. (2) as

a(p,T) �
1
p

(ln(h0(T)) � 9.67)(�1 � (1 � 5.1 (6)

� 10�9p)Z(T))

The value of b is calculated from

h(T) � h40e�b(T�T0) (7)

where h40 is the dynamic viscosity at 40 °C and ambient
pressure, and T0 is 40 °C.



818 A. Pettersson / Tribology International 36 (2003) 815–820

3.3. Thermal conductivity and specific heat capacity

The transient hotwire method [6] was used to measure
heat capacity per unit volume, rCp(p, T), and thermal
conductivity, l(p, T), simultaneously. The technique
requires that the tested fluid is placed in a PTFE test cell
in which a nickel (Ni) wire, approximately 40 mm long
with a diameter of 0.1 mm, is located. A 1.4 s constant
power pulse is applied to the wire, and by measuring the
wire’s electrical resistance vs. time its temperature rise
can be determined. An analytical solution for the tem-
perature rise was fitted to the data points, thereby yield-
ing l and rCp. The accuracy is estimated to ±2% for l
and ±5% for rCp.

The test cell is inserted in a pressure vessel and then
the test pressure can be raised up to 1 GPa. An electronic
regulator was used to control the rate of pressure
increase. Up to 1 GPa, a low rate of 3.3 MPa/min was
set, in order to avoid uncontrolled temperature rise dur-
ing pressurization. The operating temperature of the cell
was raised to 80 °C by heating the pressure vessel. The
temperature is measured using a type K thermocouple
and is controlled by an electronic regulator. Data were
sampled every 150 s.

3.4. EHD friction coefficient

The EHD friction coefficient g for the fluids was mea-
sured with a “Ball and bar apparatus”. This method for
transient friction measurements, during high pressures
and as a function of time, has been developed by
Åhrström [7]. A steel ball impacts the lubricated end
plane of a slender beam and the vibration response is
recorded. The data are analyzed through fast Fourier
transform and second order dynamic beam theory. Time
functions of both transverse and normal forces can be
calculated, with high accuracy, and the friction coef-
ficient can be obtained by forming their relation. The
tests were performed at a maximum contact pressure of
2 GPa and a temperature of 20 °C.

4. Results

The results are divided into the following groups, high
pressure viscosity, thermodynamic properties, EHD fric-
tion and environmental properties.

4.1. High pressure viscosity

The parameters obtained from curve fitting Roelands
equation are presented in Table 4. The a-values were
calculated with help of Eq. (6), for ambient pressure and
temperature and for one higher pressure level and one
raised temperature, see Table 5. The b-values were cal-

Table 4
Roelands coefficients for the tested fluids

# S0 G0 Cz Dz

G N/A N/A N/A N/A
H 0.7697 3.4706 0.0902 0.4717
I 0.7576 3.619 �0.0824 0.4272
J 0.9468 3.6202 0.0013 0.5238
K N/A N/A N/A N/A
L 0.7876 3.4276 0.111 0.5329
M 1.1912 3.7403 �0.1144 0.6367

Table 5
a-Values for the tested fluids

# a at 20 °C, a at 20 °C, 400 a at 80 °C, a at 80 °C, 400
0 MPa MPa (1/Pa) 0 MPa MPa (1/Pa)
(1/Pa) (1/Pa)

G N/A N/A N/A N/A
H 1.75 × 10�8 1.26 × 10�8 1.4 × 10�8 1.01 × 10�8

I 1.62 × 10�8 1.12 × 10�8 1.23 × 10�8 8.47 × 10�9

J 1.95 × 10�8 1.45 × 10�8 1.43 × 10�8 1.06 × 10�8

K N/A N/A N/A N/A
L 1.95 × 10�8 1.45 × 10�8 1.55 × 10�8 1.17 × 10�8

M 2.35 × 10�8 1.85 × 10�8 1.55 × 10�8 1.21 × 10�8

culated from Eq. (7), for ambient pressure and for one
higher pressure level, see Table 6.

4.2. Thermodynamic properties

The thermal conductivity and heat capacity per unit
volume at ambient pressure and two different tempera-
tures are presented in Table 7.

The plotted raw data for the thermal conductivity and
heat capacity per unit volume up to 1 GPa and at 20 °C
are shown in Figs. 3 and 4.

4.3. EHD friction coefficient

Table 6 shows the EHD friction coefficients for the
tested fluids, tested at 20 °C and with a pressure of 2
GPa.

Table 6
b-Values for the tested fluids, g-values for the tested fluids at 2 GPa
and 20 °C

# b at 0 MPa, 40–80 b at 400 MPa, 40–80 g at 20 °C, 2
°C (1/°C) °C (1/°C) GPa

G N/A N/A 0.033
H 0.0239 0.042 0.031
I 0.0246 0.0381 0.028
J 0.0288 0.0515 0.036
K N/A 0.0459 0.037
L 0.024 0.0455 0.036
M 0.034 0.0676 0.039
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Table 7
Thermal conductivity and specific heat capacity for the tested fluids

# l0 at 20 °C l0 at 80 °C rCp0 at 20 °C rCp0 at 80 °C
(W/m °C) (W/m °C) (MJ/m3 °C) (MJ/m3 °C)

G 0.160 0.155 1.78 1.90
H 0.162 0.162 1.80 1.80
I 0.170 0.160 1.83 1.90
J 0.142 0.135 1.79 1.88
K 0.143 0.140 1.79 1.85
L 0.142 0.140 1.85 1.92
M 0.130 0.125 1.73 1.80

Fig. 3. Thermal conductivity as a function of pressure up to 1 GPa
at 20 °C.

Fig. 4. Heat capacity per unit volume as a function of pressure up to
1 GPa at 20 °C.

4.4. Environmental properties

There are many ways to characterize a fluid from an
environmental perspective. In this paper, biodegrad-
ability and the amount of renewable raw material have
been considered. Biodegradability measurements were
made according to standard methods OECD 301 B or F,
see Table 8. The OECD adopted test guideline 301
“Ready Biodegradability” comprises six different
methods, A to F. In this study, data based on method B,
CO2 Evolution Test (Modified Sturm) or F, Manometric
Respirometry Test (oxygen consumption) have been
used. The test result is presented as the relative biodeg-
radation (%) over a specified time period. For readily
biodegradable materials, the minimum result is 60%
degradation over 28 days (with some additional
constraints). The test methods are available from
OECD [8].

The amount of renewable raw material varies accord-
ing to the composition of each synthetic ester. Generally
speaking, the polyol part is of petrochemical origin and
thus non-renewable, whereas in most of the esters in this
study, the fatty acid is of natural origin, i.e. renewable.
For the calculation of the relative contribution of polyol
and fatty acid to overall renewability (% renewable), the
oxygen-to-carbonyl ester bond is “cut”, and one oxygen
atom per ester group is assigned to the polyol. The fatty
acid fragment begins with the carbonyl fragment
(carbon=oxygen double bond).

5. Discussion

The a-value for the esters is low and stable as usual
for esters. The reference fluid M has a high a-value,
which is common for paraffinic hydrocarbons. The b-
value is also low for all the esters and high for fluid M.

To be able to perform advanced EHD simulations, it
is necessary to consider the pressure dependence of the
properties. An example is when data for thermal conduc-
tivity at atmospheric pressure are used in an EHD calcu-
lation, this will underestimate the film thickness. This is
because the fluid could better take care of the generated
heat at higher pressure thus both thermal conductivity

Table 8
Biodegradability and relative amount of renewable raw material

# G H I J K L M

% 86 66 89 84 83 18 0
Renewable
OECD 301 80a 63 86 70 73.7 N/A 25a

B/F

a Estimated biodegradability.
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and specific heat capacity increases in the high pressure
EHD contact.

The EHD friction for a fluid is important in many
applications thus it directly impacts the systems overall
efficiency. If fluid I is chosen instead of fluid M for an
application where EHD friction causes the major losses
due to sliding, the power loss can be reduced up to
one third.

The relative ease of biodegradation is highly depen-
dent on the molecular structure of the ester. Chain
length, chain branching and steric crowding all affect the
rate of hydrolysis (which is the first step in
biodegradation) and the subsequent metabolic pathways.
The chemical structure varies within the group of esters,
and so does the biodegradability. Vegetable oils are gen-
erally less hydrolytically stable and biodegrade to a
higher extent (and more rapidly) than these synthetic
esters in the test environment.

