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Abstract 

Global concerns for the environmental impact of pollutants from automotive sources 

require considerable reduction of phosphorus and sulphur-based antiwear additives in 

lubricating oils. One of such additives used as antiwear/extreme pressure (EP) 

additives in lubricating oils is Zinc Dialkyl DithioPhosphate (ZDDP). Potential 

replacements for ZDDP are antiwear/EP boron-based additives. In this study, a 

comprehensive evaluation of the tribological properties of model oils of different 

types of borate antiwear additives are considered for comparison to ZDDP on steel 

surfaces in tribo-contact.  

In this thesis, tribological experiments in pure sliding under boundary lubrication 

conditions were performed using pin-on-reciprocating plate test rig with variations of: 

additive concentrations in the oil, bulk-oil temperature, sliding process, dissolved, and 

free water contamination tests. The coefficient of friction response and antiwear 

performance of tribofilms were evaluated. Bulk oil analysis of the model oils were 

performed to evaluate their response to different thermal and oxidative conditions in 

comparison to ZDDP. In addition, chemical characterization of key crystalline boron 

compounds was done. The physical and chemical aspects of tribofilms generated 

during tribological tests were evaluated using surface analysis techniques such as: 

Optical white-light interferometry, Atomic Force Microscopy (AFM), Focused Ion 

Beam-Scanning Electron Microscopy (FIB-SEM), Raman Spectroscopy, X-ray 

Photoelectron Spectroscopy (XPS) and Nanoindentation. 

One of the key findings of this study is that tribofilms from hydrolytically unstable 

borates additives gave poor antiwear performance compared to ZDDP and other 

synthetic borate additives with better resistance to hydrolysis. This study has revealed 

that boric acid is not directly responsible for the poor antiwear performance as 

previously understood. Tribochemistry results by this thesis has shown that high 

atomic concentration of boron and particles such as; boron nitride and carbides acts 

as third body abrasives, are responsible for the poor antiwear performance. The 

established antiwear mechanism of borate tribofilms relies on the digestion of 

abrasive iron oxides by trigonal structural groups in boron oxide. Results at different 

test conditions from this research have indicated that boric acid, iron oxyhydroxide, 

and tetragonal structural units in boron oxide plays a major role in this process. The 
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established friction reducing mechanism of boron-containing tribofilms relies on the 

weak van der Waal’s of boric acid and passivation of its high energy edge-sites by 

moisture. Another major finding of this PhD thesis is that decomposition and volatility 

of boric acid at certain temperatures affects the easy shear of the lamellar. 

An important finding from this study indicated that the abnormal behaviour of boron 

oxide effect in borosilicate glass manufacture could also affect the antiwear 

performance and durability of tribofilms containing nanoparticle alkali borate ester. 

In addition, the hardness of built-up tribofilms from oils containing hydrated 

potassium borate was found to be comparable to ZDDP, unlike organic borates which 

gave significantly higher hardness. Another major finding of this research is that in 

moisture-rich atmosphere, borate tribofilms formed on ferrous surfaces was more 

wear-resistant than ZDDP due to their different tribochemistry. 
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Chapter 1  

Introduction 

1.1 Emission challenges from internal combustion engines 

The release of an excess amount of certain heat-trapping gases into the atmosphere is 

a major global challenge presently facing humanity. This causes a dramatic effect on 

the climate resulting in the melting of glaciers, rising sea levels, drying forests and 

extreme weather conditions; more rain followed by longer siccative droughts. In many 

parts of the world, these factors bring along with it economic instability. 

The greenhouse gases emitted to the atmosphere and their relative contributions to 

greenhouse effects are; methane (CH4 = 4.4%), Nitrogen (I) Oxide (N2O = 1.5%), 

Ozone (O3 = 8%), Carbon IV Oxide (CO2 = 26%), water vapour (60%) and others 

(0.1%) [1]. About 95.7 % of CO2 in the environment has been estimated to come from 

natural sources, such as: organic decomposition, ocean release, respiration and 

volcanoes [2]. The rest are due to anthropogenic sources. However, the second largest 

emission of CO2 into the atmosphere through human activity was attributed to 

combustion of hydrocarbon fuels in internal combustion engines (IC) [3]. 

The IC engines used in such devices for the transportation of goods and people by 

land, air and sea have been identified to be responsible for about 22% of the global 

primary energy consumption. Road transportation accounts for 72% of the 22% total 

energy use, and 18% of global anthropogenic greenhouse emission as shown in  

Figure 1-1. Passenger cars have been identified to account for more than 80% of the 

total CO2 emissions into the atmosphere [3]; unlike the lower contributions by 

shipping cargo with about 2.2-2.7 % [4]. This is due to the fact that having personal 

cars is powerful and pervasive, as it provides freedom, convenience and comfort to 

their owners. Hence, vehicle demands was estimated to rise from 850 million in 2011 

[3] to over 1 billion by 2020 [5].  

In view of the consequential outlook of a higher level of CO2 above the natural balance 

in the environment, substantial reduction from automotive sources have links to 
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technological improvement of fuel economy in internal combustion engines.  Future 

engine designs are expected to have lower weight, advanced valve train and 

combustion systems, with ash-less boundary lubrication target of low friction and 

wear lubricant additives for the engine oil. 

 

Figure 1-1 Global CO2 emissions contribution into the atmosphere [6] 

 

1.2 Future lubrication schemes for internal combustion engines 

Emissions from exhaust fumes could contain carbon monoxide (CO), oxides of 

nitrogen (NOx) and unburnt hydrocarbon that could either be oxidized or reduced by 

emission control system as shown in Equation 1- 1, Equation 1- 2 and  

Equation 1- 3. Environmental regulatory agencies of many countries in the world have 

legislative mandate that these catalysts must remain highly effective for up to about 

193,000 km of service [7]. Hence, the challenges in pollution control from automotive 

exhaust system requires expensive catalytic converter system.  

However, evidence on how these catalyst degrade points to the volatility of 

phosphorus in ZDDP. Combustion products of these additives also contain oxides and 

phosphates that have irreversible and deleterious effects on particulate filters in 

modern vehicles [8-10]. Hence, ZDDP oil additive is classified as sulphated ash, 

phosphate and sulphur (SAP) based additives. 
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A way of limiting the amount of phosphorus in engine oils is to reduce the 

concentration of ZDDP in oils. The regulatory framework for achieving these are 

provided by American Petroleum Institute (API) and International Lubricant 

Standards and Approval Committee (ILSAC).  In 1995, API SI and ILSAC GF-2 

limited the phosphorus level to a maximum of 0.1 (mass) %, that was further reduced 

to 0.08 (mass) % in ILSAC GF-4 [7].  Any further reduction in ZDDP concentration 

in the oil could adversely affect its antiwear performance and durability of tribofilms 

formed on the component parts of the IC engines, as shown in Figure 1-2. Hence there 

is need for a study on how the amount of phosphorus in engine oils can be reduced if 

not eliminated without sacrificing the antiwear performance and durability of  

tribo-component parts of IC engines.  

In view of environmental restrictions limiting the use of ZDDP additive that  

boron-containing antiwear/EP lubricant additives are considered as a possible 

alternative to ZDDP [11-13]. This is based on literature study which showed that 

vehicles lubricated with oils containing boron antiwear additives produce lower CO 

emissions than those containing ZDDP [14]. In addition, the same study revealed little 

differences in terms of wear reduction and cleanliness performance compared to 

ZDDP. Thus, if boron-containing lubricant additives can lower CO emission and 

produce comparable antiwear performance to ZDDP in IC engines, then the level of 

phosphorus in engine oils can be considerably minimized if not eliminated. 

Boron is a relatively rare-element in the Earth’s crust, but is always found 

concentrated in water due to its high solubility in form of borate minerals and boric 

acid. The global proven reserves of boron minerals has been shown to exceed  

1.2 billion metric tonnes against a yearly production of about 4 million tonnes 

per/annum [15]. The countries with the largest deposits of boron compounds are 

2CO     +   O2    →    2CO2 Equation 1- 1 

CxH2x+2   +   
(3𝑥+1)

2
 O2   →   xCO2   +   (x+1)H2O 

Equation 1- 2 

2NOx    →    xO2   +    N2 Equation 1- 3 
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Turkey and United State of America (USA). They both have a combined share of 90% 

[16]. Presently, the major global demand for borates are in fiberglass and borosilicate 

glassware production [15, 17]. 

The most common contacting surfaces in IC engines that are prone to frictional losses 

and engine wear are: piston, bearings and valve train assembly. Piston assembly in IC 

engines accounts for the largest share of mechanical losses. At the piston  

dead-centres, boundary lubrication dominates and hydrodynamic lubrication at the 

mid-stroke [18]. For the valve train assembly, boundary and mixed lubrication 

conditions dominates, unlike the bearing assembly where hydrodynamic regime 

prevails. The part of valve train that is noted for high wear rates due to asperity 

contacts is the cam/follower contact configuration. In the cam/follower tribocontact, 

the operating regime is mainly by boundary lubrication regime [19]. In this lubrication 

regime, the chemistry of reacted layers plays a more important role than lubricant 

viscosity. Hence, experiments for this research were carried out under boundary 

lubrication conditions, based on the highest wear rates occurring at this lubrication 

regime.  

 

Figure 1-2 A schematic diagram of an internal combustion engine [20] 
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The formation of polyphosphate species on ZDDP tribofilms has been shown to 

depend not only on the wear process, but also on temperature [21]. Hence, a potential 

substitute for ZDDP should be studied under different test conditions in other to fully 

understand their antiwear performance and durability behaviour. 

The antiwear mechanism established for borate lubricant additives on Fe-based 

materials have been based on Pearson’s Hard Soft Acid Base (HSAB) principle [22]. 

However, this assumed negligible effect of: hydrolysis by-products, no transformation 

in borate anions due to changes in physical properties, and effects of boric acid in 

aqueous solution on oxides of iron. In addition, the friction reducing mechanism of 

borate tribofilms has been hinged on boric acid; based on its weak van der Waal’s 

[23], and passivation of high energy edge-site of lamellar boric acid [24]. However, 

these mechanism assumed that boric acid is stable at all temperatures, and more 

amount of boric acid formed on surfaces would give better friction coefficient 

reduction. Hence, the study of tribofilms formed by boron-containing oils is necessary 

under different test conditions in order to elucidate the suitability of borate additives 

as zero-SAP substitute for ZDDP antiwear/EP additive in engine oils for IC engines. 

1.3 Aims and Objectives 

The aim of this PhD work was to assess the relative susceptibility to hydrolysis of 

non-synthetic borate additives to synthetic additives. This study will further 

investigate the physical nature of reacted layer formed on ferrous surfaces under 

boundary lubrication regime and different extrinsic conditions by oils containing 

boron additives using ZDDP as reference.  In addition, the study of lubrication 

chemistry of borate tribofilms formed at different tribological test conditions under 

boundary lubrication regime could elucidate on the influence of these conditions on 

established friction reducing and antiwear mechanisms.  

To achieve these aims, a number of objectives were set out, namely to: 

 Assess the hydrolytic stability and thermo-oxidative stability of lubricating 

oils containing synthetic and non-synthetic borate additives in comparison to 

ZDDP. Following this results, moisture absorption characteristics of oils 

containing synthetic additives and key crystalline boron compounds are 
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undertaken. This is to provide an understanding of the differences between 

synthetic and non-synthetic borate additives, and also between synthetic 

borate additives and ZDDP in terms of affinity for moisture absorption. 

 To assess the tribochemical behaviour of borate additives at different additive 

concentrations against the ZDDP additive through physical and chemical 

surface characterization. This is to provide a better understanding of how 

hydrolytic stability not only affects the tribochemistry of borate tribofilms, but 

also the borate friction reducing and antiwear mechanisms. 

 To explore the effect of temperature on antiwear performance and durability 

of borate tribofilms. Surface characterization of borate tribofilms formed at 

different bulk oil temperatures are expected to explain how the established 

antiwear mechanism could be affected by boric acid decomposition and 

transformation of B2O3 structural units. 

 To investigate how borate antiwear mechanism is affected by humidity 

increase in the surrounding environment through chemical and physical 

surface analysis of the formed tribofilms. This is to elucidate on the limit of 

borate tribofilms synergy with moisture for effective antiwear performance. 

 To evaluate the friction and antiwear performance of borate additives in 

comparison to ZDDP with increasing water content in the oil. Post-test surface 

analysis of boundary films formed under thermal and tribo-oxidation 

conditions could elucidate the limitation of their tribochemistry with regards 

to their antiwear mechanism. 

