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Abstract

Investigation of tribological mechanisms of a boron
additive in lubricants and fuel enhancer

Elin Johnsson

The effect of using a boric acid based additive in lubricants and fuel enhancers was
investigated in this study. Experiments were performed in a reciprocating and a
continuous sliding ball-on-disk test equipment. Different oil types and temperatures
were used. The aim of the experiments was to provide information about how these
boron containing lubricants work in terms of chemistry and tribology. The surfaces
after tribological contact were analyzed with Light Optical Microscopy (LOM),
Vertical Scanning Interferometry (VSI), Scanning Electron Spectroscopy (SEM), Energy
Dispersive X-ray Spectroscopy (EDS) and Secondary Ion Mass Spectroscopy (SIMS).
   The boric acid based additive and the temperature used affected both the friction
and wear. A higher oil temperature resulted in wider wear tracks. Oil with boron
additive seemed to lower the friction coefficient at temperatures above 50 °C,
compared to the same oil without boric acid; the reference oil. The tests also
indicated that friction coefficients as low as 0.05 can be achieved by using a boron
additive layer on the disk surface together with PAO-oil. Tribofilms containing Zn, P,
S, Mg and O were formed in the wear tracks at high temperatures for both the
reference oil and oil with boron additive. Oxidized regions were found in the tracks
created from tests at 25 °C. Tests with oil containing boron additive resulted in lower
Zn concentrations in the tracks, which is an indication that the boric acid based
additive hinders the formation of these Zn rich tribofilms.
   To summarize, both oils and fuel enhancers with boric acid can obtain lower
friction coefficients compared to those without this additive. The role of boric acid in
the tests performed, both regarding the tribology and chemistry, is not yet fully
understood and more chemical investigations are needed.
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Populärvetenskaplig sammanfattning 
 

Stora mängder energi som går åt i exempelvis motorer, pumpar och andra energikrävande 

processer är friktionsförluster. Genom att minska dessa förluster kan bland annat energi och 

material sparas, samt koldioxidutsläpp reduceras. Ett vanligt sätt att åstadkomma detta är 

genom att använda smörjoljor mellan ytor i glidande kontakt. Denna studie syftar till att ge en 

ökad förståelse om hur en smörjolja och drivmedelsförstärkare med en bortillsats, borsyra, 

fungerar tribologiskt och kemiskt. Dessa produkter används i motorer, och borsyran sänker 

friktionen mellan ytorna i kontakt. Borsyra har en lagrad kristallstruktur där lagren kan  

anpassa sig och lägga sig i samma riktning som en glidande rörelse. Den lagrade strukturen 

ger då låg friktion eftersom lagren glider förhållandevis lätt mot varandra. Borsyran är därmed 

en potentiell ersättare till andra mindre miljövänliga smörjalternativ innehållande zink (Zn), 

svavel (S) och fosfor (P). 

 Smörjoljor innehåller vanligtvis flertalet additiv som har till uppgift att bland annat sänka 

friktionen och hålla oljan ren. Vissa additiv fungerar friktionssänkande först då en viss 

temperatur har nåtts eller då friktionen och nötningen har blivit mycket stora. En del additiv 

bildar så kallade tribofilmer vid tribologisk kontakt som kan fungera friktionssänkande. 

Kemin i oljan kan snabbt bli komplicerad då många tillsatser används. Det blir därför svårt att 

undersöka exakt vad som händer i en kontaktsituation, vilka kemiska element som eventuellt 

bildar skyddande tribofilmer och vad som påverkar friktionen. Det är möjligt att tänka sig att 

bor i borsyra mellan två ytor i kontakt kan reagera med exempelvis ämnen i materialen 

och/eller additiv i smörjoljan, och på detta sätt bilda andra borinnehållande föreningar.  

 I denna studie har flera olika tribologiska tester (kula-disk) med smörjoljor och 

drivmedelsförstärkare utförts för att ge ökad förståelse om friktions- och nötningsbeteende 

hos ytorna vid användning av dessa produkter. Bland annat har inverkan av temperatur 

undersökts för olja med och utan borsyra (referensolja och borolja), dessutom har 

drivmedelsförstärkaren jämförts med etanol. Nötningsspåren har efter testerna analyserats 

med ljusoptisk mikroskopi (LOM), vitljusinterferometri (VSI), svepelektronmikroskopi 

(SEM), energidispersiv röntgenspektroskopi (EDS) och sekundärjonmasspektroskopi (SIMS).   

 Resultatet av studien visar att smörjoljor och drivmedelsförstärkare med borsyra kan ge 

lägre friktionskoefficienter jämfört med sådana utan borsyra. Temperaturen och boradditivet 

påverkar friktionen. En tribofilm innehållande Zn, P, S, Mg och O bildades i nötningsspåren 

vid temperaturer över 50 °C för tester med referensolja och borolja. Vid 25 °C saknades denna 

typ av film, och spåret innehöll oxiderade områden. Borsyra verkar kunna försvåra bildandet 

av dessa zinkinnehållande filmer genom att minska mängden Zn i nötningsspåren. 

 

 

 

 
 



List of symbols and abbreviations 
 

AES Auger Electron Spectroscopy 

EDS Energy Dispersive X-ray Spectroscopy 

LOM Light Optical Microscopy 

SEM Scanning Electron Microscopy 

SIMS Secondary Ion Mass Spectroscopy 

VSI Vertical Scanning Interferometry 

XPS X-ray Photoelectron Spectroscopy 

EHL Elastohydrodynamic lubrication 

PHL Plastohydrodynamic lubrication 

PAO poly-α-olefin or polyalphaolefin 

μ Friction coefficient 

EtOH Ethanol 

EP-additive Extreme-Pressure additive 

AW-additive Anti-Wear additive 
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1. Introduction 
One-third of the fuel energy in passenger cars is used to overcome friction in the engine, 

transmission, tires and brakes [1]. The extra fuel needed corresponded to 208 000 million 

liters gasoline and diesel in 2009. It has been suggested that the friction losses can be reduced 

by 18% in terms of 5-10 years by using new technology for friction reduction. A reduction in 

frictional losses is said to lead to a threefold improvement in fuel economy, since it will 

reduce both the exhaust and cooling losses at the same ratio.  A friction loss reduction by 18% 

would consequently generate a fuel saving of 117 000 million liters and a CO2 reduction of 

290 million tons. Examples of friction reduction technology are coatings on engine and 

transmission components as well as low-viscosity and low-shear lubricants and additives.  

 It is of importance to minimize the friction losses in cars as well as in other applications in 

order to save energy and material, as well as reduce CO2-emissions. One way to reduce 

friction is to use  lubricants between two surfaces that move against each other. There are 

many types of lubricants and lubricant additives available, although numerous are not 

environmentally friendly. There is an enormous need for lubricants with friction reduction 

properties that are harmless for the environment.  

1.1 Background 

 

A lubricant and fuel enhancer product family from Triboron that contains a boric acid based 

additive, has shown promising properties among users, including decreased fuel consumption 

and lower harmful hydrocarbon emissions. The average fuel reduction was 5.5% when the 

fuel enhancer was used in diesel and gasoline cars [2]. Promising results have also been found 

for the two-stroke oil from Triboron. The products are biologically degradable and 

environmentally harmless [3]. These products are mixed in the fuel and combusted in the 

engine, where the boric acid based additive is left on the metal surfaces acting lubricating. 

The use of particles of boric acid or other types of particle additives in lubricants can cause 

problems with agglomeration [4]. However, Triboron has a patented method for preventing 

particle agglomeration and their products thereby have a dispersion stability. It is although not 

known if the boric acid is affected by the dispersion stability treatment. The boric acid based 

additive is thereby from now on called boron additive in this study. Earlier tests
1
 with the two-

stroke oils from Triboron indicated that a comparison between oil types and brands is difficult 

since the oil with boron additive changed in viscosity during tests at high temperatures. This 

change might have been the reason for an observed difference in friction coefficient between 

the oil types. The motive for the present study was thus to examine the same type of oil, but 

with and without the boron additive. It should although be mentioned that the viscosity 

instability at high temperatures not affects the product application, since the oil does not need 

to be stable for long time in the engine due to the combustion.  

 

 

                                                           
1
 Unpublished work, Ångström Tribomaterials Group, Applied Materials Science, Uppsala University 
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1.2 Aim and scope of the study 

The aim of the study was to get a broader understanding of how these boron containing 

lubricants and fuel enhancers work in terms of chemistry and tribology. The study involved a 

literature research of lubricants in general and specially on boron compounds that can be used 

as lubricants. Besides the literature study, experiments of sliding contact between two steel 

surfaces were performed. The aim of the experiments was to provide information about how 

lubricants with and without boron additive perform in tribological contact when other 

additives are present in the oil. The lubricant without boron was used as a reference. Except 

from studying oil with and without the boron additive, the fuel enhancer from Triboron was 

examined. After the tribological contact the steel surfaces were investigated with Light 

Optical Microscopy (LOM), Vertical Scanning Interferometry (VSI), Scanning Electron 

Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS) and Secondary Ion Mass 

Spectroscopy (SIMS). It is of interest to study the surfaces because possible formed tribofilms 

and/or reaction products are formed on the surfaces that have been in tribological contact.  

2. Theory 

2.1 Friction 

Friction or friction force is the force opposing sliding or rolling [5]. The quotient of the 

friction force (FT) and the normal force (FN) is called friction coefficient, μ. 

μ = 
  

  
     (Eq. 1) 

There is a difference between the static friction coefficient, μs, which is the limit for initiating 

sliding, and the kinetic friction coefficient μk, which operates during sliding. The static 

friction is generally higher than the kinetic. The static friction can be calculated by 

determining the angle α where the block begins to slide, see Eq. 2 and Figure 1. 

  

μs = tan α   (Eq. 2) 

 
Figure 1. Determination of the static friction coefficient μs between a block and a tilted plane, where FT  is the friction force, 

FN the normal force and Fg the gravitation force. The angle α at which the block begins to slide, can be used to calculate the 

static friction coefficient, see Eq. 2.  
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2.2 Viscosity  

The viscosity of a liquid is an internal resistance against free flow. The temperature influences 

the viscosity of the oil, where a higher temperature generally results in lower viscosity. 

 A viscous media cannot withstand shear stress without being deformed [5]. The shear 

stress; τ, which is the shear force per area unit, is often proportional to the shear velocity; S. 

The dynamic viscosity, η, characterize the fluid´s viscosity. The SI-unit for dynamic viscosity 

is Pa s, however cP (centipoise) is often used in practice, where 1 Pa s = 10
3
 cP. The SI-unit 

for the kinematic viscosity is St (stoke).  

 

τ = η   S   (Eq. 3) 

Fluids that follow the relation in Eq.3 are called Newtonian fluids, whereas fluids that don't 

are called non-Newtonian. Mineral and synthetic oils are often Newtonian, while greases are 

not.  