All the fluids in this study, except the reference min-
eral oil M, could be considered environmentally adapted
to a considerable extent. All the esters, except the com-
plex ester L, are based on renewable raw materials to a
relatively high amount (66–86%), which may be con-
sidered to be advantageous for a sustainable develop-
ment. The biodegradability is good–excellent for these
esters, “readily biodegradable” as defined in OECD
301 B/F.

6. Conclusions

All the esters have high thermal conductivity and spe-
cific heat capacity in comparison with the mineral oil.
There is a strong correlation between the number of car-
boxylate groups and the thermal conductivity. The ther-
mal conductivity increases with increasing number of
carboxylate groups. The PE oleate (fluid I) has the high-
est and the NPG based diesters (fluids J and K) have the
lowest l-value of the synthetic esters. The rCp plot in
Fig. 4 shows some trace of phase transformations for
some of the fluids (I and M). It is not possible to state
this transition represents crystallization or the formation
of a glassy phase.

The EHD friction coefficient varies relatively little for
different fluids but as expected the paraffinic mineral oil
(fluid M) has the highest value. The PE oleate (fluid I)
has the lowest EHD friction. The friction value also

seems to correlate to the number of carboxylate groups.
If the fluid has many carboxylate groups the friction is
decreased.

The best base fluid choice for an environmentally
adapted lubricant (EAL) will depend on all demands fac-
ing the application in question. A trade-off between
biodegradability, renewability and performance often
has to be made, and the functional demands affecting,
e.g. the application life time, should be considered over
the entire life cycle.

Acknowledgements

The author thanks The Swedish Foundation for Stra-
tegic Research for financing the HiMeC program. This
project is a part of HiMeC and it is financed partly by
the following industrial companies: Statoil Lubricants,
Fortum Gas and Oil OY, Volvo Car Corporation,
Indexator AB, SKF ERC and SKF Coated Bearings.
Finally I would thank Dr. Ove Andersson at the Depart-
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ABSTRACT 
The film formation capabilities of six environmentally 
adapted ester based fluids have been investigated using 
optical interferometry in a Ball and Disc apparatus. A 
mineral oil was used as a reference. The properties and 
molecular structure for the tested base fluids are well 
known from earlier investigations. The fluids were 
tested at three different slide/roll ratios of 0, 0.6, and 
1.2. The film formation capability was compared to the 
molecular structure and other properties. It was found 
that some of the fluids maintain a superior lubricating 
film at high slide/roll ratios than others, because of their 
molecular properties. A high level of carboxylate groups 
in the ester molecule gives high thermal conductivity 
and heat capacity, which promotes heat transportation 
out of the contact and this also maintain separation .   

INTRODUCTION 
To understand a base fluid’s capability to form a 
lubricating film under elastohydrodynamic lubrication, 
its properties have to be well known. Highly important 
factors for film formation under EHL conditions are 
high viscosity and high viscosity- and pressure 
coefficients. Other parameters that influence the 
lubrication film are the temperature-viscosity coefficient 
(VI) and thermal conductivity.  Film thicknesses can be 
accurately estimated when the contact is subjected to 
pure rolling, as shown by several authors (see e.g. [1-
3]). Although bulk fluid properties are known, it is still 
generally difficult to estimate the thickness of the 
separating film when the contact’s condition is more 
severe, e.g. when sliding is introduced. Due to the 
increased shear rate at the inlet, molecules tend to align 
in the direction of shear, effectively reducing the 
apparent viscosity. In addition, the increased shearing 
promotes heat generation that further reduces viscosity. 
This combined effect causes the film thickness to 
decrease significantly. The difficulty in modeling these 
phenomena has increased the need to develop 
experimentally deduced factors to be incorporated in 
well-established film thickness formulas. Gupta et.al. 
[4] compiled a thermal correction factor based to the 
work of Cheng [5] and Wilson and Sheu [6]. Smeeth 

and Spikes [7] later found that earlier work 
underestimated the decrease in film thickness due to 
sliding. Since this decrease is caused by thermal and 
non-Newtonian effects, it is reasonable to believe that 
the reduction is different between different fluids. Lord 
and Larsson [8] tested the amount of film thickness 
reduction due to sliding with three different types of 
base fluids and found that the reduction differed where 
the ester-type lost the least film thickness relative to a 
mineral and a poly- -olefin. 
In this study, the film formation capabilities of six esters 
and one mineral reference fluid are investigated for 
three different slide/roll ratios, including pure rolling. 
The main objective is to extend knowledge of the 
relationship between the molecular structure and the 
film formation capabilities of environmentally adapted 
synthetic esters. 

NOMENCLATURE 
 Pressure viscosity coefficient, [GPa-1]
 Temperature viscosity coefficient 
 Dynamic viscosity, [Pas] 
 Dimensionless viscosity 

0 Dynamic viscosity at 40 °C, [Pas] 
 Kinematic viscosity, [cSt] 
 Thermal conductivity, [W/m °C]

0 Thermal conductivity at 40 °C, atm.p 
 Dimensionless density 

Ac Slide to roll ratio 2(ub-ud)/(ub+ud)
h Film thickness, [nm] 
hc Central film thickness, [nm] 
H Dimensionless film thickness 
Hc Dimensionless central film thickness 
p Pressure [Pa] 
ph Hertzian maximum pressure, [Pa] 
T Temperature, [°C] 
T0 Test temperature, 40 °C 
u Mean speed (ub+ud)/2, [m/s] 



2
Copyright © 2004 by ASME

TESTED FLUIDS 
The various fluids chosen for investigation in this study 
are listed in Table 1. The molecular structures for some 
of the fluids are shown in Figure 1. All fluids are in the 
ISO VG 46 range of viscosity, except fluid PEO, which 
is an ISO VG 68. The fluid suppliers provide 
information about the density at 15°C and the kinematic 
viscosity at 40 °C and 100 °C. A three letter notation 
was given to each fluid to simplify data processing and 
result presentation, see Table 1, last column. Bis-(2-
ethyl-hexyl) sebacate was chosen as calibration fluid for 
the viscosity measurements, since its viscosity- pressure 
relationship is well known [9]. The sebacate is a 
synthetic diester and is available in a highly pure form. 
The mineral (MIN) oil that is of a solvent neutral, 
paraffinic type is included as a reference. The properties 
of these fluids are known in detail from [10]. All tested 
fluids are suitable for formulation of environmentally 
adapted hydraulic fluids.  

All the selected fluids are of ester type. Esters are 
normally used as lubricants and classified in three 
different groups, viz. diesters, polyol esters, and 
complex esters. In this investigation fluids TMP and 
IMP are synthetic polyol tri-esters based on the alcohol 
trimethylol propane (TMP), with ideally only oleic acid 
tails (C18:1). The IMP fluid (improved TMP oleate) is a 
modified TMP oleate. It is partly complexified with 
adipic acid, while some of the oleic acids are exchanged 
with shorter, saturated, fatty acids to keep its viscosity 
to ISO VG 46. It has better high temperature stability 
and better VI. The biodegradability according to OECD 
301 B/F is slightly lower than for TMP oleate, though 
the fluid is still readably biodegradable. Fluid PEO, the 
PE oleate, is a tetra ester based on pentaerythriol and 
oleic acid tails (C18:1). Fluids ISO and C16 are diesters 
based on neopentylglycol (NPG) and various fatty acids. 
Fluid CPX is a complex ester based on 2-Ethyl-2-butyl-
1, 3-propanediol, and sebacic and octanoic acids. 
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Figure 1 Schematic molecular structure of fluids TMP, PEO, ISO and C16 

Table 1 Tested fluids 

Fluid Trade name Molecular formula Notation 

TMP oleate P 2089 C60H110O6 TMP 
Improved TMP oleate DP 5146 N/A IMP 

PE oleate P 1445 C77H140O8 PEO 
NPG ISO C18 P 1973 C41H80O4 ISO 
NPG C16-C18 P 1923 C39H76O4 C16 
Complex ester DP 5148 N/A CPX 

Mineral oil SN 215 N/A MIN 
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Table 2 Bulk fluid values ( , ,  and )

The bulk properties of the tested lubricants may be 
found in Table 2. The  value given is defined 
according to Eqn.1: 

TT

lnln

0

0

   (1) 

where  represents a best fit to viscosity temperature 
data in the temperature range 40 °C - 50 °C. 