1.4 Thesis outline 

 Chapter One: This consists of introduction and justification for the study. In 

addition, the aims and objectives of this thesis and some theories of tribology, 

lubrication and boron chemistry are discussed 

 Chapter Two: Literature review of conventional ZDDP, organic borates and 

metal borate dispersions antiwear lubricant additives on ferrous surfaces in  

tribo-contact under various extrinsic conditions 
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 Chapter Three: Overview of experimental methodology, and details of sample 

properties, sample preparation procedure, lubricants, test rigs, bulk oil and 

surface analysis techniques  

 Chapter Four: Hydrolytic and thermo-oxidative stability results from bulk oil 

analysis, moisture absorption of oils and moisture adsorption by major 

crystalline boron compounds experiments are provided in this chapter 

 Chapter Five: Friction and wear experiments and results from variable 

concentration, temperature, and water-based contaminants are contained in 

this chapter 

 Chapter Six: Physical characterization of tribofilms using Atomic Force 

Microscope (AFM) images, Nanoindentation and Focussed ion beam-

Secondary Electron Microscope (FIB-SEM) 

 Chapter Seven: Chemical characterization of tribofilms results using X-ray 

Photoelectron Spectroscopy (XPS) and Raman Spectroscopy 

 Chapter Eight: A comprehensive discussion of the results obtained from 

various bulk oil analysis tests, tribological experiments and surface analysis in 

relation to published literatures are presented in this chapter 

 Chapter Nine: This chapter contains the main conclusions from this PhD. 

research and future works. 

1.5 Background and Theories 

1.5.1 Introduction to tribology 

 The term ‘Tribology’ has its prefix rooted from the Greek word ‘tribos’ implying 

‘rubbing’ or ‘to rub’, while the suffix, ‘ology’ means ‘the study of’, that literary 

translates to be ‘ the study of things that rub’. The word was officially used for the 

first time in ‘The Jost Report’ to the British Parliament in 1966, while the scientific 

basis for modern understanding of  tribology was established by scientist like; Hertz, 

Reynolds, Hamrock, Dowson, Bowden and Tabor [3]. Tribology is the science and 

technology of interacting surfaces in relative motion and of related subject and 

practices. The transmission of normal or tangential forces between two bodies in 

relative motion may take place.  
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In certain engineering systems and mechanics related to our everyday lives, tangential 

forces are required to be minimized in order to control motion or improve system 

efficiency by optimizing factors related to tribological interface, as shown in  

Figure 1-3.  

 

Figure 1-3 Fundamental factors affecting tribology of IC tribo-components [25] 

 

1.5.2 Friction 

Friction is the force opposing the relative motion of one body in contact with another. 

The classes of frictional forces are sliding and rolling friction. Sliding friction requires 

conformal surfaces; contacting surfaces that fits snugly into each other, so that load 

distribution spreads over a relatively large area. On the other hand, rolling friction 

involves non-conformal surfaces; here, the full burden of load distribution is 

concentrated on a small lubrication area [26]. 
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The first two laws governing friction for bodies in dry sliding contact conditions as 

postulated by Leonardo da Vinci (1452-1519) and was re-established by Guilanme 

Amontons in 1699. The third law of friction was formulated in 1781. The three laws 

are stated as; 

 The first law of friction describes the tangential force opposing motion 

(friction force, F) as proportional to the normal applied load (W)  

 The second law of friction describes frictional force is independent of the size 

or apparent area of the contacting solids, but rather on the real area of contact. 

This assumed that apparent area is equal to the real area of contact by assuming 

that normal load is pressure multiplied by apparent; instead of real area as 

mostly recognized in most tribological analysis.   

 The third law of friction describes kinetic friction (force required to maintain 

motion) as lower than static friction (force required to start sliding) and is 

independent of the sliding speed. Initially, there is asperity interlocks between 

the two contacting surfaces which makes it harder to overcome, but once the 

interlock is broken it will be easier to sustain the sliding process with less 

energy. 

These laws are generally obeyed by metals, but are found to be different when 

polymers and rubbers are unlubricated contacting solids [26], which was expressed in 

Appendix A: Equation A.1.- 1, Equation A.1.- 2 and Equation A.1.- 3. Another 

expression for coefficient of friction in terms of mechanical properties of the sliding 

material is shown in Equation A.1.- 4. If the Hertzian contact model is considered, 

low friction can result by using sliding materials of low shear strength and high 

contact pressure [27]. This is possible by the formation of a relatively thin low-shear 

strength layers with increasing contact pressure by using additives in lubricants. The 

shear strength of MoS2 has been estimated to be about 24.8 MPa [28] to give low 

friction coefficient on surfaces and that of boric acid as 22.9 MPa [27]. Hence, the 

lubricious nature of boric acid based on its friction reducing properties could be an 

added advantage of the ZDDP additive.  
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1.5.3 Wear 

This is an undesirable consequence of friction, with the progressive physical scathe, 

because of material loss from the operating surface of a body due to its relative motion. 

Wear is a system property like friction, and not a material property. There are three 

broad wear types, which can further be broken down into six interrelated modes, as 

described in Table A.2.- 1. The general laws of wear are very similar to the laws of 

friction in dry sliding condition. Wear in tribological systems is often described 

according to Archard’s wear law as the proportionality of wear volume to the product 

of real area of contact and sliding distance, as shown in Equation A.2.- 1, based on 

the assumptions that: 

 Local contact occurs when asperities interact, 

 Each individual asperity contact is circular, 

 For metals, asperity deformation is plastic, 

 The real contact area is proportional to normal load, 

 The region of contact under consideration is isothermal 

Adhesive wear is known to be common with metal/metal contact interactions. It is 

described as the displacement and attachment of wear debris or material from one 

surface to another. This is unlike abrasive wear that occurs when hard particles are 

forces against and at the same time moves along the solid surfaces in relative motion. 

The hard particle sources could be: dirt in the housing, sand or scale from castings, 

metal wear particles, and particles introduced into housing when filling with 

lubricating oil. The relationship between Archard’s law, adhesive wear and abrasive 

wear shown in Equation A.2.- 2 and Equation A.2.- 3 are used to assess the relative 

wear rates of lubricated worn surfaces. In order to minimize the negative effect of 

friction and wear, most engineering approaches to overcoming the consequences of 

wear involves: 

 Use of special low-friction materials, 

 Use of lubrication processes involving the interposition of solid, liquid, or gas 

medium between the contacting surfaces, 

 Conversion of sliding friction into rolling friction with clever designs; since 

rolling friction is much smaller than sliding friction. 
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The combination of these approaches could greatly reduce friction and wear, but also 

the influence of physical properties of interacting surfaces, interposing lubricant and 

physicochemical interactions of reacted layers with the surroundings. Hence, a careful 

study of the physical and chemical nature of reacted layers formed by additives used 

as additives in lubricating oils of internal combustion engines is necessary during 

tribological process. These chemical agents are expected to act as an alternative to the 

conventional S- and P-containing IC engine oils in order to meet environmental and 

legislative challenges. 

1.5.4 Lubrication 

Lubrication is used in mechanical systems in order to minimize the negative effect of 

friction and wear of machine components. This is achieved by providing interposing 

layers between contacting solids in relative motion. The functions of lubricant in an 

I.C engine are to; 

 Form an easily sheared viscous lubricant films with the potential to carry a 

relatively large applied load, 

 Prevent corrosion, 

 Transport contaminants from the system, 

 Assist in sealing spaces, 

 Reduce friction coefficients between interacting surfaces, 

 Act as coolant 

The variation of coefficient of friction (COF) had been shown to be a function of 

lubricant  film parameter (Ʌ), or the ratio of the product of the lubricant viscosity and 

speed to the normal load applied which can be describe by the basic Stribeck curve 

shown in Figure 1-4. If the lubricant film thickness is large enough to separate the 

interacting surfaces, hydrodynamic lubrication (HL) lubrication condition or regime 

is at play. In this type of lubrication regime, the bulk properties of the lubricant  

(i.e. viscosity) governs the lubrication of the solid surfaces rather than the elastic 

deformation of the lubricated surfaces. However, if there is considerable elastic 

deformation of the lubricated surfaces in addition to complete separation by 

lubricating film, the type of hydrodynamic lubrication that arises is known as elasto-
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hydrodynamic lubrication (EHL). In this lubrication regime, the lubricant and material 

properties are important in controlling friction.  

 

Figure 1-4 Stribeck curve to depict friction coefficient as a function of viscosity, load 

and speed for a lubricated system [29] 

 

The other lubrication regimes are; Boundary lubrication (BL) and Mixed lubrication 

(ML). In Boundary lubrication (BL) regime there is negligible fluid film effect in 

separating the contacting surfaces with considerable asperity-to-asperity contact. 

Here, the friction characteristics of interacting surfaces is governed by the properties 

of the solids and the lubricant films formed at the common interface. In mixed 

lubrication (ML) regime, penetration of lubricant film occur due to excessively high 

pressures or too low running speed in the EHL tribocontact, with a behaviour 

governed by fluid films and boundary lubrication effects. The different lubrication 

regimes can be distinguished from one another by determining the film parameter (Ʌ), 

defined mathematically in Equation A.3.- 1 to Equation A.3.- 8 as shown in Appendix 

A.3. The characterisation of the film parameter (Ʌ) into the various lubrication 

regimes is possible if  Ʌ is within the range stated below [30]; 

 Hydrodynamic lubrication; 𝟓 ≤  Ʌ < 𝟏𝟎𝟎 

 Elasto-hydrodynamic lubrication; 𝟑 ≤  Ʌ < 𝟏𝟎 

 Mixed lubrication; 𝟏 ≤  Ʌ <  𝟓 

 Boundary lubrication; Ʌ < 𝟏 



 

13 

 

1.5.5 Introduction to the boron chemistry 

Boron is a non-metallic chemical element with symbol B belonging to group 13 and 

period 2 of p-block on the periodic table of chemical elements with a shell structure 

shown in Figure 1-5 which indicates electron deficiency in its outermost shell. It is 

the only non-metallic element with vacant valence shell. This makes it have unusual 

binding conditions and structural complexity. Boron has electronic configuration, 

atomic number and atomic weight of 1s2 2s2 2p1, 5 and 10.81 respectively.  

 

Figure 1-5 Shell structure of boron [31] 

 

The first attempt to isolate boron as an element was by reduction of boric acid (H3BO3) 

or B(OH)3 with Sodium (Na) or Magnesium (Mg) to yield about 50 % purity was 

undertaken by three eminent scientists namely; Humphrey Davy, Joseph Louis  

Gay-Lussac and Louis Jacques Thenard [32]. However, boron was recognized to be 

isolated at 99% purity by Ezekiel Weintraub in 1909 [33] who reduced volatile boron 

halides in hydrogen at very high temperature. Higher purity boron can be produced 

by decomposition of diborane at high temperature followed by purification. Pure 

boron does not occur in nature, but rather as ores.  

The ores of boron are found in most part of the world with larger deposits concentrated 

in Turkey and the United State of America in form boron-containing minerals. The 

majority of these ores are usually in hydrated form of boron oxide or diboron trioxide 

(B2O3) fused with metal oxides such as; Potassium, Sodium, Calcium, Magnesium, 
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etc. There are about 150 known boron-based ores [34] with tincal, ulexite, colemanite, 

kernite, probertite and szaibelyite that are of major commercial relevance [35].   

In addition, boron atoms have only two stable abundant naturally occurring isotopes. 

These are 10B and 11B with natural boron containing about 20% of 10B and 80% of 

11B. The known allotropes of boron exists in three crystalline forms and two 

amorphous states. The crystalline polymorphs are; α-rhombohedral, β-rhombohedral 

and β-tetragonal. The two amorphous forms are glassy solid and finely grounded 

powder. Since boron atom is electron deficient due to three electrons in its valence 

shell (oxidation state of +3), it can neither donate electrons nor accept electrons easily. 

This makes it form a stable covalently bonded molecular network in most of its 

compounds such as oxides, halides, borides, nitrides and sulphides. 

In addition, the empty p-orbitals is easily attacked by nucleophiles such as water to 

result in either bond cleavage of three-coordinated neutral borate species or the 

formation of four-coordinated borate species [32]. This behaviour suggests that 

chemical reactions between boron compounds and a wide variety of other compounds 

on interacting surfaces to give reacted layers with considerable tribological properties. 

1.5.6 Boron interactions with other elements 

Since boron has only three electrons in its outermost shell, the ion is un-polarizable 

and does not hydrate, hence it is not eager to donate electrons in an electrovalent bond, 

and can also not accept them easily. A small quantity of hyperactive boron reacts with 

silicon molecules in silicon dioxide (or silica) to form amorphous glass molecules.  

This acts like a fluid rather than lined up in a crystalline pattern as used in the 

manufacture of borosilicate glass with a common trade name called ‘PYREX’. 

However boron is more reactive with carbon than silicon to form boron carbide (B4C). 

When boron and nitrogen react as pure substances a synthetic binary compound 

known as boron nitride (BN) is formed. The most common boron nitride polymorphs 

are; hexagonal-BN and cubic-BN. The structure of hexagonal-BN is similar to  

plate-like microstructure of graphite shown in Figure 1-6 is known to give good 

lubricating properties.  

Boron interactions with the halogens produce volatile, highly reactive, covalently 

bonded molecular compounds, which can readily accept a pair of electrons into their 
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vacant un-hybridized p-orbitals to form boron halides; all boron halides are Lewis 

acid. Boron hydrogen compounds are formed due to trivalent nature of boron. Boron 

hydrides or boranes are formed when boron combines with di-hydrogen such as; B2H6, 

B4H10, B5H9, B5H11 etc.  