 The friction during viscous shear of a Newtonian fluid is determined by the shear stress, τ, 

and the area of two parallel planes separated by the fluid film, A, see Eq. 4 [5].  

 

FT = τ A = η S A   (Eq. 4) 

2.3 Lubrication 

When two surfaces are in contact, the load is carried by the asperities on the surfaces [6]. The 

force needed to shear the asperity junctions during sliding causes friction, wear and surface 

damage. Lubricants are used between surfaces in contact in order to minimize wear, minimize 

friction coefficient, extend component life and reduce energy loss by a separation of the 

surfaces [7]. The separation can be obtained by solid or fluid (liquid and gas) lubricants, and it 

can be total or partial [6]. The most common liquid lubricant is oil.  

  Lubricants used today are usually toxic, not biodegradable and harmful for humans, fish 

and wildlife [8]. Zinc, sulfur and phosphorus in engine oils result in toxic emissions and 

hazardous particles [7]. The Environmental Protection Agency among other agencies have 

imposed harsher regulations concerning use and disposal of oil- and grease-based lubricants 

[8]. These regulations have had an impact on the development of new lubricant solutions. The 

new lubricants that are developed try to address a combination of environmental, health, 

economic and performance challenges.  

2.3.1 Lubrication regimes - full film, mixed and boundary lubrication 

Three regimes of lubrication are possible; boundary lubrication, mixed lubrication and full 

film lubrication [7], see Figure 2.  

 

 
Figure 2. Lubrication regimes: a) boundary lubrication, b) mixed lubrication and c) full film lubrication.  
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Boundary lubrication, a) in Figure 2, is the case where the entire load is carried by the 

asperities lubricated by surface films of molecularly thin liquids, gases or solids [6,7]. The 

thin surface films reduce or hinder the direct contact between the two materials and the 

friction is determined by the sliding resistance between the surface films [5].  

 Mixed lubrication or thin-film lubrication, b) in Figure 2,  is the regime between boundary 

and full film lubrication, and occurs when the load is carried by the fluid pressure and the 

asperities in contact [5,6]. The asperities are still separated by a molecularly thin lubricant 

film. The friction is determined by viscous shear and shear between boundary films  [5].  

 Full film lubrication or thick-film lubrication, c) in Figure 2, is characterized by a complete 

separation of the surfaces and is the most desirable regime to provide low friction and avoid 

wear [6,7]. The film thickness in the full film regime is many times larger than the size of the 

lubricant molecules. The friction is determined by the force needed to shear the film [5]. Full 

film lubrication exists as hydrostatic, hydrodynamic, elastohydrodynamic or 

plastohydrodynamic lubrication [6]. Hydrostatic lubrication uses an external pump to 

pressurize the fluid film that separates the sliding surfaces, whereas the pressure in 

hydrodynamic lubrication is high enough to separate the surfaces due to dragging of the 

lubricant into a narrowing gap [9]. Elastohydrodynamic lubrication (EHL) is a case of 

hydrodynamic lubrication where elastic deformation give rise to a broadening of the load by 

elastic deformation of the surfaces in contact, and thereby enables full film lubrication  [6]. 

Plastohydrodynamic lubrication (PHL) is common in metal forming operations where a thick 

film is formed between the die surface and the plastically deformed work piece.  

 A decreasing size of machine components leads to smaller separation tolerances, higher 

contact pressures and the surfaces might not be separated by a full film [7]. The formation of 

tribofilms, which are protective films formed under high pressures and temperatures during 

sliding contact, are important in cases without full film lubrication. Tribofilms are often 

created by lubricant additives which work in different ways, see section 2.3.5. The chemistry 

as well as the reactivity of the additive molecules are important features for the lubricating 

system. If the reactivity and the additive concentration are low, the tribofilm might not form, 

leaving the surfaces unprotected against wear.  

2.3.2 The Stribeck curve 

The lubrication regime of two sliding surfaces in contact can shift between the regimes: full 

film, mixed and boundary lubrication [6]. For a rotating shaft in a cylindrical bearing these 

regimes are presented by the Stribeck curve, where the friction coefficient changes with the 

lubricant viscosity; η, the angular velocity of the cylindrical contact; N, and the average 

contact pressure; p. The Stribeck curve is created by plotting the friction coefficient against 

η N/p, see  Figure 3.  

 

 
Figure 3. The Stribeck curve where the friction coefficient is dependent on the lubricant viscosity (η), the angular velocity 

of the cylindrical contact (N) and the average contact pressure (p).  
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The drop in friction coefficients between a) and b) in Figure 3, indicates the transition from 

boundary to mixed lubrication. The reason for the considerable drop is that the load now is 

carried by both the asperities in contact and the fluid pressure. When the friction coefficient 

minimum in the same figure is reached, there is a transition to elastohydrodynamic 

lubrication, followed by hydrodynamic lubrication at higher speed and viscosities. The 

hydrodynamic lubrication region has a thicker film than the elastohydrodynamic lubrication 

region. A higher speed generates a thicker film as well as higher fluid drag. A higher viscosity 

will increase the fluid film thickness and the drag, leading to a higher friction coefficient. 

 The Stribeck curve was generated from experiments on bearings, however a similar 

behavior is observed also for other geometries and can be used to present the different 

phenomena that occur in lubricated contacts [10]. Except from the speed, load and viscosity, 

the friction coefficient and the lubrication regime are dependent on the contact geometry and 

surface roughness of both surfaces [6]. A rough surface would move the curve in Figure 3 to 

the right while a smoother surface would move it to the left.  

 In piston/cylinder contact in engines, boundary lubrication becomes important in the 

motion turning points where the velocity is zero and a possible full film not can be preserved 

due to the low velocity. It is in cases like this where lubricant additives such as boric acid are 

needed.  

2.3.3 Solid lubricants 

Solid lubricants typically have a lamellar structure [7] where the bonds between atoms in the 

same layer are strong, compared to the weaker interactions between the layers  [11,12]. The 

layers can align themselves relative to the direction of motion and provide low friction as they 

slide quite easily against each other. Solid lubricants may be represented as thin films 

deposited on a surface or films that are generated on the surface during contact. 

  Graphite, molybdenum disulfide (MoS2) and hexagonal boron nitride (h-BN) are examples 

of layered solid lubricants [7,13]. The layered structure of boric acid is seen in Figure 4. 

Although some solid lubricants or coatings do not possess lamellar structure they still obtain 

low friction [7]. Some examples are rare earth fluorides, diamond, diamond-like carbons, 

PTFE (teflon), some solid oxides and soft metals as indium, silver, lead and tin [11]. It should 

however be noted that although the compositions mentioned not are layered themselves, their 

surfaces may be covered with a lamellar compound that in the case of diamond-like carbons 

and diamond can be graphite. The soft metals are used on hard substrates where the softer 

material is thin and easy sheared, and the harder substrate offers a small contact area. Boric 

acid used as a lubricant additive can be thought of as the softer easily sheared material on a 

harder material substrate.  

 

 
Figure 4. The layered structure of boric acid, where the van der Waals bonds between the layers are weak compared to the 

covalent bonds between atoms in each layer [8].  
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2.3.4 Liquid lubricants 

Liquid lubricants are often oils, which can be divided into the categories mineral-, vegetable- 

and synthetic oil [5]. Both mineral and synthetic oils are manufactured from crude oil. Crude 

oil contains hydrocarbon molecules of different weight. Mineral oils with a specific 

hydrocarbon weight are produced from crude oil by fractional distillation. The length of the 

hydrocarbons are approximately 20-30 carbons in the mineral oil petroleum. Synthetic oil is 

manufactured by a decomposition of the crude oil into building blocks that are synthesized 

into products. These products can be tailor made for certain properties and applications. 

Synthetic oils are therefore, due to their manufacturing more expensive than mineral oils. 

 Vegetable oils consist of triglycerides, which are esters derived from glycerol and three 

fatty acids [14]. These types of oils are often unsaturated [5]. This means that some of the 

carbons form double bonds with other carbons instead of bonding with hydrogen. The double 

bond region is chemically active and can react with other molecules in the oil or with oxygen 

from the surrounding air. There are two negative aspects of these reactions. Acidic substances 

that may form can cause corrosion of the surfaces in contact, and oxidized molecules are 

deposited in engines. Vegetable oils do have an advantage compared to mineral oils. A 

vegetable oil molecule has a polar part, which can add to metal surfaces. These molecules 

form a protective layer that resembles a shag carpet and they are well suited for use in 

boundary lubrication applications. 

  Water can be used as a lubricant in some applications [5]. Water provides good cooling, is 

abundant, environmental friendly and inexpensive. However, this lubricant can cause 

corrosion and risk for hydrogen embrittlement.  

 Greases are semisolid lubricants consisting of a base oil (80%) thickened with a metal soap 

or a gel (10%) and additives (10%) [5]. The base oil may consist of mineral oil, esters, 

silicone or some synthetic oil. Greases are non-Newtonian and behave like a solid body when 

exposed to low forces and a liquid when the force exceed a certain point. This behavior is 

reversible until the grease is treated too harshly. If the grease is pushed through narrow gaps 

or is filtered, its structure will not revert to a semisolid. 

2.3.5 Lubrication additives 

There are many additives available to modify the lubricant properties [5]. Examples of such 

additives are viscosity improvers, friction modifiers, Anti-Wear (AW) additives, foam 

attenuators, oxidation and corrosion inhibitors, detergents as cleaners and Extreme-Pressure 

(EP) additives. The viscosity improver levels out the variations in viscosity due to 

temperature and makes it possible to use the same oil independently of the season 

temperature. Friction modifiers are used in mixed and boundary lubrication. Polar molecules 

in the modifier forms a thin film by adsorption on the metal surface, which is more easily 

sheared than metal-metal junctions. The film is suitable for high speed, low pressures and low 

temperatures. AW-additives on the other hand, form films on the surface that are stronger 

bonded to the surface than the friction modifiers. The strong bonding is due to chemisorption. 

The films created by AW-additives are thicker and bear higher loads compared to friction 

modifying films. Detergents, foam attenuators and oxidation inhibitors extend the oil lifetime, 

while corrosion inhibitors form corrosion resistant non-metal films on the metal surface. EP-

additives create a thin protective film on the surfaces when the friction- and AW-additives 

cannot protect the surfaces and when the temperature is high. Sulfur is an EP-additive that can 

be both active and inactive, where the active sulfur reacts with the surface at lower 

temperatures compared to the inactive additives [15].  

 Solid lubricants such as boric acid can be used as an AW-additive where it is interacting 

with the surfaces in tribological contact. 
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2.4 Tribochemistry 

It is important to keep in mind that there is a difference between tribochemical and 

thermochemical reactions [16]. The activation energy of the thermochemical reaction is 

generally higher than for the tribochemical process. A reaction process under friction 

conditions can be initiated by mechanical action (mechanochemistry) and reactions of 

thermochemical processess such as oxidation, degradation, etc, as well as a combination of 

these two.   