EXPERIMENTAL DETAILS 
To determine the fluids’ film forming capabilities, tests 
were carried out using a Ball & Disc apparatus [11]. In 
this rig, a highly polished steel ball is loaded against a 
transparent sapphire disc, while the contact is 
continuously fed with lubricant. The speeds of the ball 
and disc can be set independently as to create any 
condition of slide to roll ratio. By illuminating the ball 
and disc contact and simultaneously monitoring it 
through a microscope using a CCD-camera, images of 
the contact can be acquired. Since the disc is coated 
with a thin layer of chromium, the incident light 
generates optical interference that is captured and 
processed digitally for film thickness. The multi channel 
method was used to for this purpose [1]. 

All experiments were conducted at 40 °C ±0.5°C and 
the contacts were supplied with enough oil in order to 
avoid starvation. The speed was varied from a lower 
limit were the film thickness were approximately 100 
nm up to 2.4 m/s. The lower limit is due to the 
minimum film thickness that can be measured using this 
specific setup. Thinner films may be measured with 
other setups, but this was not the scope for the current 
case. A constant load was chosen as to give a maximum 
Hertzian pressure of 1.13 GPa. Each fluid some 
subjected to 3 different tests with a varying slide to roll 
ratio, Ac, of 0, 0.6, and 1.2. 

RESULTS
Results from the film thickness measurements are 
shown in Figure 2. Only the results from the worst 
sliding case Ac = 1.2 and the pure rolling case Ac = 0 are 
given. The plots have also been divided into two for 
clarity, but the results from the reference mineral oil are 
given in both. Both the mineral reference fluid (MIN) 
along with the PE-Oleate (PEO) has the thickest film for 
pure rolling. It should, however, be remembered that the 
PEO is a VG68, while all others are VG 46. The ISO 
forms a slightly thicker film than the IMP and the CPX. 
The thinnest is created by the TMP, even though the 
differences between the latter three are small. As 
expected, the film thickness decreases significantly 
when sliding is introduced. As shown in Fig. 2, the 
amount of film thickness reduction varies among the 
fluids, where it is relatively large for the MIN by 
comparison. 

TMP IMP PEO ISO C16 CPX MIN 
·10

8

[Pa
-1

]

1.73 1.61 1.46 1.74 1.67 1.79 2.01 

0

[W/m·K] 

0.16 0.162 0.17 0.142 0.143 0.142 0.13 

0

[mPas] 

40.19 44.84 66.27 41.02 38.09 41.76 40.85 

[K
-1

]

0.0267 0.0274 0.0282 0.0334 0.0298 0.0276 0.0405 
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Figure 2 Film thickness from Ball and Disc measurements for Ac = 0 and Ac = 1.2. Two curves are shown for each fluid. 
The lower trace always describes the case of Ac = 1.2 

Although the lubricants often have rather similar bulk 
properties it would be advantageous to reduce the 
effects of these during result interpretation. Lord et.al. 
[8] formed a dimensionless film thickness parameter, 
shown in Eqn. 2, which enabled the results to show the 
inherent film forming properties of each lubricant apart 
from those used in the dimensional analysis. 

00

h
H

  (2) 

To reduce the interference of thermal effects, the non-
dimensional film thickness H has been plotted against a 
thermal loading parameter Br, i.e. the Brinkman number 
shown in Eqn. 3. It may be interpreted as the ratio 
between the heat developed to that which has dissipated 
away.

2uBr
    (3) 

It may be seen from Fig. 3a that the tested lubricants fall 
into two distinct categories under pure rolling 
conditions, i.e. fluids that are “mineral-“ and “ester-
like”. When Ac = 0, the inlet shear rate is low; hence, 
this case is the closest to resemble an isothermal 
condition. Lord and Larsson [8] found that the fluids 
they tested all closely followed a single trace when 
these variables were plotted for the pure rolling case. 
This is obviously not the case here, though lord and 
larsson´s trace is very close to the top group in Fig 3a. 
The major differences between these experiments, apart 
from other fluids, are the much higher Hertzian 
pressures used in the current investigation, 1130 MPa 
compared to 464 MPa in [8]. This was accomplished by 
a higher load and a higher modulus sapphire disc. Since 
thermal and non-Newtonian effects are virtually non-
significant under pure rolling, it is reasonable to believe 
that the deviating traces in Fig. 3a originate solely from 
the effects caused by the higher pressure. 



5
Copyright © 2004 by ASME

0 0.02 0.04 0.06
0

10

20

30

40

50

60

70

Br

H

A
c
 = 0

0 0.02 0.04 0.06
0

10

20

30

40

50

60

70

A
c
 = 0.6

Br

H

0 0.02 0.04 0.06
0

10

20

30

40

50

60

70

Br

H

A
c
 = 1.2

tmp

imp

peo

iso

c16

cpx

min

Figure 3 Dimensionless film thickness as function of the Brinkman number for the three different slide to roll ratios a) 
Ac = 0, b) Ac = 0.6 and c) Ac = 1.2. 

Table 3 Percentage film loss due to sliding at Br = 0.04. 

Fluid Film loss,  

Ac = 0.6 [%] 

Film loss,  

Ac = 1.2 [%] 

MIN 18 37 
C16 19 38 
ISO 16 33 
TMP 12 29 
IMP 13 31 
PEO 16 25 
CPX 15 32 

For the nominally same input in pure rolling, the 
mineral reference oil, the ISO and the C16 gives 
approximately 18% higher H than the fluids in the ester 
group. With an increasing amount of slide, the absolute 
difference decreases between these groups as the 
mineral-group is more sensitive to shear., The 
percentage loss in H at Br = 0.04 is shown in Table 3. 
There are clear differences between the two groups. 
MIN, C16, and ISO decrease their film thickness more 
than the ester-like group. The general trend is clear, but 
the difference between the ester-type CPX and the 
mineral-type ISO is marginal. 

Fig. 4 shows the non-dimensional film thickness profiles 
for the tested lubricants. Note that the abscissa is a 
spatial dimension, not the Brinkman number. The shape 
of the curves is rather similar, but some characteristics 
can be seen in the difference between central film 
thickness and the separation just upstream of the outlet 
constriction (at the pressure spike location). If this 
difference in separation is large, one can assume that the 
compressibility of the fluid is high. However, according 
to Fig. 4, this behavior does not differ appreciably 
between the fluids except for the CPX, which shows a 
stiff behavior resulting in a rather flat central zone. It is 
thus unlikely that compressibility is responsible for the 
deviation mentioned, though a numerical simulation was 
made to investigate its relation to H, as well as the 
pressure-viscosity coefficient. 
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Figure 4 Dimensionless film thickness, H, taken in the 
center of the contact from the inlet (left) to outlet (right) 
at Ac = 0 and u = 1.5 m/s. 

Numerical simulations were made to investigate the 
relation between H and compressibility as well as 
viscosity-pressure coefficients for MIN and TMP fluids. 
Since only qualitative results would suffice, a line 
contact simulation was made incorporating Roelands’ 
form of viscosity-pressure dependence (Eqn. 4) and 
Dowson-Higginson’s density-pressure relationship 
(Eqn. 5). Pressure-viscosity coefficient, , and the high 
pressure density asymptote, aDH, were varied. The 
maximum contact pressure was set to the current cases 
(1130 MPa and 464 MPa) and the calculations were 
made at Br = 0.04. The condensed results are shown in 
Table 4. 

))
1096.1

p
1(1)(67.9)(ln(exp Z

80

where 
67.9)ln(

1096.1
Z

0

8

   (4) 

p1059.0

pa1059.0
9

DH
9

  (5) 

Where aDH is the density asymptote corresponding to the 
maximum compressibility at infinite pressure. The 
mineral oil value for aDH is a standard value 1.34. The 
value for the ester was set to 1.44, according to the 
results from Höglund [12], who states an aDH value of 
1.40. A higher value was used to exaggerate possible 
effects.

From the results given in Table 4, it is clear from the 
small difference in H that the compressibility and 
density changes cannot fully explain why the H-Br 
traces diverge at higher pressures. A possible 
explanation may thus be that the mineral-like fluids’ 
(MIN, ISO, and C16) ability to keep their film forming 
capability at elevated pressure is due to the 
transformation to a glassy phase in the inlet at pressures 
over 700 MPa. Ester-like fluids (TMP, IMP, PEO, and 
CPX) do not easily become glassy at higher pressure; 
hence, the effective viscosity does not increase as much. 