 

Figure 1-6 Crystal structures of (a) graphite; (b) hexagonal boron nitride [36] 

 

The boranes are used; for welding torches, reducing agent in reactors, catalysts in 

polymerization process and preparing hydrocarbons. Boron reacts with oxygen in the 

air to form thin films of boron trioxide (B2O3) on surfaces to prevent further reaction 

with oxygen. Due to the high chemical attraction of boron for oxygen, boron 

compounds form strong covalent boron-oxygen bonds in compounds known as 

borates; boron atoms in borates can either bond with three or four oxygen atoms to 

form planar-trigonal BO3 units or negatively charged tetrahedral BO4 units. 

When boron-rich compounds reacts thermo-chemically with iron-rich surfaces, 

compounds known as iron borides with formula FexBy are formed that could either be 

FeB and Fe2B. Boron reacts with alkalis to form alkali meta-borates with the evolution 

of hydrogen. Bonds between boron, oxygen and hydrogen occur in form of water or 

moisture in air to form a very weak acid known as boric acid (H3BO3); H3BO3 is 

weaker than carbonic acid. 
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1.5.7 Effects and applications of boron 

Boron is a vital constituent of the natural world and also finds good use in domestic 

and industrial applications. The effects of boron which makes it useful for industrial 

applications are summarized below; 

 Boron is a light element which bonds covalently with other elements to form 

super hard materials that are extremely resistant to external shear stress such 

as, boron carbide (Vickers hardness = 38 GPa), cubic-boron nitride (Vickers 

hardness = 76 GPa) [32] and borides (i.e. iron borides with Vickers hardness 

= 21 GPa, Rhenium borides = 40 GPa) [37-39]. These light-weight compounds 

of boron are useful in tank armour, antiballistic vest etc. 

 Some covalent-bonded boron compounds can also form soft materials that find 

good use domestically and industrially. Such boron compounds are; boric acid 

(Brinell Hardness=1.5 GPa) [40], hexagonal-BN (5 GPa) [41] and glassy-

boron trioxide (HV=1.5 GPa) [42]. This compounds are used as thin films of 

solid lubricants on metallic surfaces to provide friction reducing and corrosion 

resistance characteristics 

 Borates are used to modify the structure of glasses due to their excellent 

resistance to heat and chemical attack. The vitrifying effect of Boron is used 

in ‘Borosilicate glass’ or ‘Pyrex’ glass manufacture, ceramic tiles of space 

shuttle to provide resistance to extreme stress and heat during the re-entry of 

space shuttles from outer space back to Earth, and as soldering flux used in 

Silversmith and Goldsmith works 

 Film processing, detergents and fireworks solutions rely on borates due to their 

chemical properties that serves to provide stable pH or to balance acidity and 

alkalinity 

 Boron is used in nuclear reactor shielding and boron neutron capture therapy 

in cancer tumour treatment due to boron B10 isotope ability to absorb thermal 

or low energy neutrons 

 Boron is an essential component of neodymium-iron-boron (Nd2Fe14B) 

magnets used in many modern computer and electronic devices such as CD 

and DVD players, small motors, loudspeakers, communications, power 

generators, mobile telephone sets and HDD’s. The intrinsic characteristics of 
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these magnets enables a 1 MHz, 41 cm diameter size hard disk drive to be 

reduced to about 5 cm diameter size 

 In the semi-conductor industries, boron is used as a dopant in some elements 

used as semiconductors such as silicon, germanium and silicon carbide. This 

is as a result of boron having one valence electron less than the host atom. By 

donating an electron hole, boron permits the semiconductor to have a 

conductivity that has a larger positive charged hole concentration than electron 

concentration. Hence a p-type (or positive charged hole) semiconductor 

 Some detergent, laundry detergents, cleaning products and bleaching agents 

contains sodium perborate (NaBO3) that provides oxygen-containing radicals 

due to the bleaching effects of boron 

 The control of viscosity of paints, adhesives and cosmetics utilize the 

dispersing effects of borates to bond with other particles in order to ensure that 

different ingredients are evenly dispersed 

 Boric acid is used as an insecticide due to its inhibiting effects on metabolic 

processes of certain organisms such as control of ants and fungi, water clarifier 

in swimming pool water treatment and eye antiseptics 

 Boron compounds are used as lubricant additives in motor, gear and hydraulic 

fluids due to their friction-reducing, corrosion inhibition and antiwear 

properties [13]. In addition, they are known to prevent sludge build-up and 

CO2 emission reduction in crankcase engines [43]. 
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Chapter 2  

Literature Review 

2.1 Introduction 

In this chapter, a review of key chemical agents (additives) used to impact antiwear 

function in IC engines are provided. In order to understand the challenges that new 

antiwear additives must overcome, a literature review of traditional (ZDDP) and 

boron-containing chemical agents in lubricants are discussed. A comprehensive 

review of the literature on how borate and ZDDP antiwear additives behave in oil 

solutions and as tribofilms in various tribo-oxidative environment are presented. In 

addition, literature studies on physical and chemical nature of boundary films formed 

by oils containing ZDDP and borates are expected to elucidate the current 

understanding of borate friction reducing and antiwear mechanisms. This is to enable 

results from experiments in this study to be comprehensively discussed and 

conclusions deduced. 

2.2 Zinc Dialkyl DithioPhosphate (ZDDP or ZDTP) additives 

2.2.1 Introduction 

The use of ZDDP additive in lubricating oils for IC engines is basically due to its 

antiwear, antioxidant and extreme pressure (EP) properties. The antioxidant potential 

of ZDDP as an additive was realised in 1941 and was introduced as an additive 

package. Hence, it has since become the main antiwear additive due to its ability to 

form quick reaction films that are observed to reduce wear in IC tribo-components 

[10, 44]. The antiwear chemical agent, ZDDP as an additive consists of elemental 

species such as: sulphur, zinc, phosphorus, oxygen, carbon and hydrogen that are 

chemically bonded together. This is possible by reacting alcohols or alkyl phenols 

with phosphorus penta-sulphide and zinc salts. A simplified molecular structures of 

various types of ZDDP are shown in Figure 2-1. The three types of ZDDP additives 

used in lubricating oils for IC engines are; primary (R=CH3CH2CH2CH2O-), 

secondary (R=CH3CH2CH (CH3) O-) and aryl ZDDP. The differences are due to the 

type of alcohol used in their manufacturing processes. 
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Figure 2-1 Molecular structures of different types of ZDDP [45] 

 

Table 2-1 describes different types of ZDDP types in terms of the alcohol used for 

their manufacture, and rankings in terms of thermal and antiwear behaviour.  

Table 2-1 Types of ZDDP and rankings based on thermal and antiwear reactivity  

 

These rankings are based on wear rates and different decomposition temperatures of 

ZDDP types during its tribofilm formation on contacting ferrous surfaces as shown 

by the discussion of Asseff, P.A. in the literature study of Paul Bennett works [46]. 

 

ZDDP TYPE 

Alcohol  Type Used 

for Manufacture 

Rankings 

Thermal 

Stability 

Antiwear 

Reactivity 

Aryl   Alkyl phenols 1st 3rd 

Primary  Primary Alcohol 2nd 2nd 

Secondary Secondary Alcohol 3rd 1st 
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The effect of sliding process on the wear rates of ZDDP tribofilms was later confirmed 

by Yin, Z. et al.  [47] and Martin, et al. [48]. In addition, temperature was also shown 

by Morina et al. [21] to affect ZDDP tribofilm formation. The various types of ZDDP 

have been customized to function optimally in lubricating oils of one type of IC than 

other types i.e. ZDDP used in oils for gasoline engines are different to that used in 

diesel engines. These are based on their different thermal and antiwear reactivity.  

2.2.2 Thermal degradation of ZDDP films in solution and on steel 

Figure 2-2 shows the main stages of ZDDP reactions in solution and on surfaces in 

tribological contact. In oil solution, the behaviour of ZDDP is different to how it forms 

thin films on surfaces. 

 

Figure 2-2 Major stages of ZDDP behaviour in solution and on surfaces [49] 

 

A feature of ZDDP in solution was identified to dithiophosphate ligands. This was 

described as a transient chemical species that could easily exchange zinc cation with 

other metal ions (M) such as iron or copper ions to give a less thermally stable metal 

dithiophosphate [49, 50] as shown in  Equation 2- 1. 

((RO)2PSS)2Zn   +    M2+    →      ((RO)2PSS)2M    +    Zn2+ Equation 2- 1 

In addition, this behaviour could also take place on surfaces with metal oxides [49]. 
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Metal dithiophosphates (MDDP) are known as metal extraction agents with the 

potential for exchanging different metal cations with one another [49, 51]. This 

process was shown to depend on the relative order as described in Equation 2- 2; 

where cations to the left displace cations to the right of MDDP. 

Pd2+ > Au3+ > Ag+ > Cu2+ > Fe3+ > Ni2+ > Zn2+ Equation 2- 2 

Another study on how ZDDP in solution behaves indicated that it decomposes both 

hydro-peroxides and peroxy-radicals in order to stall the peroxide oxidation cycle 

 [52-54] to form reaction products which enhances oxidation inhibition [49, 55]. 

However, literature studies had shown that when ZDDP behave as peroxide 

decomposer, the resulting species do not possess enough potential to provide effective 

zinc phosphate antiwear films [56-58].  

In addition, decomposition of ZDDP in solution was attributed to hydrolytic 

mechanism to form zinc polyphosphate and alkyl sulphide [59, 60]. The study 

suggested that phosphate species are physically adsorbed on surface oxide layer, and 

iron sulphide formation when elemental sulphur reacts with alkyl sulphides and 

Fe2O3. 

Thermo-oxidative degradation behaviour of ZDDP in solution was shown to yield 

solid deposits, alkyl sulphides, mercaptans, hydrogen sulphide, olefins and zinc 

phosphate in the absence of significant levels of peroxy-radicals and hydroperoxides 

[49, 50]. However, ZDDP degradation temperature could fall between 130oC and 

230oC which depends on the type of alkyl groups and metal cation present in ZDDP 

and contacting surface [49]. Thermo-gravimetric analysis (TGA) of ZDDP-containing 

oils had been shown to vary between 170oC and 200oC [61, 62].  

The product of hydrolysis of ZDDP in solution was suggested to be composed of alkyl 

sulphides and zinc polyphosphates [59, 60]. In addition, polyphosphates with long 

chain from ZDDP in solution was shown to hydrolyse/depolymerize to form short 

chain polyphosphates and phosphoric acid [63, 64]. Thermo-oxidative stability test 

results of ZDDP in PAO  had chemical attack on copper by the reactive sulphur to 

form deposits on copper coupons as proposed in  the works of Jayne et al. [65] and 

Garcia-Anton et al. [66]. The product of hydrolysis of ZDDP in solution along with 

zinc polyphosphates, was suggested to be composed of alkyl sulphides [59, 60]. 
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The mechanism for thermal degradation was attributed to either Oxygen/Sulphur 

isomer exchange in ZDDP molecules as shown in Figure 2-3 or polyphosphates 

formation. This occurs when phosphoryl group from a neighbouring molecule 

displace the RS groups [49, 63, 67, 68]. Studies on the behaviour of ZDDP molecules 

on ferrous surfaces showed that adsorption took place through sulphur atoms of P=S 

bonds [49, 69]. When the temperature of ZDDP in solution was increased to about 

60oC, irreversible adsorption was noted to have occurred due to loss of Zn ions [70]. 

This was attributed to either cation exchange with iron oxide or hydrolysis by surface 

water molecules or hydroxides to give iron salts due to free dithiophosphoric acid 

reaction with Fe2O3  [46]. 

 

Figure 2-3 Exchange of O/S in ZDDP molecules [49] 

 

2.2.3 Tribological behaviour of ZDDP in different conditions 

The literature review of tribological behaviour of ZDDP used in lubricating oils of IC 

engines presented in the following sections refers to secondary alkyl ZDDP with 

molecular structures shown in Figure 2-1. This review will only cover tribological 

tests conducted on steel/steel contacts using model oil containing ZDDP in base oil 

unless otherwise stated. ZDDP in lubricating oils used in internal combustion engines 

is known to function as an antiwear, antioxidant and extreme pressure additive by 

forming thick antiwear films on surfaces which do not accumulate oxide debris  

[71, 72].  

In order to provide an effective surface for ZDDP tribofilm growth, Lin and So [73], 

suggested that contacting surfaces must have identical roughness and hardness 

numbers [73]. The study suggested that a fully hardened ferrous surface will provide 

wear reduction to prevent cutting and ploughing action in order to hinder chemical 
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film growth and longer running-in duration. This was later confirmed by results from 

Sheasby et al. [71]. On the other hand, increase in load was shown to reduce the 

sulphur content of tribolayer containing ZDDP which adversely affected its antiwear 

effectiveness by using the Auger microprobe [74]. This was attributed to reduction in 

sulphide content of the antiwear films, since sulphides are much harder than 

phosphates within the tribofilm. 

