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The emissions of carbon dioxide, CO2, must rapidly be reduced to avoid severe climate change.
Tribology-related solutions can be an important part in reducing these emissions. The aim of this
thesis is to improve the fundamental knowledge in two tribology-related fields, both concerning
lubrication, to enable such solutions in the future. The first research topic is focused on a fuel
additive based on boric acid that has shown potential to reduce the fuel consumption when used
in combustion engines. The second topic focuses on grease-lubricated tribological contacts,
particularly fretting contacts.

The friction-reducing potential of the boric acid fuel additive was evaluated and confirmed
in simplified lab experiments. The friction reductions are attributed to the formation of an
easily sheared boric acid tribofilm on the sliding surfaces. Estimates of how these friction
reductions would affect the fuel consumption in a passenger car were undertaken. Under a
few assumptions, it was shown that the considerable friction reductions measured in the lab
experiments, transferred to the piston/cylinder contact, could lead to the fuel savings around the
6% previously observed in field-tested combustion engines.

The boric acid tribofilms that form on the sliding surfaces differ in appearance depending
on the tribotest temperature. Further, they have poor stability over time as well as at
high temperatures, and may easily become cleaned off by the sample preparation prior to
analysis. Further, they are sensitive to the electron irradiation used in various surface analysis
techniques. Possibly also experiencing vacuum alter their properties. Based on the demonstrated
instabilities, it is recommended to perform analysis of lab-tested and field-tested surfaces as
soon as possible after testing to limit the ageing of the boric acid tribofilms.

From grease-lubricated fretting tests it was found that the grease properties (thickener type
and base oil viscosity), together with the applied load, displacement amplitude and material
combination, all influence the prevailing fretting regime. The thickener type, here lithium
complex (LiX) and polypropylene (PP), can have a stronger influence on the grease performance
than the addition of graphite, GO and rGO additives, to an already well-working grease. Cross
sections of selected wear marks from the fretting tests are presented and they are, together with
fretting maps, used as tools to better understand the lubrication mechanisms of LiX and PP
greases. The exact lubrication mechanisms are not yet fully understood but a lubrication model
is suggested, based on the present knowledge and hypotheses.
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We don´t inherit the earth from our ancestors,  

we borrow it from our children. 

David Brower 
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1. Introduction 

The development of today’s modern global societies is a result of major 

progress in fields of farming, medicine, and technology. Never before has the 

global human living standard been as high as it is today [1]. Nevertheless, 

today´s modern lifestyle, which now may easily be taken for granted, is not 

sustainable. The global carbon dioxide (CO2) emissions have been increasing 

since the start of the industrial revolution around 1750, when humans in large 

scale became dependent on fossil fuels for energy production [2]. Growth in 

emissions was quite low until 1950, and the world emitted about 6 billion 

tonnes of CO2 in 1950. The emissions have grown rapidly since 1950 and the 

world now emits about 34 billion tonnes of CO2 each year.  Climate change is 

mainly due to CO2 emissions, and to prevent severe climate change, these 

emissions must rapidly be reduced. Our dependence on fossil fuels, such as 

oil, carbon and natural gas, must end in favour of renewable and cleaner 

energy sources. In 2015, during the Paris Climate Conference, 195 countries 

signed a legally binding international treaty to reduce their greenhouse gas 

emissions to stay below a global warming of 2 °C, and preferably below 1.5 °C 

(above pre-industrial levels) [3]. To reach the goal of 1.5 °C, net zero 

emissions must be reached until 2050 according to the Intergovernmental 

Panel on Climate Change (IPCC) [4]. Further, the actions and decisions during 

the next decade will have a large effect on our future [5]. However, the CO2 

emissions are currently still rising, and we are far from the path needed to 

reach the goals of 1.5 and 2 °C [2]. 

The sources of global CO2 emissions in 2016 were divided into three main 

categories: i) energy, ii) agriculture and land use, and iii) industry and waste 

[6]. The energy sector was further divided into energy use in buildings, 

transport, and industry. Since the emissions originate from many sectors, there 

is no single simple solution to the ongoing environmental crisis. 

Improvements must be made in all sectors, and all solutions that lead to 

reduced negative effects on the environment are important. There is no doubt 

that a powerful global non-fossil fuel policy is needed, working towards a 

safer and healthier planet for future generations. Tribology-related solutions 

can be part of reducing the negative environmental impact of humans, and 

tribology is the focus of this thesis. 

The term tribology is derived from the Greek word tribos, which means 

rubbing. Tribology is in other words the science of rubbing, or alternatively, 
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the science of friction, wear, and lubrication of interacting surfaces in relative 

motion. Surface interactions in tribological systems are often highly complex 

and tribology is therefore a multidisciplinary field of science, including 

physics, chemistry, mechanics, and materials science. The term tribology was 

coined in the famous Jost report in 1966 [7]. The report revealed that large 

amount of money was lost every year due to friction and wear, and that large 

savings could be made by tribological improvements.  

Recent estimates on the global impact of friction and wear were presented 

by Holmberg and Erdemir [8] in 2017. It was concluded that about 23% of the 

global energy consumption originated from tribological contacts. Out of this, 

20% was used to overcome friction, and 3% was related to remanufacturing 

of worn parts due to wear-related failures.  

Even though the term tribology was coined just 56 years ago, the concepts 

of tribology are not new. Lubricants have been used for thousands of years. 

For instance, several thousand years ago Egyptians used water to lubricate 

sledges transporting heavy rocks and statues, and used animal fat to lubricate 

wheel bearings [9]. Today, tribology is highly linked to energy savings and 

sustainability (raw material savings and health and environmental aspects). 

Tribological research and development can lead to improved quality and 

performance of tribological components, and by reducing friction and wear in 

tribological contacts, energy can be saved. Improved quality and performance 

often prolong the service life of components, which in turn leads to secondary 

energy savings due to reduced maintenance and raw material savings, etc. 

Even a small improvement in a tribological system will have large effects on 

the global scale, if there is a large number of such systems. As an example, 

even a relatively small fuel consumption reduction in combustion engines will 

result in enormous reductions of energy and CO2 emissions, due to the 

enormous number of combustion engine vehicles around the world.  

Development of better alternatives to present solutions often leads to new 

tribological challenges. As an example, sulphur in gasoline and diesel fuels, 

as well as lead in gasoline, protect engine surfaces from excessive wear 

[10,11]. Due to health and environmental aspects, lead is no longer blended in 

gasoline and the sulphur concentration in gasoline and diesel fuels is reduced. 

To avoid wear life reductions, new additives have been designed to protect the 

engine from wear and these have replaced lead and sulphur. 
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1.1 Research objectives 

This thesis work aims towards increased fundamental knowledge in two 

tribology-related fields, both concerning lubrication. The first research topic 

is focused on increased understanding of boric acid as a lubricating fuel 

additive (Paper I, II, III and IV). The addition of boric acid to the fuel has 

shown potential to reduce energy losses in combustion engines by reducing 

the friction between surfaces in sliding contact, such as in the piston 

ring/cylinder wall contact. The second topic relates to grease-lubricated 

tribological contacts, and with special emphasis on fretting and fretting of 

electrical contacts (Paper V, VI, VII and VIII). Fretting is the damage that 

occurs at the interface of two surfaces subjected to small relative oscillatory 

movement. The lubrication mechanisms of grease in various tribological 

contacts, including fretting, have been studied for a long time, but are still not 

well understood. Increased knowledge of how grease properties and contact 

conditions influence the lubrication situation is important when choosing 

grease type for a specific application.  

The novelty of this work is the combination of tribological testing and 

thorough surface analysis in the specific research areas, which enables a better 

understanding of the lubrication mechanisms. In most cases the work has been 

focused on a specific application, and for the boric acid fuel additive, the lab 

test results from this thesis work have been correlated to field test results. In 

the fretting tests, where different greases were compared, the effect of 

thickener type was isolated by keeping all other properties constant. To the 

best of my knowledge, no such studies have been performed before. 

The work includes eight scientific papers and this thesis summary is aimed 

to provide a background for the reader and to put the papers into context.  

  



 

 16 

2. Lubricants 

A lubricant is typically used to reduce friction and wear between sliding 

surfaces. Lubricants have been used for thousands of years, but the major 

technical advancements have been made during the last century. Extensive 

research has been performed in many lubrication fields, but much work 

remains to fully understand the properties of various lubricants and how they 

protect the surfaces in tribological contacts. Further, due to environmental 

aspects, even well working lubricants need to be modified by removal or 

replacement of harmful substances. This inevitably calls for more research 

activity. 

Depending on application, the lubricated contacts are lubricated with a 

liquid lubricant (often an oil), a grease, a solid lubricant, or a gas. The 

following sections introduce lubricating oils, lubricating greases and solid 

lubricants. 

2.1 Lubricating oils 

Petroleum, also called crude oil, is a mixture of gaseous, liquid and solid 

hydrocarbon compounds that are found in sedimentary rock deposits around 

the world [12]. These compounds have been formed by the remains of plants 

and animals that lived millions of years ago. Crude oil in the ground seeps to 

the surface in many places around the world and such seep oil has been 

collected and used in various ways for thousands of years [13,14]. However, 

it was the drilling of an oil well in Pennsylvania, US, during the mid-19th 

century that started the modern petroleum age [14]. Until that time, when 

petroleum products became dominating, animal fats and animal oils together 

with various vegetable oils were the commonly used lubricants [15,16].  

Liquid lubricants are based on crude oil and on plants/animals, see Figure 

2.1. Mineral oils are produced from crude oil, while vegetable oils are 

produced from plant raw materials. Synthetic oils can be produced from both 

crude oil and vegetable oils. The molecular structure of synthetic oils is 

chemically tailor-made during production. As mentioned, crude oil is a 

mixture of hydrocarbons with a wide range of molecular sizes [17]. During oil 

refining, fractions of various molecular sizes are separated. Specific fractions 
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are then used in for instance solvents, gasoline, diesel fuel, jet fuel, lubricating 

oils and asphalt products [12]. 

Considering lubricating oils, mineral oils are by far the most widely used 

[16]. However, due to environmental and health concerns, vegetable oils (such 

as rapeseed oil and castor oil) are becoming more and more attractive, since 

they are biodegradable, renewable and contain no or small amount of potential 

pollutants, such as sulphur-containing compounds. Mineral oils are more 

stable than vegetable oils with respect to oxidation and thermal effects [15]. 

The demand for lubricants able to withstand high temperatures and high 

pressures led to the development of synthetic oils. Synthetic oils can generally 

be used at higher temperatures than mineral oils. 

The various lubricating oils provide a wide range of properties, such as 

viscosity, oxidation stability, thermal stability, volatility, etc. Additives with 

different functions are generally added to the lubricant to improve its 

performance. Examples include viscosity modifiers, antioxidants, corrosion 

inhibitors, friction-reducing additives, anti-wear additives and extreme-

pressure additives. Besides from reducing friction and wear, lubricating oils 

can also act as a coolant and can carry away wear debris generated in the 

contact. 

 

Figure 2.1 Overview of varying types of liquid lubricants and their origin. 

2.2 Lubricating greases 

A lubricating grease is a solid to semi-fluid that consists of a lubricating oil 

and a thickening agent. Hence, grease is a thickened oil. Additives such as 

antioxidants, corrosion inhibitors, anti-wear, and extreme-pressure additives 

are typically also included. Greases are often classified by the thickener type 

since the thickener has a large influence on the grease properties. A grease is 

commonly composed of 85% oil, 10% thickener and 5% additives [18]. 

However, these numbers vary with thickener type, base oil type and the 

consistency of the grease. The components of a grease are often described to 

coexist in similarity to water in a sponge, where the sponge can be seen as the 
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thickener and the water as the fluid lubricant. Even though this is only a rough 

description, the sponge concept is not totally invalid based on analysis of the 

thickener fibre structure [19].  

A grease has several advantages over its base oil. A grease: 

• stays in place and eliminates problems with lubricant leakage, 

• acts as a sealant and prevent solid and fluid contaminants from entering the 

system, 

• prevents reactive liquids from coming in contact with metal surfaces 

causing corrosion, 

• acts as a carrier of insoluble additives (due to its semi-solid consistency), 

• has superior high-temperature performance, and 

• has improved load-carrying capacity [19]. 

Grease can be manufactured with varying base oils and varying thickener 

types. Mineral oils, synthetic oils and vegetable oils have all found use in 

greases. The thickener may be a metal soap (fatty acid salts of for instance 

lithium, aluminium, sodium, or calcium), a metal complex soap (lithium 

complex, calcium complex, etc.) or a non-soap thickener (bentonite clay, 

silica-gel, polypropylene (PP), etc.).  

Calcium greases manufactured from calcium hydroxide together with 

vegetable oil or animal fat were the earliest greases used [19]. These greases 

were suitable for simple lubrication tasks such as cartwheels and bearings. The 

industrial revolution starting in the middle of the 18th century led to new 

demands, which pushed the grease development forward. Until the middle of 

the 20th century, the choice of thickeners was limited to calcium, sodium and 

aluminium soaps. The development took a giant leap when Clarence Earle in 

1942 patented the lithium grease [20]. The lithium grease replaced the earlier 

greases in most applications, and for the first time in the lubrication history, 

the lubrication engineers were provided with a multipurpose grease [19]. 

Since the 1940s, so-called complex soap greases have been developed, as well 

as greases with inorganic solid thickeners (bentonite clay, silica-gel, PP, etc.). 

Metal soaps are by far the most widespread today, with a market share of about 

90% [21]. Even though the lithium grease was introduced 80 years ago, it is 

still widely used. In 2020, lithium greases accounted for 71% of the grease 

market (51% conventional lithium greases and 20% lithium complex (LiX) 

greases) [21]. 
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2.3 Solid lubricants 

For certain conditions, such as at very low or high temperatures, in ultra-high 

vacuum, at extreme contact pressures, or at very low or high speeds, solid 

lubricants can be a better choice than lubricating oils or greases [22,23]. In 

some conditions, a combination of solid and liquid lubricants, as well as 

dispersions of solid lubricants in oils and greases, work well. 

Solid lubricants typically have low shear resistance and can thereby provide 

low friction when forming a thin layer on a solid surface. In most cases, their 

low-friction properties are due to a lamellar or layered crystal structure [22]. 

Examples of lamellar solids are graphite, boric acid (B(OH)3), MoS2 and WS2. 