 Tribochemistry is complex and there are many possible reaction mechanisms for a 

tribological system when using for example oils as lubricants [16]. One example of the 

complexity is esters that form soap with the metal surface in the tribological contact under 

boundary lubrication conditions. The soap formation is due to the hydrolysis process of the 

ester.  

 

2.5 Characterization 

2.5.1 Scanning Electron Microscopy - SEM  

SEM is a technique where an image is generated by using electrons that scan the surface area 

of a specimen. The electron microscope consists of an electron gun, a series of 

electromagnetic lenses and apertures that form a nanometer scale electron probe on the 

specimen. Backscattered (BSE) and secondary (SE) electrons are ejected from the specimen 

as a result of the electron bombardment. BSEs and SEs are formed due to elastic and inelastic 

scattering, respectively. These electrons are collected by a detector and used in order to create 

the image of the surface. Both BSEs and SEs contribute to topographic contrast, however SEs 

are the primary signal for this contrast formation. BSEs give rise to compositional contrast 

that is seen as a variation in gray levels in the SEM image if the specimen consists of more 

than one chemical element. Electron-specimen interaction also generates characteristic X-rays 

and Auger electrons that can be used to obtain chemical information of the specimen, see 

Figure 5.  

 The technique operates under vacuum and the specimens should preferable be conductive, 

non-magnetic, clean, non-degassing and withstand the vacuum.  

 

 

Figure 5. Specimen and incident electron interaction where Auger electrons, X-rays, backscattered and secondary electrons 

are created.  

 



8 
 

2.5.2 Energy Dispersive Spectroscopy - EDS 

One way to obtain chemical information from a specimen is to use a SEM with an energy 

dispersive spectrometer (EDS). X-rays generated by the incident electrons, see Figure 6, are 

characteristic for an element, which makes it possible to generate spectra, line scans, maps, 

etc. from an area of the specimen. The energy of the incident electrons affects the achieved 

information from the analysis. The incident electrons travel deeper in the specimen when they 

have higher energy, i.e. when the acceleration voltage is higher. By changing the electron 

energy, it is possible to obtain chemical information from different depths.  

    

Figure 6. X-ray generation from electron bombardment on the specimen. The incident electron ejects an orbital electron 

which leaves its position in the atom. The empty position is filled with an electron from a higher energy level and an X-ray 

photon is created from the excess energy. 

 

2.5.3 Vertical Scanning Interferometry - VSI 

A vertical scanning interferometer uses white light to create a 3D picture of a surface 

topography. The instrument consists of a white light source, a beam splitter, a reference plane 

and a video camera. The white light is divided into two parts by the beam splitter; a reference 

beam and a measurement beam. The reference beam is reflected by the reference plane while 

the measurement beam is incident on the sample, see Figure 7. By changing the distance 

between the sample and the interferometer, optical interference occurs at every point of the 

surface where the optical path length for the two types of beams is the same, i.e. where x = y 

in Figure 7. A video camera captures the interference pattern and the software computes the 

topography from this data.   

 

 

Figure 7. A VSI instrument setup that consists a white light source, a camera, a beam splitter, a reference plane and a sample. 

Optical interference occurs at every point on the surface where x = y.  
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2.5.4 Secondary Ion Mass Spectroscopy - SIMS 

Secondary Ion Mass Spectroscopy (SIMS) is a surface sensitive technique in which a primary 

ion beam ejects secondary ions which can be detected by a mass spectrometer [17]. The 

instrument consists of a primary ion beam source, a mass analyzer that isolates the ions of 

interest and an ion detection system that records the magnitude of the secondary ion signal. 

The sample must be stable and solid in vacuum. Elements of H-U may be detected with a 

detection limit of 1 ppm or 1 ppb. There are two different SIMS techniques, which provide 

different results; static and dynamic SIMS. Static SIMS is extremely surface sensitive and 

obtains molecular information from the surface. Dynamic SIMS uses ions with higher 

energies and densities compared to static SIMS. Thereby, it is possible to make a depth profile 

and obtain element information. However, the SIMS technique in general has some 

drawbacks in form of complex interpretation due to much information and the sensitivity of 

an element is dependent on its chemical surroundings. See Figure 8 for a principle of the 

SIMS technique.  

 A SIMS spectra is constructed by plotting the intensities of the detected secondary ions 

versus their mass:charge ratio (m/z).  

 

 
Figure 8. Principle of SIMS where an incoming ion beam ejects secondary ions from the sample. Fragments from the surface 

are detected by a mass spectrometer.   

 

2.5.5 Raman spectroscopy 

Raman spectroscopy is a technique in which a sample is exposed to a laser radiation [18]. The 

photons can either be scattered inelastically or elastically and thereby retain or change in 

frequency compared to the incident radiation. The inelastic scattering gives or takes energy to 

excite vibrations. The photons that lose energy have frequencies that differ from the incident 

radiation by amounts equivalent to vibrational frequencies of the molecule. The Raman 

spectrum attained may contain Anti-Stokes, Rayleigh and Stokes lines. Energy transferred to 

the sample generates Stokes lines. Rayleigh scattering cause Rayleigh lines from laser light 

with no change in wavelength. Anti-Stokes lines emerge when photons gain energy from the 

sample.    
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3. Boron compounds as lubricants 
Boron is the only non-metal of Group 13 in the periodic table and is known to have many 

structural combinations with transition metals [19]. Boron has three valence electrons that can 

be involved in covalent bond formation due to its electron configuration; 1s
2
2s

2
2p

1 
[7]. It can 

form covalent bonds and compounds such as oxides, sulfides, nitrides, and halides where 

boron has oxidation state III. The compounds of boron are for instance represented in 

molecular receptors, molecular sensors, biological probes and pharmaceuticals, as well as in 

tribological applications [7,20].  

 Boron based lubricants are of interest from an economical, environmental and 

tribobological point of view [7]. Compounds of boron are used in a variety of tribological 

applications as friction modifiers, anti-wear additives and environmentally friendly lubricants. 

They are used as solid lubricants, where boric acid and hexagonal boron nitride are two 

examples, liquid lubricants such as ionic liquids, lubricant additives in form of borate 

derivatives of organic and inorganic compounds, and coatings of cubic boron nitride and 

metal borides. Boron compounds have potential to replace phosphorus-, sulfur-, halogen-, and 

metal-containing lubricants.  

 A boron additive in lubricating oils may stay chemically inert or react and form other 

boron compounds, which may have other properties compared to the additive. Possible boron 

compounds that can be formed in the tribological contact between two steel surfaces where 

boric acid is present, are mentioned in sections 3.1 - 3.3.   
 

3.1 Boric acid and boric oxide 

3.1.1 Properties and use 

There are two crystalline forms of boric acid; orthoboric acid (B2O3 3H2O, H3BO3 or B(OH)3)  

and metaboric acid (B2O3 H2O or HBO2) [21]. Orthoboric acid is the most common form and 

is a stable solid at room temperature [21,22]. It is soluble in water and in many organic 

solvents and the compound is mildly acidic in solution [23]. Boric acid and boric oxide are for 

instance used in glass making, fire retardants and industrial applications such as paints and 

pigments [24]. Since boric acid has a layered structure, it is suitable in many lubrication 

applications [7].  

 One drawback with boric acid is that it gradually loses water at temperatures above 100 °C 

and is converted to HBO2, and boric oxide  (B2O3) at even higher temperatures [7,22–25]. 

Boric oxide does not have a layered structure and therefore lacks the lubricating property that 

boric acid demonstrate. The temperature of forming boric oxide is 170 °C [7,24]. The 

decomposition of triclinic boric acid to boric oxide occurs in three steps where each step 

corresponds to the breakage of one of the three O-H bonds [25]. This occurs at 118, 131 and 

161 °C respectively [25]. Another drawback of boric acid is the possibility that it is forced out 

of the contact area during each sliding cycle, since it is a solid powder crystal [7,24]. It is 

noteworthy that the success of boric acid as a lubricant is dependent on the replenishment of 

boric acid in the contact region [7,24]. One solution  is to use boric acid crystals as additives 

in lubricants that transfer the crystals to the contact region [8]. How oil and fuel enhancer with 

boric acid behave in tribological contact is thus of interest and is the focus of the present 

study.   

3.1.2 Boric acid and boric oxide as lubricants 

There are other ways to form a boric acid layer than using boric acid particles. Erdemir et al. 

[26] report that a layer of  boric oxide is formed during annealing of a B4C substrate at  

800 °C. Under cooling, a thin boric acid layer is formed by a reaction between boric oxide 

and the moisture in the air. This reaction product gave a friction coefficient of 0.03-0.05.  
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 In a pin-on-disk test, nanoscale boric acid particles (20 nm) in canola oil gave lower wear 

rate compared  to the oil itself and compared to oil with larger boric acid particles (600 nm,  

4 μm and a mixture of  these two particle sizes) as well as MoS2-particles (0.5-10 μm) 

[10]. Further, oil with mixed sized boric acid particles (600 nm and 4 μm) showed better 

friction and wear performance than oil with each of them alone. The explanation of the result 

for the 20 nm particles is that the solution continuously separates the surfaces in contact since 

the colloidal solution do not degrade over time. Regarding the particle mixture, the smaller 

particles are said to form a protective boundary layer and the larger particles act as load 

support while being sheared with low interlayer friction.  

 Base oils with two types of boron compounds; boric acid (H3BO3) and hexagonal boron 

nitride (h-BN) at various concentrations, were investigated using a pin-on-disk type test 

apparatus [21]. Under different test conditions the addition of boron compounds decreased the 

coefficient of friction with 10 to 50%. The optimum concentration ratio was 4 wt% of boric 

acid and 4 wt% h-BN for the two types of oil. A 170 kW diesel engine was used in order to 

investigate fuel consumption with these optimum concentrations. Results from the tests 

indicate a fuel consumption decrease of 3.6 and 2.7% with boric acid and boron nitride 

additives respectively.  

 In a study by Erdemir referred to by Baş and Karabacak [21] the friction coefficient of a 

base oil was lower with boric acid particles. The friction coefficients were 0.15 and 0.04 for 

the base oil and base oil with nano scale particles, respectively.   

3.1.3 Environment and health 

Boric acid is abundant, inexpensive as well as environmentally safe [12,24]. It is recognized 

as benign by The Environmental Protection Agency [24] and is not classified  as a pollutant 

under the Clean Water Act [4,24].  

 Boron is nutritionally important to animals [27]. It is also important in the metabolism of 

humans and said to improve brain function. Boron is present in many soils, and food is the 

primary source of boron that is ingested by humans. However, REACH (Registration, 

Evaluation, Authorization and restriction of Chemicals) put boric acid on their Substance of 

Very High Concern (SVHC) candidate list in 2010 [28]. The reason for the inclusion was that 

boric acid did meet the criteria for classification as toxic for reproduction (may damage 

fertility, may damage the unborn child) [28,29]. The criteria was met by animal experiments 

on for instance rats, mice and dogs [29]. It is assumed that the data achieved by the animal 

experiments are relevant to humans, since there are indications that boric acid is able to cross 

the human placenta. 