Table 4 Varied model parameters and calculated film 
thickness. 

p [MPa]  [GPa
-1

] aDH H 

464 20.1 1.34 73.4 
464 17 1.44 68.4 
1130 20.1 1.34 64.8 
1130 17 1.44 59.1 

If solidification is the main reason for the mineral group 
to retain its film thickness when the Hertzian pressure is 
increased (from 464 to 1130 MPa), it is interesting to 
note that the relative decrease in separation (Table 3) is 
large when slide is applied. 

Because of the branching of the fatty acid chain, the ISO 
fluid is more resistant to solidification than the C16 
fluid. Resistance against solidification can be seen in 
Figure 3 where the ISO fluid is closer to the other esters 
in the lower group. Branching also affects the pour point 
that is lower than for the C16 fluid.  It also shows a 
lower film loss in Table 3 than the C16 fluid. 

PEO fluid could maintain a better lubricating film than 
the other fluids under severe sliding conditions through 
high thermal conductivity and high specific heat 
capacity. The high thermal conductivity comes from 
fluid that has a high level of carboxylate groups. A high 
level of carboxylate groups also gives a low transient 
EHD friction coefficient that is beneficial for low heat 
generation under sliding conditions.  

CONCLUSIONS 
The main aim for the present work was to investigate 
whether ester based fluids subjected to high pressures 
and shearing could compete with a mineral oil in 
forming a separating film. Of six tested esters, two (ISO, 
C16) are directly comparable with the mineral. In 
general, these fluids possess similar bulk properties to 
the mineral, causing similar behaviour in high shear film 
loss. ISO and C16 are thus mineral like under the tested 
conditions, but have the advantage of being readily 
degradable. 

Esters (TMP, IMP, PEO, and CPX) not having the 
mineral like properties of C16 and ISO, show less 
ability to form a thick film under near iso-thermal 
conditions. Instead, these fluids are better at retaining 
the film as the degree of sliding increases. As a result, 
esters cannot be treated as a group where all have a 
similar behaviour. The application must then set the 
conditions to which ester is suitable, film formation or 
film thickness shear stability. 

The mineral like fluids used in the investigation are less 
sensitive to increased Hertzian pressure on film 
thickness. The suggested reason is the formation of a 
glassy phase. Less pressure dependent esters that do not 
easily solidify reduce the film thickness accordingly. 
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SUMMARY
The running-in properties of a hydraulic rotator of vane type for angular positioning of crane tools has been studied. 
The sliding contact between the vane nose and the stator ring was studied in detail. A pin-on-disc configuration 
tribometer was used for the tribotests. The pin was made out of a slice from a real vane and the disc was manufactured 
of the same material and with the same machining process as the real stator ring. Collected data included friction, wear 
and electric contact resistance. A new method was used to enable measurements of changes in surface topography at a 
specific location during the test. The results shows that the relocation method is useful for monitoring small changes in 
surface topography under running-in, but the most significant parameter for detection of running-in for this application 
is electric contact resistance. Significant changes in friction and contact resistance was observed during the running-in 
period. The main reason for the changes is the build-up of a non-conducting tribofilm. The change in surface 
topography alone is too small to change the lubricating regime. The tribofilm is formed after a short distance but can not 
grow until the steepest asperities have been worn off. The results show that the plane milled surface has better running-
in properties than the turned surface. 

1 Introduction 
Nowaday’s hydraulics is widely used in many different 
areas of engineering [1], and one of the major areas is 
the forestry industry. Environmentally adapted lubri-
cants and hydraulic fluids are extensively used in the 
forestry industry because of legal regulations from 
governments and/or environmental policies at compa-
nies [2-3]. The use of environmentally adapted fluids 
may, however, cause new problems, such as sealing 
and/or oil degradation and increasing cost. Using a 
suitable fluid in a clean and water-free system could 
significantly reduce these problems.  

1.1 Hydraulic rotators 
Rotators are used in a wide range of OEM hydraulic 
machinery, such as forwarders, harvesters and excava-
tors. The rotator studied is a high-torque (1-4 kNm at 
25 MPa hydraulic pressure) hydraulic motor of vane 
type. The relatively large internal leakage prevents 
damage on the machinery due to overload. The internal 
parts of the rotator consist of a stator ring, two stator 
plates, and a number of vanes sliding radially in a shaft, 
see Fig. 1 (upper stator plate removed for visibility).  

1.2 Running-in
All new internal parts of a mechanical system are 
subjected to running-in when the machinery is used for 
the first time. The running-in makes the internal parts of 
the machinery more conformal and reduces the surface 

roughness due to controlled wear and/or surface 
modification [4-5]. After a successful running-in phase 
the wear of the surfaces should be low and stable during 
the entire service life of the component. 

There are several methods to observe the running-in 
phenomena in laboratory scale model tests. The most 
commonly used are monitoring of the changes in 
friction coefficient, electric contact resistance, wear and 
changes in surface topography. 

Figure 1. Hydraulic rotator of vane type  
The running-in of the internal parts should be quick and 
stable to minimize cost and the risk of contamination of 
the hydraulic system in the OEM machinery.  

mailto:carlevi@ltu.se


 2 

If the running-in process is unstable, the wear of the 
internal moving parts could be extensive and increase 
with time instead of being stabilized. That leads to low 
performance and short service life. The running-in 
process can be controlled in certain ways, such as 
special running-in load cycle, specially machined 
surfaces and the use of running-in fluids. From a 
producer of machinery’s point of view, surfaces that 
make the running-in process complete during testing 
before delivery are preferred. 

1.3 Lubrication regime 
It is of particular interest to predict the dominating 
lubrication regime in a tribological contact. There are 
several ways to make an estimate, and the most used 
parameter is the ratio  between film thickness and 
RMS surface roughness. A -value greater than 3 is 
considered to ensure full film lubrication, while smaller 

 correspond to mixed lubrication or boundary 
lubrication. 

2
2qS

2
1qS

minh
  (1) 

The -value is changing during the running-in of a 
tribo-system. The reason is surface modification and/or 
changes in the oil. In this study an attempt was made to 
monitor the changes in surface topography during the 
running-in period.  

The absolute value of the film thickness is difficult to 
measure. The contact resistance roughly indicates the 
dominating lubrication regime but not film thickness. 
The level of the friction coefficient is also an indicator 
of the dominating regime. 

2 Experimental
The tribo-system between vane nose and stator ring is 
reconstructed in a tribometer of pin-on-disc type. The 
discs are made of the same material as the stator ring, 
and machined to have surface specifications as close as 
possible to the stator ring, although the disc geometry is 
plane while the stator ring is cylindrical. The pin is 
represented by a slice from the vane nose, se Fig. 2. 

Figure 2. Pin and disc configuration 
The tests are run in a CETR UMT-2 test apparatus. The 
normal load is applied via an electronically controlled 
servo motor. A spring assembly is used to minimize 
normal load fluctuations. The recorded data from the 
tribometer are load, friction force and contact resistance. 
A specially designed, free rotating fixture for the vane 

specimen has been designed resulting in a line contact 
with equal pressure distribution.  

A numerical simulation was used to estimate the 
dominant lubrication regime. The chosen method uses a 
hydrodynamic Reynolds model incorporating asperity 
contact effects and cavitation. The output of the model 
is the relation in load carrying capacity between 
Hertzian contact mechanics and hydrodynamical effects 
due to contact geometry, speed and lubricant properties.  

2.1 Tested specimens 
The pin was represented by a 4 mm slice of a vane from 
a real rotator. The vane was made of case-hardened 
steel. The disc part was made of the same material as 
the stator ring, ductile iron. Two different manufactu-
ring processes were used to produce the discs for this 
investigation, plane milling and turning, both being 
present in some sliding surface areas in the stator ring. 
The surface properties of the discs correspond well to 
the real application. Technical data for the specimens 
can be found in Table 1.  