For these materials, the bonds within the layers are strong while the forces 

between the layers are weak. Hence, the layers can relatively easily slide 

against each other when present between two sliding surfaces, and thus 

provide low friction. The layered crystal structure of graphite is shown in 

Figure 2.2. PTFE (polytetrafluoroethylene), diamond and diamond-like 

carbon (DLC) are examples of solids without a layered structure, but with low-

friction characteristics.  

A lamellar structure in itself is not sufficient to provide low friction and 

wear [22,23]. For many solid lubricants, a specific chemical environment is 

needed to provide easy shear. For instance, graphite and boric acid lubricates 

well in humid air conditions [24,25]. Contrarily, MoS2 and WS2 work well in 

dry and vacuum conditions [26,27]. The properties and lubricating 

possibilities of boric acid are further presented in Chapter 4. 

 

Figure 2.2 Schematic illustration of the layered crystal structure of graphite with 
strong bonds within the layers and weak forces between the layers. Adapted from 
Ref. [22]. 
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3. Tribology of piston ring/cylinder wall 

contacts in internal combustion engines  

The concept of internal combustion engines and especially four-stroke engines 

for vehicles is briefly presented in this chapter. Further, the piston 

ring/cylinder wall sliding contact is introduced to provide an overview of its 

tribological situation. 

3.1 Internal combustion engines 

Vehicles driven by an internal combustion engine have been commercially 

available in large scale since the early 20th century. The engine transforms the 

chemical energy stored in fuels to mechanical energy by combustion of the 

fuel, and the mechanical energy is used to move the vehicle. In a four-stroke 

engine, there are four different strokes per combustion cycle, as illustrated in 

Figure 3.1. First, during the intake stroke, an air/fuel mixture is sucked into 

the cylinder. The air/fuel mixture is compressed in the second stroke and 

ignited, e.g., by a spark plug, in the third. The exhaust gases are pushed out 

through the exhaust valve during the fourth stroke. 

The reciprocal linear motion of the piston is transferred to a rotation via the 

crankshaft. This rotation is further transmitted to the wheels of the vehicle. 

During each crankshaft revolution, there are two piston strokes. Each 

combustion cycle consists of four strokes and consequently, two revolutions 

of the crankshaft. In a four-stroke engine with four cylinders, there is always 

one piston in each of the four strokes. Depending on fuel type, the combustion 

starts by igniting the fuel with a spark plug (gasoline fuel, spark-ignition 

engine) or by increasing the temperature and pressure of the compressed air 

to a point where the injected fuel ignites spontaneously (diesel fuel, 

compression-ignition engine).  
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Figure 3.1 The four strokes of a combustion cycle of a four-stroke internal 
combustion engine. One combustion cycle requires two crankshaft revolutions (720°). 
1) intake of air, 2) compression of air, 3) combustion, and 4) exhaust of burned gases. 
The illustration shows the four strokes of a spark-ignition gasoline engine. 

3.2 Piston ring/cylinder wall contact 

The piston rings mounted on the piston are in contact with the cylinder wall. 

The cylinder wall surfaces in the engine block are often reinforced by cylinder 

liners. Hence, for such engines, the cylinder liners are in contact with the 

piston rings. The piston ring/cylinder wall contact (piston/cylinder contact) is 

lubricated by engine oil to reduce friction and wear of the sliding surfaces. A 

piston ring pack usually consists of three piston rings, where the first ring is 

positioned closest to the piston head [28]. The first and second rings are 

compression rings with the main function to seal off the combustion chamber 

to avoid blow-by, i.e., leakage of gases past the piston rings, as well as to 

hinder lubricating oil to enter the combustion chamber. Further, the 

compression rings are used to dissipate generated heat from the piston to the 

cylinder. The third ring is an oil control ring that distributes engine oil on the 

cylinder surfaces and scrapes off excessive oil, to reduce the oil consumption.  

The piston rings are positioned in separate grooves and are designed to have 

a free diameter, which is larger than the cylinder bore (cylinder diameter) [29]. 

Hence, the piston rings are pressed against the cylinder wall by their own 

elasticity. During combustion, the combustion gases can act on the backside 

of the rings and thereby additionally increase the sealing force, see Figure 3.2. 

Further, while the piston moves up or down the cylinder the piston rings tend 

to tilt in their grooves [28].  
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Figure 3.2 a) Illustration showing the piston rings sliding against the cylinder wall. 
b) Cross section of a piston ring in a piston ring groove with the forces acting on the 
piston ring. Adapted from Ref. [28]. Reproduced with permission. 

Friction and wear in the piston/cylinder contact need to be kept to a minimum 

for the components to function properly over time. The material selection is 

therefore important. Piston rings are commonly made of cast iron or steel, and 

often surface treated or coated [28,29]. The cylinder liners are made of cast 

iron, aluminium alloys, or steels [30]. Further, the surfaces of cylinder liners 

made of cast iron are machined by a honing process, which creates a 

crosshatch pattern of grooves on the surface [31]. These grooves are important 

by influencing the amount of oil available in the contact.   

3.2.1 Lubrication and lubrication regimes 

The tribological situation in the piston/cylinder contact is complex due to 

rapid variations of normal force, sliding velocity, temperature, and viscosity 

as well as availability of oil along the stroke [31]. In addition to reducing 

friction and wear, the engine oil serves to distribute heat from the piston to the 

cylinder. The lubricating oil reduces friction by reducing the metal-to-metal 

contact, i.e., the asperity contact. Factors such as sliding velocity, oil viscosity 

and normal force, determines how well the lubricant separates the surfaces. 

The prevailing lubrication regime (full film, boundary, or mixed) varies over 

a stroke as well as between the different strokes of the combustion cycle, see 

Figure 3.3. In the full film lubrication regime, the pressure in the oil is high 

enough to fully separate the surfaces. In the piston/cylinder contact, the 

motion of the piston rings against the cylinder wall creates the pressure in the 

oil. This type of full film lubrication is called hydrodynamic (HD) lubrication. 

Generally, HD lubrication occurs in the mid-stroke area where the sliding 

velocity is at its maximum. In the boundary lubrication (BL) regime, the 

pressure in the lubricant film is insufficient to fully separate the surfaces. The 

mixed lubrication (ML) regime is a mixture of full film and boundary 

conditions. The mixed and boundary lubrication regimes are prevailing closer 
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to the turning points, where the oil film is reduced in thickness due to reduced 

sliding velocity.  

 

Figure 3.3 The three modes of lubrication in a piston/cylinder contact. a) Full film 
lubrication, b) mixed lubrication and c) boundary lubrication. The arrows indicate the 
sliding direction of the piston and the piston rings. 

3.2.2 Friction in the piston ring/cylinder wall contact 

The so-called Stribeck curve originates from friction experiments of journal 

bearings made in the early 20th century [32,33], and it illustrates the coefficient 

of friction as a function of the Stribeck parameter, which includes oil viscosity, 

sliding velocity, and normal force, see Figure 3.4. The Stribeck curve is today 

a fundamental concept in tribology, which can be applied to many tribological 

contacts, including piston rings. The curve includes the three lubrication 

regimes (full film, mixed and boundary). As mentioned in section 3.2.1, for 

piston rings the friction varies during a piston stroke and during a combustion 

cycle. Hence, different friction mechanisms are active in the sliding 

piston/cylinder contact. The Stribeck curve should however be seen as a 

theoretical model which for some contacts illustrates the lubrication situation 

well. Kalin and Velkavrh [34] have shown that the Stribeck curve shape 

depends on not only the viscosity, velocity, and normal force, but also on the 

type of materials in contact.  

An example of the varying friction force and the ignition pressure during a 

combustion cycle is shown in Figure 3.5. The friction is especially high close 

to the top piston turning point (top dead centre, TDC) in the combustion 

stroke, starting at a crank angle of 360°. 
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Figure 3.4 The so-called Stribek curve illustrates the general friction behaviour of a 
lubricated contact as a function of viscosity, sliding velocity and normal force. The 
boundary (BL), mixed (ML) and hydrodynamic (HD) full film lubrication regimes are 
indicated. The ratio (viscosity × sliding velocity)/normal force is the Stribeck 
parameter. 
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Figure 3.5 Piston/cylinder friction as a function of crank angle (0–720°, indicated in 
Figure 3.1) of a fired single-cylinder gasoline engine (using the floating liner 
technique) [35]. The friction changes slightly during running, as exemplified by the 
grey and blue curves in the figure, which show the friction after the first and before 
the 22nd hour, respectively. Structure-honed AlSi cylinder surfaces were used. The 
chamber pressure is shown in black. Reproduced with permission from Ref. [35].  

3.3 Means to reduce the energy consumption of 

combustion engine vehicles 

In 2016, the transport sector accounted for about 16% of the total global 

greenhouse gas emissions [6]. Hence, the potential for future reductions due 

to actions taken in this sector is large. In a paper by Holmberg et al. from 2012 

[36], it was estimated that 33% of the initial fuel energy in a passenger car is 

lost due to friction in the engine, transmission, tires, and brakes, and that only 

21.5% of the total energy is used to move the car. Out of the engine friction 

losses, which stand for about 11% in total, 45% are related to losses in the 

piston assembly. Reducing friction losses in the engine can thereby have large 

impact on the energy efficiency and greenhouse gas emissions. 

Several measures can be taken to reduce the energy consumption in 

combustion engine vehicles. Redesigning the engine and transmission for 

more efficient powertrains, as well as reducing the size and weight of the 

vehicle, are some examples [37]. Focusing on the engine, surface engineering 

including surface texturing and use of low-friction coatings are approaches to 

reduce friction losses [36]. Further, lubricant and additive technologies are 

also promising measures. Reducing oil viscosity is a trend, which generally 
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reduces the friction losses [29]. However, the viscosity reduction leads to 

reduced lubricant film thickness, and as a consequence, possible durability 

problems. Viscosity index improvers, friction modifiers, anti-wear additives 

and extreme-pressure additives in the oil can directly influence the friction 

performance. Viscosity index improvers are used to stabilize the oil viscosity 

at varying temperatures. Fuel additives are other possible ways to reduce 

energy consumption. Some are mixed in the fuel to reduce friction and wear 

in the engine, such as boric acid and boron containing substances [38–43], 

while others are used for more efficient and complete combustion [44,45]. 

Other important measures for reduced energy consumption include; 

start/stop technology (which turns off the engine to reduce idling when the car 

has stopped completely, such as at a traffic light or in traffic jams) [46], eco-

driving [47] and frequent maintenance of tire pressure [36], either manually 

or with a tire pressure monitoring system. 

3.4 The future of internal combustion engines  

In 2020, around 95% of the sold cars were conventional vehicles with an 

internal combustion engine [48]. However, the future of combustion engines 

is uncertain since many countries plan to phase out internal combustion engine 

vehicles in the near future [49]. In the roadmap for a net zero global energy 

sector by 2050 [48], written by the International Energy Agency (IEA), no 

new internal combustion engines should be sold after 2035.  

In 2016, 11.9% of the total global greenhouse gas emissions came from 

road transport, 1.9% from aviation, 1.7% from shipping and 0.4% from rail 

[6]. The shift needed in the transport sector targeting net zero emissions is an 

enormous challenge. Three strategies to reduce transport emissions are 

i) improve the vehicle efficiency, ii) use low-net-carbon fuels, and iii) travel 

reduction [50]. Electricity, hydrogen, and biofuels are the three most likely 

low-carbon energy carriers that can help reduce the CO2 emissions [50,51]. 

Each of these three energy carriers requires significant infrastructure changes 

and technological innovations [51]. Further, their energy sources and supply 

chains will influence their life-cycle carbon emissions. 

Biofuels can be blended into diesel and gasoline fuels, and many countries 

have been doing so for many years, mostly using ethanol and biodiesel [50]. 

Liquid low-emission fuels are needed to cut emissions from aviation and 

shipping [48]. Today, biofuels account for 3% of the transport fuel demand 

[52]. However, in the Net Zero Emissions Scenario [48], the biofuel 

consumption is projected to reach 12% of the global transport fuel demand in 

2030. To reach 12%, significant policy actions are needed, including carbon 

pricing and financial incentives [52].  

The number of electrical vehicles (EVs) around the world is steadily 

increasing and the global electric car stock increased from about 17 000 in 



 

 27 

2010 to 10 million in 2020 [53]. Even so, the share of EVs was only about 1% 

of the global car fleet in 2020. In the Net Zero Emissions Scenario [48], 300 

million EVs are projected on the roads in 2030 and 60% of the global 

passenger car sales are EVs (compared with 5% in 2020). Further, the share 

of EVs has increased to 45% in 2050. However, these goals will require a great 

effort to reach. 

The total number of cars is increasing and will reach around 2 billion in 

2050, according to predictions by IEA [48], which will further complicate the 

transition to a low-carbon transport sector. IEA further projects that the 

passenger car fleet will run on electricity or fuel cells in 2050, while biofuels 

and ammonia will be important for aviation and shipping, respectively. 

However, the technology for using ammonia as fuel in ships is still at an early 

stage. Hence, technology development will be needed, along with stronger 

policies to accelerate the needed transition in all transport modes. Most likely, 

the transition to a low-carbon transport sector will not happen rapidly. 

Therefore, it is likely that combustion engine vehicles will continue to be 

widely used in the foreseeable future, motivating further work to improve 

combustion engine technology and reduce emissions. 
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4. Brief literature survey of boric acid 

Boric acid, B(OH)3, is a solid material with a layered structure. The chemical 

bonds within the layers are strong due to covalent/ionic and hydrogen bonds, 

while the layers are held together solely by van der Waals forces [54,55], 

which was calculated by Zapol et al. [56] to be three times weaker than the 

within-layer bond-strength. Boric acid is, due to its layered structure, easily 

sheared when present in a sliding contact interface, and has thereby potential 

to reduce the coefficient of friction. The structure of boric acid is presented in 

Figure 4.1.  

 

Figure 4.1 The chemical structure of boric acid, B(OH)3, where the atoms are strongly 
bonded with covalent, ionic and hydrogen bonds. a) 2D-view of boric acid molecules 
held together with hydrogen bonds (dashed lines). b) 3D-view of the layered boric 
acid structure. The distance between the layers is 0.318 nm. 

Boric acid has found use in various applications, including consumer products 

and in industrial applications. However, health concerns have been raised and 

boric acid entered the REACH Candidate list of the European Chemicals 

Agency (ECHA) in 2010 as a substance of very high concern for being toxic 

for reproduction [57]. The listing is based on animal tests, where 

developmental and reproductive toxicity effects were observed in laboratory 

animals [58]. In the same report, no negative effects from boron exposure on 

fertility were observed in several highly exposed human populations, 
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including exposed workers in mines around the world as well as humans living 

in boron-rich regions.  