 The boric acid in the concentrations used in the products from Triboron has no harmful 

effects on humans or animals [30]. Boric acid used in low concentrations is compared to other 

additives such as zink, phosphorus and sulfur almost certainly not harmful.  

3.2 Boron nitride 

 

Boron nitride, BN, is found in many crystalline forms, where hexagonal BN (h-BN), cubic 

zinc-blende (c-BN), wurtzite (w-BN), rhombohedral (r-BN) and the rock salt form are 

examples [31]. h-BN is the softest polymorph of boron nitride [7] and c-BN has the highest 

hardness next to diamond [32,33]. h-BN and c-BN are used in various tribological 

applications [7].  

 Hexagonal BN has a lamellar crystalline structure [21,34] and has lubricating properties 

similar to boric acid. h-BN has high thermal stability, high oxidation resistance and exhibits 

chemical inertness [35].  
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 BN is effective in reducing wear if used as a lubricant additive [34]. The behavior of BN 

added to a lubricating oil used in sliding experiments was investigated. When bearing steel 

was sliding against itself, the coefficient of friction was increased due to the addition of BN, 

however the wear was decreased. Boron was found as an oxide after tribological contact. The 

coefficient of friction decreased due to BN when bearing steel was slid against cast iron, 

although the decrease in wear was less marked. The boron residue after this test was mostly 

BN. 

3.3 Iron borides 

 

Boron can be dissolved in iron interstitially and/or react with iron and generate hard and 

stable Fe2B and FeB phases that can minimize wear [7,36]. Some metal borides show 

contributions from the three main bond types, ionic, covalent and metallic [19].  

 Bindal and Erdemir [36] have investigated the friction mechanism of borided steel exposed 

to a "flash" annealing procedure. The steel was exposed to 600-800 °C for a time of 3-5 

minutes and cooled down in open air to room temperature. The sliding friction coefficient for 

a ball against the heat treated borided steel was 0.06, while it was 0.5 and higher for a ball 

against unborided or non heat treated borided steel.  It is proposed that boron atoms diffuse to 

the surface at 750 °C during the annealing procedure, and react spontaneously with oxygen in 

air. This reaction creates a boron oxide layer, B2O3, that during cooling is transformed to a 

thin boric acid film when boric oxide reacts with moisture in the air. The low friction 

coefficient found on the heat treated borided steel is said to be due to the formation of boric 

acid. The boron atoms that participate in the annealing procedure is thought to be the 

interstitial atoms, rather than the boron in FeB or Fe2B. This is due to the difficulty of 

extracting boron from these iron borides, mainly because of the short annealing time.  

 Films of iron borides, FeB and Fe2B, can form on steel during heat treatment at 850 °C,  of 

powder mixtures of various boronising potential [37].  Temperatures between 700 and  

1000 °C are reported needed to form iron borides by a thermal diffusion treatment of boron 

compounds [38]. The boride coatings obtain (i) high hardness, which is expected to give a 

high wear resistance, and  (ii) columnar morphology, which provide  good adhesion between 

coating and substrate [39]. Fe2B produces superior wear resistance and mechanical properties 

[38].  
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4. Experiment 
Several tests were performed in order to investigate the tribological and chemical behavior of 

oil and fuel enhancer with a boron additive from Triboron. Since the viscosity had influenced 

the friction coefficients in earlier tests with the boron additive two-stroke oil, another 

commercial oil was used to test the effect of the boron additive. The commercial oil was 

mixed with the boric acid based additive and this was performed by Triboron. See Table 1 for 

details regarding the oils used. The fuel enhancer was both investigated as a lubricant as 

received and burned on a disk surface leaving a boron additive film. This film was tested both 

dry and lubricated in tribological contact and the oil used during the lubricated tests were 

PAO-oil, which is a base oil without any additives. See Table 1 for more information 

regarding the PAO-oil. 

 Two tribological ball-on-disk test equipments with reciprocating and continuous sliding 

(see Appendix 1), respectively, were used with a disk and a ø 10 mm ball. Both the disk and 

ball were ball bearing steel. The surface roughness, Ra, was 0.27   0.01 μm and the hardness 

was 745 7.70 HV of the disks used in the experiments. The motion  between the bodies in 

contact should represent moving parts in an engine. Although it was difficult to mimic the 

exact contact situations, the tests were intended to yield information of the boron additive 

when it comes to tribology and chemistry. All performed tests are summarized in Table 2 and 

are further explained in sections 4.1-4.4. The reciprocating test rig had a frequency of 2 Hz 

and a stroke length of 4 cm. The continuous sliding equipment had a cycle length of 19 mm. 

Each run with the test equipment resulted in one wear track on the disk, which was analyzed 

with LOM, VSI, SEM and EDS. One track was analyzed with SIMS. The disks were washed 

with hexane before analysis.  

 
Table 1. Summary of the different oils used in the tests.   

Commercial name Name in report Kinematic viscosity 

[cSt] 

Additives
2 

Castrol EDGE 

PROFESSIONAL A3 

0W-30  

Reference oil 71 at 40 °C 

12 at and 100 °C 

Zn, P, S, Mg, Ca
 

 

Castrol EDGE 

PROFESSIONAL A3 

0W-30 with boron 

additive 

 

Oil with boron 

additive 

  

Zn, P, S, Mg,Ca 

H3BO3 

 

PAO13 

 

PAO-oil 

 

13 at 100 °C 

 

- 
2 The elements Zn, P, S, Mg and Ca were found with EDS (LEO440 and Merlin) in the studied wear tracks from tests at 25 

and 100 °C with the reference oil and oil containing boron additive. See section 5.2.3.  
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Table 2. Summary of the different tests performed with the two test equipments.  

Test Oil/fluid Purpose  

Effect of hexane washing
3 

Oil with boron additive Investigate if possible oil residues 

and/or tribofilms in the wear track is 

affected by ultrasonic bath in hexane 

  

Effect of boron additive in 

lubricants
3 

Reference oil and oil 

with boron additive 

Investigate the effect of boron 

additive on friction and wear at 

different temperatures 

 

Evaporated fuel enhancer 

on disk surface
3 

 

Fuel enhancer and 

PAO-oil 

Examine the effect on friction and 

wear of a boron additive surface with 

and without PAO-oil 

 

Fuel enhancer and ethanol 

as lubricants
4 

Fuel enhancer and 

EtOH 

Compare the friction and wear when 

using fuel enhancer and ethanol as 

lubricants  
3 Tests performed with the reciprocating test rig. 
4 Tests performed with the continuous sliding test rig. 

 

4.1 Effect of hexane washing 

The effect of hexane washing was of interest since hexane was used to wash the disks before 

characterization. It was assumed that hexane had a lower solubility of boric acid than ethanol. 

Ethanol has a boric acid solubility of 11.96% by weight in saturated solution at 25 °C [23]. 

Acetone with a solubility of 0.6% boric acid by weight in saturated solution at 25 °C, could 

also have been used to wash the disks after tribological contact. Oil residues and/or tribofilms 

that might form in the wear track during the tests can possibly be solved in hexane. In order to 

correlate the friction coefficient recorded in the tests with the appearance of the tracks, it was 

desirable to know if these possible formed tribofilms and/or oil residues were washed away 

during the ultrasonic bath. After the test, the disk was i) wiped with a dry paper cloth, ii) 

wiped with a paper cloth drenched in hexane and iii) washed in ultrasonic bath with hexane. 

The effect of these steps was studied with a LOM. The test was performed with the 

reciprocating test rig, oil with boron additive at 100 °C and a 5 N load. 
 

 

4.2 Effect of boron additive in lubricants 

 

The effect of boron additive in lubricants was investigated with the reciprocating test rig. The 

synthetic commercial oil Castrol EDGE PROFESSIONAL A3 0W-30, with and without the 

boron additive, was used. These two oils are referred to as reference oil and oil with boron 

additive, see Table 1 for additional information. The temperature was varied and Table 3 

summarizes the temperatures used. Two tests per temperature and oil were performed and the 

oil was changed between the tests. Each test lasted for 45 000 cycles and the load was 5 N.  
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Table 3. Oils used in the tests when the temperature was altered. 

Oil Temperature [°C] 

Oil with boron additive 25, 50, 80, 90, 100, 105  

Reference oil 25, 50, 80, 100 

 

The reason for investigating if there was a difference between the friction at 90, 100 and  

105 °C was because the boron additive; boric acid, begins to lose water above 100 °C. It was 

thought that a possible change in chemical structure of boric acid should result in a friction 

coefficient difference.  

 

4.3 Evaporated fuel enhancer on disk surface 

 

The use of a boron additive in oil was investigated in the tests presented in section 4.2.This 

test however aimed to examine the effect of using a boron additive layer on the disk surface 

with and without PAO-oil. The fuel enhancer consists of an alcohol mixture and boric acid. 

This fluid is used in fuels to reduce friction losses in the engine. The fuel enhancer is burned 

in the engine and a layer of boric acid is left on the metal surfaces where it is acting 

lubricating. Due to the application of this product, it was of interest to study this layer of 

boron additive after alcohol evaporation and/or combustion. The fuel enhancer was dropped 

on a disk surface and the boron additive layer was formed by burning the fluid. This layer was 

studied with and without PAO-oil in tribological contact with the reciprocating test rig and 5 

N load. One test without oil (dry contact) at room temperature and two tests with oil 

(lubricated contact) at 100 °C were completed. However, the PAO-oil was not changed 

between the tests. The oil was produced by mixing two synthetic oils with viscosities 8 and 

100 cSt, respectively. The mixed PAO-oil had comparable kinematic viscosity as the 

reference oil and oil with boron additive. Tests with PAO-oil alone, i.e. no boron additive 

surface, were performed to see the effect of the boron additive surface.  

 In order to analyze the boron additive in the fuel enhancer, the fluid was dropped on a 

surface and the boron additive layer left after alcohol evaporation was analyzed with SEM, 

EDS and Raman.  

4.4 Fuel enhancer and ethanol as lubricants 

The continuous sliding test rig was used to examine the difference between EtOH (96%) and 

the fuel enhancer from Triboron as lubricants. Ethanol was used as a reference since the fuel 

enhancer consists of 75-100% ethanol [40]. The fuel enhancer contains 0.1-4% boric acid. 

The concentration of fuel enhancer, the volume used and the effect of adding fuel enhancer to 

ethanol after half time of the test were investigated. Table 4 lists the performed tests. Each test 

lasted for 1000 cycles and a load of 10 N was used. Approximately 3-5% of the fluid 

evaporated during a test. The tests were performed in room temperature. 
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Table 4. Tests performed on the disks with ethanol and fuel enhancer as lubricants in the continuous sliding test rig.  