A study of the behaviour of ZDDP antiwear film at different temperatures indicated 

that physisorption at the surface commenced at about 50oC followed by chemisorption 

around 80oC. This was attributed to chemical reaction with the surface using energy 

dispersion spectrometry (EDS) and Auger Electron Spectroscopy (AES) [73]. 

Physisorption is the physical adsorption process in which the electronic structure of 

the atom and molecule are barely disturbed upon adsorption unto a surface. It is known 

to be caused by van der Waals force and can only be observed at relatively low 

temperature [75, 76]. On the other hand, chemisorption is the alteration of the 

electronic structure of an atom or molecule to result into new electronic bonds by 

activation energy; temperature increase [77]. At certain temperature, ZDDP tribofilms 

had been shown to physisorbed, but will chemisorbed at elevated temperature. 

However, chemisorption process can be accelerated by rise in temperature between 

two sliding surfaces [72].  

Another tribological study of temperature increase on oils containing ZDDP by 

Morina et al. [21], attributed enhanced antiwear performance at 30oC to 150oC bulk 

oil temperatures to the formation of long chain polyphosphates. By using EDS and 

XPS to study ZDDP antiwear films from a reciprocating pin-on plate tribocontact, the 

antiwear performance of ZDDP has been shown to be a function of both temperature 

[21] and sliding process. This was also confirmed by Gosvami et al. [78] using single 

asperity sliding nano-contact atomic force microscopy  measurements.  

However, the stability of polymeric phosphate glass is defined by its glass 

transformation temperature (Tg) of about 200oC [48, 79, 80]. Previous studies on the 

stability of ZDDP tribofilms at low and high temperature was carried out on both gear 

oils and lubricating oils containing boron [81, 82]. The study concluded its work 

without differentiating the role played by ZDDP and boron in the wear-resistant and 

durability performance.  
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In addition, the formation and performance of ZDDP antiwear films are greatly 

affected by many tribological factors such as; sliding mode, temperature, contact 

pressure, humidity, surface roughness and hardness of the rubbing surfaces. Hence, 

the study of tribochemistry of tribofilms formed by ZDDP additives on fully-hardened 

contacting ferrous surfaces at different test conditions will provide a benchmark for 

any other antiwear chemical agent as a potential substitute.  

Humidity of the surrounding environment had been identified to affect tribofilms from 

oils containing ZDDP [83]. The study observed that as humidity increases, ZDDP 

tribofilms from a steel ball- on- steel disc unidirectional test rig gave decreased 

antiwear performance. This was attributed to depolymerisation of longer chain 

polyphosphates to shorter chain length phosphates and decreasing thickness of the 

reaction layer using XPS, EDS and scanning electron microscopy (SEM).  

However, a detrimental effect on wear was attributed to accelerated oxidation of 

lubricating oil in the presence of water [84]. In addition, hydrolysis of ZDDP in oils 

have been identified to lead to formation of alcohols, zinc phosphates, alkyl sulphides 

and possibly phosphoric acid that could affect ZDDP antiwear mechanism  

[59, 60, 63]. 

The other important factors that can affect antiwear functions of ZDDP tribofilm are; 

concentration [72], thickness of the tribofilm, purity and alkyl group of the ZDDP. 

The thickness of ZDDP tribofilms on rubbing ferrous surfaces can vary between 50 

and 200 nm which consisted of zinc phosphate/polyphosphate materials [10]. In terms 

of alkyl group, antiwear films from secondary ZDDP gave better antiwear 

performance than tribofilms from primary ZDDP [72, 85].  

At temperatures due to frictional flash heating, ZDDP antiwear films had been shown 

to give lower friction coefficient than at high temperatures [73, 81, 82]. However, as 

bulk oil temperature increases, literature studies indicated that boundary films formed 

by ZDDP gave increased friction coefficient [86, 87]. In addition, similar friction 

performance was observed on lubricating oils formulated with ZDDP at high 

temperatures [74, 86, 87].  

Increased friction coefficient according to Kubo at al. [88] was attributed to the 

formation of thicker films using Electron Probe Microanalysis (EPMA) to study 

tribofilm chemistry. Some other literature studies had confirmed the increasing effect 
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of rising temperature on friction coefficient between 135 and 150oC [21, 89]. This was 

attributed to the formation of higher amount of phosphorus and zinc than at 

temperatures below 100oC [21].  

However, the effect of humidity on friction coefficient response of ZDDP tribofilm 

was observed to give a reduction of 30 % [83]. This was attributed to surface film 

formation [90]. On the other hand, a reduction in antiwear performance of  

ZDDP-derived boundary films occurred in water-rich environments, which makes it 

less suitable for use in surroundings that is prone to water contamination. 

2.2.4 Antiwear mechanism of ZDDP tribofilm 

ZDDP tribofilms are known to form on wear tracks of sliding steel surfaces. The 

formation could depend on test temperature and type of contact (sliding, rolling or 

both); where the rate of film formation increases with temperature rise [91, 92]. A 

comparison of ZDDP tribofilm to its thermal films was identified to be identical in 

chemical composition, but have different mechanical properties [47, 93].  

Chemical analysis of ZDDP tribofilms multi-surface analysis techniques indicated 

that its outer section consists of zinc phosphate with graded glassy phosphate that 

could either be pyro- or ortho- phosphate [94-96]. A summary of the results are 

presented in Figure 2-4 

An observation of ZDDP tribofilms by Aktary et al. [97] indicated that long chain 

polyphosphate island was surrounded by underlying short chain polyphosphate. The 

raised white pad and dark patches in the works of Morina et al. [98] and Ye et al. [99] 

were respectively described as long chain polyphosphate and short chain 

polyphosphate. This was also confirmed by Nicolls et al. [64, 100].  

 

Figure 2-4 Schematic diagram of ZDDP pad-like structure and composition [49] 
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Analysis of elemental species on ZDDP tribofilm suggests the outer section of the 

pads is mainly composed of Zn cations and inner section closest to the ferrous 

substrate as rich in iron (Fe). In addition, the presence of sulphur could be in form of 

zinc or iron sulphide on the metal surface below these pads.  

However, Martin et al. [101] disputed these claims by suggesting a two-layer structure 

of ZDDP tribofilm using AES, XPS and XANES analysis [101] is as shown in  

Figure 2-5. These layers are thought to consist of long-chain polyphosphate 

overlaying a mixed transition metal short chain phosphate which was supported by 

using the Hard Soft Acid Base (HSAB) principle. In view of different intrinsic and 

extrinsic factors affecting ZDDP formation during boundary lubrication, literature 

studies considered only three basic model of ZDDP tribofilm antiwear mechanism; 

formation of a mechanically protective film, removal of corrosive peroxides or 

peroxy-radicals and digestion of abrasive iron oxide particles using HSAB principle. 

The third model of ZDDP tribofilms antiwear mechanism involves acid-base reaction 

between phosphates and iron oxides. 

 

Figure 2-5 Two layer schematic representation of ZDDP tribofilm [101] 

 

The mechanically protective model of ZDDP tribofilms suggests the film as acting 

like a barrier to prevent direct contact and adhesion between metal or metal oxide 

surfaces [102]. This type of model suggests that once ZDDP tribofilm is formed, all 

the wear that occurs afterwards is due to ZDDP itself. This is based on the assumptions 

that ZDDP tribofilm are only slowly worn away, and material loss from the ferrous 
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substrate is mainly due to iron oxide which reacted with the phosphate films [91, 103]; 

even when the oil containing ZDDP is replaced with base oil.  

The effectiveness of such protective film was dependent on higher film formation rate 

than film removal rate [104]. Another suggestion on physical attributes of ZDDP 

antiwear films as acting like a protective barrier between the rubbing surfaces through 

the formation of softer tribofilm than the substrate [105]. In this way, reduction in the 

number of contacting asperities is thought to exceed its shakedown limits [105] such 

that any increment of plastic deformation is due to successive load cycles.  

In the acid-base reaction model of ZDDP antiwear mechanism, pad-like ZDDP 

tribofilm was identified to consist of long chain zinc poly (thio) phosphate at the top. 

On the other hand, major parts of the pad consists of mixed short chain iron/zinc 

polyphosphate and metal sulphides as shown in Figure 2-4. In this model, Fe3+ was 

considered as a harder Lewis acid than Zn2+ and that cation exchange process between 

iron oxide (Fe2O3) and zinc oxide (ZnO) is energetically more favoured [48]. This 

was based on Pearson (HSAB) principle [106]. Since most iron oxides and Fe2O3 are 

much harder than zinc oxide, the zinc polyphosphate polymer glass is able to digest 

the native iron oxide and the abrasive iron oxide particles to reduce wear as shown in 

Equation 2- 3 [101].  

5Zn (PO3)2   +     Fe2 O3     →      Fe2 Zn3 P10O31    +    2ZnO Equation 2- 3 

2.2.5 Physical properties of ZDDP tribofilms 

In a study of Warren et al. [107], ZDDP tribofilm was described as anisotropic in 

topology and later suggested to consists of ridges and trough using AFM and 

Interfacial Force Microscopy (IFM) [107]. Indentation modulus and shear strength of 

the ridges was estimated as 81.0 GPa and 2.0 -3.0 GPa respectively. On the other 

hand, indentation modulus of the trough on ZDDP tribofilms was estimated as 25 GPa 

[107]. Nanoindentation and IFM techniques was also used by Graham et al. [108],  to 

study ZDDP tribofilms heterogeneity which revealed higher modulus for the central 

part of large pads as 209 ± 38 GPa to provide significant resistant to plastic flow. This 

is unlike the edges (87 ± 23 GPa). 

In order to understand the mechanical behaviour of tribofilms formed by ZDDP at 

different sliding distance, Aktary et al. [97] determined the hardness and modulus of 
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elasticity of ZDDP tribofilm at different test durations using nanoindentation 

technique. The modulus of elasticity and hardness of ZDDP antiwear films was found 

to be around 93 GPa and 6 GPa respectively. They described ZDDP tribofilms as soft 

materials similar to soft sacrificial coatings deposited on hard substrate [97, 109]. 

However, Bec et al. [110] used nanoindentation, Surface Force Apparatus (SFA) and 

nanomachining techniques as shown in Figure 2-6 studied the mechanical properties 

of ‘soft mechanically washed’ and ‘solvent washed’ ZDDP tribofilms.  

 

 

Figure 2-6 Schematic representation of the structure and mechanical properties of 

different layers of ZDDP tribofilm [105, 110] 

 

Results from the study, indicated that ZDDP tribofilm is heterogeneous and composed 

of two distinct layers. The top layer was noted to consist of soft polymeric film that is 

characteristic of polyphosphates layer and the inner layer consist of harder 

sulphide/oxide with estimated thickness of about 150 nm. In addition, exceptional 

antiwear resistance properties of ZDDP layered film was observed to have unique 

properties of adaptation to a wide range of imposed conditions. This possibility earned 

ZDDP antiwear films description as ‘SMART’ material by providing appropriate 

level of resistance response imposed by a wide range of conditions on the rubbing 
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metal surfaces, such as applied load and contact geometry [105]. By using the AFM 

to investigate ZDDP tribofilm morphology, separate patches of films initially formed 

on rubbing steel surfaces developed gradually to form continuous pad-like structure 

that was separated by deep valleys [97, 99, 111]. However, another study described 

tribofilm formed by ZDDP containing oils as a combination of white patches and dark 

stripes formed along the sliding directions [98, 99]. Figure 2-7 illustrated the structure 

and chemical composition of ZDDP pad-like tribofilm in a scale of 1/100th of the 

vertical height [49]. 

 

Figure 2-7 Effect of sliding frequency on growth of ZDDP tribofilms [78] 

 

The exponential growth rate of ZDDP antiwear films as shown in Figure 2-7 was 

observed to be due to applied compressive stress and temperature using AFM 

technique on a single asperity sliding nano-contact [78]. This was attributed to 

surface-based nucleation growth and thickness saturation of patchy tribofilms as 

shown in Figure 2-7. However, durability of ZDDP tribofilms in terms of  

wear-resistance at high temperature under boundary lubrication condition is yet to be 

investigated. Hence, a study to investigate durability of boundary films containing 

ZDDP and borate additives is necessary not only in terms of friction coefficient 

reduction, but also in terms of antiwear performance at different temperature. 
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2.2.6 Additive effect on emission control system of IC engines 

Uncontrolled environmental pollution from internal combustion engines arises 

primarily due to; exhaust emissions, crankcase venting and evaporation of fuel from 

vehicle storage tank. However, considerable influence of lubricant compositions on 

exhaust and crankcase emission had been identified, while emissions from fuel 

evaporation is governed by fuel composition [112].  

Exhaust gases from internal combustion engines contain three primary pollutants: 

unburned or partially burned hydrocarbons (UHCs), Carbon monoxide (CO), and 

Nitrogen oxides (NOx), in addition to other compounds such as water, oxygen and 

oxides of sulphur, among other substances released into the atmosphere [113].  

Many countries of the world are enacting various legislations to limit emissions from 

automotive sources. One of such legislation is the use of low sulphur and unleaded 

fuel to limit emission. The limitations imposed on phosphorus and sulphur usage in 

lubricant composition was due to their poisoning and deactivating effect on exhaust 

catalytic converter of IC engines.  