4.1 Boric acid as lubricant additive 

The friction-reducing potential of boric acid has been demonstrated by 

numerous authors in various ways during the last 30 years. Since the 

beginning of the 1990´s, Erdemir and co-workers have published several 

papers and patents concerning the lubricating properties of boric acid 

[40,54,59–66]. They have investigated boric acid as a solid lubricant between 

metallic or ceramic surfaces in pin- or ball-on-disc experiments [54,59–63], 

as solid lubricant for aluminium forming [64], in fuels [40,65], as well as in 

oils, greases and in polymer composites [66]. Other researchers have 

evaluated boric acid as an additive in lubricating oils and as lubricant for metal 

forming [67–73]. Commercial products with boric acid or boron compounds 

in lubricating oil are available on the market. However, particles in dispersion, 

such as boric acid in oil, are generally associated with agglomeration, and 

dispersions that are stable over time are crucial for retaining the intended 

lubricant properties. Kim et al. [74] used a surfactant to improve the dispersion 

stability. The friction was reduced between sliding steel surfaces when using 

the stabilized oil with boric acid. The long-time stability of the dispersion was, 

however, not investigated.  

Dvorak et al. [75] showed that the friction between boric acid coatings on 

various substrates against a sapphire hemisphere was low as long as boric acid 

remained in the contact. Sawyer et al. [76] showed that boric acid in powder 

form reduced the friction when it was continuously delivered to a dry 

stainless-steel sliding contact. Further, the lubricating possibilities of boric 

acid are highly influenced by the chemical environment. In tests performed by 

Barthel et al. [25], boric acid films on copper substrates provided low friction 

against steel in humid and acetone environment, respectively, but resulted in 

very high friction and catastrophic wear in dry nitrogen or oxygen 

environments. For more information of boric acid as well as of other boron 

compounds in tribology, see the review by Shah et al. [77]. 
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4.2 Stability of boric acid 

Boric acid is a challenging material to work with since it transforms to other 

boron-containing compounds at elevated temperatures, may sublimate, and 

evaporate from various solutions. Already in 1954, Zachariasen [55] 

demonstrated that small boric acid crystals vanish due to sublimation in a few 

months’ time, if left unprotected in ambient conditions. Other authors have 

reported that boric acid may be lost by evaporation from various solutions, as 

well as by sublimation of dry boric acid, especially at elevated temperatures 

[55,78–80]. Gaillardet et al. [80] investigated the loss of boron when boric 

acid was blended in various solutions. It was found that boron was lost through 

evaporation from solutions of methanol and ethanol, respectively. This was 

explained by formation of a volatile organic complex between the alcohol and 

boric acid, where trimethyl borate, B(OCH3)3, and triethyl borate, 

B(OCH2CH3)3, were proposed as candidates.  

Since boric acid in this thesis work is evaluated as a fuel additive for 

combustion engines, it is important to know that boric acid starts losing water 

at elevated temperatures, which possibly affects the lubricating properties of 

the fuel additive. Based on the literature [23,67,71,77,81–85], boric acid starts 

losing water at around 100 °C, forming metaboric acid, HBO2, and boric 

oxide, B2O3, at even higher temperatures. The precise transition temperatures 

vary in the literature, but according to Roturu [84], B(OH)3 decomposes to 

HBO2 around 100 °C and B2O3 starts forming around 160 °C. B2O3 lacks a 

layered structure, and thereby lacks the supposedly lubricating properties of 

B(OH)3 [23,77]. 
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5. Boric acid as fuel additive 

Boric acid as a fuel additive is presented as one possible solution for 

immediate fuel consumption reduction in combustion engines. The work in 

this thesis is focused on boric acid as a fuel additive, rather than the more 

common use as an additive in lubricating oils. This chapter summarizes the 

findings in Paper I–IV.  

5.1 Bench- and field-tests with the boric acid fuel 

additive 

The fuel additive studied in this thesis work is a commercial product from the 

Swedish company Triboron International AB (in this thesis called Triboron). 

It contains boric acid (<5.5 wt%) dissolved in mainly ethanol, and should be 

blended into the fuel (gasoline, diesel, ethanol, etc.) for combustion engines, 

in a ratio of 1:1000 according to the supplier. When blended according to this 

recommendation, the boric acid concentration in the fuel is about 60 ppm 

(based on weight). In field tests of passenger cars performed by an 

independent consultancy company, the additive reduced the fuel consumption 

with an average of 6% in gasoline and diesel cars and 10% in diesel generators 

[86,87]. The tests were commissioned by Triboron and the field test details 

are presented in Paper I. Reductions of more than 10% were reported when a 

transport and logistics company evaluated the additive in light trucks [88]. Of 

course, the test results are related to large uncertainties, but the remarkably 

large fuel savings call for attention. 

In 2015, National Electric Vehicle Sweden (NEVS) performed bench tests 

of the fuel additive using engines from two passenger cars, one gasoline 

engine and one diesel engine. The engines were run under controlled lab 

conditions to evaluate if the fuel additive influences the after-treatment 

systems or emissions negatively [89,90]. The additive showed no such 

negative effects. 
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5.1.1 Analysis of sliding surfaces from the bench-tested gasoline 

engine 

Boric acid is generally believed to form tribofilms on engine surfaces such as 

on the piston rings and cylinder wall. A piston ring and cylinder-wall surface 

from the bench-tested gasoline engine were therefore analysed by scanning 

electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), 

Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) (partly 

included in Paper III). However, no tribofilms containing boron and oxygen 

were found on the engine surfaces. Boric acid is not stable in air [55,78–80], 

so the delay between testing and analysis could explain why no such films 

were detected.  

5.2 Simplified lab tests 

In this thesis work, the focus has been to better understand the mechanisms 

resulting in the large fuel savings observed in field tests. Since field tests and 

dismounting of engine parts for analysis are very costly and time consuming, 

the approach has been to develop a simplified lab test that i) mimics the 

piston/cylinder contact of an engine, ii) enables the study of friction behaviour 

when using the additive in various ways, and iii) enables the tribofilms formed 

to be analysed, using several techniques. 

Initially, three methods to mimic the effect of the additive in the 

piston/cylinder contact were evaluated in a reciprocating sliding cylinder-on-

flat contact (Paper I). A cylindrical steel sample was used to mimic a piston 

ring and a flat sample of cast iron was used to mimic the engine cylinder wall. 

The load was 5 N, corresponding to an initial Hertzian maximum contact 

pressure of approximately 60 MPa, which due to the wear was reduced to a 

final nominal pressure of about 8 MPa. These pressures are considered 

relevant for typical piston ring pressures in the engine. The frequency was 

1 Hz, the stroke length was 5 cm (hence a cycle length of 10 cm), and the test 

length was 2000 cycles. The selected stroke length is slightly lower than 

typical for passenger car engines, and the frequency was selected to obtain 

stable test conditions during the, for the test equipment used, rather long 

stroke. The tests were performed at room temperature (RT) and at 100 °C. The 

higher temperature was used to represent a typical temperature at the cylinder 

wall. To mimic the use of engine oil in the piston/cylinder contact, the sliding 

surfaces were oil lubricated. The base oil polyalphaolefin (PAO) with 

kinematic viscosity of 8 cSt at 100 °C, denoted PAO8, was selected to isolate 

the effect of boric acid, without any competing effects of typical engine oil 

additives.  

In all three methods, a thin film of PAO8 was predeposited on the flat 

specimen. The methods differed with respect to how the fuel additive was 
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brought into the sliding contact, see Figure 5.1. Method A started with an 

initial 1000 cycle period of running in, after which a small amount of the boric 

acid solution was repeatedly sprayed onto the prelubricated flat specimen. To 

accelerate any friction effect and to allow shorter test durations, the fuel 

additive was used as received and not diluted 1:1000 as recommended for the 

application. In Method B, a boric acid layer was deposited on the flat specimen 

before the oil-film deposition, while Method C used both a predeposited boric 

acid film and repeated fuel additive spraying, i.e., Method A and B combined. 

All three methods showed effects of the additive and the friction reductions 

found were spanning from about 20 to 50%. With Method A the friction was 

reduced with roughly 20% at 100 °C and 40% at RT. In parts of the stroke, 

the coefficient of friction was as low as 0.02. As a complement, two reference 

baselines were performed, to confirm that the friction reduction was due to 

boric acid: 

Method D: a thin predeposited oil film (PAO8) 

Method E:  a thin predeposited oil film (PAO8) + repeated spraying of ethanol. 

 

Figure 5.1 Illustration of the three methods used to evaluate the fuel additive in the 
simplified lab tests. Method A) repeated fuel additive spraying, Method B) boric acid 
as a predeposited solid film on the flat surface, and Method C) a boric acid film plus 
repeated fuel additive spraying. A thin oil film (PAO8) was predeposited onto the flat 
surface as a last step before testing. 

To compensate for the gradual loss of the predeposited oil film from the 

contact area, Method A from Paper I was further improved by including a 

small portion of oil in the boric acid solution that was sprayed onto the sliding 

surfaces [91]. This oil addition made it possible to run longer tests (30 000 

cycles at RT instead of 2000 cycles in Paper I) and reaching low friction 

coefficients over larger parts of the stroke. When only considering the number 

of sliding passages, the 30 000 cycles test corresponds to only 15 minutes of 

driving an engine at 2000 rpm. The dual lubrication with engine oil and the 

fuel additive is illustrated in Figure 5.2. This approach was used in Paper II. 

Here, the tests were run at RT, rather than the more engine-like 100 °C in 

Paper I, since the base oil used is not stable in long high-temperature tests. 

Again, the load was 5 N, the frequency 1 Hz, the stroke length 5 cm, but now 

the tests were run for 30 000 cycles.  
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Three reference tests, Method D, E and F (called Ref. i, ii and iii in Paper II), 

were performed to verify the friction-reducing effect of boric acid when 

spraying the fuel additive with the dual lubrication approach:  

Method D) a thin predeposited oil film (PAO8)  

Method E) a thin predeposited oil film (PAO8) + repeated spraying of ethanol 

Method F) a thin predeposited oil film (PAO8 with 10 wt% engine oil additive 

package). 

The effect of the fuel additive was further evaluated at different loads and 

velocities. In those tests, only the fuel additive and the predeposited oil film 

reference were used (Method A and D), since all three references showed 

similar friction results. 15 000 cycles long tests were run at varying load (5, 

10, 15 N), and after completing each of these tests, the influence of sliding 

velocity was investigated by continuing the sliding motion but at varying 

frequency (0.2, 0.4, …, 6 Hz) for 50 cycles.  

 

Figure 5.2 Illustration showing the dual lubrication of engine oil and fuel additive in 
an engine. b) The simplified reciprocating sliding test mimicking the piston/cylinder 
contact of an engine. The evaluated fuel additive (boric acid dissolved in mainly 
ethanol) is sprayed onto prelubricated surfaces. 2.5 wt% base oil (PAO8) is added in 
the fuel additive solution to simulate the replenishment of lubricating oil in an engine. 
Reworked from Paper II. 

The fuel consumption reductions when using the fuel additive in field tests of 

passenger cars are remarkably large. It was therefore in Paper II investigated 

if friction reductions in the piston/cylinder contact caused by the fuel additive 

really can explain the large fuel consumption reductions.  

The surfaces and the tribofilms formed from the simplified lab tests, 

primarily those run for 2000 cycles, were analysed with varying material 

characterization techniques to better understand the role of boric acid (Paper I 
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and Paper III). Challenges and insights from the performed material 

characterization are presented in section 5.5. 

Paper I–III focus on the effect of the fuel additive on the friction in the 

piston/cylinder contact. However, it is possible that boric acid affects also 

other parts of the engine, for instance surfaces that are in direct contact with 

the fuel, such as fuel pumps and fuel injection systems. To investigate the 

possibilities that boric acid tribofilms are formed and protecting such surfaces, 

a reciprocating steel ball on steel disc setup was used in Paper IV, where the 

surfaces were immersed in fuel during testing. The tests included ethanol 

(E85), gasoline, diesel and marine gas oil (MGO), at RT and in room 

atmosphere. The fuel additive was mixed 1:1000 (as recommended in the 

application) as well as 1:100, in each fuel type. Reference tests were 

performed with the pure fuels. The frequency was 3 Hz, the load was 5 N 

(corresponding to an initial Hertzian maximum contact pressure of 0.8 GPa), 

the stroke length 1 cm and the test length 12 500 cycles. Each fuel blend was 

tested three times. The selected parameters are not simulating any specific 

engine conditions but were selected to obtain stable test conditions that could 

generate measurable wear within reasonable time. 

5.3 Friction characteristics 

The optimized method illustrated in Figure 5.2b, was used in Paper II to run 

longer friction tests than in Paper I. Once spraying the fuel additive onto the 

prelubricated surfaces, the coefficient of friction immediately drops and 

reaches as low as 0.02 (average over the full stroke) by the end of a 30 000 

cycles long test, see Figure 5.3. None of the three references used to verify the 

friction-reducing effect of boric acid shows such large friction reductions as 

the fuel additive, and at cycle 30 000, the coefficient of friction of the fuel 

additive test is 65% lower than the reference with lowest friction. 



 

 36 

 

Figure 5.3 Friction curves for the four lubrication conditions (Method A, D, E and F) 
including the fuel additive and three reference baselines, all with predeposited PAO8 
on the flat sample. In the two tests involving spraying, the spraying started at cycle 
1000.  All tests were performed at room temperature in room atmosphere and with a 
frequency of 1 Hz and with 5 N load. 

The effect of the fuel additive, as influenced by the sliding velocity and load, 

is presented in Figure 5.4. For both the fuel additive test and the oil film 

reference test (Method A and D), the coefficient of friction varies with 

frequency of motion and sliding velocity, see Figure 5.4a and b. The reference 

tests show a classical Stribeck-curve shape, while for the fuel additive, the 

friction is low already at the lowest speeds. The friction-velocity curves for 

the fuel additive and reference tests are very similar at high speeds, hence the 

boric acid film no longer has an effect (Figure 5.4b). This indicates that a 

hydrodynamic full film is separating the sliding surfaces. The shape of the 

friction-velocity curve indicates full-film lubricating behaviour for the tests 

including boric acid already from the lowest tested speeds. The mechanisms 

behind the friction-reducing effect are not fully understood, but the low 

friction at low speeds could be associated to formation of a thin more viscous 

film close to the surface. This could enable an increased hydrodynamic lift at 

low velocities as discussed by Spikes [92].  