Test number Fluid and volume 

i 

ii 

iii 

iv 

v 

vi 

35 ml EtOH 

70 ml EtOH 

35 ml fuel enhancer 

70 ml fuel enhancer 

52.5 ml EtOH at test start, 17.5 ml fuel enhancer added at 500 cycles 

35 ml EtOH at test start, 35 ml fuel enhancer added at 500 cycles 

 

4.5 Analysis  

The analysis techniques presented in sections 4.5.1-4.5.5 were used in this study. LOM, VSI 

and SEM were used to depict the wear tracks, EDS and SIMS were used to obtain chemical 

information about the possible formed tribofilms and/or reaction products on the track 

surface. Raman provided information about the boron additive in the fuel enhancer after fluid 

evaporation. It was important to study the surfaces of the disks since the possible tribofilms 

form on the material surfaces during tribological contact.  

4.5.1 SEM 

LEO440 and Merlin manufactured by Zeiss, were used for the SEM and EDS analysis of the 

disks in this study. LEO440 was used to take images on the metal surface with boron additive 

and a disk used in the fuel enhancer and ethanol as lubricants tests. Merlin was used for the 

imaging of tracks from the effect of boron additive tests at 25 and 100 °C.  JEOL 620  was 

used for imaging of a track from tests with oil with boron additive at 80 °C. The acceleration 

voltages used were 1, 3 and 5 kV.  

4.5.2 EDS  

Spectra were recorded of surfaces in and outside the tracks. Three measurements were made 

at different locations in a track in order to obtain information about its chemical variations. 

LEO440 was used for the EDS spectra, as well as mapping of the boron additive on the metal 

surface. Merlin was used for images on the tracks made at 25 and 100 °C with reference oil 

and oil with boron additive, as well as mappings of these tracks. The acceleration voltage used 

during the EDS analysis of the disks in this study was 5 kV. The X-ray emission lines are 

presented in Appendix 10. 

4.5.3 VSI 

The optical profiler used in this study was a WYKO NT1100 manufactured by Veeco. The 

vertical measurement range is 0.1 nm to 1 mm and the vertical resolution is <1 Å. A 10X 

objective lens and Field-of-View lenses of 0.5X, 1.0X and 2.0X were used for the analysis. 

Vision64 was used for surface roughness, volume and width of the tracks while Vision 4.20 

was used for the pictures. The 2D profiles were made with Vision 4.20 and a cursor width of 

20%. 
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4.5.4 SIMS 

The instrument PHI TRIFT II at Högskolan Dalarna was used for the SIMS analysis. The 

primary ion beam was Ga
+
 ions with an energy of 15 kV. Both static and dynamic SIMS were 

performed. The track analyzed was sputtered for 180 and 360 s.  

4.5.5 Raman 

Raman spectroscopy was performed with a 633 nm He-Ne laser of nominally 17 mW in a 

Renishaw micro-Raman system 2000 with a grating of 1800 lines/mm. 10% of the laser 

power was used and when neglecting losses in the optics, approximately 0.17 mW laser 

power hit the sample. 
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5. Results  

5.1 Effect of hexane washing 

The effect of hexane washing of a disk after tribological contact was examined with a LOM. 

There were no indications that formed tribofilms or chemical reaction products were washed 

away with hexane during ultrasonic bath, see Figure 9. This motivates the use of hexane for 

washing the disks before characterization. 

   

                                                             a)                                                              b)                                                            c) 

 

 

 

                                                             d)                                                              e)                                                            f) 

Figure 9. Effect of hexane washing on a disk after tribological contact in the reciprocating test rig. a) surface before test, b) 

oil on the surface wiped off with a paper cloth, c) the disk after cleaning with a paper cloth soaked with hexane, d) the disk 

after ultrasonic bath in hexane for 5 minutes, e) 90 minutes after the ultrasonic bath made in d,) and f) ultrasonic bath in  

hexane for 5 minutes.  

5.2 Effect of boron additive in lubricants 

5.2.1 Friction behavior  

The temperature and boron additive influence the friction coefficient, which is illustrated in 

Figure 10. The tests at 25 °C gave the lowest friction for both the reference oil and oil with 

boron additive. It is difficult to separate the friction curves from tests performed at 80, 90, 100 

and 105 °C for the oil with boron additive. Furthermore, the friction distribution between runs 

at 50 °C is wider compared to the other temperatures, with one friction curve below and one 

above the 80, 90, 100 and 105 °C group. There is no clear relationship between the 

temperature and friction coefficient. However, the temperature has a bigger influence on the 

friction when the reference oil is used.  

 The same friction curves as shown in Figure 10 are presented again in Figure 11, but the 

oils are this time compared for each temperature.  The tests when oil with boron additive was 

used provided a lower friction at 80 and 100 °C compared to reference oil, while it is the other 

way around at 25 °C. At 50 °C, there is no or little difference between the oils.  
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                                                                                       a)                                                                                         b) 

Figure 10. Friction behavior at different temperatures during 45 000 cycles in the reciprocating ball-on-disk test rig.  

a) reference oil at 25, 50, 80 and 100 °C. b) oil with boron additive at 25, 50, 80, 90, 100 and 105 °C. Two runs per 

temperature and oil were carried out. 

  
                                                                                       a)                                                                                         b) 

 

  
                                                                                        c)                                                                                         d) 

Figure 11. Comparison of the friction behavior at different temperatures for tests with reference oil and oil with boron 

additive in the reciprocating test rig at a) 25 °C,  b) 50 °C , c) 80 °C  and d) 100 °C . The reference oil is shown in pink. 
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5.2.2 Wear track topography 

The width of the wear tracks increases with temperature, as can be seen in Figure 12 and 13. 

This behavior fits perfectly for the reference oil, while the trend is less clear for the oil with 

boron additive. The width of the tracks at a specific temperature is similar for both oil types. 

 

  

                                                                       a)                                                                        b) 

Figure 12. VSI images of wear tracks from tests with reference oil at. a) 25 °C (track 1 ) and b) 100 °C (track 1). 

 

  

                                                                            a)                                                                             b) 

Figure 13. 2D profiles of tracks from tests in the reciprocating test rig with a) reference oil at 25, 50, 80 and 100 °C (track 

1) and b) oil with boron additive at 25, 50, 80, 90, 100 and 105 °C (track 1).  

 

The wear track of a ball and corresponding track on the disk are shown in Figure 14. A 

calculation of the volume above and below the initial disk surface indicates that there is more 

material above than below the surface, see Figure  15. This points towards a formed tribofilm. 

All the VSI measurements made on the disks and balls are found in Appendix 2. The wear 

tracks on the disks were further analyzed with SEM and EDS.  

 

 

 

 

                                                   a)                                                    b)                                                    c) 

Figure 14. VSI images of wear tracks on the disk and corresponding track on the ball. a) Wear track 2 from test with 

reference oil at 50 °C,  b) and c) corresponding ball wear track. 
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Figure  15. Illustration of the volume above and below the disk surface. These volumes could be calculated from VSI surface 

topography data. 

5.2.3 Tribofilm appearance and composition  

The tracks formed when using the two oils at 25 and 100 °C were investigated in the SEM 

and these tracks show formed tribofilms, see Figure 16 and 17. The films are not fully 

covering the track surface and the film fragments seen are several micrometers in size. Data in 

Table 5 originate from EDS-analyses (LEO440 and Merlin) of the tracks from tests at these 

two temperatures with the reference oil and oil with boron additive. The elements found in the 

disk material (C, Fe, and Si) are not shown in the table. O and Mg were detected in the tracks 

from tests at 25 °C, while O, Zn, Mg, P and S were found in the 100 °C tracks. Ca and Si were 

evenly distributed over the analyzed area. All EDS mappings can be found in Appendix 4. 

There is more O inside than outside a track and the O amount seems to depend on both 

temperature and tribological contact, see Figure 18. This is valid for both oils. The O in the 

tracks are probably an oxide. Zn, P and S are elements that seem to form tribofilms at high 

temperatures and where there is tribological contact, i.e. they only form in the tracks, and 

when a specific temperature is reached, see Figure 19. The bright striped parts in Figure 16 b) 

and d) could only be found for the tracks performed at 100 °C, and an EDS analysis showed 

that these regions contain more Zn and S than the rest of the tribofilm fragment area, see 

Figure  20. The tribofilms in the 25 °C tracks seem to be thinner from their appearance in the 

SEM images. The tests with reference oil at 25 °C resulted in incomplete wear tracks, see 

Figure 21. This behavior has not been found in other tracks. Additional SEM images can be 

found in Appendix 3.  
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                                                                                        a)                                                                                        b) 

  

                                                                                        c)                                                                                         d) 

Figure 16. SEM images of tracks from tests at 100 °C where formed tribofilms are present. Only parts of the tracks are 

shown in the images. a) and b) oil with boron additive (track 2), c) and d) reference oil (track 1). The acceleration voltage 

was 5 kV.  

  

                                                                                        a)                                                                                        b) 

  

  
                                                                                      c)                                                                                        d) 

Figure 17. SEM images of tracks from tests at 25 °C. Only parts of the track are shown in the images. a) and b) oil with 

boron additive (track 1), c) and d) reference oil (track 1). The acceleration voltage was 5 kV. 
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Table 5. Summary of chemical elements found in the wear tracks from tests with reference oil and oil with boron additive at 

25 and 100 °C. Elements originating from the disk (C, Fe and Si) are not shown in the table. The data originate from EDS 

measurements in LEO440 and Merlin.  

Temperature [°C] Reference oil Oil with boron additive 

25
5
 O, Mg O, Mg 

100
6 

O, Zn, Mg, P, S O, Zn, Mg, P, S 
5 Only small amounts of Zn and Ca were found on the track surfaces at 25°C.  
6 Only small amount of Ca was found on the wear track surfaces at 100°C. 

 

a) b) 
Figure 18. EDS-analysis of wear tracks from tests performed at 25 and 100 °C as well as the surface outside the tracks. a) 

reference oil and b) oil with boron additive. The acceleration voltage was 5 kV. 

 

a) b) 

c) d) 

Figure 19. EDS spectra of the tracks from tests performed with reference oil and oil with boron additive at a) 25 °C,  

b) 50 °C, c) 80 °C  and d) 100 °C. The acceleration voltage was 5 kV.  
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Figure  20. EDS mapping of a part of wear track 1 formed in a test at 100°C with the reference oil. The colors in the images 

show the distribution of the elements. The acceleration voltage was 5 kV. 
 

 

  
                                                                                        a)                                                                                        b) 

Figure 21. SEM images of tracks from tests at 25 °C. Only parts of the tracks are shown in the images. a) oil with boron 

additive (track 1) and b) reference oil (track 1). The acceleration voltage was 5 kV. 
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The EDS spectra in Figure 22 show the elements found in the tracks at different temperatures 

for tests with the reference oil and oil with boron additive. The intensities of the elements 

found in the wear tracks do not increase with increased temperature. The O and Zn peaks 

follow each other for the tests with the reference oil. The test at 25 °C obtains the lowest peak 

intensity of these elements and the tests at 50 °C present the highest. The spectra from tests 

with the oil containing boron additive show that O and Zn are not following each other and 

that there is a randomized temperature dependence of the peak intensities for most of the 

elements. All the recorded EDS spectra can be seen in Appendix 5. 