This was attributed to oxides of sulphur and phosphorus [10, 92]. In order to minimize 

these emissions, catalytic converters have been developed to simultaneously oxidize 

and reduce pollutants [14, 114]. A study by Rokosz et al. [115] had attributed  

oil-derived contamination on light-off catalyst from high mileage taxis to two forms 

of phosphorus contamination. These are; (i) an over layer of Zn, Ca and Mg 

phosphates, and (ii) aluminium phosphate within the wash coat [115]. A study of the 

effect of boron-containing additive on three way catalytic (TWC) exhaust catalytic 

converter in comparison to ZDDP by Twigg et al. [14] revealed that boron additives 

in lubricating oils gave; 

 Lower CO emission compared to oils containing ZDDP 

 Comparable hydrocarbon and NOx reduction to ZDDP containing oils 

 Minimal boron losses from the oils in the crankcase compared to constant 

losses of phosphorus from oils containing ZDDP   

 Little difference in engine performance in terms of wear and build of solid 

carbon deposits on piston grooves (piston cleanliness) 
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In view of the advantage of boron-containing lubricating oil over ZDDP in terms of 

its effect on catalytic converter and particulate filter of IC engines, that a study of a 

potential replacement is necessary. Hence, the tribochemistry of boron-containing 

lubricant additives as an alternative antiwear additive to ZDDP is necessary in other 

to elucidate its limitations as a potential substitute. 

2.3 Boron compounds as lubricant additives 

A promising material for development as antiwear lubricant additives in automotive 

and industrial lubrication system is a wide range of boron compounds that present 

beneficial tribological properties. These properties are; self-lubrication, antiwear 

efficiency, good film strength and high temperature resistance. The study of borate 

esters as an effective antiwear lubricant additives was thought to have started in early 

1960s [116]. Boron-containing engine oils had been noted to form boron compounds 

like; boron oxides, boric acid, and boron nitride on its tribofilms. These are known to 

enhance the tribological properties of contacting surfaces [11]. Most boron-containing 

engine oils are known to have features like; antioxidant characteristics, low toxicity, 

pleasant odour and non-volatility. In nature, boron occurs as borates due to its great 

affinity for oxygen. Further studies by Kreuz et al. [117], characterized tribofilms 

from tribenzyl borate in solvent neutral on ferrous tribological system as a physical 

mixture of iron oxide-boric oxide and an organic phase. A drawback for borates as 

additives in lubricant oil formulation is its susceptibility to hydrolysis due to the 

electron deficient boron (B) [118, 119]. 

2.3.1 Effect of hydrolysis on borate ester as lubricant additives 

In view of the electron-deficient boron atoms, various schemes have been adopted in 

overcoming the negative effect of hydrolysis on borates as additives in lubricating oils 

over the years. The hydrolysis reaction of borate esters is shown in Figure 2-8. 

 

Figure 2-8 Hydrolysis equation for borate ester [10] 
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The improvement of hydrolytic stability of borates as lubricant additives is possible 

by using various methods. Some of these methods are as listed below; 

 Use of hindered phenol to inhibit attack on boron-oxygen bonds [120] 

 Inter molecular-coordination bonding of nitrogen to boron by reacting boric 

acid with amine groups to form a stable five-member ring structure [121, 122] 

 Intra molecular-coordination of nitrogen to boron by reacting boric acid and  

Schiff base in order to introduce an imido group to form a stable six-member 

ring structure [119] 

 Nano-particle dispersion of inorganic metal borate salts [123-129]. 

Among the several means of assessing hydrolytic stability of synthetic borates as 

additives in lubricating oils, the most common method is high onset decomposition 

temperatures in air and nitrogen atmospheres using Thermo-gravimetric analyser 

(TGA). Some borate additives with onset decomposition temperature around 300oC 

and 176oC are considered to have good and poor thermo-oxidative stability 

respectively [130-132]. Other means of assessing resistance to hydrolysis of 

lubricating oils used in internal combustion engines are copper corrosion resistance in 

terms of changes in copper colour appearance and physicochemical properties of aged 

oil [133-137]. Some other means of avoiding hydrolytic effect of water on boron is 

the use of hard boron-permeated layer. These could be; boron carbide [138], vanadium 

boride [139], titanium boride [140], iron boride [141-144], boride ceramic [145].The 

other forms of boron-permeated layers are; zirconium boride/boron carbide 

composites [145, 146], hexagonal boron nitride (h-BN) as additives [147] and BN 

composites [148-150], boron-doped diamond-like carbon (DLC) [151]. 

2.3.2 Tribological tests with boron-containing additives 

Literature review in the following sections will refer to tests with organoboron and 

metal borates as lubricant additives for use in IC engines. The focus of this review 

will be on tribological tests using steel-steel point contacts and lubricants which 

contains organoboron or nanoparticle metal borates in base oil; unless otherwise 

stated. Examples of tribological behaviour of some tribofilms formed by oils 
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containing borate additives in terms of additive concentration are respectively shown 

in Figure 2-9 (a) and (b) and  Figure 2-10 (a) and (b) 

 

(a) 

 

(b) 

Figure 2-9 Typical tribological behaviour of oils containing organoboron additives 

[152]; (a) friction coefficient  performance, (b) antiwear performance  
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(a) 

 

(b) 

Figure 2-10  Typical tribological behaviour of oils containing zinc borate ultrafine  

powder; (a) friction coefficient, and (b) antiwear performance [153] 

 

The friction coefficient behaviour of borate additives was attributed to boric acid 

(H3BO3) at the tribocontact which was formed when boron oxide in oils containing 

boron additives reacts spontaneously with moisture in open air. This is possible due 

to the negative standard Gibbs free energy of reaction of boric oxide (B2O3) [154] 

with the reaction shown in  Equation 2- 4. 
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1 2⁄  𝐵2𝑂3(𝑠) + 3 2⁄  𝐻2𝑂(𝑔) → 𝐻3𝐵𝑂3(𝑠), ∆𝑟𝐺298= -28.84 kJmol-1  Equation 2- 4 

On the other hand, antiwear performance of borate tribofilms was attributed to boron 

oxide, described as glass network-former such as; As2O3, P2O5 and GeO2 [155]. These 

glass network-former are noted to fuse with metal cations to form inorganic 

crosslinked polymers glasses. Glass network formers are known to melt without 

decomposition [80, 155]. However, observations from the literature have shown that 

friction and wear performance of boron-based lubricants is influenced by intrinsic and 

extrinsic test conditions. Hence, the effects of various test conditions on tribological 

performance of boundary films containing boron are reviewed in the following  

sub-sections. 

2.3.3 Effect of concentration on borate tribofilms 

The effect of increased additive concentration under frictional flash temperature on 

tribofilms from organoborate-based oils indicates a reducing friction coefficient 

response by Hao et al. [152], as shown in Figure 2-9 (a). Another study involving 

organoborate additives by Jincan et al. [156] has friction coefficient reduction from 

0.1 to 0.075 at increased additive concentration up to 3 wt. %.  

However, increased concentration of potassium borate nanoparticle at about  

3.5 wt. % in the oil formed tribofilms that gave friction coefficient of about 0.037 

[157]. Another study on tribofilms formed by zinc borate dispersions in sunflower 

base oil at low concentration gave better control of friction coefficient compared to 

low additive concentrations, as shown in Figure 2-10 (b).  

The boric acid responsible for friction reduction on borate tribofilms are usually 

detected by XPS at 192.7 eV or as B-O at 192.6 eV [158]. The other method used to 

identify boric acid is Raman shifts at 498 and 879 cm-1 [159, 160]. It has also been 

observed that increased concentration of some borate additives as shown in Figure 2-9 

and Figure 2-10 can provide increased antiwear performance. Enhanced antiwear 

performance by tribofilms from organoborate additives were attributed to the 

formation of wear-resistant boron oxide-iron oxide glass based on surface analysis by 

XPS technique [80, 158]. On the other hand, tribofilms from metal borate nanoparticle 

dispersion are known to provide wear-resistant due to shear effect and tribochemical 

reaction between boron oxide and metallic iron to form iron borides [125]. 
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However, literature studies have suggested that some borate additives that are 

susceptible to hydrolysis could give poor antiwear performance due to oil insoluble 

abrasive boric acid [119, 158], and boron partially replaced by metallic iron in the 

iron oxide films [161]. In addition, boric acid is known to begin decomposition around 

70-80oC [162, 163], but also can be volatile with steam [35, 162, 164]. Hence a study 

of the effect of concentration and hydrolysis at temperature range where boric acid is 

unstably is necessary in order to elucidate its effect on borate tribochemistry. 

2.3.4 Influence of temperature on borate tribofilms 

The antiwear performance of borate tribofilms is dependent on boron oxide; an oxide 

glass former [155]. Under the influence of frictional flash temperature, borate esters 

are known to mechanically degrade through C-O bond breaking [158]. However, 

thermal degradation at high temperature had been reported to occur in the alkyl group 

leading to CH3 and BO3 groups in B2O3 formation [165, 166]. 

The effect of temperature on friction behaviour of tribofilms formed by borate 

containing additives has mostly been studied when blended with ZDDP for use in gear 

oils and engine oils. In the study of metal borate dispersions in oils containing ZDDP, 

Kim et al. [81] showed that oil blends with high boron content have tribofilms with 

superior tribological performance at 100oC than at 32oC higher temperature.  

This was attributed to reduction in metal-to-metal adhesion, material transfer and 

surface ploughing by wear debris using SEM, optical microscopy and surface 

profilometry. A similar study on gear oils containing boron and ZDDP at high 

temperature by Komvopoulos et al. [82] have tribofilms with slightly lower friction 

coefficient and higher wear resistance at elevated temperatures.  

These were attributed to faster tribofilm formation. However, these two studies 

concluded without knowing the actual role played independently by ZDDP and boron. 

Another study by Varlot et al. [167] at 100oC using X-ray absorption near-edge 

spectroscopy (XANES) on borate micelles and primary-ZDDP in neutral base oil 

suggests antagonistic effect of borates on ZDDP antiwear functions. This behaviour 

was not only attributed to increase in proportion of trigonal boron anions (BO3) and 

higher concentration of unreacted calcium borates at the core of the micelles.  
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On the other hand, a similar study on ZDDP interaction with borated dispersant at 

100oC by Zhang et al. [168] indicated good synergy in terms of antiwear effectiveness. 

The study observed that borated dispersant facilitated decomposition of ZDDP and 

formation of phosphates on both tribofilms and thermal films. In addition, structural 

coordination of boron with three oxygen atoms (trigonal units) in the untreated oil 

changed partially to boron coordination with four oxygen atom (tetrahedral) on the 

tribofilms formed.  

The effect of temperature on wear rate of different types of boron-containing antiwear 

agent (BSL) in various combinations of synthetic base fluid (PAO 10) and diester 

(A51) by Weimin et al. [131] between 20 and 110oC is shown in . The study indicated 

that tribofilms formed by borate additives in lubricating oils could provide effective 

antiwear performance at high temperature. The antiwear mechanism was attributed to 

complex chemisorption and tribofilms composition [131].  

 

  

 

 

 

 

Figure 2-11 Effect of temperature on antiwear functions of borate tribofilms [131] 

 

A study of the tribological performance of boron-containing tribofilms at 150oC 

compared to ZDDP at 100oC revealed that stable, but relatively thin antiwear film was 

formed that gave better control of friction than ZDDP [169]. Another study 
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investigated the effect of temperature on boric acid based additives in PAO by Elin 

Johnsson [170]. The study revealed that friction and wear produced by borate 

tribofilms formed are affected by temperature. Surface analysis of tribofilms formed 

using EDS and Secondary Ion Mass Spectroscopy (SIMS), revealed that oils 

containing boron additives hinders the formation of zinc-rich tribofilms.  

Boron oxide glass is assumed to consist of a random three-dimensional network of 

planar BO3
 units with 120o between bond angle and a comparatively high fraction of 

six-membered boroxol rings [171-173] as shown in Figure 2-12 (a) and (b). The 

interaction of these structural units in boron oxide with metallic cation could lead to 

transformation of BO3
 units to BO4 tetrahedral to form inorganic crosslinked polymer 

glasses [172, 174, 175]. However, the composition of these metal oxides within the 

glass structure has been shown to affect many of its physical properties  

[35, 176, 177] such as; viscosity, density, thermal expansion, hardness and heat 

content. 

 

 

  

 

(a) (b) 

Figure 2-12 Structural units of B2O3; (a) Boroxide groups, (b) BO3 linked to BO4 

 

A description of the interaction of structural units of B2O3 with metal cations are; (a) 

BØ3, (b) M+BØ2O (c) M+BØ4 (where Ø stands for bridging oxygen and O stands for 

non-bridging oxygen and M+ is the added modifier cation) [174, 178]. In addition, the 

rigidity of borate structural units is known to increase with increasing M+BØ4 and 

decreases with its lower amount as shown in Figure 2-13.  