The relative difference between the fuel additive tests and reference tests 

are presented in Figure 5.4c and d. The reduction in friction level obtained 

with the fuel additive at mid-stroke at the two lowest speeds is 86% using 5 N 

and 89% in the 10 N tests (Figure 5.4d). The largest friction reduction over 

the full stroke is 76% and is observed for the 10 N test at relatively low 

frequencies, see Figure 5.4c. 
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Figure 5.4 Friction as a function of reciprocating frequency at different loads for the 
fuel additive sprayed on prelubricated surfaces (Method A) and for the predeposited 
oil film reference tests (Method D). The tests with varying frequency were performed 
after an initial 15 000 cycles running in at 1 Hz. PAO8 was used in both cases. a) The 
coefficient of friction as function of reciprocation frequency. Each point represents 
the friction average of a full stroke. b) The coefficient of friction versus the average 
velocity [m/s] at the mid-stroke. Each point represents the average coefficient of 
friction and average velocity over the central 10 mm of the stroke. c) The friction 
reduction of the fuel additive (over a full stroke) compared with the reference, plotted 
versus reciprocation frequency. d) The friction reduction of the fuel additive (over the 
central 10 mm of the stroke) compared with the reference, plotted versus velocity. 
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5.4 Potential fuel savings 

The friction reductions from the simplified lab tests in Paper II were used to 

estimate how much corresponding friction reductions in the piston/cylinder 

contact could theoretically affect the fuel consumption. The estimations are 

presented in the following sections (and in Paper II). 

When evaluating the friction results from the simplified lab tests it must be 

kept in mind that the experiments were performed using parameters quite far 

from those of the piston/cylinder contact of a fired engine. For instance, the 

cylinder-wall temperature is much warmer than RT, typically 110–120 °C 

[93]. Further, the dose of fuel additive is higher than in the field tests, and the 

sliding speeds are much lower. Hence, the lab test results are only 

representative for the velocities close to the piston turning points in the engine. 

However, this is where boric acid is believed to have the largest friction-

reducing effect. Further, the oil type differs, and the tests are performed 

without the presence of fuel and combustion. Other factors also influence the 

lubrication and friction behaviour as discussed in Chapter 3, such as load, oil 

viscosity and oil availability. Even so, the friction results from Paper II were 

used in the estimations of potential fuel savings, since they are the best 

available numbers. The friction reduction numbers were taken from the 5 N 

curves in Figure 5.4b and d, since the surface pressures resulting from 5 N are 

considered the most relevant for the piston ring pressures in the engine. The 

reference test at 5 N load shows a Stribeck-like friction curve (Figure 5.4b). 

The two lowest velocities were therefore assumed to represent boundary 

lubrication (BL) conditions and the remaining data points represent mixed 

lubrication (ML) conditions. The fuel additive reduces the friction with 86% 

in the BL regime (average of the two lowest speeds) and 30% in the ML 

regime (average of the remaining speeds). Except from friction reduction 

values, data on the distribution of energy losses in the engine and the 

distribution of lubrication regimes in the piston assembly are needed. The 

following sub-sections therefore summarize the relevant available literature 

data followed by the estimations of potential fuel savings. 

5.4.1 Energy breakdown of passenger cars 

There is a large spread in the published literature regarding energy breakdown 

of passenger cars [36,94–97] and many of the references were published 

decades ago. Engine type and driving conditions can partly explain the varying 

energy breakdowns in the literature. Further, the advancement in engine 

development since the available data was published may lead to differences 

from the energy breakdown in current engines. In the present work, the energy 

breakdown of passenger cars presented by Holmberg et al. [36] in 2012, aimed 

to be valid for an average car in average use, was used. Based on their data, 

33% of the original fuel energy is lost due to friction and only 21.5% is used 
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to move the car, see Figure 5.5. Friction losses in the engine correspond to 

11.5% of the total fuel energy. The friction losses in the piston assembly 

account for 45% of the total engine losses and are thereby the largest 

contributor. The breakdown into mechanical energy (38%), cooling (29%) and 

exhaust (33%) is based on a study that is now 45 years old [98]. However, 

according to Holmberg et al. [36] the numbers were still widely used, at the 

time of publication year 2012, and there was no more recent available data.  

One important aspect regarding Figure 5.5, is that a reduction of the friction 

losses by 10% in the engine, corresponding to about 1% of the original fuel 

energy, leads to a fuel saving of about 3%. This is explained by, that when 

reducing the mechanical power required to run the engine (to move the car 

and overcome the friction in the engine), the thermal losses (cooling and 

exhaust) are reduced to the same degree. 

 

Figure 5.5 Energy consumption breakdown of a passenger car. Adapted from 
Ref. [36]. Reproduced with permission. 

5.4.2 Distribution of energy losses – lubrication mechanisms 

As mentioned previously, boric acid is believed to form friction-reducing 

films on the engine surfaces, such as the piston rings and the cylinder wall. 

Such surface films are primarily active in the BL regime, i.e., close to the 

piston turning points. As described in Chapter 3, the contact conditions of the 

piston/cylinder contact are complex and change during each piston stroke and 

during each combustion cycle. It is therefore difficult to estimate the 

distribution of energy losses and the distribution between varying lubrication 

mechanisms. Holmberg et al. [36] divided the contact in the piston assembly 

to 40% HD lubrication, 40% sliding elastohydrodynamic (EHD) lubrication, 

also called EHDS, 10% ML and 10% BL, based on data in Refs. [94,97]. This 

distribution was used in the estimation of potential fuel savings in Paper II.  
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5.4.3 Estimation of potential fuel savings 

Several assumptions were made to assess if the fuel consumption reduction in 

field tests of passenger cars of the fuel additive (4–7.5%) can be explained by 

friction reduction in the piston assembly. The first assumption (assumption 

A), is that the energy breakdown in Ref. [36] is valid also for the cars in the 

field tests. When applying the friction reduction numbers from the lab tests 

(86% in BL and 30% in ML), the resulting fuel consumption reduction is 

1.6%, see Figure 5.6, and Paper II for details. This is quite significant 

considering that a saving of 1.6% translates to global fuel savings of 10 100 

million litres per year, and corresponding reductions in CO2 emissions, if 

using the fuel additive in the total global car fleet, estimated using data 

presented in Ref. [36]. However, a fuel saving of 1.6% is less than the 

observed savings in the field tests. To further elaborate, other energy 

breakdowns than those presented by Holmberg et al. [36] was used, and it was 

assumed that: 

• BL and ML account for 20% each, and HD and EHDS for 30% each 

(assumption B) 

• The friction loss sources are distributed differently than in Ref. [36] 

(assumption C) 

• Assumption B and C are combined (assumption D). 

Assumption D results in fuel savings of 4.1%, i.e., close to those reported in 

the field tests of passenger cars. The fuel consumption may be reduced by 

other mechanisms than only friction reductions in the piston/cylinder contact. 

For instance, boric acid may end up in the engine oil and if this is the case, it 

can lubricate other parts than the piston/cylinder contact. One example is the 

valve train, which is operating in the ML regime [36]. Engine oil analysis 

searching for increased levels of boron after using the fuel additive, as well as 

analysis of the valve train and other engine surfaces searching for tribofilms 

containing boron and oxygen, can possibly provide deeper insights into the 

lubrication mechanisms of boric acid in a fired engine. Mechanisms unrelated 

to friction losses can possibly also reduce the fuel consumption. Enhanced 

combustion due to the presence of boric acid, is one such possible mechanism, 

related to the effect of boron nanoparticles in the study by Wang [99].  

The fuel savings observed in field tests can be explained by the presented 

combinations of assumptions, i.e., it is possible that a considerable friction 

reduction in the piston/cylinder contact could lead to fuel savings around the 

observed 6%. 
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Figure 5.6 Illustration of estimated fuel savings when using the fuel additive 
(assumption A). The friction reductions from Paper II (86% in BL and 30% in ML) 
are applied on the energy breakdown presented in Holmberg et al. [36]. 

Using another approach to estimate if friction reductions in the piston/cylinder 

contact can explain the large fuel savings in the field tests, it is possible to 

avoid the uncertain breakdown between lubrication mechanisms. Assuming 

that the fuel savings in the field tests are mainly due to friction reductions in 

the piston/cylinder contact, and again using the energy breakdown in 

Holmberg et al. [36], the friction losses in the piston assembly must be reduced 

with 44% to obtain a fuel saving of 6%. This is illustrated in Figure 5.7, where 

the grey friction curve is a reference, and the green curve shows an example 

of a curve that would lead to a 44% friction reduction. Based on the friction 

results from the lab tests with the fuel additive, the friction reduction is most 

significant at the turning points and in the low-speed regions close to these. 
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Figure 5.7 Illustration of how a friction reduction corresponding to a 44% frictional 
energy loss reduction in the piston assembly could be distributed over the four-stroke 
cycle. According to the energy loss breakdown by Holmberg et al. [36], this is the 
reduction required to reach the average fuel saving of 6% observed in field tests of 
passenger cars. The reference friction curves (grey) are from Ref. [100], from a 
floating liner test using a fired engine. To comply with the friction character achieved 
in the fuel additive tests (Figure 5.4), the friction reduction in the green curve is most 
significant at the turning points and in the low-speed regions close to these. 

5.5 Tribofilm formation – material characterization; 

challenges and insights 

To better understand the mechanisms behind the observed large fuel savings 

in field tests of the boric acid fuel additive, it is important to analyse the engine 

surfaces. As mentioned, this requires dismounting of the engine, which is very 

costly and involves the risk of surface contamination and damage. Therefore, 

the work in this thesis has primarily focused on studying the formation and 

properties of tribofilms formed during simplified lab tests at varying 

temperatures (RT and 100 °C), primarily from Method A tests (Paper I and 

III). This is an important step in learning how to best analyse and characterize 

field-tested engine surfaces in the future. Various material characterization 

techniques were used, including SEM, EDS, XPS, Raman spectroscopy, 

focused ion beam (FIB) and transmission electron microscopy (TEM), 

including scanning TEM (STEM).  

Combined SEM and EDS analysis showed that tribofilms containing boron 

and oxygen form on the sliding surfaces during tribotests using the fuel 

additive, see Figure 5.8. The test temperature (RT or 100 °C) was found to 

influence the formation and properties of the films. When testing at RT, the 
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films formed are up to about 2.5 µm thick and cover more or less the entire 

contact on the flat specimen. At 100 °C the films are much thinner, up to about 

200 nm thick, and located on and beside the sliding plateaus consisting of iron 

oxide (FexOy), see Figures 5.8 and 5.9. The sliding plateaus form during the 

initial 1000 cycles of running in of the surfaces, i.e., before the fuel additive 

spraying starts. The sliding surfaces from tests at 100 °C are most relevant for 

the application. 

 

Figure 5.8 Typical appearance of the tribofilms formed on the flat specimen after a 
lab test using the fuel additive at a) RT and b) 100 °C (Method A). The arrow in a) 
indicates the sliding direction. The EDS maps of iron, carbon, oxygen and boron, 
corresponding to the SEM image in b), show that the tribofilm formed due to the fuel 
additive addition consists of boron and oxygen. Reworked from Paper I and III. 
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Figure 5.9 Typical appearance, internal structure, and composition of the tribofilms 
formed on the flat specimen during tests at 100 °C using the fuel additive (Method A). 
a) and b) show SEM images of the films that form during fuel additive addition. 5 kV 
non-tilted and tilted sample, respectively. The arrows indicate the sliding direction. c) 
Cross section trough a tribofilm region on the flat specimen (Dark field STEM) with 
corresponding STEM EDS maps of oxygen, boron, iron and platinum in d), showing 
that the tribofilm formed due to the fuel additive addition consists of boron and 
oxygen. The cross section is cut along the sliding direction. A Pt-layer was deposited 
in situ to protect the tribofilm during the TEM lamella preparation, as indicated in the 
figure. The boron- and oxygen-containing film in this cross section varies in thickness, 
up to about 150 nm. Reworked from Paper III. 

The films that form in the tests at both RT and 100 °C consist of boric acid, 

based on Raman spectroscopy on surfaces tested at RT (Paper III) and 

Refs. [23,67,71,77,81–85]. The boron- and oxygen-containing films are here 

referred to as boric acid films. However, it is not possible to fully exclude that 

phases other than B(OH)3 are present in the films.  
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Films containing boron and oxygen (boric acid) were found also on the 

cylinder wear mark from a test using the fuel additive at 100 °C, see 

Figure 5.10. The TEM analysis of the flat specimen showed that the Pt-layer, 

deposited in situ to protect the tribofilm during the TEM lamella preparation, 

altered the outermost 30 nm of the film (Paper III). So, prior to FIB 

preparation of the cylinder, an alcohol-based marker was used to coat parts of 

the wear mark with carbon (C-layer). This technique worked very well for 

protecting the tribofilm surface, and for enhancing the contrast between the 

different layers, see Figure 5.10b. With this method, the surface alteration due 

to Pt deposition was seen solely on the outermost part of the C-layer. During 

TEM analysis, the boric acid films on both the flat and cylinder specimen 

appeared to be amorphous and no signs of a layered structure were found, see 

Figure 5.10c. The fact that they appeared to be amorphous during analysis 

does not necessarily mean that there were no easy-shear crystalline layers 

parallel to the sliding plane during tribotesting. The vacuum might change the 

crystal structure from layered to amorphous, related to the work by Li et al. 

[101], where boric acid transformed to boric oxide in vacuum. 

Some decomposition of boric acid probably occurs in the engine, based on 

the thermal analysis in Refs. [83,84]. However, since the field tests of the boric 

acid fuel additive showed such large fuel consumption reductions, it is not 

likely that the films include a large proportion of boric oxide (which lacks a 

layered structure, as mentioned in Chapter 4). The films are therefore believed 

to contain mostly boric acid. 