 Pin (vane) Disc 1 Disc 2 
Hardness [HV] 480 220 220 
E [GPa] 210 170 170 
Sq [ m] 2.5 1.5 0.55 
Surface texture 
direction 

Random Parallel 
to sliding 

Perpen-
dicular 

Finishing 
method 

Ground + 
tumbled 

Turned Plane 
milled 

Table 1. Technical data for test specimens 

2.2 Surface roughness 
The surfaces have been examined in a WYKO NT-1100 
3D-Topometer prior and after testing. It is a vertical 
scanning interferometer which provides 3D surface 
measurements down to nanometer scale. Due to the 
nature of running-in wear and the small amounts of 
material removed, focus was to observe changes in the 
surface topography rather than the material loss. A 
relocation technique was developed to identify and 
measure the same area prior and after testing.  

A small indentation was made at a known radius on the 
disc surface by use of a micro-Vickers tester. The disc 
was mounted in a fixture and the coordinate table of the 
Topometer was set to zero in the center of the disc while 
the angular position of the disc was locked with respect 
to the indentation. This made it possible to locate the 
Topometer measurement area to any point at the disc, 
any time.  

Measurements of the topography were made at certain 
intervals during the test. This made it possible to track 
changes of the surface topography during the running-in 
process.  

The running-in wear primarily takes place at the highest 
peaks of a surface. The Rpk-value, see Fig. 3, is an 
estimate of the small peaks above the main plateau of a 
surface, making it a suitable surface parameter to study 
during running-in of a component. A fairly small Rpk-
value is generally beneficial for a controlled and robust 
running-in period of a tribo-system. 



 3 

Figure 3. Abbott-curve with Rpk definition 

2.3 Test parameters 
The test conditions were set to simulate the actual 
conditions in a hydraulic rotator. No acceleration of the 
test was used, in order to simulate the dominating 
lubrication and wear regimes. The applied load was 5 N, 
which resulted in a calculated Hertzian pressure of 
about 50 MPa. The sliding speed was 0.1 m/s at a disc 
radius of 40 mm. The tests were run at an ambient 
temperature of 25°C in normal laboratory environment. 
The frictional heating during the tests was negligible in 
terms of increase in bulk temperature. The lubricant 
used was Statoil HydraWay Bio SE 32-68, a 
commercial environmentally adapted synthetic ester 
based hydraulic oil. The oil was applied directly on the 
disc surface in a fixed amount. The total sliding distance 
was 5000 m in all tests.  

3 Results and discussion 
The numerical simulation of the lubrication regime 
showed that the lubrication regime is boundary lubri-
cation, fairly close to mixed lubrication. The lubrication 
regime moves slightly into mixed lubrication during the 
running-in process due to change in contact geometry. 
The results of the simulation indicated that the effect of 
reduction in surface roughness was negligible. 

3.1 Friction and contact resistance 
The collected friction and contact resistance data were 
processed and plotted against the sliding distance, see 
Figure 4. The total sliding distance was 5000 m.  
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Figure 4. Friction and contact resistance plots. 
The resistance plots showed a significant change at 
about 500 m sliding distance. That indicates a formation 
of a non-conducting tribofilm. 

3.2 Wear
The wear scars on the vane specimens are shown in 
Fig. 5. The cylindrical nose shape is removed from the 
data to highlight wear. The contour plots with color 
height scales show a higher wear rate for the vane run 
against the turned surface. The wear scar profiles are 
showed in Fig. 6. The vanes run against the turned disc 
surface shows an average wear scar depth of 0.5 m, 
while the vane run against the plane milled disc surface 
shows an average wear scar depth of 0.2 m. The 
calculated specific wear rates for the vane specimens 
were 0.017 Bowden [6] (1.7 10-11 mm3/mmN) and 
0.0043 Bowden (4.3 10-12 mm3/mmN), for tribo-pairs 
involving turned surface and plane milled discs, 
respectively.

Figure 5. Wear of vane noses run against plane milled 
or turned discs 

Figure 6. Wear scar profiles on vane noses run against 
plane milled or turned discs 

The wear of the discs are very low, and not possible to 
quantify in terms of material loss. Anyway, the wear 
could be observed as a change in surface topography. 
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3.3 Change in surface topography 
The changes in surface topography of the discs have 
been of interest due to the low wear rates. In Fig. 7 the 
Rdq values for disc surfaces are shown as a function of 
sliding distance. The changes are small but measurable, 
and the change is slightly larger for the plane milled 
compared to the turned surface. The change in disc 
surface topography does not seem to be the main reason 
to friction and contact resistance behavior.  
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0

100

200

300

400

500

600

700

800

0,1 1 10 100 1000 10000

Sliding distance (m)

R pk
 (n

m
)

Plane milled

Turned

Figure 8. Changes in Rpk value for disc surfaces 

4 Conclusions
The main reason for the changes in friction and contact 
resistance is the build-up of a non-conducting tribofilm. 
The changes in surface topography alone are too small 
to change the lubricating regime. The tribofilm are 
formed after a short distance but can not grow until the 
sharpest asperities have been worn off. 

The plane milled surface shows better running-in 
properties than the turned surface. It also shows lower 
friction coefficient and lower wear during the test.  

For this type of test electric contact resistance is the 
most distinct indicator of running-in. 

The relocation method makes it possible to monitor very 
small changes in surface topography.

5 Future work 
For a more detailed study of the separation of the 
surfaces during the running-in period, implementation 
of the RC method, (resistance and capacitance) is suit-
able [7]. This will improve measurement resolution. 
Studies of other surface finishing techniques are also of 
interest. 
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SUMMARY
Five different anti-wear additives, suitable for the formulation of environmentally adapted hydraulic fluids were tested, 
both commercially available and newly developed. The used base fluid was a high performance saturated complex 
ester. The formulated fluids’ performance was evaluated through the use of an assembled pin & vee block in a modified 
Falex wear tester according to wear and frictional behaviour. The combinations of tested materials were steel-steel and 
bronze-steel tribopairs. The friction, wear scar volume and visual appearance both inside and outside the wear scar were 
studied. Some of the tested combinations gave unwanted performance, such as high friction, large wear and etching 
damages, whereas others gave good performance. It was found that the new additives showed promising results for 
formulation of environmentally adapted lubricants based on saturated complex esters. Further investigations will look 
closer at the chemical composition of the formed tribofilms with the use of surface sensitive analysis technology. 

Keywords: Tribology, EAL, Environmentally Adapted Lubricants, anti wear, additives, boundary lubrication, Falex 

1 INTRODUCTION
The use of environmentally adapted lubricants has 
become extensive in certain areas, such as mobile 
hydraulics [1]. In many areas, the use of 
environmentally adapted lubricants is driven by 
legalisation, e.g. the forestry industry in Sweden [2].  
One problem with environmentally adapted hydraulic 
fluids is the relatively poor resistance against aging and 
degradation compared to traditional mineral based 
products. A majority of the environmentally adapted 
hydraulic fluids used today are based on unsaturated 
ester base fluids [3]. One way to overcome the 
sensibility for hydrolysis and oxidation is to use 
saturated base fluids, which introduces new possibilities 
and new challenges. 

The low temperature properties for saturated esters are 
usually poorer than for unsaturated due to the lack of 
double bounds that prevent crystallisation [4]. One way 
to overcome this is through the use of complex esters 
made of one or more ester molecules that are 
polymerized together with carboxylic di-acids. These 
structures are free of unsaturations and could give high 
viscosity index, (VI), excellent stability and good low 
temperature properties. The combination of fatty acid 
alcohols and the number of repeating units in the 
complex ester are endless, making it possible to tailor 
made base fluids suitable for any application. 
Knowledge of suitable additives and formulations for a 
saturated ester is relatively good, though knowledge of 
additive response for saturated base fluids is limited 
[5] [6]. 

2 TESTED FLUIDS AND MATERIALS 
Typical material combinations found in hydraulic 
applications could be steel-steel and steel-bronze 
combinations. In this investigation, these materials are 
tested together with different fluid formulations. Cast 
iron and cast steels are also common in hydraulic 
applications, but are not normally such a big problem 
like the tested materials, and will therefore be left to 
future investigations.  

2.1 Base fluid and additive properties 
The used base fluid in this investigation is a saturated 
complex ester; see Table 1. 

Table 1 Base fluid properties 

Viscosity @ 40°C [cSt] 46
Viscosity @ 100°C [cSt] 8.1 
VI 150 
NPI ~80 
Pour point [°C] <-50
Iodine value [gI/100g] <1

The selected base fluid is suitable for formulating high 
performance products where environmental aspects are 
of interest. The base fluid is readily biodegradable, 
according to OECD 301 A/F and some percentage of 
the base stock is of renewable origin. 