BO4 linked to BO3 units Boroxide groups (BO3 
-3) 
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Figure 2-13  Rigidity of borate glass and boron anions [174, 175, 179] 

 

The changes in BO3/BO4 speciation (N4) in B2O3 was investigated using Raman 

spectroscopy [180, 181] and XANES [181, 182] spectroscopy methods. On the other 

hand, phosphate glass formed on ZDDP tribofilms at high temperatures have been 

shown to provide good wear-resistant. These are known to have glass transition 

temperature of about 200oC [48, 80]. On the other hand, borate glasses are known to 

have glass transition temperature around 260oC [79, 80, 183]. Hence, increased 

temperature could cause changes in the amount of metallic oxide on the glass network 

former (B2O3) and structural units of boron oxide to affect antiwear performance and 

durability of borate tribofilms. 

2.3.5 Influence of water on borate tribofilms 

The tribological behaviour of borate tribofilms in terms of friction and wear reduction 

had been related to moisture from the surrounding air. Boron oxide is known to react 

spontaneously with moisture in air to form boric acid. On the other hand, boric acid 

will also decompose to form water and boron oxide at certain temperature and contact 

pressure as shown in  Equation 2- 4.  

Most experiment on the effect of water on borate tribofilms have been made on boron 

permeated system. These are boric acid coated surfaces [24], boron carbide [184, 185] 
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and boride ceramic [145]. Tribological experiment on the influence of humidity on 

boron carbide gave reduced friction coefficient with increased dissolved water 

contamination [145, 184, 185]. The low frictional behaviour with humidity increase 

was attributed to boric acid formation using Auger Electron Spectroscopy (AES) and 

XPS [185]. The mechanism of humidity effect on friction coefficient reduction was 

investigated by Barthel et al. [186] using stainless steel ball against a reciprocating 

copper substrate coated with boric acid. Surface analysis of the borate tribofilms 

formed using; AES, Polarisation Modulation-Reflection Absorption Infra-red 

Spectroscopy (PM-RAIRS), and sum frequency generation (SFG) spectroscopy. The 

study found that boric acid itself experiences high friction coefficient and catastrophic 

wear in dry oxygen and nitrogen environment, but gives very low friction coefficient 

(0.06) in humid and acetone vapour surroundings as shown in Figure 2-14.  

 

Figure 2-14 Effect of different vapour on friction coefficient of H3BO3 [186] 

 

This behaviour was attributed to unlocked edge-site of boric acid by water vapour to 

promote easy shear of the lamellar along the basal plane direction [24, 186, 187]. The 

behaviour of boric acid in dry and humid environment on boron-rich coated systems 

similarly gave reduced friction coefficient with increased humidity. However, this 

behaviour could be affected on ferrous surfaces where some metallic oxides can be 

hard and less protective. Hence, the need to investigate how humidity affects friction 

coefficient performance of borate tribofilms formed by oils containing boron additives 
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on ferrous surfaces. The effect of humidity on wear-resistance borate tribofilms 

formed on boron carbide by Coung et al. [185] showed that wear rates decreased with 

rise in moisture content of the surroundings environment, irrespective of sliding 

distance as shown in Figure 2-15 (a).  

 

(a) 

 

(b) 

Figure 2-15 Humidity effect on wear rates reduction of tribofilms formed on borided 

surfaces due to; (a) sliding cycles [185] and (b) load [184] 

 

This was attributed to mechanical abrasion at low humidity, but a combination of both 

mechanical abrasion and complicated chemical wear process at high humidity 
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conditions using XPS and AES. Another study on the influence of humidity on 

tribofilms formed on boron carbide indicated that wear rate decreases with increasing 

humidity; irrespective of the applied load [184]. SEM and X-ray diffraction analysis 

of the tribofilms formed, indicated that humidity effect caused tribochemical surface 

polishing containing boron oxide and boric acid [184]. The effect of humidity on 

tribological behaviour of borate tribofilms formed on boron-coated systems suggests 

a positive synergy with water. Hence the need to study the effect of humidity on  

wear-resistant potentials of tribofilms formed on ferrous surfaces by oils containing 

borates. 

2.4 Properties of borate tribofilms 

In this section, a literature review of the physical and chemical nature of tribofilms 

from boron containing oils on ferrous surfaces will be undertaken. This is to provide 

a better understanding of thickness, morphology and mechanical properties of both 

thermal and tribofilms and associated chemistry of the reacted layers. 

2.4.1 Physical properties of borate tribofilms 

In the tribological study of tribenzyl borate on steel surface by Kreuz et al. [117], the 

physical appearance of borate tribofilms was described as dull silvery grey, and  

dark-colour by another study on zinc borate ultra-fine powder [153]. AFM 

morphologies and microhardness properties of the dark coloured tribofilms as shown 

in Figure 2-16 was estimated to have film thickness between 230-360 nm [153].  

However, tribofilms containing boron formed at 100oC have thickness estimated 

within 100 and 200 nm range using mini traction machine with spacer layer image 

mapping (MTM-SLIM) technique [10, 80]. This was shown to be in good agreement 

with earlier estimate by Kreuz et al. [117]. However, the thickness of ZDDP tribofilms 

has been evaluated using Focused Ion Beam/ SEM technique [188, 189], but has not 

been used for borate tribofilm thickness investigation. This could offer a better 

understanding of the heterogeneous nature of borate tribofilms as observed by  

Kreuz et al. [117]. An early investigation into the mechanical properties of worn 

surfaces formed by tribenzyl borate on steel substrate using Knoop hardness test 

[117], suggests higher hardness than new specimens. 
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Figure 2-16  AFM images of zinc borate tribofilms formed at 2 wt. % [153] 

 

This position was contradicted by lower tribofilm hardness than the ferrous substrate   

formed by zinc borate ultrafine powder using micro-indentation in the study of Zhao 

et al. [153]. The study indicated that worn sample surfaces gave hardness between 5.7 

and 9.3 GPa compared to 11.5 GPa for the steel substrate. Hence, a study to undertake 

nanoindentation of worn surfaces lubricated by boron-containing oils; organic and 

inorganic borates. This is to provide a better understanding of their morphology and 

mechanical properties. 

2.4.2 Chemical composition of borate tribofilms 

Chemical characterization of tribofilms from oils containing organic-borates with 

XPS revealed different types and composition of boron compound and bonds as 

shown in Figure 2-17 (a) and (b). XPS surface analytical technique was used to 

identify boron oxide on tribofilms formed by oils containing boron on ferrous surfaces 

[152, 158]. In addition, the fusion of boron oxide with iron oxide was also identified 

by XPS analysis [156, 190]. However, most XPS position peaks of B 1s at 192.6 eV, 

attributed this to either boron oxide and boric acid [158]. The XPS position peaks 

indicating the interactions of boron-oxygen bond with carbon (C-O-B) and iron  

(Fe-O-B) are respectively around 532.7 eV [158, 191] and 531.6 eV corresponding to 

B 1s peaks of 189.7 eV [192, 193]. 
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(a) (b) 

Figure 2-17 XPS characterization of borate tribofilms; (a) peak position of trimethyl 

borate [158] and (b) binding energy of boron compounds [194, 195] 

 

The XPS position peaks of iron oxides and iron oxyhydroxide are respectively 

identified by [196, 197] and [198]. In addition, the stable oxide of potassium identified 

was potassium dioxide (KO2) [199, 200].  

Hence, the possibility of boron oxide fusing with metallic oxides could be used to 

describe the wear-resistant behaviour at different tribological test conditions. In order 

to understand detailed structure of boron compounds within the boundary films, XPS 

depth profile analysis can also provide information on the intensity of the peak of  

B 1s as sputtering time increases. Previous studies on XPS depth profile analysis of 

borate tribofilms had estimated boron permeation of the tribofilms to be between  

7.5 nm to 200 nm [80, 169, 193, 201].  

This could be due to the small atomic radius of boron [202, 203] and the type of borate 

oil (organoborate or metal borate). XPS analysis of borate tribofilms clearly provides 

information on boron oxide, but could not distinguish boron oxide from boric acid at 

192.6 eV. However, XPS signal of B 1s peaks are sometimes noisy when there is low 

atomic concentration of boron compared to Fe 2p peaks [125, 190]. This could make 

quantitative assessment of boron compounds responsible for friction and wear 
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reduction difficult using only XPS technique. Raman spectroscopy has been used to 

study some boron compounds with few of such results shown in Figure 2-18.  

 

(a) 

 

(b) 

Figure 2-18 Raman of boron compounds; (a) boron oxide [204] and (b) h-BN [205] 

 

The boron compounds that are Raman sensitive are; boron nitride  (BN) [205, 206], 

boric acid [139, 160, 207] and B2O3 [171, 208-210]. In addition, Raman spectroscopy 

was used to study the effect of borates on the physical properties of glasses when it 

interacts with metallic oxides in many literatures as shown in Figure 2-19.  



 

46 

 

 

(a) 

 

(b) 

Figure 2-19 Raman spectra of; (a) iron borate [211] and (b) potassium borate [208] 

 

Another important use of Raman techniques on borate tribofilms is in identifying 

changes in structural units of boron oxide [181, 208, 211-213], unlike XPS which 

cannot distinguish changes in structural units of boron oxide. 
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Raman spectroscopy technique is widely used in the borosilicate glass industries for 

bulk alkali-borate glass manufacture [178, 214]. In addition, changes in iron oxides 

and oxyhydroxide on steel surfaces [215-217] and thin film characterization [218] can 

also be studied using Raman spectroscopy. On borate tribofilms, Raman spectroscopy 

had been used to identify many boron compounds on boron permeated layer. These 

are; boron carbide [159, 219] and vanadium boride surfaces [139]. Hence, this study 

will investigate changes in the structural units of boron oxide at different temperature, 

changes on borate tribofilms formed at different additive concentrations and water 

contamination using Raman spectroscopy. This is to elucidate on how: changes in 

additives concentrations, high bulk oil temperature effects on structural units of boron 

oxide, and water contamination effects. These are to elucidate on how changes in 

extrinsic factors influence the antiwear performance and durability of borate 

tribofilms formed by oils containing borate additives. 

2.5 Tribological mechanisms of borate tribofilms 

2.5.1 Mechanisms of low friction of borate tribofilms 

The boron containing additives are known as borate esters. These are defined as any 

compound that contains or supplies boron oxide, or a compound that contains the 

radical B2O3 [16]. The boron oxide in borate ester additives in oils could easily react 

with moisture in the surrounding air to form boric acid. This is attributed to the 

negative standard Gibbs free energy of reaction (∆𝑟𝐺298 = - 28.84 kJ mol-1 [154].  

The friction reducing mechanism of borate tribofilms have been attributed to weak 

van der Waals forces between lamellar sheets of  boric acid (H3BO3) [220-223]. This 

was shown to have a low shear strength that is similar to MoS2 [27, 159, 222]. A 

description of this processes are summarized by this study in Figure 2-20. Another 

experiment by Barthel et al. [24] using; Auger Electron Spectroscopy (AES), 

Polarisation Modulation-Reflection Absorption Infra-red Spectroscopy (PM-RAIRS), 

and Sum Frequency Generation (SFG) Spectroscopy proposed a new understanding 

of the friction reducing mechanism of boric acid. This was based on edge-passivation 

or edge-unlocking mechanism [24] as shown in Figure 2-21, unlike the weak van der 

Waal mechanism that was earlier proposed [220-223] as shown in Figure 2-21. 
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Figure 2-20 An illustration of boric acid weak van der Waal’s friction reducing 

mechanism and formation from boric acid by this study 

 

In the edge-passivation mechanism, vibrational spectroscopy indicates that vapours 

adsorbs onto the edge site of lamellar rather than on the basal plane of boric acid 

crystals [24]. The experiment of Barthel et al. [24] resulted into two major 

observations. Firstly, obtaining ultra-low friction by adsorption of water vapour was 

shown to be an equilibrium process rather than a kinetic process. Secondly, 

disturbance of the high energy edge site by physisorbed water molecules is needed for 

lamellar to shear along the basal plane direction. The study suggested that in dry air, 

hydrogen bonding interactions between adjacent lamellar exists due hydroxyl groups 

terminating the edge sites of boric acid. Water vapour presence due to adsorption at 

the edge sites weakens the hydrogen-bond interactions with water molecules in the 

basal planes [24], as shown in Figure 2-21.  
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Figure 2-21 Edge-unlocking mechanism for ultra-low friction in lamellar solid 

lubricants [24] 

 

However, these two mechanisms assumed that sheet-like crystals of boric acid is 

stable at all temperatures and will decompose to form boron oxide directly. In 

addition, the two mechanisms suggests that if more boric acid is formed during the 

friction process could better friction coefficient reduction is possible. These assumed 

that no intermediate boron compounds could be formed that could significantly affect 

tribological performance. The thermal decomposition of boric acid has been shown to 

occur between 70-80oC [163, 224]. In addition, boric acid is known to be volatile with 

steam [35]. Hence, it is necessary to study the effects of temperature on the friction 

reducing and antiwear mechanisms of borate additives. This is to elucidate on how 

the instability of boric acid due to thermal and tribo-oxidative process could affect 

tribological performance of borate tribofilms. 