In Paper I, the stability of the boric acid films was found to be poor. The 

films change with test temperature and over time. One example is shown in 

Figure 5.11. EDS analysis was repeatedly performed on the same position of 

a sliding plateau containing boron and oxygen formed at 100 °C (an example 

of such plateaus is given in Figure 5.8b). Considerably less boron and oxygen 

were found seven days after testing. When performing EDS analysis on the 

same type of specimen, but about two years after tribotesting, the films had 

lost all boron (Paper III). No pronounced films of boron and oxygen could 

be found, which relates to boric acid sublimation in Refs. [55,78–80]. Instead, 

the films consisted of only carbon (based on EDS analysis). In addition to 

having poor stability over time and at high temperatures, the boric acid films 

are sensitive to the electron beam in SEM/TEM/STEM and are possibly also 

sensitive to vacuum. This further complicates the analysis. 
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Figure 5.10 Typical appearance, internal structure, and composition of the tribofilms 
formed on the cylinder specimen during tests at 100 °C using the fuel additive 
(Method A). a) Wear mark on the cylinder with tribofilm containing boron and oxygen 
(SEM). The arrow indicates the sliding direction. b) and c) Cross section trough a 
tribofilm region protected by two layers (C and Pt, respectively) on the cylinder 
specimen. The cross section is cut perpendicular to the sliding direction. In b) the boric 
acid film (light grey) is found below the C-layer and on top of the iron oxide sliding 
plateau. (Bright field STEM). c) Similar view as in b) but HRTEM to the left and 
corresponding high-pass filtered data to the right. The arrows indicate presence of 
lattice fringes in both the iron oxide and the steel, confirming a high resolution. No 
crystal structures have been observed in the boric acid tribofilm. Reworked from 
Paper III. 
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Figure 5.11 Example of EDS analysis of the boric acid film formed on the flat 
specimen during a 100 °C test with the fuel additive (Method A). The two spectra 
were recorded on the same position, the first directly after the test, and the second 
seven days later. Considerably less boron and oxygen were found seven days later. 

Based on the knowledge gained from Paper I–III, the following aspects are 

important when analysing boric acid tribofilms: 

 

• All analyses should be performed in connection to, or as soon as 

possible after, lab tests, bench tests and field tests.  

• Care is needed when preparing the samples for analysis. To avoid 

damaging the tribofilms, no cutting fluid should be used during 

cutting of engine parts into smaller pieces suitable for SEM, EDS, 

Raman spectroscopy, XPS, TEM, etc. Further, contact with ethanol 

should be avoided since it readily dissolves boric acid. 

• Oil residues should be carefully washed away with hexane (or similar 

solvent not affecting the boric acid films) prior to analysis. 

• The tribofilms need to be protected from damage during TEM lamella 

preparation using FIB. The films can be protected with carbon (by 

using an alcohol-based marker) and subsequently Pt. 
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5.6 Boric acid in various engine fuels 

In Paper IV, the possibility of the boric acid fuel additive to generate 

protective tribofilms on surfaces in direct contact with fuel, e.g., in fuel pumps 

and fuel injection systems, was investigated for E85, gasoline, diesel and 

MGO. The investigated additive:fuel mixing ratios were 1:1000 and 1:100. 

When performing reciprocating ball-on-disc tests it was found that the varying 

fuel blends resulted in varying friction and wear levels. No clear friction and 

wear reducing effect from the fuel additive was found. Tests run in E85 

showed the highest friction and wear values, followed by the gasoline tests. 

Tests run in diesel and MGO showed the lowest friction and wear. For some 

fuels, the friction increased with fuel additive concentration. This was the case 

for the gasoline blends, and the increased friction level was attributed to the 

increased boric acid concentration, rather than the increased ethanol 

concentration. Further, the tribofilms differed between varying fuel blends. 

Boric acid tribofilms formed on the steel surfaces run in diesel and MGO, see 

Figure 5.12. However, these tribofilms were not connected to friction 

reductions, in contrast to the boric acid tribofilms formed in the tests 

simulating the piston/cylinder contact (Paper I–III). The mechanisms behind 

the findings in each fuel blend are complex and more work is needed to 

achieve deeper insights on the role of boric acid in engine fuels. 

 

Figure 5.12 Surface appearance (SEM) and elemental composition (EDS) showing 
the distribution of oxygen, boron and carbon in the tribofilm formed on the wear scars 
on a) the flat specimen and b) the ball, from a reciprocating ball-on-disc test in diesel 
with fuel additive mixed 1:1000. The arrow in a) indicates the sliding direction. 
Reworked from Paper IV.  
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6. Introduction to fretting and grease-

lubricated electrical contacts 

6.1 Fretting 

Fretting is the damage that occurs at the interface of two surfaces subjected to 

small relative oscillatory movement. Fretting often occurs between surfaces 

that are intended to be fixed relative each other, which can experience a small 

oscillatory movement in any direction. Surfaces subjected to fretting can be 

severely damaged by wear, fatigue, and corrosion. The terms used are fretting 

wear, fretting fatigue and fretting corrosion.  

With tangential oscillations, fretting wear typically occurs when the 

displacement amplitudes are in the range of 1 to 300 µm [102]. The small 

oscillatory movement is a form of reciprocating sliding. However, there are 

significant differences between fretting wear and reciprocating sliding wear. 

There is no general limiting value between fretting and reciprocating 

sliding, but with increasing displacement amplitude, reciprocating sliding 

occurs eventually [103]. One approach to separate the two is to define 

reciprocating sliding to amplitudes where the complete contact area is exposed 

to ambient air [104], or to conditions when the wear mechanisms and wear 

rates become characteristic for reciprocating sliding [103]. 

Several contact conditions can prevail during tangential fretting. Factors 

such as contact load, displacement amplitude and lubrication influence the 

prevailing fretting regime. Fretting tests are usually performed using a ball-

on-flat or two perpendicularly crossed cylinders. For elastic conditions, the 

contact pressure is highest in the central part of the contact and lowest around 

the contact periphery. Hence, the circular contact area can be divided into a 

central sticking area and a slipping annulus. When applying a tangential force, 

the central sticking area is reduced when increasing the force, and eventually 

slip occurs over the whole contact area. Three fretting regimes have been 

distinguished and they are stick, mixed stick-slip (partial slip) and gross slip 

[103,105,106]. The slip regime is usually the most severe with respect to 

fretting wear [102]. 
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6.2 Electrical contacts 

Separable power connectors (here called electrical contacts) of the plug-in 

type are considered in this thesis work. Such electrical contacts remain 

stationary while conducting current, and no current or voltage is applied when 

mating or separating the contact. As mentioned, some relative motion may 

occur at the contact interface even though the contact is intended to be 

stationary. The displacement direction, amplitude and frequency of motion 

can vary, but a vibration frequency of 100 Hz and vibrations in the µm range 

are common [107]. Electrical contacts of the plug-in type are mated by being 

pressed in place and the normal force is commonly applied by a spring 

mechanism. 

The contact resistance should be low and stable, preferably below 50 µΩ, 

to minimize energy losses. Further, the contacts must not form insulating films 

on the surfaces. Low contact resistance requires a large area of real contact. 

This is typically obtained by using soft contact materials and applying high 

contact loads, typically 10–100 N. The soft materials are often used as thin 

coatings on harder substrates. Silver-coated copper is a frequently used 

material combination and is the combination evaluated here. Kassman 

Rudolphi et al. [108] showed that the fretting mechanisms of silver-coated 

copper power connectors subjected to extreme normal-force to hardness ratio, 

differed from those usually described in the literature. The term gross plastic 

fretting, comprising the gross weld, temporary weld and gross slip regime, 

was defined in Ref. [108]. 

6.3 Grease-lubricated electrical contacts 

Electrical contacts subjected to fretting may suffer from severe wear, fatigue 

and corrosion. This may lead to steeply increased contact resistance. 

Lubricants such as oils and greases can often efficiently reduce the problems 

by reducing the friction and protecting the surfaces from wear and corrosion. 

However, the lubricant must not completely separate the surfaces since metal-

to-metal contact is required to maintain a low contact resistance. The 

mechanisms explaining the reduced damage of grease-lubricated fretted 

surfaces are generally poorly understood. Various fretting experiments 

performed, to better understand those mechanisms, are presented in Chapter 7. 
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6.4 Evaluated greases 

Two grease types have been evaluated, namely greases thickened with LiX 

and PP, respectively. The lithium soap is a polar organic salt and PP is a 

hydrocarbon molecule with low polarity. LiX was selected since lithium-soap 

thickeners are the most widely used [21], and PP was selected since it has 

shown many beneficial properties compared to LiX grease in the published 

literature [109–112]. Longer grease life, reduced energy consumption, lower 

friction and enhanced additive response are some examples. The investigated 

greases in the present work were produced with the same NLGI consistency 

number. The NLGI consistency number is a numerical scale that classifies 

greases according to consistency in nine grades (000, 00, 0, 1, 2, 3, 4, 5, 6), 

from fluid to almost fluid, extremely soft, very soft, soft, moderate, stiff, very 

stiff and extremely stiff [18]. The most commonly used greases have a NLGI 

consistency number 2. 

6.4.1 LiX grease  

Soap is a reaction product between fatty acids and alkalis, such as metal 

hydroxides [18]. “Simple” metal soap thickeners are composed of just one 

type of alkali and a fatty acid. Today most lithium greases are based on 12-

hydroxystearic acid (12-HSA). In simple lithium greases, the lithium soap 

(lithium 12-hydroxystearate) is formed from the reaction of lithium hydroxide 

(LiOH) and 12-HSA. The so-called saponification process starts by melting 

the fatty acid in the oil used for grease production, followed by addition of 

LiOH and water. The added water is used to dissolve LiOH and is later 

removed by increasing the temperature. In LiX greases, the lithium 12-

hydroxystearate is further reacted with a complexing agent (here azelaic acid), 

LiOH and water. After grease production, the grease is homogenized and 

deaerated. The major advantage of complex greases is their ability to function 

in much higher operating temperatures than simple soap greases [19]. The key 

chemical reactions included in manufacturing of lithium greases and LiX 

greases are illustrated in Figure 6.1.  

6.4.2 PP grease 

Polypropylene grease is produced by melting polypropylene 

([CH2CH(CH3)]n) in oil. After complete melting, the oil/thickener mixture is 

quench-cooled below the melting temperature of PP, forming a continuous 

thickener network in oil. The grease is mixed into the desired consistency 

followed by a deaeration step. 
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Figure 6.1 Key chemical reactions included in a) lithium greases and b) LiX greases. 
Water is added together with LiOH to dissolve the hydroxide (not shown in the 
chemical reactions). The water is later removed by increasing the grease temperature. 
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6.5 Evaluated grease additives 

Graphene and graphene-based materials have, due to their mechanical, 

chemical, electrical and tribological properties, been widely evaluated in 

various fields [113,114]. Graphene-based lubricants are interesting for many 

applications, including electrical contacts. Graphene has, in the literature, 

been reported to reduce friction and wear when used in oil [115–117], in 

greases [118–125] and when used as a solid lubricant [126–130]. Graphene 

oxide (GO) and reduced graphene oxide (rGO), which are examples of other 

graphene-based materials, have also been reported to reduce friction and wear 

[120,131–135]. The cited references have in common that they all report 

excellent friction and wear properties of graphene and graphene-based 

materials. Graphene is a single layer of graphite, i.e., one atom-thick layer of 

sp2-bonded carbon atoms [136,137]. GO is a single layer of graphite oxide 

with a high oxygen content, and rGO is a single layer of GO produced with 

reduced oxygen content. The level of oxidation, and hence the structure of 

GO, varies with synthesis conditions [138]. Example chemical structures of 

graphene, GO and rGO are presented in Figure 6.2. 

The influence of adding graphite, GO and rGO to LiX and PP greases was 

evaluated in fretting tests of silver-coated copper (Ag/Cu) cylinders, 

simulating electrical contacts, in Paper VIII. The tests and results are 

presented in Chapter 7. GO and rGO were selected since they have the 

potential to offer similar lubricating properties as graphene, but to a lower 

production price.  

 

Figure 6.2 Example chemical structures of a) graphene, b) GO and c) rGO. 
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7. Grease-lubricated tribological contacts 

Various experiments on grease-lubricated tribological contacts have been 

performed to better understand the lubrication mechanisms of greases, 

particularly in fretting contacts. This chapter summarizes the results of 

Paper V–VIII. 

Even though research on greases in tribological contacts has been ongoing 

for a long time, the lubrication mechanisms of greases are far from fully 

understood. Also in fretting, the mechanisms explaining how the grease 

protects the surfaces, are generally poorly understood [139]. It is not fully 

known why different greases have different effect and there are no models for 

how a grease should be optimized to protect against fretting damage.  

Since Li-based greases account for about 70% of the global grease 

production [21], and since they have been used as a multi-purpose grease since 

their invention in the 1940s, they will most likely remain a large share also in 

the future. However, alternatives to Li-based greases are hot research topics 

due to i) the increased lithium prices during the last couple of years, as a result 

of the growing demand of lithium-ion batteries for EVs [140], ii) the listing of 

lithium as a critical raw material by the European Commission [141,142], and 

iii) more custom-made greases for specific applications are expected in the 

future. 

In this thesis work, the focus has been to better understand the background 

to the differences in lubrication behaviour between two grease types, namely 

LiX and PP. As mentioned, PP grease is an alternative thickener that has 

shown many beneficial properties compared to LiX when tested in rolling 

element bearings and in reciprocating sliding contacts. Examples include 

longer grease life, reduced energy consumption, lower friction, and enhanced 

additive response [109–112,143]. 
  



 

 55 

To achieve a better understanding of the lubricating differences and 

possibilities of LiX and PP greases in various tribological contacts, the 

approach has been to:  

• evaluate greases with and without graphite, GO and rGO in fretting at 

varying contact conditions with respect to contact load, displacement 

amplitude, material combination and oil viscosity,  

• study fretting regimes for various contact conditions,  

• evaluate greases with and without graphite, GO and rGO in four-ball wear 

scar tests and four-ball seizure tests in continuous sliding steel/steel 

contacts, 

• analyse the wear scars using several material characterization techniques, 

and 

• propose mechanisms for how LiX and PP greases operate in fretting 

contacts. 

7.1 Grease details 

LiX and PP base greases produced with varying oil viscosities were evaluated, 

see Table 7.1. They only contain the selected oil blend and thickener and have 

a NLGI consistency number 2. Hence, the only difference between the LiX 

and PP greases produced with the same oil blend is related to the thickener. 

An oil blend containing 93.7 wt% PAO and 6.3 wt% adipate ester was used 

for all greases evaluated in Paper V–VII. Adipate ester facilitates the 

saponification in case of LiX and was also added in the PP grease to keep the 

oil composition identical. In Paper VIII the LiX and PP greases were 

specifically designed to improve the dispersibility of GO and rGO additives. 