The base fluid was additivated with different types of 
additives, see  
Table 2. The additives were both commercially 
available and tailor made special additives for saturated 
esters.

mailto:pettersson@ltu.se
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Table 2 Types of additives. 

Notation Chemical name 
PS Pentasulfie 
TPPT Triphenyl phosphorothionate 
CM  Dithiocarbamate 
HAP Hydroxyalkyl phosphate 
PSHAP HAP and PS 

All the used formulations were additivated to 50 mmol/l 
except TPPT, which has 100 mmol/l concentrations, and 
PSHAP, which has 50 + 50 mmol/l of PS and HAP. 
Minami et al. describe the preparation of HAP additives 
in detail [7]. 

2.2 Tested materials 
The used materials in the tribotests were SUJ2 steel and 
JM3 bronze; see Table 3 for details. 

Table 3 Tested materials 

 Bronze Steel Pin 
Trade name JM3 SUJ2 Falex 
US standard 52100 C90800 - 
E [GPa] 100 210 210 
Hardness 85 Hb 60 HRC 87-91 HRB 

The used bronze, JM3, is a tin alloyed bronze with 
approximately 12% tin. The alloy is extensively used in 
many different applications. The investigated steel, 
SUJ2, is a hardened ball bearing steel that corresponds 
to international standards. The pin is a standard Falex 
corporation AISI/SAE 3135 steel pin, (HRB 87-91). 

3 EXPERIMENTAL SET UP 
To obtain data for tribological behaviour and provide 
tribo-chemically reacted surfaces for surface analysis 
tribotests have to be run. In this investigation we have 
chosen to study the tribology in a pure sliding contact. 

3.1 Falex assembled vee block 
The tribotests were run in a modified Falex pin & vee 
block machine. The traditional ASTM D-3233 vee 
blocks were replaced with assembled vee blocks; see 
Figure 1. The block dimension was 5x5x12.7 mm and 
the surface finish was approximately Ra= 0.02 m to 
ensure reliable results from the chemical surface 
analysis. The pin diameter was 6.35 mm. 

12.7 mm 

5 mm 

Load Load 

Sliding velocity 

Figure 1 Assembled vee block 

The advantages with the modified method are the 
improved accessibility for analysis after the test and the 

simplified manufacturing of high precision test 
specimens [8]. Other benefits are that every test 
produces four wear scars with a total width of 50.4 mm 
with respect to sliding direction. One disadvantage is 
the risk that damage occurring between one of the 
blocks and the pin propagates and damages the other 
blocks at the same position. For test running conditions, 
see Table 4 Running conditions, Falex test. 

Table 4 Running conditions, Falex test 

Material Bronze Steel 
Load [N] 24.5 196.2 
Contact pressure [GPa] 0.10 0.35 
Test time [min] 10 10 
Sliding velocity [m/s] 0.096 0.096 

The contact pressure was calculated according to the 
Hertzian model at the start of the experiment for an 
unworn contact. All the tests were run at room 
temperature, (app. 25-28°C) and a relative humidity of 
60-85%. The test temperature increased slightly due to 
friction heating and reached a maximum of app. 50°C 
by the end of the tests. 

3.2 Friction measurements 
The friction coefficient was calculated from the 
measured normal force and the torque in the Falex 
machine. A load cell that directly registers the load 
applied on the blocks by the pneumatic cylinder 
measured the normal force. A rotational torque sensor 
attached between the drive unit and the pin holder 
measured the torque. The load and torque cell were 
connected to a computerized system that continuously 
records the values during the test. 

3.3 Wear scar measurements 
The wear scars obtained from the Falex test were 
analysed in different ways. An optical microscope with 
an attached digital camera was used to take detailed 
micrographs of the wear track. The surface profile and 
topography were measured with a WYKO NT-1100 
optical topometer.  

The worn off volume was calculated from the wear 
track 3-D measurements. The presented wear scar 
volumes are for one block calculated as an average from 
all four specimens in the same test.   

4 RESULTS AND DISCUSSION 
The following results are based on a chosen experiment 
for each additive and material combination. All tests 
were repeated at least once to ensure good repeatability.  

4.1 Friction
Load and torque were measured and the friction was 
calculated and plotted for all steel tests in Figure 2 and 
for all bronze in Figure 3. 
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Figure 2 Friction plots for steel 

In Figure 2, some of the additives (TPPT, HAP and PS) 
lower the friction according the pure base fluid, (BF). 
Two of the additives (CM and PSHAP) raise the friction 
coefficient, though without any big differences.   
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Figure 3 Friction plots for bronze 

From Figure 3 for the bronze-steel tribopairs, the 
friction coefficient shows a larger difference than for 
steel-steel. The additives PSHAP and HAP show lower 
friction than the base fluid. PS and CM show a friction 
coefficient in the same range as the base fluid. The 
TPPT additive shows a dramatically higher friction than 
the other additives. 

4.2 Wear scar investigation 
The optical light microscope investigation shows that 
some of the wears scars have visible tribofilm that show 
the changes on bronze lubricated with PSHAP; see 
Figure 4. The same phenomenon for bronze could also 
be found for HAP. In the latter case, some transferred 
material from the blocks on the pin was also seen.  

The sizes of the micrographs are 0.8 x 0.6 mm. Figure 4 
and Figure 5 illustrate the sliding direction from down 
to upwards. 

Figure 4 Tribofilm on bronze lubricated with 
PSHAP  

Figure 5 Changes of material outside the wear scar 
on steel lubricated with HAP 

Some of the visible tribofilms are not continuous in the 
whole wear scar, as seen in Figure 5, that show steel 
lubricated with HAP. In this figure, some effect on the 
unworn surface outside the wear scar is also seen. This 
seems to be caused by a chemical reaction between 
aggressive residual products from the base fluid and 
additive degradation in the tribocontact. The steel 
lubricated with the pure base fluid and PSHAP shows 
similar patterns in the wear scar and on the unworn 
surface.

There was no visible tribofilm in the wear scar for steel 
lubricated with PS, but a very strong discoloration could 
be seen on the unaffected surface. 

With the use of a 3-D topometer the following wear scar 
volumes were obtained; see Table 5. 
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Table 5 Wear scar volumes 

Fluid Bronze [mm3] Steel [mm3]
BF, (Base fluid) 5.72 10-3 9.63 10-5

PS 1.89 10-2 1.47 10-3

TPPT 3.53 10-3 1.37 10-4

CM  1.08 10-2 9.43 10-5

HAP 2.24 10-3 1.74 10-4

PSHAP 1.36 10-3 2.29 10-4

The topometer measurements also provide information 
about surface roughness in the wear scar. This is helpful 
when trying to determine the wear mechanism, i.e. 
distinguish between abrasive, chemical or adhesive 
wear. The bronze lubricated with PS shows an 
extremely smooth wear scar, as shown in Figure 6. 
From the corresponding 2-D plot, the sliding direction 
could be seen; it is downwards in the 3-D plot. 

When discolouring outside the wear scar is caused by 
corrosion, an analysis could be supported by the use of 
3-D topometer measurements. This is the case for steel 
lubricated with HAP, as shown in Figure 7. The 
corroded cavities are in the same range as the depth of 
the wear scar. Corrosive damages are also seen within 
and outside the wear scar. 

Figure 6 Polished wear scar on Bronze lubricated 
with PS 

Figure 7 Corrosion damages on steel lubricated with 
HAP   

Some additives give a discoloration of the unworn 
surfaces that could probably be handled with AO 
additives.  

A summarization of friction behaviour and wear 
mechanisms for all material combinations is to be found 
in Table x. 

4.3 Proposed analysis procedure 
Conclusions can be drawn differently from the results. 
The wears scar are analysed visually with a microscope 
and optical 3-D topometer. The friction can only be 
analysed, plotted and compared between the different 
additives.  

The wear process can be divided into different cases:  

Mild wear and smooth surface:  A monolayer of 
chemireacted tribofilm with good tribological properties 
is formed. The protective film can handle the load and 
be rebuilt immediately after breakdown / wear-off. The 
wear rate and friction are low and the surfaces are 
smooth 
High wear and smooth surfaces: A weak tribofilm is 
formed. The built up film cannot handle the load and is 
broken down, but regenerated continuously at a rapid 
rate. The wear is severe, but the surfaces are smooth. 
The friction can be both high and low, though stable 
depending on the properties of the tribofilm. 