2.5.2 Antiwear mechanisms of borate tribofilms on steel 

In the literature, there are about four different types of antiwear mechanisms for borate 

tribofilms. These are due to various types of borate additives used in lubricant 

formulations; some are organoboron compositions and others are metal borate 

dispersions. The earliest known study of borate tribofilms was by Kreuz et al. [117], 

which described tribofilms formed by boron additives as consisting of iron  

oxide-boron oxide and that boron is incapable of oxidative attack on metallic iron. 

However, the tribological action mechanism of potassium triborate dispersion on a 

steel substrate was described in the works of Morizur and Teysset [201] as adhesive 
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film formation on a mechanically-abraded surface. The study described boundary film 

formed by potassium borate dispersions as consisting of some elements in the organic 

phase, and others in oxidized state during film formation.  

On the other hand, lubricating effectiveness of organoborate ester composition was 

attributed to the ability of boron to act as electron carrier due to its vacant p-orbital in 

the study of Guangbin et al. [198]. The study suggests that during the friction process, 

boron atoms can capture electrons of d- or f- orbital and free electrons on metallic 

sliding surfaces. These forms a negatively charged B species and positively charged 

metallic species. The strong attraction between borate ester and metallic sliding 

surface facilitates the formation of dense adsorbed films [198, 225] to prevent direct 

contact of the rubbing surfaces to greatly reduce wear.  

Another study of nanoparticle dispersions of lanthanum, zinc and titanium borate by 

Hu et al. [124, 125, 226] used a four-ball tribometer to generate borate tribofilms. 

Surface characterization using Transmission Electron Microscopy, XPS and XRD 

noted that reactions took place as shown in Figure 2-22.  

 

Figure 2-22 Antiwear mechanism of dispersed nanoparticle lanthanum borate [125] 

 

The antiwear mechanism firstly requires a deposition of nanoparticle borate and 

dispersing agent deposited on the friction zone, after which boron oxide is formed due 

to shear- and extreme-pressure effects. Tribochemical reaction between boron oxide 

and substrate produced a wear resistant film consisting of iron boride (FeB). This 

mechanism was also suggested to apply to other inorganic nanoparticle borate 
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dispersions involving metals like; magnesium, aluminium, potassium and titanium. 

Another antiwear mechanism was suggested for tribofilms from organoboron 

additives based on Hard Soft Acid Base principle (or chemical hardness concept) 

[106]. The principle states that hard acids (electron acceptor) prefer to coordinate with 

hard bases (electron donor) to produce ionic compounds, and symmetrically soft acids 

prefer to coordinate with soft bases to give more covalent species as shown in  

[48, 106] as shown in  Figure 2-23 (a) and (b). 

 

(a) 

 

(b) 

Figure 2-23 Classification of different species by HSAB principle; (a) borates and 

iron oxide  [158] and (b) B, Zn, Mo, P, S and Fe [48] 

 

In the proposed antiwear mechanism using XPS and AES, mechanical and/or thermal 

degradation of borate ester resulted into the formation of methyl groups (CH3) and 

boroxide groups BO3 [158, 165]. However, Figure 2-23 (a) indicated that boroxide 

groups as a borderline base will react preferentially with borderline acid (Fe2+). This 

mechanism suggested that hard and less protective iron oxides responsible for 
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abrasive wear are trapped in the borate tribofilm during the friction process to limit 

wear effect as shown in Figure 2-24.  

 

Figure 2-24 Schematic of borate antiwear mechanism [158] 

 

This mechanism assumed that no hydrolysis of the borate ester occurred [158]. In 

addition, assumption was made that boron do not bind directly with metallic iron, 

which did not support the proposition of Hu et al. [124, 125, 226] on tribofilms formed 

by nanoparticle borate dispersions. However, in real tribo-oxidative systems 

involving borate ester, a certain degree of hydrolysis could occur as shown in  

Figure 2-8 to yield alcohol (ROH) and boric acid. By applying the HSAB principle of 

Figure 2-23 (b), products of borate ester hydrolysis (ROH and H2O) are both hard 

base that will react preferentially with hard acid such as; Fe3+ (Fe2O3) [48] and K+ 

(KO2 and K2O). In establishing the antiwear mechanisms of organoboron additives 

based on hardness concept as shown in Figure 2-24, further assumption made involves 

protection of tribofilm from oxidation by the oil. In this study, borate tribofilms will 

be subjected to thermal and tribo-oxidative conditions in order to elucidate more on 

borate antiwear mechanism on ferrous surfaces. 

2.6 Summary 

A large amount of research has already been conducted on borate tribochemistry as 

explored in the thesis chapter. These studies have been able to establish key 
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mechanisms associated with friction and antiwear behaviour of borate tribofilm on 

metallic surfaces. The tribological performance of borate tribofilms as shown in the 

literature review could be greatly influenced by concentration, temperature and water 

content of the surrounding. In addition, borate tribochemistry is also dependent on the 

type of borate additives; organoboron or inorganic borate dispersions. The proposed 

friction reduction and antiwear mechanisms for tribofilms from borate ester on 

metallic surfaces respectively have boric acid and boron oxide. Subjecting the borate 

tribofilms to varying extrinsic test conditions could provide a better understanding of 

these mechanisms. 

2.6.1 Knowledge gaps 

In the current understanding of borate tribochemistry, there are some knowledge gaps 

that exists which requires investigating. These are discussed below and form the basis 

of this Ph.D. research. It is known that borate ester can hydrolyse to form boric acid 

and ROH (alcohol) as shown in Figure 2-8. However, boric acid is also known to be 

responsible for friction coefficient reduction. This suggests that boric acid formation 

from high concentration of borate ester that is susceptible to hydrolysis could produce 

lower friction coefficient with better resistance to hydrolytic attack.  

The current understanding of boric acid could not explain how volatility with steam 

and thermal decomposition at high temperatures could affect its friction reducing 

mechanisms. In addition, poor antiwear performance from borate ester as lubricant 

additives had been attributed to boric acid; described as abrasive despite its low shear 

strength that is comparable to MoS2. There has been no study on the effects of 

hydrolysis by-products induced by tribo-oxidative conditions to show that boric acid 

was directly responsible for the catastrophic wear provided by tribofilms formed on 

ferrous surfaces.  

Hence, physical and chemical analysis of tribofilms formed by model oils containing 

different concentrations of synthetic and non-synthetic borates could elucidate; (i) the 

relative hardness of borate tribofilms with respect to the substrate, (ii) morphology 

and tribofilm thickness, and (iii) if boric acid is directly responsible for poor antiwear 

performance of tribofilms from borate ester additives which are prone hydrolysis as 

previously understood in the literature.  
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The influence of temperature on the antiwear behaviour and durability of borate 

tribofilms have mainly been studied with oils containing boron and ZDDP. These 

studies are able to identify changes in structural units of boron oxide using XANES. 

Hence, the effect of changes in temperature on antiwear performance and durability 

of tribofilms from organoborate and alkali borate-containing oils in comparison to 

ZDDP will elucidate their independent effects on tribofilms containing both additives. 

However, changes in structural units of boron oxide due to changes in physical 

properties in alkali borate glass systems is yet to be investigated on borate tribofilms. 

Hence, the effect of temperature-induced changes in structural units of boron oxide 

will elucidate its influence on their antiwear performance and durability. In addition 

mechanical property characterization of borate tribofilms from different tribotests 

temperatures is yet be investigated. This is expected to elucidate on how changes in 

temperature affects the hardness of borate tribofilms in comparison to ZDDP, and its 

relative effect on antiwear performance and durability.  

The current understanding on humidity effects on borate tribofilms has been primarily 

on those formed on boron coated systems. These results suggests a positive synergy 

between borate tribofilms and humidity. However, there had been no study yet on the 

effect of humidity on the tribochemistry of borate boundary films due to changes in 

humidity of the surrounding environment and added water to oils containing boron on 

ferrous surfaces. In addition, water adsorption rates of oils containing boron additives 

is yet to be assessed and compared to ZDDP. The tribological behaviour of ZDDP and  

boron-containing oils in dry and water-rich environments could be affected due to the 

presence of hard and less protective iron oxides and hydroxides. In order to further 

understand the limit of this synergy between water-rich environment and borate 

tribofilms, tribological test under free water contamination conditions could 

accelerate tribo-oxidative conditions where the antiwear functions of borate tribofilms 

is noticed to fail. 
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Chapter 3  

Research Methodology, Materials and Surface Analysis 

Techniques 

3.1 Introduction 

This chapter outlines information on research methodology, materials and surface 

analysis techniques used in achieving results. These are an integral part of this PhD 

research. 

3.2 Methodology 

This PhD research will adopt two broad experimental methodology as shown in 

Figure 3-1. 

 

Figure 3-1 Experimental methodology overview 

 

In Figure 3-1, experiment A involves bulk analysis of oils and some key crystalline 

boron compounds. The first part of this experiment will provide information on the 

physicochemical behaviour of additives in the base oil in terms of resistance to 
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hydrolysis under thermal and thermo-oxidative test conditions. This is based on 

literature studies earlier carried out in chapter 2, that borate esters could be susceptible 

to hydrolysis due to the vacant valence shell of boron atom which could easily be 

attacked by nucleophiles, such as water.  

Hence the study of susceptibility of borate additives to hydrolysis under thermal and  

thermo-oxidative conditions is necessary in order to understand the differences 

between synthetic borate additives and non-synthetic borate additives using ZDDP as 

reference. In addition, this is to provide a better understanding of the behaviour of 

synthetic and non-synthetic boron compounds in corrosive and tribo-oxidative 

conditions  

The second part of experiment A as shown in Figure 3-1 involves carrying out water 

absorption test of oils that are hydrolytically stable under thermal and  

thermo-oxidative stability. This is to provide information on the relative moisture 

absorption of additives in oils. In the literature review, some boron-based additives 

were described to perform their tribological functions by the reaction of boron oxide 

with moisture of the surrounding environment. The oils that are not hydrolytically 

stable in the first part of experiment A are not considered for moisture absorption test 

due to the unsuitability as lubricant additives in engine oils [119].  

The third part of this test will undertake water adsorption potentials of key crystalline 

boron compounds in the absence of tribological process. This is to understand how 

certain crystalline boron compounds responsible for friction coefficient reduction and 

antiwear performance interacts with the surrounding air in ambient conditions. 

In generating tribofilms from additive-containing oils, experiment B will involve 

tribological tests at different test conditions. During these tribological tests, friction 

coefficients are obtained. At the end of these tribological tests, various surface 

analytical techniques are carried out to assess wear rates of worn samples, physical 

and chemical characterization of tribofilms. These results are used to provide 

information on how the chemistry and physical properties of borate tribofilms affects 

their friction reduction, antiwear performance and durability. In addition, these results 

will provide a better understanding of the friction reducing and antiwear mechanism 

of borate additives. 
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3.3 Information on lubricants 

In this research programme, model oils containing four different types of antiwear/EP 

lubricant additives have been evaluated in base oil. Three of these additives are boron 

based and ZDDP is the fourth. One out of the three boron-based additives is  

non-synthetic; boric acid trimethyl ester (BTE). The remaining two borate additives 

are synthetic borate additives; diethanolamine borate ester (ABE) or Vanlube 289 and 

hydrated potassium borate dispersed in N-substituted long chain alkenyl succinimides 

(KBE). The term ‘synthetic’ in this study implies that appropriate measures had been 

taken by the manufactures of these additives to prevent hydrolysis. This is unlike  

non-synthetic borate additives that is not protected against hydrolysis. 

Hence, this study will not consider the non-synthetic borate ester as an additive to be 

used in the lubricating oils of internal combustion engines. However, its use in this 

study will be limited as a reference to other additives and also a major source of boric 

acid supply. In addition, tribofilms and thermal films from non-synthetic borate could 

elucidate the effect of hydrolysis on tribofilms that could be rich in boric acid from 

varying concentration tests. This is to elucidate on whether boric acid is directly 

responsible for poor antiwear performance of borate additives that are susceptible to 

hydrolysis and its effect on friction reducing and antiwear mechanisms of borate 

tribofilms.   

Each of these additives are based in a high performance synthetic basestock that 

allows high quality lubricants to be formulated. In this research, polyalphaolephene 

(PAO) from ExxonMobil, SpectraSyn 6 will be used. This is a Group IV base stock 

with molecular structure as shown in Figure 3-2. This is considered based on its higher 

viscosity index, better oxidative stability, lower pour point and volatility than the 

corresponding mineral oils. The physical properties of the PAO used in this study was 

obtained from its chemical data sheet [227] are highlighted in Table 3-1. 

The molecular structure of the borate additives are shown in Figure 3-3 (a) to (d). One 

of the two synthetic boron-containing lubricant additives is a commercial organic 

borate ester with 1 % boron content and no metal in the molecular structure with a 

trade called Vanlube 289 [228] from R.T.Vanderbilt Holding Company, Inc. 
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Figure 3-2 Molecular structure of PAO [229] 

 

The  molecular structure as shown in Figure 3-3 (c) and physical properties of as 

shown in Table 3-1 as obtained from the chemical technical data sheet [230].  