This was done by shifting to a PAO/OSP oil blend, see Table 7.2, instead of 

the less polar PAO/adipate ester. The PAO/OSP oil blend consists of 60 wt% 

PAO (kinematic viscosity of 10 cSt at 100 °C) and 40 wt% OSP-68 (oil soluble 

synthetic polyalkylene glycol with kinematic viscosity of 68 and 11.5 cSt at 

40 and 100 °C, respectively). Producing greases where the only difference is 

related to the thickener, facilitates the interpretation of the fretting results and 

the understanding of which factors that influence the lubricating ability of the 

grease. All greases were produced at Axel Christiernsson International AB, 

which is a leading global producer and supplier of lubricating grease. I took 

part in the production of the greases based on PAO/OSP oil, see Table 7.2. 
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Table 7.1 Greases evaluated in Paper V–VII. Each grease was produced with the oil 
blend 93.7 wt% PAO and 6.3 wt% adipate ester, and all had a NLGI consistency 
number 2. 

Grease Thickener 
PAO base oil kinematic  
viscosity at 100 °C [cSt] 

Used in paper 

LiX-10 LiX 10 V, VI, VII 
LiX-50 LiX 50 VI, VII 
LiX-100 LiX 100 VI, VII 
PP-10 PP 10 V, VI, VII 
PP-50 PP 50 VI, VII 
PP-100 PP 100 VI, VII 

Table 7.2 Greases evaluated in Paper VIII. Each grease was produced with the oil 
blend 60 wt% PAO (kinematic viscosity of 10 cSt at 100 °C) and 40 wt% OSP-68. 
OSP-68: Oil soluble synthetic polyalkylene glycol with kinematic viscosity of 68 and 
11.5 cSt at 40 and 100 °C, respectively. All greases had a NLGI consistency number 
2. LiX-10 and PP-10 (called LiX and PP PAO reference grease, respectively, in 
Paper VIII) were tested as reference baselines to the PAO/OSP greases with and 
without additives. 

Grease Thickener Additive 

LiX PAO/OSP reference grease LiX – 
LiX PAO/OSP grease with graphite LiX Graphite 
LiX PAO/OSP grease with GO LiX GO 
LiX PAO/OSP grease with rGO LiX rGO 
LiX PAO reference grease (LiX-10 in Paper V, VI 
and VII) 

LiX – 

PP PAO/OSP reference grease PP – 
PP PAO/OSP grease with graphite PP Graphite 
PP PAO/OSP grease with GO PP GO 
PP PAO/OSP grease with rGO PP rGO 
PP PAO reference grease (PP-10 in Paper V, VI and 
VII) 

PP – 

The thickener structures of LiX-10 and PP-10 were analysed with SEM, after 

washing away the oil with hexane, see Figure 7.1. The LiX thickener was 

found to be composed of many short, thin, entangled fibres (Figure 7.1a). The 

PP thickener network consists of thicker fibres (Figure 7.1d). Round or oval-

shaped particles in the size range of 40–150 nm were found on the PP 

thickener structure, as exemplified in Figure 7.1e and f. Similar PP thickener 

appearance with a homogenous distribution of 10–15 nm spherical particles 

was reported by Muller et al. [144]. Based on Figure 7.1b and c, there are 

small particles also on the LiX-10 thickener, but not to the same extent. No 

difference in structure or appearance was found between thickeners produced 

with different base oil viscosities or varying thickener content (results not 

shown). 
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Figure 7.1 Appearance of thickener structures at varying magnifications (SEM).  
a–c) LiX-10 and d)–f) PP-10.  
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7.2 Fretting test details 

Fretting tests were performed using a crossed cylinders configuration, with 

Ø10 mm and 20 mm long cylinders. The upper cylinder is stationary while the 

lower cylinder is mounted on a vibrating holder, see Figure 7.2. The pre-set 

displacement amplitude is the vibration amplitude of the lower sample, in 

absence of friction. The actual displacement is somewhat reduced during 

testing, due to the friction force. This reduction is insignificant for contacts in 

the slip regime. However, when the two cylinders become welded, the contact 

can withstand the maximum force without relative motion, and the tangential 

force reading then only reflects the elastic rigidity of the specimens, their 

holders, and the whole rig. This is further discussed in Paper VI. 

The influence of thickener type in fretting of electrical contacts was tested 

using Ag/Cu cylinders (Paper V). The silver coating on copper was about 

20 µm thick. The cylinders were tested unlubricated as well as lubricated with 

LiX-10 and PP-10, using displacement amplitudes ±25, ±50 and ±200 µm (50, 

100 and 400 µm peak-to-peak, respectively), a load of 50 N and a frequency 

of 100 Hz. The load and frequency are representative of Ag/Cu power 

connectors. The amplitudes were selected to cover a wide range of fretting 

situations. The tests lasted for 105 fretting cycles and were performed in room 

temperature and room atmosphere. The contact resistance was measured using 

a four-point probe setup, see Figure 7.2b. LiX-10 and PP-10 were found to 

differ in lubrication behaviour when varying the displacement amplitude at 

constant applied normal load. To better understand the observed differences, 

the fretting investigation was broadened and the material combination steel 

versus steel (AISI 52100/100CR6) was included in Paper VI, as well as four 

additional greases produced with different base oil viscosities (50 and 100 cSt 

at 100 °C). Hence, a total of six greases were evaluated, denoted LiX-10, LiX-

50, LiX-100, PP-10, PP-50 and PP-100 (Table 7.1). Fretting maps were 

constructed for LiX-10, PP-10, LiX-100 and PP-100 at varying displacement 

amplitudes and varying applied normal loads. Paper VI presents the fretting 

experiments and surface analysis, while Paper VII focuses on cross sections 

of selected wear marks and presents suggested lubrication mechanisms of LiX 

and PP greases in fretting, based on present knowledge and hypotheses.  

In Paper VIII, the influence of adding graphite, GO and rGO (0.1 wt%) to 

LiX and PP greases was evaluated in fretting tests of Ag/Cu cylinders. The 

additives were mixed in PAO/OSP grease and the designated names of the 

eight greases are listed in Table 7.2. The PAO/OSP greases with and without 

additives were compared with LiX-10 and PP-10 (called LiX and PP PAO 

reference grease, respectively, in Paper VIII).  
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Figure 7.2 a) Schematic of the fretting test equipment using a crossed cylinders 
configuration. The upper cylinder is stationary, and the lower cylinder (mounted 
perpendicular to the upper cylinder) is vibrating along the cylinder axis. b) The contact 
resistance was measured using a four-point probe setup. Reworked from Paper V.   

7.3 Four-ball wear scar and seizure-test details 

The greases used in Paper VIII were further evaluated in continuous four-

ball tests to investigate the influence of contact geometry and motion, as well 

as of material combination. In this setup, three steel balls (AISI 52100) with a 

diameter of 12.7 mm are held together, stationary, in a cup filled with grease, 

while the fourth ball is fixed and attached to a motor that presses and rotates 

the ball on top of the three others, see Figure 7.3. A test called four-ball wear 

scar, with a specific applied load, speed and test length, was used to determine 

the effect of the additives on friction and wear. The wear scar diameter was 

measured on all stationary balls after the tests. The wear scar tests were run 

using a rotational speed of 104 rpm and a load of 400 N. Each test lasted for 

60 minutes, corresponding to 6240 revolutions. Three tests per grease type 

were performed. The load was selected to obtain stable running conditions and 

the rotational speed was selected to be close to the average sliding speed in 

the ±200 µm fretting tests. 

A similar procedure, but with a ramped normal load, was used to 

investigate the effect of the additives on the last non-seizure load, 

characterized by a sudden increase in friction coefficient. The tests were 

stopped when reaching this friction increase, which indicates grease film 

breakthrough. No weld formed between the upper and bottom balls. The 

rotational speed was 1450 rpm and the applied load was linearly increasing 

with 1.35 N per second, starting from 200 N. Three last non-seizure tests per 

grease type were performed. 
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Figure 7.3 Schematic of the four-ball test setup. Three stationary bottom steel balls 
are held together in a cup filled with grease and the fourth ball is pressed against and 
rotated on top of the three others. 

7.4 Fretting results (Paper V–VII) 

7.4.1 Observed fretting regimes 

In Paper V, LiX-10 and PP-10 were shown to differ in behaviour in 

lubricating Ag/Cu cylinders, with varying the displacement amplitude at a 

constant applied normal load. When also including steel versus steel cylinders 

and four additional greases (LiX-50, LiX-100, PP-50 and PP-100) in Paper 

VI and VII, it was found that parameters such as applied normal load, 

displacement amplitude, material combination, contact area growth, thickener 

type, base oil viscosity, chemical effects, etc., all influence the prevailing 

fretting regime. The complex fretting results were therefore organized into 

fretting maps (Figure 7.4 and Figure 7.5). The fretting maps show the 

distribution of different regimes as function of vibration amplitude and load. 

For the Ag/Cu cylinders the following regimes were identified: i) slip, ii) 

temporary weld and iii) weld. Correspondingly, for the steel cylinders: i) slip, 

ii) slip with unstable friction and iii) weld. During welding there is no relative 

movement at the central contact interface. The temporary weld observed for 

Ag/Cu is characterized by initial weld formation, followed by breaking of the 

weld some thousand fretting cycles later. Regime ii) for steel (slip with 

unstable friction) is characterized by periods with high unstable friction.  
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The fretting maps of LiX-10 and PP-10 are shown in Figure 7.4 and of LiX-

100 and PP-100 in Figure 7.5. The findings can be summarized as follows: 

• PP-10 is better than LiX-10 at preventing welding, and thus allowing slip, 

between vibrating Ag/Cu cylinders. 

• LiX-10 is better than PP-10 at providing slip with low and stable friction 

between vibrating steel cylinders, at intermediate and large displacements. 

• The difference in lubricating effect found between LiX-10 and PP-10 is 

almost lost for LiX-100 and PP-100, i.e., the influence of the thickener is 

reduced when using an oil with high viscosity.  

• Using a higher oil viscosity can either improve or impair the lubrication 

situation depending on material system and displacement amplitude. 
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Figure 7.4 Maps showing fretting regimes as function of normal load (and 
corresponding maximum initial contact pressures to the right) and pre-set 
displacement amplitude, when using the low-viscosity versions of the greases.  
a) Ag/Cu cylinders lubricated with LiX-10 grease, b) Ag/Cu cylinders lubricated with 
PP-10 grease, c) steel cylinders lubricated with LiX-10 grease and d) steel cylinders 
lubricated with PP-10 grease.  
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Figure 7.5 Maps showing fretting regimes as function of normal load (and 
corresponding maximum initial contact pressures to the right) and pre-set 
displacement amplitude, when using the high-viscosity versions of the greases.  
a) Ag/Cu cylinders lubricated with LiX-100 grease, b) Ag/Cu cylinders lubricated 
with PP-100 grease, c) steel cylinders lubricated with LiX-100 grease and d) steel 
cylinders lubricated with PP-100 grease.  
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7.4.2 Mechanisms behind the temporary weld phenomenon 

To better understand the differences observed between LiX-10 and PP-10 

greases on Ag/Cu cylinders tested at a displacement amplitude ±50 µm, the 

following section aims to introduce a mechanism for the temporary weld 

regime. The mechanism of the welding-and-breakage mechanism is proposed 

to include the following stages, based on the friction data and SEM images in 

Figure 7.6, illustrating the fretting damage progression during a LiX-10 test: 

• During the first few seconds of vibration, the initially present grease is 

gradually ejected from the contact. The loss of lubricant results in a rapid 

friction increase, which can be seen in the friction curve. A contact weld is 

then initiated between the two cylinders and its formation occurs in stages, 

from partial weld to gross weld, see Figure 7.6a–c. 

• High friction and shear stresses cause extensive plastic surface 

deformation, which leads to contact area growth.  

• Cracks and cavities gradually form along the periphery, see Figure 7.6d. 

These cracks and cavities act as entrance channels, allowing the vibrating 

motion to progressively feed the ejected grease back into the contact. 

• When the weld breaks in the periphery (Figure 7.6e–g) it is still intact in 

the central part. The Ag coating and Cu substrate become mixed in the still 

welded region, as further discussed in section 7.4.3. The longer the time in 

the weld regime, the more extensive Ag/Cu intermixing. 

• The central weld finally breaks, and the contact then enters the gross slip 

regime, see Figure 7.6h and i. The grease is able to remain in the contact 

due the reduced contact pressure, a result of the contact area growth. 

Further, since the contacting surfaces are flattened, the initial pressure 

gradient, which together with the vibration, was the driving force for the 

grease ejection, no longer exists. 

• This weld formation and breakage phenomenon also occurs in tests with 

LiX-50, LiX-100, PP-50 and PP-100, only with longer lasting welds (see 

Paper VI). Probably, larger cracks and cavities are needed than for LiX-

10, to allow the grease back into the contact.  
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Figure 7.6 Evaluation of the fretting damage progression that occurs on Ag/Cu 
cylinders lubricated with LiX-10 tested at ±50 µm and 50 N load. Top: Typical friction 
curve for a LiX-lubricated test. The letters along the friction curve indicate where on 
such a curve fretting tests have been interrupted for SEM analysis of the contact area 
on the stationary cylinder. Bottom: SEM images showing the resulting wear marks 
for the tests according to the letters in the friction curve. a–d) Welded contact, e) 
welded contact just before breaking, f) and g) during weld breaking, h) and i) after 
weld breaking (gross slip). The cylinder axis is perpendicular to the direction of 
vibration of the countersurface, as indicated in a). Reworked from Paper V. 
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7.4.3 Wear mark appearance (±50 µm, 50 N) 

The contact areas of the unlubricated steel cylinders tested using 50 N load 

and a displacement amplitude of ±50 µm show extensive iron oxide formation 

in the periphery, see Figure 7.7a and b. Even though both lubricated and 

unlubricated contacts are in the weld regime, the presence of grease clearly 

reduces wear, by reducing the metal-to-metal contact and the access of oxygen 

in the periphery of the contact, see Figure 7.7c and d. The initial static (elastic) 

contact diameter is closely equal to the final size of the wear mark, as indicated 

in Figure 7.7a and c. (The indicated areas are the same size, but are displayed 

in different magnification). 

 

Figure 7.7 Overview images of the contact areas on the stationary cylinder from tests 
performed at ±50 µm and 50 N load on steel cylinders. a) Unlubricated reference test 
(SEM) and b) the corresponding EDS map showing the iron and oxygen signal. 
c) Cylinder lubricated with LiX-10 and d) cylinder lubricated with PP-10. The 
cylinder axis is perpendicular to the direction of vibration of the countersurface, as 
indicated in a). The dashed circle in a) and c) has a contact diameter of 235 µm, which 
is the calculated initial static (elastic) contact diameter for steel cylinders at 50 N load. 
Note the lower magnification of a) and b) compared to c) and d). Reworked from 
Paper VI. 