 

 a) 

b) 
Figure 22. EDS spectra for test with the oil containing boron additive and the reference oil. The acceleration voltage was 5 

kV. Only one measurement from each temperature and its corresponding track is presented in the figure. a) EDS spectra of 

tracks from tests at 25, 50, 80, 90, 100 and 105 °C with oil with boron additive. b) EDS analysis of tracks from tests at 25, 

50, 80 and 100 °C with the reference oil.  
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B was found both inside and outside the track analyzed with SIMS, see Appendix 6. This 

track was from a test at 80 °C with the oil containing boron additive. Both B
10

 and B
11

 (m/z 10 

and 11)
 
were found in the SIMS analysis. B

10
 and B

11 
were still present in and outside the 

track after 180 s sputtering with a primary ion beam of Ga
+
 with an energy of 15 kV. Zn was, 

similar to B, also found in and outside the track analyzed with SIMS. However, it seems as if 

almost all Zn was sputtered away after 180 s, see Figure 85 e)-h) in Appendix 6. The surface 

morphology of the track analyzed before and after sputtering can be seen in Figure  23. 

 

  
                                                                                       a)                                                                                        b) 

Figure  23. SEM images of a wear track from tests performed with oil with boron additive at 80 °C. The acceleration 

voltage was 3 kV. a) surface morphology of  a part of the track before sputtering and b) surface morphology of a part of the 

wear track after 360 s sputtering with Ga+ ions with an energy of 15 kV.  
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5.3 Evaporated fuel enhancer on disk surface 

5.3.1 Boron additive surface 

Figure 24 shows the boron additive film formed by evaporating the fuel enhancer that 

contains boric acid. The boron additive left is not completely covering the surface. The EDS 

analysis shows that the surface with evaporated fuel enhancer has boron and a lot more 

oxygen compared to the reference surface, see Figure 25. This indicates that the boron left on 

the surface is boric acid. Another evidence for having boric acid on the surface after fuel 

enhancer evaporation is the Raman spectrum in Figure 26. The peaks at 128, 210, 499, 880, 

1430 and 3166 cm
-1

 correlate well with the boric acid peaks reported in [41,42]. 

 

  
Figure 24. SEM images of a boron additive film. The boron additive was left on the surface after fuel enhancer evaporation. 

  

  
Figure 25. EDS-spectra of the boron additive surface 

compared to a reference surface. The acceleration voltage 

was 5 kV.   

Figure 26. Raman spectrum of the boron additive from the 

fuel enhancer.  

 

5.3.2 Friction behavior 

The boron additive left on the disk surface after the fuel enhancer had been burned away 

obtained friction coefficients as low as around 0.05 in the beginning of the tests with PAO-oil, 

see Figure 27. After cycle 200 there was a steady increase of the friction coefficient until it 

became stable around 0.12-0.13. These tests were compared to PAO-oil alone, reference oil 

and oil with boron additive at 100 °C. The reference oil showed the highest friction while the 

oil with boron additive presented the lowest. The friction of the PAO-oil was less stable than 

other oils at 100 °C.  
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 The friction coefficient of the dry test in Figure 28 was relatively low in the beginning, 

with friction coefficients around 0.1 at the first 100 cycles. By comparing the dry test with the 

lubricated, it is clear that the tests with oil obtain lower friction as well as last for the whole 

test length of 45 000 cycles. The dry test was aborted automatically due to vibrations in the 

test rig. However, the boron additive surface on the disk obtained as low friction coefficients 

in the beginning of the tests as the test with the oil containing boron additive. This is an 

example of a dry lubricant and its possibility to reduce the friction.  

  

                                                                                        a)                                                                                         b) 

Figure 27. Friction curves from tests performed with the reciprocating test rig. a) comparison of tests with reference oil, oil 

with boron additive, PAO-oil, and boron additive disk surface together with PAO-oil at 100 °C. The yellow and light pink 

curves are the same as shown in section 5.2.1. b) Zoom of the two runs with PAO-oil and boron additive surface (lubricated 

contact). Run 2 had the same oil as in run 1, however the wear track and ball were changed. 

 

 

Figure 28. Test with boron additive on the disk surface at room temperature (dry contact) in the reciprocating test rig. The 

test stopped automatically at 1250 cycles due to vibrations. 

5.3.3 Tribofilm appearance and compostion 

An EDS analysis of the wear track from a test with the boron additive surface and PAO-oil 

shows that there is a distinct B peak as well as a significantly higher O peak in the track 

compared to a surface outside the track, see Figure 29.  The SEM images of this track are 

presented in Figure 30. All EDS spectra recorded for the tracks made from dry and lubricated 

tests are presented in Appendix 8.  
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Figure 29. Comparison of EDS spectra recorded in and 

outside a lubricated track where PAO-oil and a boron 

additive surface were tested at 100 °C.  

 

 

 
 

                                                                                      a)                                                                                       b) 

Figure 30. SEM images of a track from a test with boron additive surface and PAO-oil at 100 °C. a) and b) show a part of the 

track at different magnifications.   

 

5.4 Fuel enhancer and ethanol as lubricants 

 

Following results were obtained with the continuous sliding test rig with fuel enhancer, 

ethanol, and mixtures of these two as lubricants. Several tests were performed on each disk 

used in the tests. 

5.3.1 Friction behavior 

Tests with fuel enhancer resulted in lower friction coefficients compared to ethanol, and the 

highest boron additive concentration (0.1-4% ) obtained the lowest friction coefficients, see 

Figure 31 a). The friction coefficient was reduced when adding fuel enhancer to ethanol 

during tests, see Figure 31 b) and c). This was valid for both 25 and 50% fuel enhancer 

concentration.  

 It seemed to be no or little difference between test lubricated with 35 and 70 ml fluid as 

can be seen in Figure 31 d). These volume tests were performed so that there could be 

deduced if the friction coefficient was dependent on the amount of fluid or not. This was 

important since the tests with changed fuel enhancer concentration after test start varied in 

volume. 
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                                                                                            a)                                                                                              b) 

  
                                                                                            c)                                                                                              d) 

Figure 31. Tests in the continuous sliding test rig with ethanol and fuel enhancer as lubricants. a) effect of  the fuel enhancer 

concentration on the friction coefficient. The volume in each test was 70 ml. b) the fuel enhancer concentration was changed 

from 0 to 25% at 500 cycles. c) the fuel enhancer concentration was changed from 0 to 50% at 500 cycles. d) effect of  the 

volume used during tests with ethanol and fuel enhancer.  

5.3.2 Wear track topography 

It is not possible to distinguish between the tracks from tests with the different fluids and 

volumes, when comparing the track width. The 2D profiles of the tracks from test number i-iv 

are presented in Figure 32. The 3D images of these tracks are shown in Appendix 9. A 

volume calculation performed in Vision64, indicated that the tracks on the disk from test 

number i-iv have more volume above than below the disk surface.  

 

 

Figure 32. 2D profiles of wear tracks from tests lubricated 

with a) 35 ml EtOH, b) 70 ml EtOH, c) 35 ml fuel enhancer 

and d) 70 ml fuel enhancer. 
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5.4.3 Tribofilm appearance and  composition 

The tracks formed in tests with ethanol and fuel enhancer consist of scratches and tribofilm. It 

is quite certain that the dark elevated patches in Figure 33 and 40 are films of an oxide. The 

tracks seen in those figures both show black patches.  

 A track from a test lubricated with fuel enhancer, shows less O than the track from a test 

with ethanol, see Figure 35. Also, there is more O in than outside the tracks.  

 

  

Figure 33. Wear track on the disk from a test lubricated with 35 ml EtOH. The acceleration voltage was 5 kV. 

 

 

 

Figure 34. Wear track on the disk from a test lubricated 

with 35 ml fuel enhancer. The acceleration voltage was 5 

kV. 

Figure 35. EDS spectra of the tracks from tests lubricated 

with 35 ml ethanol and 35 ml fuel enhancer, as well as spectra 

outside these tracks. Two spectra were recorded at different 

positions at each track and outside the tracks. 
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6. Discussion 
The friction coefficients found when using boric acid in tribological contact in this study have 

not been as low as reported in [21,26]. The only test that was comparable with the reported 

friction coefficients of 0.03-0.05, was the one with the boron additive surface and PAO-oil. 

The friction coefficient was as low as 0.05 in the beginning of that test. One plausible 

explanation for this is that the additives in the Castrol EDGE PROFESSIONAL A3 0W-30 oil 

compete with the boric acid in the contact region. This would generate higher friction than in 

the test with the boron additive surface lubricated with PAO-oil. To the best of the author´s 

knowledge there are no other studies of boric acid in combination with other additives in oil. 

The tests that are closest to the application of the products from Triboron are dry and 

lubricated boron additive surface, and these are perhaps the most important for the 

understanding of the use of boric acid as a lubricant. The reason for the increased friction in 

these tests are probably because the surface cracked and flakes of the lubricating boric acid 

was lost from the contact.  

 There is a difference in friction coefficient between the reference oil and oil with boron 

additive. Tests with the oil containing boron additive obtains lower friction than the reference 

oil at high temperatures. Since the temperature is high in an engine, the tests at high 

temperatures are closer to the real application of the products from Triboron. It is difficult to 

say if the use of boric acid in combination with other additives, as in the oil with boron 

additive, motivates a change of the present lubricant and fuel enhancer in for instance an 

engine. The boron additive in lubricating products from Triboron although has potential to 

decrease both fuel consumption and harmful hydrocarbon emissions.  

6.1 Effect of hexane washing 

No effects of the hexane washing on tribofilms formed on the disks have been found. It can 

therefore be concluded that the tribofilms are bonded hard to the metal surface, and are not 

easily washed away. It was possible to detect boron in a track with EDS, hence this boron 

compound was not washed away.  

6.2 Effect of boron additive in lubricants 

The temperature as well as the boron additive affects the friction coefficient. The wear track 

width increased with temperature. This relation was less clear for the tracks from tests with oil 

containing boron additive. If this depends on the boron additive or not is uncertain. The wear 

track width increase indicates that the viscosity decreased with temperature, and an oil with 

lower viscosity would lead to higher contact area of the surfaces in tribological contact where 

a transition from mixed to boundary lubrication might occur. See sections 2.3.1-2.3.2.   

 B was found both in and outside the track analyzed with SIMS which indicates that boron 

atoms or compounds not need any tribological contact to bind to the metal surface. It is not 

known if the binding of boron atoms or boron compounds to the metal surface is affected by 

the temperature.  