High wear and rough surfaces:  There is no load 
carrying the tribofilm. The metal-metal contact is not 
protected and abrasive, or adhesive wear occurs, or 
both. The friction coefficient is high, unstable or both.  

To classify and understand the wear, a three-step 
method can be used. 

How do the wear scar and the surrounding area 
look optically? This is the first step to 
determine any discolorations. 

How big is the surface roughness inside the 
wear scar and are there any etching damages 
outside the scar? 

How big are the wear scar volumes? 

The next step is to perform a surface investigation to 
determine the chemical composition of the surface. 
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Table 6 Result remarks 

Fluid Friction Wear scar Other 
Base fluid, Steel  Small wear scar covered 

with visible tribofilm 
Discoloration outside 
wear track 

PS, Steel Medium friction Smooth wear track Discoloration outside 
wear track 

TPPT, Steel  Small wear scar,  Deposits outside wear 
track, some etching  

CM , Steel High friction Low wear Deposits and etching 
HAP, Steel  Visible tribofilm with 

naked areas 
Etching damages,  

PSHAP, Steel Unstable  Visible tribofilm with 
naked areas 

Discoloration outside 
wear track 

Base fluid, Bronze Decreasing friction Smooth wear scar  
PS, Bronze Unstable friction Very large wear scare, 

smooth surface 
Low contact pressure in 
end of test 

TPPT, Bronze   No discoloration 
CM , Bronze Stable friction Smooth wear track  
HAP, Bronze Long run in phase, low 

friction
Small wear scar Cupper transferred to pin, 

no discoloration 
PSHAP, Bronze Low friction Visible tribofilm,   

5 CONCLUSIONS 
The additive influence on the friction coefficients and 
wear in this investigation is bigger for bronze-steel 
tribopairs than steel-steel tribopairs.  

For bronze-steel contact, PS, HAP and TPPT give lower 
wear than the base fluid. The PS and CM additives give 
higher wear rate.    

All the additives and the base fluid show a low wear 
rate for steel-steel except the PS additive, which has a 
much higher wear. 

For bronze, the best additives are HAP and PSHAP 
concerning both wear and friction. 

It is interesting to note that some steel samples are 
affected outside the wear track by the triboreacted 
products. Examples are HAP and PS, which may be 
handled by the use of AO additives.  

The combined use of active sulphur additives (PS) in 
bronze contacts should be avoided. 

This investigation shows that using new types of more 
polar additives is a possible way to formulate saturated 
ester base fluids to lubricants with a high level of 
performance.  

To increase the understanding of tribofilm formation 
mechanisms, an investigation of the surface with a 
surface sensitive spectroscopy method is valuable. 
Future studies will investigate the tribofilms generated 
by these experiments. 

Fully formulated lubricants have numerous additives, 
but this study is only about single or dual AW/EP 
additives. Therefore, additional investigations about 
treat rates, and effects that are synergistic, antagonistic 
or both should be conducted to successfully formulate 
commercial lubricants with this new type of additives. 
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SUMMARY
Five different anti-wear additives, suitable to formulate environmentally adapted hydraulic fluids, were tested. The used 
base fluid was a saturated, environmentally adapted synthetic complex ester. The tested materials were steel-steel and 
bronze-steel. A modified Falex pin and a vee-block tester were used for the tribotests. XPS was used to characterize the 
surfaces. It was fount that the new types of more polar additives work better than the traditional ones, though they can 
give selective transfer of cupper to the steel pin. To use this type of additives in fully formulated products more 
investigations have to be performed.  

Keywords: Tribology, EAL, anti wear, additivation boundary lubrication, surface analysis, XPS, ESCA 

1 INTRODUCTION
New lubricants have to satisfy many demands 
concerning performance, environmental adaptation and 
life cycle cost. One way to combine these properties is 
through the use of synthetic ester base fluids. The 
molecular structure for synthetic esters can be varied in 
numerous ways, [1]. Another way to achieve different 
properties for ester base fluids is the possibility to 
complexify ester molecules into complex esters. 
Complexification is done by replacing some of the fatty 
acids into di-acids, which then form bridges between 
ester molecules, and the molecular weigh are increased.  

One promising group of base fluids for environmentally 
adapted lubricants is the saturated complex esters, [1], 
[2], [4]. This group of esters could be used to formulate 
lubricants with excellent high and low temperature 
stability and good environmental properties. The big 
challenge faced when saturated complex esters are used 
is that the additive response is quite different to 
unsaturated esters and very different to mineral oils and 
poly-alpha olefins. When using polar base fluids the 
polarity of the used additives has to be carefully noted. 

In this study traditional additives for environmentally 
adapted fluids are compared to newly developed 
additives with larger polarities regarding tribofilm 
formation capability. Earlier studies have investigated 
the wear protection and friction performance of these 
additives, [5]. 

Another phenomenon of note in boundary lubricated 
bronze contacts is selective transfer. This has been 
observed in bronze-steel contacts lubricated with 
synthetic esters, [6]. 

2 TESTED FLUIDS AND ADDITIVES 
Fully formulated lubricants are made of one or more 
base fluids and many different types of additives such 
as AW, EP, Anti oxidants and corrosion inhibitors. The 
use of several additives increases the complexity of the 
task to understand the working principia of the 
additives. When formulating environmentally adapted 
lubricants, great care has to be taken concerning the 
effects of polarity and the synergistic/antagonistic 
effects between the base fluid and the additive or 
additive package. To study the effects of different EP 
and AW additives the use of one and two component 
blends is useful. In this study no fully formulated 
lubricants were studied.  

2.1 Additives
The chosen additives are both standard state of the art 
additives for environmentally adapted lubricants and 
special additives suitable for more polar base fluids; see 
Table 1 and Figure 1. The molecular weight for the 
tested base fluid is about twice as high as for the 
additives. 

mailto:pettersson@ltu.se
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Figure 1 Molecular structure for the used additives 

The additive abbreviated CM, Methylene-
bisdialkyldithiocarbamate, is a sulphur additive with 
extreme pressure (EP) and anti wear (AW) effects, as 
well as some anti oxidative effects (AO). TPPT, 
triphenyl phosphorothionate, is a well-known AW 
additive that contains both sulphur and phosphor and is 
known to have some AO effects. The PS additive is a 
penta sulphide that is commonly used as an EP additive. 
HAP, hydroxyalkyl phosphate, is a special synthesized 
phosphorus containing AW additive with greater 
polarity than other investigated additives. The polarity 
makes it possible for the additive to access the surface.

Table 1 Additive data 

Notation Chemical name 
PS Pentasulfie 
TPPT Triphenyl phosphorothionate 
CM  Methylene-bis-dialkyldithiocarbamate
HAP Hydroxyalkyl phosphate 
PSHAP Mixture of PS and HAP 

2.2 Base fluid and formulated fluids 
The tested base fluid is of the saturated synthetic 
complex ester type; for detailed data about the used 
base fluid, see part 1 of [5].  

All the used formulations were additivated to 50 mmol/l 
concentrations except TPPT with a 100 mmol/l 
concentration and PSHAP with a mixture of 50 mmol/l 
of PS and 50 mmol/l of HAP. Fully formulated products 
normally have a lower concentration of additives than 
these experiment fluids. The high treat rates were 
chosen to prevent running out of additives in the tribo-
contact during the test. 

The HAP additive was prepared by making 0.5 mmol 
phosphonic acid react with 2.5 mmol of the epoxide in 
0.5 ml ethanol. This reaction is spontaneous at room 
temperature, [7]. The HAP additive solution was used to 
formulate the HAP and PSHAP fluids. 

The tested materials in this study were SUJ2 steel and 
JM3 bronze. SUJ2 is a standard ball bearing steel and 
JM3 is a tin bronze, for details about the tested 
materials see part 1 of [5]. All the tests were run with a 
Falex corporation AISI/SAE 3135 steel pin, ( HRB 87-
91)  as counter surface. 

3 EXPERIMENTAL SET-UP  
The tribotests were run in a modified Falex tester. The 
traditional ASTM D-3233 vee blocks were replaced 
with assembled vee blocks; see Figure 2. The 
dimensions of the 4 vee blocks were 5x5x12.7 mm and 
the running conditions are in Table 2. 