For an unlubricated test using the same test parameters (50 N, ±50 µm) but on 

Ag/Cu cylinders, the contact area grows during testing and the final wear mark 

diameter is much larger than the initial static (elastic) contact diameter, see 

Figure 7.8. Based on the cross section in Figure 7.8b, the contact area growth 
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is mainly due to plastic deformation of the Ag coating. Material from the 

central parts of the contact has been pushed out towards the contact periphery, 

forming ridges with a height of about 40 µm. Corresponding valleys are 

formed on the vibrating countersurface (not shown). Cracks, sometimes all the 

way through the Ag coating, are typically found in the contact periphery. 

 

Figure 7.8 Appearance of the contact area on the stationary Ag/Cu cylinder tested 
without grease at ±50 µm and 50 N load (SEM). The cylinder axis is perpendicular to 
the direction of vibration of the countersurface, as indicated in a). a) Overview image 
showing the contact area in top view. The solid line indicates the position of the cross 
section. b) Overview image of the cross section. The bottom dashed line indicates the 
curvature of the cylinder, and the top dashed line indicates that the contact area has 
become flattened. Reworked from Paper VII. 

The LiX-lubricated Ag/Cu contacts are in the temporary weld regime when 

using ±50 µm and 50 N load. The higher the base oil viscosity, the longer time 

for the weld to break and the more extensive deformation as well as more Ag 

and Cu intermixing. As described in the mechanism for the temporary weld in 

section 7.4.2, when the outer part of the welded contact starts breaking up, the 

central part of the contact is still welded. Hence, this central part shows the 

most severe plastic deformation with strong Ag and Cu intermixing. An 

example from a test lubricated with LiX-100 is presented in Figure 7.9. Here, 

the Cu substrate has been exposed in the central region, see Figure 7.9b, which 

is also heavily deformed, evident from the SEM image and the VSI image. 
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During testing, transferred and deformed material form lumps in the central 

part of the contact area on one of the cylinders and corresponding depressions 

on the other. The cross sections indicated in Figure 7.9 are shown in 

Figure 7.10. In the central part, the turbulent-like plastic flow of Ag and Cu 

has created an intricate vortex pattern. Based on the cross sections, the contact 

area growth is here the result of plastic deformation of both the Ag coating 

and the Cu substrate, in contrast to the unlubricated case.  

 

Figure 7.9 Appearance of the contact area on the stationary Ag/Cu cylinder from a 
test lubricated with LiX-100 tested at ±50 µm and 50 N load. The cylinder axis is 
perpendicular to the direction of vibration of the countersurface, as indicated in a).  
a) Overview image showing the contact area in top view (SEM). The lines indicate 
the positions of the three cross sections in Figure 7.10. b) and c) Corresponding EDS 
map (showing the distribution of silver, copper, carbon and oxygen) and topographical 
image (VSI). 
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Figure 7.10 Appearance of the cross sections made through the contact area presented 
in Figure 7.9 (Ag/Cu cylinders, ±50 µm, 50 N load, LiX-100). a), b) and e) Overview 
images showing cross section 1–3 from Figure 7.9, respectively. c) Detail of the 
central part of cross section 2, and d) the corresponding EDS map showing the 
distribution of silver, copper, carbon and oxygen. 
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7.4.4 Proposed lubrication mechanisms of LiX and PP greases 

Even though the exact lubrication mechanisms for the complex behaviour of 

LiX and PP greases in fretting are not fully understood, a lubrication model 

was suggested for Ag/Cu and steel cylinders tested at 50 N load and ±50 or 

±200 µm in Paper VII. The model and its basis are summarized in the 

following sections.  

Pre-set displacement amplitude ±50 µm 

To be able to lubricate the fretting contact at small displacement amplitudes a 

grease must i) remain close to the contact and ii) be able to enter the contact. 

Thickener fragments are believed to enter the contact for some conditions and 

can thereby contribute to the separation of the sliding surfaces. The size of 

such thickener fragments is believed to be important.  

For Ag/Cu contacts, the lubrication ability of LiX-10 and PP-10 is 

influenced by both the oil viscosity and the thickener properties, while the 

lubrication ability of LiX-50, LiX-100, PP-50 and PP-100 greases primarily 

is affected by the oil viscosity. The LiX-10 grease is not able to separate the 

surfaces, since the thickener is pushed out from the contact by the combination 

of contact pressure and vibration. PP-10 is able to allow slip from test start, in 

contrast to LiX-10 that falls into the temporary weld regime. The difference 

between LiX-10 and PP-10 can be explained by hypotheses related to 

thickener shear stability, thickener structure, solubility of thickener fragments 

in oil, and grease flow properties. (Shear stability is a measure of the ability 

of a grease to maintain its consistency when mechanically worked between 

sliding surfaces, in other words, the ability of the thickener to avoid 

degradation). PP is believed to have higher shear stability than LiX and would 

in that case be able to remain in and close to the contact. Further, the 

nanoparticles of about 40–150 nm observed on the PP structure (Figure 7.1) 

are believed to enter the contact together with the low-viscosity oil, thus 

effectively lubricating the surfaces. If only the oil without the thickener is 

used, a stable weld forms that lasts throughout the fretting test. Hence, the PP 

thickener must have a decisive impact in avoiding welding in the fretting 

contact. Further, fragments of the PP thickener are probably well dissolved in 

the oil and would then much easier than LiX fragments enter the contact. 

Lastly, the flow properties of LiX and PP greases may influence the 

lubrication behaviour, though in what way has not been investigated. 

For the steel cylinders, all tested greases are ejected from the fretting 

contact due to the vibration and the high contact pressure (much higher than 

for Ag/Cu cylinders at the same applied normal load). The welds formed last 

throughout the test since there is no contact area growth, which would help 

grease to enter the contact, as in the case of the Ag/Cu cylinders. 
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Pre-set displacement amplitude ±200 µm 

All greases tested are able to lubricate the Ag/Cu contacts in the ±200 µm 

fretting, since the large displacement amplitude helps transporting grease into 

the contact. The thickener type and oil viscosity are not as important as for 

±50 µm, but the oil viscosity has a strong influence on the friction level during 

slip. 

The steel cylinders lubricated with LiX grease are well protected from 

adhesive wear, in contrast to the PP-lubricated cylinders, which are severely 

worn during the high-friction periods in the fretting tests. As mentioned, the 

contact pressure is much higher for the steel cylinders than for the Ag/Cu 

cylinders, for a given normal load. The difference between LiX and PP greases 

with respect to lubricating steel cylinders is explained by i) the probable ability 

of the LiX thickener to form tribofilms containing lithium, which possibly 

improves the surface protection, and ii) the probable degradation of PP 

thickener into smaller fractions, when exposed to high shear forces and high 

contact pressures [143,145]. Note that both the LiX and the PP thickener are 

believed to degrade at ±200 µm and 50 N load. However, the difference in 

lubricating behaviour is suggested to be related to their different abilities to 

form protective tribofilms on the steel surfaces.  

7.5 Influence of graphite, GO and rGO as lubricating 

additives in LiX and PP greases (Paper VIII) 

The addition of 0.1 wt% graphite, GO or rGO to specially designed LiX and 

PP greases resulted in no positive effects on friction and wear, neither in 

fretting of Ag/Cu cylinders (representing electrical contacts) nor in four-ball 

tests of steel against steel. Further, the last non-seizure load results showed a 

large spread between tests with the same grease. The last non-seizure loads 

are relatively low, with average values ranging within about 400–900 N. 

Based on these results, the graphite and graphene-based additives do not work 

as extreme pressure additives in the greases formulated in this study. Actually, 

the choice of thickener proved to be more important for the lubricating 

properties of the grease, than the addition of additives. The two thickener types 

resulted in a statistically significant difference in wear scar diameter in the 

four-ball wear scar tests, where the PP-lubricated surfaces showed more 

surface damage (both regarding wear volume and tribofilm formation). 

Typical wear scar appearances for each grease type in the four-ball wear scar 

tests are shown in Figure 7.11. The dark lines across the wear marks in 

Figure 7.11a–e are scratches, while the dark areas found in Figure 7.11f–j are 

either scratches, or tribofilms formed from iron, oxygen and carbon.  
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Figure 7.11 Wear mark appearances after grease-lubricated four-ball experiments, 
steel versus steel. LOM images showing one bottom ball for each grease type, as 
presented in Table 7.2. a–e) LiX greases, f–j) PP greases. The scale bar in a) is valid 
for all wear marks in the figure. The wear marks in a–e) are approximately 360, 360, 
350, 340 and 340 µm in diameter. The corresponding sizes of wear marks in f–j) are 
410, 430, 400, 480 and 390 µm. 

The insignificant friction and wear improvements observed in Paper VIII 

demonstrate that it is far from guaranteed that graphene-based additives will 

improve an already well-working grease. The possibility is not ruled out, but 

it would require optimization of both the grease matrix and additive properties, 

such as concentration, size and purity. The lubricating performance is strongly 

dependent on tribological conditions, including parameters such as material 

combination, type of contact and motion, load, speed, and grease type. 

Therefore, it is wise to optimize towards a selected specific application. 

Hence, adding graphene-based additives and producing a well working grease 

with improved tribological properties is a rather complex task. This is in 

contrast to most of the available literature on oils and greases with such 

additives, which typically report excellent friction and wear properties of 

graphene and graphene-based materials in oils and greases [115–125,131–

134]. In common for many of these publications are i) the lack of an 

application and thereby a suitable evaluation method capable of simulating 

real contact conditions, ii) lack of relevant reference baselines, iii) absence of 

motivation behind the chosen oil and/or grease type, and iv) the number of test 

repetitions and the spread of the results is often neither mentioned nor 

discussed. 
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8. Summary of conclusions and outlook 

8.1 Boric acid as fuel additive 

A large share of the combustion engine vehicles used today will continue to 

be a part of the car fleet for many years ahead. The fuel additive in focus in 

this thesis can be directly implemented in a combustion engine, and thereby 

result in immediate fuel savings. Hence, it does neither require a new vehicle 

with new technique, nor modifications of the present engine. The overall aim 

was to increase the understanding of the mechanisms behind the rather large 

fuel savings obtained by the boric acid fuel additive in field tests of 

combustion engines. This was accomplished by i) developing of a simplified 

lab test that mimics the piston/cylinder contact of an engine, ii) studies of 

friction behaviour when using the fuel additive in various ways, and 

iii) analysis of the tribofilms formed on the sliding surfaces from lab tests with 

and without the fuel additive.  

8.1.1 Conclusions 

The main conclusions drawn from the findings in Paper I–IV are summarized 

below: 

• The friction-reducing potential of the fuel additive was evaluated and 

confirmed in simplified lab experiments. The friction reductions are 

attributed to the formation of an easily sheared boric acid tribofilm on the 

sliding surfaces. The load and frequency of motion (sliding velocity) 

influence the friction-reducing effect of boric acid.  

• The tribofilms that form on the sliding surfaces differ in appearance 

depending on the temperature used when performing the tribotest, where 

the films that form at 100 °C are most relevant for the application of the 

fuel additive. At 100 °C, the films are about 25–200 nm thick and are 

located on and around the sliding plateaus. 

• Boric acid is a challenging material to work with. By extensive 

characterization of boric acid tribofilms, it has been found that they have 

poor stability over time as well as at high temperatures, and they are 

sensitive to the electron beam in SEM/TEM/STEM. The vacuum may 
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further alter the properties of boric acid by transforming it to boric oxide. 

On the other hand, boric acid tribofilms can be protected from ions by 

carbon coating, deposited ex situ using an alcohol-based marker, and 

subsequently Pt, in situ in the FIB instrument. Further, the extensive 

characterization has highlighted the importance of analysing lab-tested and 

field-tested surfaces as soon as possible after testing to limit the ageing of 

the boric acid tribofilms. 

• The fuel savings observed in field tests can be explained by assumptions 

regarding the energy consumption breakdown in a passenger car, i.e., it is 

possible that a considerable friction reduction in the piston/cylinder contact 

could lead to fuel savings around the observed 6%. 

• Generally, no clear friction and wear reducing effect from the fuel additive 

was found when performing tests in various fuel blends of E85, gasoline, 

diesel and MGO. The fuel chemistry and fuel additive concentration 

influenced the tribofilm formation on the tested steel surfaces. Tribofilms 

of boric acid form more easily on steel surfaces run in more hydrophobic 

fuels, such as diesel and MGO, compared to those run in E85 and gasoline. 

However, the formation of boric acid tribofilms was not related to reduced 

friction and wear. 

The complexity of analysing boric acid tribofilms can be applied in a much 

broader perspective. When analysing tribological contacts in general, it is 

important to keep in mind that i) the analysed surfaces may not be 

representative for the system, ii) that chemical substances that were important 

for the lubrication mechanisms during operation may have evaporated from 

the surfaces or been washed away prior to analysis, and iii) other chemical 

substances than those that were active in the contact during operation may 

have formed on the surfaces afterwards. 
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8.1.2 Outlook 

Many aspects of how the additive works in an engine are still unclear. For 

instance, it is possible that boric acid competes with other additives in fully 

formulated engine oils and may not function in the same way as in the PAO 

base oil used here. Simplified lab tests using the fuel additive with engine oils 

could be used to investigate the effect of boric acid, with respect to formed 

tribofilms and friction reduction, in presence of competing additives.  

Tests in more engine-like conditions, where the friction can be measured, 

would provide deeper insights of the lubrication mechanisms of boric acid, 

such as tests using the so-called fired floating liner technique. In this 

technique, realistic speeds and realistic components are used as well as 

realistic profiles of pressure and heat. The effect of boric acid on the friction 

in the piston/cylinder contact should be evaluated when using various engine 

fuels. The tested surfaces should be analysed using techniques such as SEM, 

EDS, XPS, Raman spectroscopy and TEM. 

It is possible that part of the boric acid from the fuel additive ends up in the 

engine oil, and thereby has the possibility to lubricate other engine 

components than just the piston/cylinder contact, such as the valve train. To 

investigate if this is the case, analysis of the engine oil from real engines using 

the fuel additive, as well as analysis of different types of engine surfaces 

should be performed. When analysing surfaces that may be partly covered by 

thin boric acid tribofilms, the surfaces should be treated carefully and analysed 

as soon as possible after testing.  

Mechanisms not related to friction reductions should be investigated, such 

as the possible enhanced combustion due to the additive. Further, concerning 

health effects of using the fuel additive, studies are needed regarding the 

possible risk of inhaling relevant concentrations of boric acid that are part of 

the fuel emissions.  
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8.2 Grease-lubricated tribological contacts 

The overall aim was to better understand the lubricating mechanisms of 

various grease types, specifically with varying thickeners, with and without 

graphite, GO and rGO additives, and with special emphasis on contacts 

subjected to fretting. This was accomplished by varying the fretting contact 

conditions, constructing fretting maps, and by analysing the wear scars. 