 Zn, Mg, P and S are elements that originate from the Castrol Edge Professional oil. Zn, P 

and S are found in the commonly used anti-wear agent Zinc Dithiophosphate (ZnDTP) [43] 
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and S is also an EP-additive used to produce a thin protective film on the surfaces in contact 

when the temperatures are high and when other additives cannot prevent wear [15]. Mg can 

be used as a detergent additive and/or corrosion inhibitor [44]. It is not surprising that high Zn 

amounts are found in tracks from tests that offered high friction coefficients. It is possible that 

the friction would have been even higher if these Zn additives had not been activated. It is 

however not clear if high friction generates high Zn concentrations in the tracks or vice versa.  

 No or a very small amount of the anti-wear additives seem to be activated at 25 °C. The 

friction might be low due to a presumably higher viscosity of the oil at 25 °C. 50 °C can be 

seen as a transition temperature for additives to be activated. Both the reference oil and oil 

with boron additive showed bigger variation in friction between the two tests at this 

temperature. Also the additives Zn, P and S were found in the tracks from tests at 50 °C. Tests 

with the reference oil at 80 and 100 °C provided higher friction coefficients than the same 

tests with the oil with boron additive. It is possible that the boron additive yields a noticeable 

effect on the friction situation only when the viscosity of the oil is lowered. Boric acid would 

probably hinder the formation of Zn based tribofilms by being easily sheared and thus lower 

the need of the anti-wear additives. It is not fully understood how the additives work and 

interact with boric acid, and further analyzing techniques are needed to get a better view of 

the chemistry. Examples of useful techniques are XPS and AES.  

 

6.3 Evaporated fuel enhancer on disk surface 

 

The friction coefficient was around 0.05 in the beginning of the tests with the boron additive 

surface and PAO-oil. The boron additive surface was formed by burning the fuel enhancer 

fluid. One explanation to why the friction coefficient not remained low, is that the boric acid 

cracked and flaked of the surface. The flakes were probably pushed aside and back and forth 

in the track until all or almost all boric acid had left the ball/disk contact area. One 

requirement for the lubricant success of boric acid is its replenishment in the contact region. 

In this case where it seemed as if the boron additive was pushed away from the contact region 

it is clear that the requirement needs to be fulfilled. The friction coefficient may have 

remained low for a longer time if the boric acid surface was thinner and maybe then not so 

easily cracked.  

 The boron additive surface had an effect on the friction coefficient both in dry and 

lubricated tests. It however seems as if this surface needs to be complemented by an oil in 

order to keep the friction as low as possible after cracking and transportation of boric acid 

flakes outside the track. 

6.4 Fuel enhancer and ethanol as lubricants 

 

The fuel enhancer with boric acid shows lower friction coefficients compared to ethanol when 

used as a lubricant in the continuous sliding test rig. The fuel enhancer concentration, and 

thereby the boric acid concentration, affects the friction behavior. The highest concentration 

tested offered the lowest friction coefficient. It is not known at which concentration the boric 

acid begins to influence the friction or if there is a maximum amount for the additive to be as 

effective as possible. Earlier tests [21] showed that a boric acid concentration of 4 wt%  in a 
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base oil provided the optimum friction coefficients.  It is therefore probable that the highest 

boric acid concentration tested (0.1-4%) obtain the lowest friction coefficient. 

 No B was detected with EDS in the tracks of tests where the fuel enhancer was used. Since 

several tests were performed on the same disk, it is possible that a following test with ethanol 

or fuel enhancer dissolved the possible B left in the tracks already formed.  

 

7. Conclusions 
This study shows that boric acid in lubricants and fuel enhancers can offer lower friction 

coefficients compared to those without boric acid. When the reference oil and oil with boron 

additive were tested at different temperatures, it was found that both the addition of boric acid 

and temperature affected the friction and wear. The width of the wear tracks were increasing 

with temperature and the boron additive seemed to lower the friction for tests at temperatures 

above 50 °C. The reference oil resulted in lower friction coefficients at 25 °C. Zn, P, S, Mg 

and O based tribofilms were formed during ball/disk contact at temperatures above 25 °C for 

the reference oil and oil with boron additive. The tracks from tests at 25 °C showed no Zn 

based films, but oxidized regions. 

 The amount of O was higher in the tracks than outside, and the Zn concentration in the 

tracks was depending on both the oil type and temperature. Tests with the boron additive oil 

obtained lower Zn concentrations at 50, 80 and 100 °C. Boric acid seemed to hinder the 

formation of Zn containing tribofilms, since the boron additive oil resulted in lower Zn 

concentrations compared to the reference oil at 50, 80 and 100 °C.   

 Tests with PAO-oil and boron additive surface obtained friction coefficients as low as 

around 0.05 in the beginning of a test. The friction increased until the layer of boric acid was 

supposedly cracked and dislocated from the contact region. 

 Further analysis and tests are needed to fully understand the chemistry and tribology in 

these lubricated contact situations.   

  

8. Future outlooks  
Complementing analysis techniques could be used in order to fully understand the chemistry 

in the wear tracks from tests with different oils and temperatures. Examples of such are X-ray 

Photoelectron Spectroscopy (XPS) and Auger Electron Spectroscopy (AES).  

 Furthermore, the viscosity of the oils could be compared after use at for instance 25 and 

100 °C, so that viscosity changes (between and within oils with and without boron additive) 

can be either excluded or included in the result discussion.  

 A test rig that can provide ball/disk contacts with higher area, and hence lower contact 

pressure, is of interest to use to further study the effect of the boron additive.  

 It would also be of infest to perform tribological tests with a PAO-oil with a boron 

additive, since there are no other additives in the oil.   
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Appendix 1. Tribological test equipment 

 

Reciprocating test rig 

 

 

Figure 36. Reciprocating test rig. 1) counterweight, 2) weights, 3) cantilever, 4) load cell measuring friction force, 5) oil 

container, 6) ball holder, 7) ball/disk, 8) thermocouple, 9) connecting rod and 10) circular plate.  

 

In the reciprocating test rig, a ball and disk were moving relative each other, creating a 2.0 cm 

long linear wear track (i.e. the cycle length is 4.0 cm). The frequency of the motion was 2 Hz 

in all tests, but it could be changed by altering the mounting position of the connecting rod (9) 

at the circular plate (10). Likewise, the load could be changed by varying the weights (2) on 

the cantilever (3). The temperature was measured with a thermocouple (9). The lubricant was 

added to the oil container (5) and a ventilated hood (not shown in Figure 36) was put on top of 

the test equipment.  
 A computer software was used to run the tribological test, and data such as temperature 

and friction force were recorded. The friction force was measured during a cycle by a load 

cell (4) and a mean value of the force was presented.  

 200 data points per cycle were saved and the interval between saved cycles was 10. The 

maximum contact pressure between the ball and the disk was approximately 800 MPa. This 

value was calculated by a Hertzian initial point contact calculator [45] with a Young's 

Modulus of 208 GPa, Poisson's ratio 0.30 [46], radius 5 and 0 mm of the two bodies in 

contact and a load of 5 N.  
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Continuous sliding test rig 

 

 

Figure  37. Continuous sliding test rig. 1) counterweight, 2) cantilever, 3) Ball holder, 4) weights, 5) load cell measuring 

friction force, 6) fluid container, 7) rotating cylinder and  8) disk. 

The continuous sliding test rig in Figure  37, is similar to the reciprocating rig in Figure 36. 

The greatest difference is the created wear tracks, see Figure 38.  

 The ball and the disk move relative each other with a specified test length, rotation speed 

(1 cycle/s), and rotation radius (3 mm).  The fluid container moves due to the motion of the 

rotating cylinder (7).  

  The maximum contact pressure between the ball and the disk was approximately 1 GPa. 

This value was calculated by a Hertzian initial point contact calculator [45] with a Young's 

Modulus of 208 GPa, Poisson's ratio 0.30 [46], radius 5 and 0 mm of the two bodies in 

contact and a load of 10 N.  

 

Geometry of wear tracks 

The two tribological test equipments obtain different types of wear tracks on the disks. The 

continuous sliding test rig creates cylindrical tracks, whereas linear tracks are created by the 

reciprocating rig. Figure 38 below illustrates the varying track appearances.  

   

                                                 a)                                        b)                                        c) 

Figure 38. a) Test geometry of the ball and the flat disk. b) 2 cm long linear wear track created by the reciprocating test rig 

and c) circular wear tracks with a radius of 3 mm created by the continuous sliding test rig.  
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Appendix 2. Wear track topography of tests of boron additive effect 
 

    
Figure 39. Wear track 1 and 2 from tests with oil with boron 

additive at 25 °C.  
Figure 40. Wear track 1 and 2 from tests with oil with boron 

additive at 50 °C. 

 

    
Figure 41. Wear track 1 and 2 from tests with oil with boron 

additive at 80 °C. 
Figure 42. Wear track 1 and 2 from tests with oil with boron 

additive at 90 °C. 

 

    
Figure 43. Wear track 1 and 2 from tests with oil with boron 

additive at 100 °C. 
Figure 44. Wear track 1 and 2 from tests with oil with boron 

additive at 105 °C. 

 

    
Figure 45. Wear track 1 and 2 from tests with reference oil 

at 25 °C. 
Figure 46. Wear track 1 and 2 from tests with reference oil 

at 50 °C. 

 

    

Figure 47. Wear track 1 and 2 from tests with reference oil 

at 80 °C. 
Figure 48. Wear track 1 and 2 from tests with reference oil 

at 100 °C. 
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                                                              a)                                                           b)                                                            c) 

Figure 49.  Wear track 2 from a test with oil with boron additive at 25 °C. a) wear track on the disk, b) and c) corresponding 

wear track on the ball.  

 

   
                                                            a)                                                             b)                                                             c) 

Figure 50. Wear track 1 from a test with oil with boron additive at 50 °C. a) wear track on the disk, b) and c) corresponding 

wear track on the ball. 

 

   
                                                            a)                                                             b)                                                             c) 

Figure 51. Wear track 1 from a test with oil with boron additive at 80 °C. a) wear track on the disk, b) and c) corresponding 

wear track on the ball. 

 

   
                                                            a)                                                            b)                                                             c) 

Figure 52. Wear track 1 from a test with oil with boron additive at 90 °C. a) wear track on the disk, b) and c) corresponding 

wear track on the ball. 
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                                                            a)                                                             b)                                                             c) 

Figure 53. Wear track 2 from a test with oil with boron additive at 100 °C. a) wear track on the disk, b) and c) corresponding 

wear track on the ball. 

 

   
                                                            a)                                                             b)                                                             c) 

Figure 54. Wear track 2 from a test with oil with boron additive at 105 °C. a) wear track on the disk, b) and c) corresponding 

wear track on the ball. 

 

   
                                                            a)                                                             b)                                                             c) 

Figure 55. Wear track 1 from a test with reference oil at 25 °C. a) wear track on the disk, b) and c) corresponding wear track 

on the ball.  

 

   
                                                            a)                                                             b)                                                             c) 

Figure 56. Wear track 2 from a test with reference oil at 50 °C. a) wear track on the disk, b) and c) corresponding wear track 

on the ball.  
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                                                            a)                                                             b)                                                             c) 

Figure 57. Wear track 2 from a test with reference oil at 80 °C. a) wear track on the disk, b) and c) corresponding wear track 

on the ball.  