12.7 mm 

5 mm 

Load Load 

Sliding velocity 

Figure 2 schematic view of assembled vee block

All tests were performed at a sliding velocity of 0.096 
m/s, (290 rpm) and a duration of 10 minutes. The radius 
of the pin was 6.35 mm. 

Table 2 Running conditions, Falex test 

Material Bronze Steel 
Load ,[N] 24.5 196.2 
Contact pressure, 
[GPa] (Hertzian) 

0.10 0.35 

To ensure that the test specimens’ surfaces are clean, a 
cleaning procedure was performed. The steel blocks 
were ground with a 2000 grit abrasive paper to bring 
out a fresh surface layer. The blocks and the pin were 
then cleaned in an ultrasonic cleaner, 10 minutes with 
petroleum ether and 10 minutes with acetone. The 
specimens were dried with hot air before the start of the 
test and immediately mounted in the test apparatus.  

3.1 Surface analysis technology 
A surface analysis has to be performed to find out what 
the surface material consists of. There are many 
different surface analysis techniques available, but in 
this study, X-ray Photo electron Spectroscopy (XPS) 
was chosen. In some scientific disciplines, this 
technique is also known as ESCA, [8], [9] and [10].  

The XPS technique bombards the test specimen with 
monochromatic X-rays under ultra high vacuum. The 
X-rays knock photoelectrons out of the test specimen by 
the photoemission effect. The electrons are collected 
and analysed in an electron detector; see Figure 3. Each 
element in the specimen has its own unique spectrum. 
By counting the intensity, the relative quantity of 
individual elements could be determined, [8]. For many 
materials has the metal oxides and pure metals the 
spectrum peaks at different energy levels. These effects 
are called chemical shifts and are one of the biggest 
advantages of the XPS technique, [11] and [12], making 
it possible to determine the individual chemical states of 
a material’s surface. 
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Figure 3 XPS analyse technique 

In this study a Perkin-Elmer PHI-5600 XPS instrument 
was used to analyse the surface. The spot size was 
120 m and a 150 W Aluminium filament was used. A 
wide scan (1400-0 eV) was initially performed to get an 
overview of the surface composition. The narrow scans 
were performed at energy levels for interesting 
elements.  

The narrow scans can be analysed in detail to learn 
more about the surface. For example, the level of 
different compounds could be determined. Figure 4 
shows the difference in the amount of COOH groups at 
the surface for two different fluids. 

Figure 4 Comparison of C1s spectrums for TPPT 
and PS on steel specimens 

4 RESULTS AND DISCUSSION 
The following results are based on a chosen experiment 
for each additive and material combination. The surface 
analysis was performed at one of the four blocks from 
each Falex test. The analysis spot was carefully chosen 
to be representative of the test.   

4.1 New sample analyze 
To find out what the outermost surface layer of the test 
specimens consists of, an XPS analysis was performed 
on new test specimens. The clean surface first analysed 
for both steel and bronze. For bronze, a depth profile 
measurement was also performed. Material measuring 7 
nm was sputtered away in layers and XPS 
measurements were performed at each level. 

On the steel blocks, the outermost surface consists 
mainly of oxygen and carbon, with a minor content of 

iron. Some hydroxyl compounds were also present at 
the surface.

The outermost surface layer on the bronze surface 
consists of different oxides and some cupper and tin, 
while deeper into the material the oxygen content is 
lower and the metal composition is almost the same as 
the bulk material, see Figure 5. 
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new bronze specimen. 

The spectrum for tin was studied in detail because tin 
oxides has a phase shift in the spectrum compared to the 
pure metal, [11] and [12].  Here, a quite large amount of 
metal oxides was present at the uppermost layer; see 
Figure 6. 
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new bronze specimen, (0-7 nm). 

The spectrum for oxygen shows the presence of a 
metal- hydroxyl layer on the uppermost layer of the 
surface for bronze specimens. 

4.2 Worn sample analyze 
Samples for both steel and bronze for all different 
additives were tested with XPS. The atom concentration 
is shown in Tables 3 and 4. 
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Table 3 Atom concentration on bronze blocks 

Cu Sn O C S P 
PS 5.84 0.93 18.82 72.15 2.26 - 

TPPT 6.22 1.8 28.77 62.73 0.48 0 
CM 12.76 1.93 25.13 56.9 3.28 -
HAP 1.51 0.2 38.13 55.09 - 5.07 

PSHAP 4.68 0.47 33.92 53.21 4.15 3.57 

Table 4 Atom concentration on steel blocks 

 Fe O C S P 
PS 4.6 31.66 63.73 0 - 
TPPT 1.61 28.66 66.28 0 3.46 
CM  3.53 30.92 65.55 0 - 
HAP 1.04 37.78 54.31 - 6.87 
PSHAP 0.97 38.34 54.31 0 6.38 

The PS additive gives the highest wear rate for both 
steel and bronze. On steel, this additive does not 
produce any detectible sulphur containing tribofilm, 
whereas on the bronze specimens a sulphur film was 
detected. It is well-known that active sulphur additives 
and yellow metals are a disadvantageous combination. 
Material is removed by oxidative wear.  

The TPPT additive containing both sulphur and 
phosphor gives relatively low wear for both bronze and 
steel. A phosphorus tribofilm (probably metal
phosphate) was detected on the steel specimens, (see 
Figure 7) and a thin sulphur tribofilm was found on the 
bronze specimens. 

125130135140145150
16

18

20

22

24

26

28

30

32

34

36

Binding Energy [eV]

R
el

at
iv

e 
in

te
ns

ity
 [c

/s
]

TPPT P2p

Figure 7 XPS spectrum for P on steel lubricated with 
TPPT fluid. 

The CM additive has a minor effect on friction for both 
steel and bronze.  The wear protection is excellent for 
steel but bad for bronze. No tribofilm was detected for 
steel and a relatively thick tribofilm containing sulphur 
was detected for bronze. Some etching damages and 
some build-up of oxidized organic matter, carbonates or 
both are found in the wear track on the steel specimens. 

The specially developed HAP additive gives a low wear 
rate for both steel and bronze. It also produces a thick 

phosphorus tribofilm for both material combinations 
and gives low friction for steel and very low friction for 
bronze. The reaction products seem very aggressive 
against the steel blocks with etching damages. For 
bronze, it also gives selective transfer of copper to the 
pin.  

For steel, the PSHAP additive gives an unstable friction 
and an unstable phosphorus containing tribofilm. The 
wear track has a spotted look and the tribofilm was 
worn off and regenerated in the spots. XPS analysis 
shows that the amount of tribofilm is higher after 2 
minutes than after 10 minutes. For bronze, PSHAP 
gives a low and stable friction and a very thick tribofilm 
containing a large amount of both sulphur and 
phosphorus compounds; see Figure 8 where this 
additive gives the lowest wear rate for bronze. 
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Figure 8 XPS spectrum for P and S on bronze 
lubricated with PSHAP fluid.

4.3 Selective transfer 
The HAP test for bronze showed a visible transfer of 
copper from the block to the pin. An XPS analysis of 
the pin was performed to see the content of the surface. 
The results showed that a layer of copper and tin 
covered the pin. Phosphorus containing tribofilm on the 
pin was also slightly detected, (~2 %); see Figure 9. The 
amount of iron on the surface of the pin was small.   
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Figure 9 XPS spectrum for pin run against bronze 
lubricated with HAP fluid.
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The atom percentages for the pin from the XPS analysis 
of the pin are found in Table 5. 

Table 5 Chemical compisiotion of pin run against 
bronze lubricated with HAP fluid.  

Fe Cu Sn O C P 
0.72 1.18 0.29 32.87 63.81 1.93 

5 CONCLUSIONS
The result from this investigation shows that the new 
additives give thick tribofilms at both steel and bronze 
specimens.  

None of the additives give a detectible sulphur tribofilm 
on steel specimens. There are numerous explanations 
for this: 

No sulphur containing tribofilm are formed. 

The formed film is continuously removed and 
regenerated and is too thin to be detected. 

The formed sulphur film is covered by a thick 
layer of phosphorus film and cannot be 
detected with the surface sensitive XPS 
technology.  

The PSHAP and HAP fluid gives the thickest tribofilms 
on both bronze and steel specimens.  

This new type of more polar additives shows promising 
results for the formulation of environmentally adapted 
fluids based on saturated esters. More studies about 
treat rates and synergistic / antagonistic effects of other 
additives have to be performed.  
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