8.2.1 Conclusions 

The main conclusions drawn from the findings in Paper V–VIII are 

summarized below: 

• Grease-lubricated tribological contacts, and particularly fretting contacts, 

turned out to be extremely complex. The grease properties (thickener type 

and base oil viscosity), together with the applied load, displacement 

amplitude and material combination, all influence the prevailing fretting 

regime. A lubrication model for LiX and PP greases in fretting is suggested 

and can be useful for future investigations aiming towards increased 

understanding of the complexity of grease-lubricated fretting contacts. 

• Depending on displacement amplitude and material system, changing the 

oil viscosity can either improve or impair the lubrication situation. 

• The thickener structures and properties of LiX and PP have decisive impact 

on the lubricating properties of the corresponding greases, and the effect 

of the thickener can be of greater importance than adding graphite, GO or 

rGO to an already well-working grease.  

• Producing a well-working grease is rather complex, and it is far from 

guaranteed that graphene-based additives will improve an already well-

working grease. From the results in this work, it has been concluded that 

the performance of a grease is strongly dependent on the tribological 

conditions. It is therefore wise to optimize a grease towards a specific 

application. 
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8.2.2 Outlook 

The lubrication mechanisms of LiX and PP greases in fretting contacts are not 

fully understood and the suggested lubrication model is based on the present 

hypotheses and knowledge. Further investigations are needed to better 

understand which factors that play a role in the lubrication mechanisms. To 

learn if and how the thickener structure is degraded during testing, more 

detailed thickener structure analysis before, during and after testing in varying 

fretting regimes is valuable. This type of investigation has been difficult due 

to challenges associated with collecting used grease from the fretting contact. 

The shear stability of LiX and PP greases should be approximated, preferably 

by simulating fretting test conditions in a shear stability test. Further, 

information about lubricant film thickness during fretting tests would be 

valuable. The effect of contact geometry on the lubrication result would be 

another interesting factor to study since it is possible that the grease behaves 

differently if used in crossed cylinders and in for instance a ball-on-disc 

geometry. 

Previous attempts to detect lithium on the LiX-lubricated steel surfaces 

using XPS were challenging due to the low sensitivity of lithium and that the 

Li1s and Fe3p signals overlap. However, surface analysis techniques able to 

detect lithium in small concentrations on steel would increase the 

understanding of what kind of tribofilms that form on LiX-lubricated steel 

surfaces and how they can protect from adhesive wear.  

In general, advanced surface analysis post testing could increase the 

knowledge of the lubrication mechanisms. Concerning the Ag/Cu cylinders in 

the temporary weld regime, the weld progression using LiX-100 grease would 

be interesting to analyse by performing fretting tests of different length. 

Analysing the contact areas of the stationary and vibrating cylinder in top 

view, as well as in cross section, could increase the understanding of the weld 

formation and the material flow. Further, it would be interesting to investigate 

the role of the Ag coating, especially for LiX-100 or PP-100, where the weld 

last long and the material deformation is large. Cu cylinders without the Ag 

coating could be used for comparison.  
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9. Sammanfattning på svenska 

Det är allmänt känt att vi människor måste minska vårt beroende av fossila 

bränslen och drastiskt minska de globala utsläppen av koldioxid (CO2) för att 

ha en chans att hindra de pågående klimatförändringarna. Det är dock mindre 

känt att tribologirelaterade lösningar kan vara en del av att minska den 

mänskliga negativa inverkan på miljön, och tribologi är vad denna avhandling 

handlar om. Ordet tribologi kommer från det grekiska order tribos, som 

betyder gnugga. Tribologi är vetenskapen om friktion, nötning och smörjning 

av ytor i relativ rörelse. Interaktionen mellan ytor i kontakt i tribologiska 

system är ofta mycket komplex. Tribologi är därför en vetenskap som 

inkluderar flera områden, bland annat fysik, kemi, mekanik och 

materialvetenskap. Ordet tribologi myntades i den så kallade Jost-rapporten 

från år 1966 [7]. I den framkom att enorma summor pengar går förlorade på 

grund av friktion och nötning, och att stora besparingar kan uppnås med hjälp 

av tribologiska förbättringar. I mer aktuella uppskattningar av friktionens och 

nötningens globala påverkan, från år 2017, uppskattade Holmberg och 

Erdemir att ungefär 23% av den globala energianvändningen är relaterad till 

tribologiska kontakter [8].   

Trots att det endast är 56 år sedan ordet tribologi började användas är 

konceptet tribologi inte nytt. Smörjmedel har använts i tusentals år. Till 

exempel använde egyptierna redan för flera tusen år sedan vatten för att smörja 

slädar som transporterade tunga statyer och stenar, och djurfett till att smörja 

hjullager [9]. Idag är tribologi starkt kopplat till energibesparingar och 

hållbarhet, genom materialbesparingar och hälso- och miljöaspekter. 

Tribologisk forskning och utveckling kan leda till förbättrad kvalité och 

prestanda av tribologiska komponenter. Energi kan bland annat sparas genom 

att minska friktion och nötning i tribologiska kontakter och genom att 

konstruera om komponenten på nya smarta sätt, med andra eller mindre 

mängd material än tidigare, etcetera. Om det finns många sådana system kan 

även små förbättringar leda till stora effekter globalt sett. Som exempel, även 

en relativt liten bränslebesparing i förbränningsmotorer resulterar i enorma 

minskningar av energi och CO2-utsläpp, eftersom det finns så ofantligt många 

fordon med sådana motorer runt om i världen. 

Denna avhandling syftar till att ge förbättrad kunskap inom två 

tribologirelaterade områden, båda inom smörjning. Det ena fokuserar på 

förbättrad förståelse bakom borsyra som smörjande bränsleadditiv, och det 
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andra fokuserar på fettsmorda tribologiska kontakter, med extra tyngd på så 

kallad fretting. 

9.1 Borsyra för minskad bränsleförbrukning i motorer 

Många av de förbränningsmotorer som är en del av dagens fordonsflotta 

kommer att vara i bruk i många år till. I dessa går en stor del av fordonsbränslet 

åt till att övervinna friktionen mellan rörliga delar av motorn i stället för att 

förflytta fordonet. Bränsle kan sparas genom att bland annat minska 

friktionsförlusterna i motorns rörliga delar. Ett bränsleadditiv baserat på 

borsyra har visat sig ge sänkt bränsleförbrukning i test med personbilar, 

lastbilar och dieselgeneratorer [86–88]. I personbilar sänktes 

bränsleförbrukningen med i genomsnitt 6%, och i lastbilar samt 

dieselgeneratorer med omkring 10%. Bränsleadditivet kan direkt 

implementeras i förbränningsmotorer, utan någon modifikation av den 

nuvarande motorn. Additivet har därför hög potential att omedelbart kunna 

sänka bränsleförbrukningen i den befintliga fordonsflottan. 

Bränslebesparingarna från motortesterna är relativt höga och målet med denna 

avhandling har varit att bättre förstå hur och varför borsyraadditivet fungerar 

så bra. 

Borsyra, B(OH)3, är ett material som på grund av dess kemiska struktur kan 

ge låg friktion mellan ytor i glidande kontakt. Strukturen är lagrad, se 

Figur 9.1, och de kemiska bindningarna inom varje lager av borsyramolekyler 

är starka, medan krafterna som verkar mellan lagren är betydligt svagare. Då 

materialet skjuvas, vilket sker i en glidande kontakt, rör sig lagren relativt lätt 

mot varandra, och på så sätt blir friktionen låg. I en motor är det tänkt att 

borsyra som tillsätts i bränslet bildar friktionssänkande filmer på motorytor, 

framför allt på kolvringar och cylinderväggar. Bränsle sparas då i och med att 

motorytorna rör sig lättare mot varandra. 

För att bättre förstå de bakomliggande mekanismerna för varför 

borsyraadditivet ger så stora bränslebesparingar, har arbetet i denna 

avhandling fokuserat på att: 

• utveckla en förenklad experimentell testmetod som efterliknar kontakten 

mellan kolvring och cylinder i en motor, samt att mäta friktionen mellan 

ytorna i kontakt då borsyraadditivet på olika sätts tillsätts i kontakten, och 

• analysera de så kallade tribofilmerna som bildas på de glidande ytorna i 

tester med och utan borsyradditivet. 
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Figur 9.1 Den kemiska strukturen av borsyra, B(OH)3, där atomerna är starkt bundna 
inom varje molekyllager. Betydligt svagare krafter håller samman lagren, vilket gör 
att lagren relativt lätt kan glida mot varandra. a) och b) Två- respektive 
tredimensionell vy av strukturen. 

I olika tester har den friktionssänkande förmågan av borsyraadditivet 

utvärderats och bekräftats. Genom att spraya additivet på en oljesmord 

glidande kontakt minskade friktionens medelvärde med så mycket som 76% 

jämfört med en referens utan additivet. I vissa delar av kontakten var 

friktionskoefficienten så låg som 0.02, vilket lokalt ger en friktionssänkning 

upp till 89%. Om friktionsminskningen som erhålls i dessa förenklade test 

översätts till en motor, kan den med hjälp av ett antal antaganden förklara 

bränslebesparingen kring 6% som erhölls i fälttestade personbilar.  

De glidande ytorna och dess bildade tribofilmer har analyserats med hjälp 

av olika analysmetoder. Filmernas utseende beror dels av hur borsyra tillsätts 

till den glidande kontakten, och dels på vilken temperatur som används under 

den tribologiska testningen. Filmerna är inte stabila över tid och de är 

dessutom känsliga mot elektronbestrålning, vilket används i många av de 

analystekniker som har använts. Dessutom verkar de vara känsliga för 

vakuum, där de kan förlora sin lagrade struktur. Allt detta försvårar givetvis 

analys av både labbtestade ytor och ytor från riktiga motorer. Förutom 

ovanstående är en viktig insikt att tribofilmer av borsyra bör analyseras så 

snart som möjligt efter testning.  

  



 

 81 

9.2 Fettsmorda tribologiska kontakter 

Smörjfett är ett halvflytande smörjmedel som består av en smörjolja och en 

förtjockare. Olika typer av additiv brukar också ingå, till exempel 

antioxidanter, korrosionshämmare, samt additiv som ska skydda ytorna från 

hög nötning. En vanlig sammansättning är 85% olja, 10% förtjockare och 5% 

additiv [18]. Olika typer av smörjoljor och förtjockare kan användas vid 

tillverkning av fett, och fetterna brukar klassificeras efter förtjockaren 

eftersom den typiskt har en stor inverkan på fettets egenskaper. Omkring 70% 

av allt fett som produceras idag är så kallade litiumbaserade fetter [21] och 

dessa används i många olika tillämpningar. Alternativ till sådana fetter är 

intressanta forskningsområden på grund av de senaste årens ökade 

litiumpriser, som dels är ett resultat av den ökade efterfrågan på 

litiumjonbatterier till elbilar [140], och att EU har listat litium som ett kritiskt 

råmaterial [141,142], men även för att utvecklingen av fett väntas gå mot mer 

specialanpassade fetter för specifika tillämpningar i framtiden.  

Polypropen är en möjlig kandidat, och polypropenbaserat fett har i olika 

typer av tribologiska kontakter visat sig ge lägre friktion, lägre 

energiförbrukning, fungera bättre tillsammans med additiv, samt ha längre 

livslängd [109–112,143].  

Trots att det finns mycket forskning på olika fettsmorda tribologiska 

kontakter är det långt ifrån klarlagt hur fett kan skydda ytorna från nötning. 

Det är dessutom inte helt klarlagt vad det är som gör att olika typer av fett är 

olika bra på att smörja kontakter. I denna avhandling har två typer av fett 

utvärderats, ett litiumkomplexfett (LiX) och ett polypropenfett (PP). Fetterna 

har främst utvärderats i kontakter där så kallad fretting uppstår. Fretting 

uppkommer då två ytor rör sig mot varandra med små relativa oscillerande 

rörelser. Ytorna kan skadas av detta och smörjfett används för att minska 

slitaget. För att bättre förstå skillnader i smörjförmåga mellan LiX- och PP-

fett, har arbetet i denna avhandling fokuserat på att: 

• utvärdera fetter i fretting vid olika kontaktsituationer, genom att bland 

annat variera last, vibrationsamplitud (det vill säga hur stora vibrationerna 

är), samt olika materialkombinationer,  

• utvärdera fetter i kontinuerlig glidande kontakt, 

• utvärdera effekten av oljeviskositet i fetterna som testats i fretting, samt 

effekten av tillsats av grafit, grafenoxid (GO) och reducerad grafenoxid 

(rGO) i fett i både fretting och kontinuerlig glidande kontakt, 

• analysera nötningsmärkena efter testning, och 

• föreslå smörjmekanismer för hur LiX- och PP-fett fungerar i kontakter 

utsatta för fretting. 
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Fettsmorda tribologiska kontakter, och inte minst frettingkontakter är extremt 

komplexa. Testparametrar som last, vibrationsamplitud, materialkombination, 

kontaktareatillväxt, förtjockartyp, oljeviskositet samt kemiska effekter, 

påverkar fettets smörjande förmåga och den rådande kontaktsituationen, och 

den så kallade frettingregimen. Förtjockarens egenskaper har i fretting visat 

sig ha stor inverkan på om ytor kan glida relativt varandra eller om de svetsar 

samman. Dessutom inverkar valet av oljeviskositet. Nötningsmärkenas 

utseende beror på hur god smörjningen har varit under testningen.  

I tester då additiven grafit, GO och rGO utvärderades i LiX- och PP-fett 

observerades ingen positiv effekt på friktion och nötning, varken i 

frettingtester eller i kontinuerlig glidande kontakt, jämfört med referensfetter 

utan additiv. Effekten av förtjockaren visade sig ha en större inverkan på 

fettets smörjande förmåga än tillsatsen av additiv. Att tillverka fett med 

grafenbaserade additiv garanterar inte förbättrad prestanda med avseende på 

friktion och nötning. Dessa resultat utesluter dock inte att framgångsrika fetter 

av sådan typ kan tillverkas. Utifrån studierna i denna avhandling krävs 

optimering av fettet och additivens egenskaper, så som koncentration, storlek 

och renhet, för att utvärdera om additiv kan förbättra ett redan väl fungerande 

fett.  
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