 

   
                                                            a)                                                             b)                                                             c) 

Figure 58. Wear track 1 from a test with reference oil at 100 °C. a) wear track on the disk, b) and c) corresponding wear 

track on the ball.   

  
Figure 59. 2D profile of wear track 1 from tests with reference oil and oil with boron additive respectively, at 25, 50, 80, 90, 

100 and 105 °C.  

  
Figure 60. 2D profile of wear track 2 from tests with reference oil and oil with boron additive respectively, at 25, 50, 80, 90, 

100 and 105 °C. 
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Appendix 3. SEM images of tracks from tests of boron additive effect 
 

Track from test with oil with boron additive at 25 °C 

 

  
                                                                               a)                                                                               b) 

  
                                                                               c)                                                                                d) 

Figure 61. SEM images of a part of track 1 from a test with the oil with boron additive at 25 °C. The acceleration voltage 

was 5 kV. a) - d) show parts of the track at different magnifications. 

 

Track from test with reference oil at 25°C 

 

  
                                                                               a)                                                                                b) 

  
                                                                               c)                                                                                d) 

Figure  62. SEM images of a part of track 1 from a test with the reference oil at 25 °C. The acceleration voltage was 5 kV.  

a) - d) show parts of the track at different magnifications.  
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Track from test with oil with boron additive at 100 °C 

 

  
                                                                                   a)                                                                                   b) 

  
                                                                                   c)                                                                                   d) 

Figure 63. SEM images of a part of track 2 from a test with the oil with boron additive at 100 °C. The acceleration voltage 

was 5 kV. a) - d) show parts of the track at different magnifications. 
 

Track from test with reference oil at 100°C 

 

  
                                                                                  a)                                                                                   b) 

   
                                                                                  c)                                                                                   d) 
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                                                                                  e)                                                                                    f) 

Figure 64. SEM images of a part of track 1 from a test with the reference oil at 100 °C. The acceleration voltage was 5 kV 

for a)-d) and 1 kV for e) and f). a) - f) show parts of the track at different magnifications. 
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Appendix 4. EDS mappings of tracks from tests of boron additive effect 
 

Track from test with oil with boron additive at 25 °C 

 

 

 

Figure 65. EDS mapping of a part of track 1 from a test with boron additive oil at 25 °C.  
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Track from test with reference oil at 25 °C 

 

 

 

Figure 66. EDS mapping of a part of track 1 from a test with reference oil at 25 °C.  
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Track from test with oil with boron additive at 100 °C 

 

 

 

Figure 67. EDS mapping of a part of track 2 from a test with the oil with boron additive at 100 °C.  
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Track from tests with reference oil at 100 °C 

 

 

 
Figure 68. EDS mapping of a part of track 1 from a test with the reference oil at 100 °C. 
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Figure 69. EDS mappings of a part of track 1 from a test with the reference oil at 100 °C. 
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Appendix 5. EDS spectra of tracks from tests of boron additive effect 
 

Tracks from tests with oil with boron additive 

  
                                                                                               a)                                                                                               b) 

Figure 70. Comparison of the EDS spectra recorded from three positions on tracks from tests with the boron additive oil at 

50 °C. a) track 1 and b) track 2. The acceleration voltage was 5 kV.  Position 3 track 1 was chosen to represent the spectra for 

both tracks at 50 °C. 

 

  
                                                                                              a)                                                                                               b) 

  
                                                                                              c)                                                                                               d) 
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                                                                                               e)  

Figure 71. Comparison of the EDS spectra recorded from three positions on tracks from tests with the boron additive oil at a) 

25 °C (track 1), b) 80 °C (track 2), c) 90 °C (track 1), d) 100 °C (track 2) and e) 105 °C (track 1). The acceleration voltage was 

5 kV.  The following positions were chosen to represent the tracks seen in a)-e): 2, 3, 2, 3, 1 and 2.   

 

 

Figure 72. The EDS spectra from tests with oil with boron additive at 25, 50, 80, 90, 100 and 105 °C. One track per 

temperature and three measurements per track are presented. The acceleration voltage was 5 kV.  
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Tracks from tests with reference oil 

  
                                                                                              a)                                                                                              b) 

  
                                                                                              c)                                                                                               d) 

Figure 73. Comparison of the EDS spectra recorded from three positions on tracks from tests with the reference oil at  

a) 25 °C (track 2), b) 50 °C (track 2), c) 80 °C (track 1) and d) 100 °C (track 2). Position 3 for tests a)-e) was used to represent 

the tests at each temperature.  
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Appendix 6.  SIMS spectra of track from test of  boron additive effect 
 

  
                                                                                              a)                                                                                                 b)  

  
                                                                                              c)                                                                                                 d) 

  
                                                                                              e)                                                                                                 f)  

  
                                                                                              g)                                                                                                 h)  

Figure 74. SIMS spectra in and outside a wear track from a test at 80 °C with oil with boron additive. The primary ion beam 

was Ga+ ions with an energy of 15 kV. a) spectra illustrating the presence of B (B10 and B11)  in the track. b) spectra 

illustrating the presence of B outside the track. c) spectra illustrating the presence of B in the track after 180 s sputtering.  d) 

spectra illustrating the presence of B outside the track after 180 s sputtering. e) spectra illustrating the presence of Zn (Zn64, 

Zn66, Zn67 and Zn68) in the track. f) spectra illustrating the presence of Zn outside the track. g) spectra illustrating the presence 

of Zn in the track after 180 s sputtering. h) spectra illustrating the presence of Zn outside the track after 180 s sputtering.   
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Appendix 7. Wear track topography of tests with burned fuel enhancer 
 

  
Figure 75. VSI images of wear track 1 and 2 from tests with PAO-oil without the boron additive surface at 100 °C. 

 

 

 

                                                                   a)                                                                          b) 

 

 

                                                                  c)                                                                                           d) 

Figure 76. VSI images of the wear track from the dry test with boron additive surface at room temperature. a) and c) 3D 

image of the wear track at different positions. b) and d) corresponding  top view images of a) and c). 

   

  
Figure 77. VSI images of the wear track 1 and 2 from the lubricated test with the boron additive surface at 100 °C.  
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                                                            a)                                                             b)                                                             c) 

Figure 78. Wear track 2 from a test with PAO-oil without the boron additive surface at 100 °C. a) wear track on the disk,  b) 

and c) corresponding  ball wear track . 

 

   
                                                            a)                                                             b)                                                             c) 

Figure 79. Wear tracks on the disk and ball from dry tests of the  boron additive surface at room temperature. a) wear track 

on the disk,  b) and c) corresponding ball wear track. 

 

   
                                                            a)                                                             b)                                                             c) 

Figure 80. Wear track 2 from a lubricated test of the  boron additive surface at 100 °C. a) wear track on the disk,  b) and c) 

corresponding ball wear track .  
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Appendix 8. EDS spectra of tests with burned fuel enhancer  
 

  
                                                                              a)                                                                              b) 

 

 

                                                                              c)  
Figure 81. Comparison of the EDS spectra recorded from different positions on tracks from dry and lubricated tests of the 

boron additive surface. a) three EDS spectra on a track from dry tests of boron additive surface. b) three EDS spectra on a 

track from lubricated boron additive surface. c) two EDS spectra recorded outside the tracks from tests with the boron 

additive surface. The boric acid on the surface was washed away before analysis. Position 3 in both a) and b) was chosen to 

represent respective spectra. 
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Appendix 9. Wear track topography of fuel enhancer and ethanol as 

lubricants 

  
                                                                      a)                                                                       b) 

  

                                                                      c)                                                                        d) 

Figure  82. VSI-analysis of wear tracks from tests in the continuous sliding test rig lubricated with a) 35 ml EtOH, b) 70 ml 

EtOH, c) 35 ml fuel enhancer and d) 70 ml fuel enhancer.  

 

Appendix 10. X-ray Emission Lines 

 

Table 6. K-level and L-level emission lines in keV [48]. 

No.  Element Kα1 Kα2 Kβ1 Lα1 Lα2 Lβ1 

5 B 0.1833      

6 C 0.277      

8 O 0.5249      

12 Mg 1.25360 1.25360 1.3022    

14 Si 1.73998 1.73938 1.83594    

15 P 2.0137 2.0127 2.1391    

16 S 2.30784 2.30664 2.46404    

20 Ca 3.69168    3.68809 4.0127 0.3413 0.3413 0.3449 

24 Cr 5.41472 5.405509 5.94671 0.5728 0.5728 0.5828 

25 Mn 5.89875 5.88765 6.49045 0.6374 0.6374 0.6488 

26 Fe 6.40384 6.39084 7.05798 0.7050 0.7050 0.7185 

28 Ni 7.47815 7.46089 8.26466 0.8515 0.8515 0.8688 

30 Zn 8.63886 8.61578 9.5720 1.0117 1.0117 1.0347 
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Appendix 11.  Friction and wear dependence of steel materials 
Two types of steel materials were tested with oil with boron additive at 105 °C in the 

reciprocating test rig, see Table 7. The aim was to investigate the difference in friction and 

wear on disks with different hardness and surface roughness, Ra. Two tests were performed 

with the ball bearing steel used in earlier tests and one with a construction steel (SS2172). The 

oil was changed between the tests. A test lasted for 45 000 cycles and a 5 N load was applied 

on the disk.  

 
Table 7. Information of the steel materials used in the tests. 

Steel material Hardness [HV] Surface roughness, Ra [μm] 

A - ball bearing steel 745 7.70 0.27   0.01 

B - steel SS2172 (construction steel) 295 13.0 0.53   0.01 

 

Friction behavior 

Figure 83 show that steel B (construction 

steel) which is both softer and have a rougher 

surface compared to steel A (ball bearing 

steel), obtains a higher friction coefficient in 

the first 30 000 cycles of the test. The curves 

for steel A are quite stable from the 

beginning, and there seems to be no or little 

running in on these disks. The friction 

coefficient of material B is decreasing at 

cycles > 30 000 and is then showing the 

same appearance as steel A. This indicate 

that steel B needs running in, and when the 

wear particles from the tracks are either too 

small or transported outside the track, the 

friction coefficient is reduced.  

 
Figure 83. Comparison of ball bearing steel (steel A) and 

construction steel (steel B)  at 105 °C when oil with boron 

additive was used. Only one test with steel B was performed. 

 

 

The width of the steel B track is 0.63 mm compared to 0.20 and 0.18 mm for the steel A 

tracks, i.e. approximately 3 times wider, see Figure 84. 

 

   

                                                    a)                                                      b)                                                     c) 

Figure 84. Wear tracks from tests with boron additive oil at 105 °C. a) wear track of steel B with a width of  0.63 mm. 

"Data restore" was used to create the image, b) wear track 1 of steel A with a width of  0.20 mm, c) wear  track 2 of steel A 

with a width of  0.18 mm. 

 