 

 

(a) (b) 

 
 

(c) (d) 

Figure 3-3 Molecular structure of; (a) synthetic hydrated potassium borate 

nanoparticle (KBE) [128, 231], (b) dispersant for KBE nanoparticle [128, 231], 

(c) synthetic organoborate composition (ABE) [122, 228], (d) non-synthetic 

boric acid trimethyl ester (BTE) 
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The second synthetic boron-based additive is hydrated potassium borate dispersed in 

N-substituted long chain alkenyl succinimides with the product name AR9100 oil 

additive supplied by ARCHOIL Inc. The general formula for potassium borate 

dispersion (KBE) in terms of ratio of number of moles of hydroxyl groups attached to 

each mole of boron in KBE is K2O𝑥B2O3.𝑦H2O [128, 231]. Where the ratio of y to x 

is from 1.3:1to 2.1: 1); with specific ratio of potassium to boron limited to between  

1: 2.75 and 1 : 3.25 [128]. In addition, KBE composition has 1-10 wt. % of potassium 

tetra borate with nanoparticle size of about 50-100 µm in an organic matrix [129, 157]. 

The molecular structure of potassium borate dispersion and dispersant are shown in 

Figure 3-3 (a) and (b) respectively. The physical properties of KBE are shown in  

Table 3-1 based on the information obtained from chemical data sheets [232].  

It should be noted that the temperature at which kinematic viscosity of KBE additive 

presented by the manufacturer is different to ABE, ZDDP and PAO. This is as a result 

of the older methods of kinematic viscosity measurement in Saybolt Universal 

Seconds (SUS) used in USA that requires the measurement at 100oF and/or 210oF. In 

Europe, the older unit of KV measurement is the Redwood second at 100oF and/or 

210oF. Presently, most countries have switched over to the metric system that uses 

Centistokes (cSt.) or mm2/s which measures KV at 40oC and/or 100oC. 

The third boron additives is trimethyl borate or boric acid trimethyl ester (BTE) with 

chemical formula C3H9BO3 and molecular structure as shown in Figure 3-3 (d). This 

compound is used as an additive in some polymers [233] and precursor reagent for 

the organic synthesis of boronic acids used in Suzuki couplings [234]. In addition, 

gaseous BTE is known to exhibit antioxidant properties in brazing and solder flux 

metal joining process [235]. The physical properties of BTE are shown in Table 3-1 

based on information obtained from the material safety data sheet (MSDS) [236]. The 

viscosity of BTE was not available as it was not provided on the MSDS. 

However, the molecular formula for secondary alkyl ZDDP used for this research has 

been shown in Chapter 2. Information on the physical properties of the ZDDP used 

for this research are shown in Table 3-1 based on the works of Jun, Q., et al. [237]. 

The use of ZDDP in this research is to enable a comparison of the hydrolytic stability 

and water absorption to borate additives in engine oils. It should be noted that PAO, 
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KBE and ZDDP are commercially available, but ABE is a proprietary additive that 

was provided by R.T. Vanlube for the purpose of this research. In addition, 

tribological properties and physical characterization comparison to ZDDP of the 

borate tribofilms will elucidate how these extrinsic test conditions could affect their 

antiwear performance and durability. 

Table 3-1 Physical properties of base oil and additives used in this study as obtained 

from their chemical data sheets/material safety data sheets or the  literature;  

(i) ABE- [230], (ii) KBE- [238], (iii) ZDDP- [237] and (iv) PAO- [227] 

Oil Type/ 

Property 

Description 

ABE 

(Only) 

KBE 

(Only) 

ZDDP 

(Only) 

BTE 

(Only) 

PAO 

(Only) 

KV at 40 oC  

in (mm2/s) 

458.0 N.A. 407.6 N.A 31.0 

KV at  38 o C 

in (mm2/s) 

- 32.0 - N.A. - 

KV at 100 oC 

in (mm2/s) 

22.3 N.A. 13.5 N.A. 5.9 

Density 

(g/cm3) 

0.990 

at 

15.6oC 

1.0 

at 

25oC 

1.2 

at 

15.6oC 

0.932 

at 

20oC 

0.83 

at 

15.6oC 

 

It is assumed that, the inclusion of these additives in PAO at different concentrations 

did not result in significant changes to the viscosity of PAO. This is based on the 

assumptions made by similar tribological studies [239]. For the hydrated potassium 

borate nanoparticles dispersed in N-substituted long chain alkenyl succinimides 

dispersant additives, and this dispersion was blended in PAO. The assumption is that 

nanoparticles are stable in the dispersant solution and by changing the concentration 

of dispersed KBE in base oil, a base oil with variable nanoparticle concentration is 
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obtained. Hence, every concentration of KBE will therefore represent dispersed 

hydrated potassium borate nanoparticles.  

3.4 Tribological test 

3.4.1 Introduction 

The objective of this study is to provide further understanding of the behaviour and 

mechanisms of borate tribofilms formed from synthetic and non-synthetic borate 

additives in comparison to ZDDP on a ferrous surface. In order for this to be possible, 

borate and ZDDP containing oils are to be used on a ferrous surface in a tribometer to 

form tribofilms under boundary lubrication conditions similar to that found in the 

cam/follower of valve train assembly in IC engines. 

3.4.2 Materials 

In order for tribofilms to be produced, a Biceri pin-on-reciprocating plate tribometer 

is utilized. The pin and plate materials chosen for this study are both made of hardened 

steel AISI 52100 (HRC 58-62) as shown in Figure 3-4. Cylindrical pins of 20 mm 

lengths and 6 mm diameters are machined on the sliding surface to hemisphere of  

40 mm radius of curvature with a surfaces roughness (Ra) of about 0.03-0.05 µm. 

 

Figure 3-4 Schematics and dimensions of hardened; (a) steel pins and (b) steel plates 
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On the other hand, plates are of rectangular shape machined to specific dimensions of 

15 x 3 x 6 mm3 and polished to Ra of 0.03-0.06 µm. Nanoindentation hardness 

measurements of the hardened steel pins and plate samples gave elastic modulus and 

hardness of 224.7 ± 13 GPa and 10.8 ± 0.6 GPa respectively. The tribofilms are 

formed in pure sliding point contacts under boundary lubrication condition. 

Tribological tests samples (pins and plates) are cleaned in acetone for 15 minutes and 

thoroughly dried before use in a tribometer where the hemispheric end is held rigidly 

over reciprocating plate that is covered with model oil containing the additives. 

3.4.3 Tribometer 

The test rig consists of a multipurpose adjustable pin-holder with the pin rigidly held 

against a reciprocating rectangular flat plate that is also rigidly held down on a plate 

holding base upon which the lubricant is collected in the small bath as shown in  

Figure 3-5.  

A force-post assembly on the test rig is equipped with bi-directional load cell in the 

range 58.8 N and combined error of -0.0037 N. The combined error being a 

combination of temperature effect, non-linearity, hysteresis and load cell sensitivity 

[21]. Frictional force is measured by the load cell, where a data acquisition card 

(DAQ) converts analogue signal to digital. The acquired digital data is processed and 

stored in a LABVIEW Window-based software program in a computer.  

By using a stroke length of 10 mm and frequency of 1 Hz, frictional force readings 

are taken every 10 min. for 2 s (120 points); which corresponds to two stroke cycles. 

The average of 120 data points indicates average frictional force that was used by the 

software program to calculate friction coefficient. 

Steady state friction coefficient is obtained as the average of the last one hour for each 

experiment. This is plotted as a function of time for the test duration. On the 

tribometer, sliding motion is made by reciprocating plate against a loaded stationary 

pins surrounded by lubricating oil. In order to provide heating for the oil and to 

maintain set temperatures, a thermo-couple heater is installed on the aluminium base 

plate of reciprocating plate holder. The first stage of tribological test involves 

investigating the effect of increase in additive concentration in PAO on friction 
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coefficient and antiwear performance at a fixed temperature of 100oC. At this 

temperature, boric acid dehydration as shown in the literature [12] could affect the 

friction reducing and antiwear characteristics of borate tribofilms from the boron 

additives. The relative tribological performances of these tribofilms are compared to 

results obtained when the samples are lubricated with only PAO.  

The effect of temperature on tribofilms is investigated on additive-containing oils. 

These are ABE, KBE and ZDDP additives blended in PAO with molecular structure 

as described in Figure 3-2 and Figure 3-3. The oils containing BTE was not considered 

for these tests due to its boiling point that was estimated as 68-69oC from the material 

safety data sheet provided by the chemical supplier [236]. This is due to safety 

concerns at the test temperature of 135oC, which is far above the boiling point of BTE. 

Hence, BTE additive was considered unsuitable for this test due to safety reasons. 

Figure 3-5 Schematic diagram of pin-on-reciprocating plate test rig for; (a) variable 

concentration and temperature test [109] 

 

Previous studies on durability of tribofilms had used the changing oil lubricant 

approach with only the friction coefficient results used for durability assessment  

[89, 111]. A literature study of this procedure for evaluating tribofilm stability had 

indicated that no significant discontinuity in the friction trace could possibly occur 

due to changing lubricant process in order to ensure non-disturbance of the tribofilms 

during the friction process [21, 111]. 
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Similarly, this study will use the same approach, but will also consider wear rates of 

worn samples alongside friction coefficient behaviour in tribofilm durability 

assessment.  

The approach to be adopted in this study in investigating tribofilm durability involves 

an initial friction test on the tribometer at 1.0 wt. % additive concentration in PAO for 

3 hrs (designated as 3 h) and 6 hrs (designated as 6 h) after which wear measurement 

was carried out using optical interferometry technique. Another friction test is carried 

out on fresh pair of samples (pin and plate), with additive-containing oils for 3 hrs. 

This is briefly stopped without replacing the samples, and allowed to cool down. By 

using a pipette, the oil-containing additives is siphoned out and wiped clean using 

tissue paper without touching the wear scar before adding fresh base oil (PAO 6).  

The discontinued test is re-initiated to run for another three hours with only the base 

oil under variable temperature conditions; designated as 3r3 tests. At the end of this 

test, friction coefficient and wear measurement were carried out with the results 

compared to those obtained from the initial three and six hours tests.  

In order to understand the effects of water contamination on tribofilms, two sets of 

experiments involving free (or added) water in the oil and the other involves humidity 

effect on tribofilms behaviour. The first part of this test will require the additives in 

the base oil maintained at 1.0 wt. %. Subsequently, distilled water of known 

concentrations (0, 0.5, 1.0, 1.5 and 2.0 wt. %) were added to the oil containing 

additives and properly blended on a magnetic stirrer at about 50oC for about one hour. 

Tribological tests are carried out at 80oC bulk oil temperature for 6 hours. This is to 

ensure that water in the oil fully dissolves and that thermal and tribo-oxidative 

condition for 6 hr test duration have a full impact on the tribofilms [83].   

In the second part of water contamination tests, moisture effects on the tribological 

performance of tribofilms are studied by having the tribometer enclosed in a chamber 

produced from perspex material (68 x 20 x 26 mm3). On the sides of the humidity 

chamber, there are inlet holes for ultrasonic humidifier and dehumidifier. These are 

to allow for the chamber environment to be varied from fully-dry to fully-wet 

conditions as shown in Figure 3-6.  
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The humidity chamber has a variable speed fan (400-1500 rpm) which ensures that 

humid or dry air are not only circulated evenly throughout the chamber, but also 

provides a means of humidity control. In addition, factory calibrated temperature and 

humidity probe (0-97 % RH) with a standard deviation of ± 2 % along with the fan 

are connected to a LabVIEW programme on a computer for continuous monitoring 

and control. 

Hence, the humidity control chamber over the tribometer provides a good level of 

humidity monitoring and control for this study. This is to enable the tribological effect 

of moisture conditions of the surrounding air on tribofilms formation to be 

investigated appropriately. The relative tribological performances of tribofilms from 

ABE, KBE and ZDDP additives in PAO can be assessed. This was carried out at fixed 

additive concentration of 1.0 wt. % and different relative humidity conditions of; 5, 

35, 65 and 95 % relative humidity for 3 hrs test durations under boundary lubrication 

regime. 

 

 

Figure 3-6 Tribometer enclosed in humidity controlled chamber 
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Similar tests on the effects of humidity on boron coated systems was carried out at 

room temperature [145, 184, 185]. Hence, experiments on the effect of humidity on 

tribological performance of borate tribofilms at room temperature of about 19oC. This 

will elucidate on how dry air and moisture-rich environment affect the tribological 

performance of borate tribofilms from oils containing borate additives.  

In addition to tribological tests at varying humidity conditions, water absorption 

potentials of oils containing each additives will be assessed. This was carried out by 

filling a 20 ml open bottles with additive-containing oils. These are exposed to varying 

humidity environments in the humidity chamber enclosing the tribometer as shown in  

Figure 3-6. In this experiment 3 bottles for each additives are exposed in the humidity 

chamber to make a total of nine bottles. This is to ensure that measured water content 

level in the oils are reproducible. 

At the end of each tribological tests under varying humidity conditions, the water 

content of oils are measured and compared to that existing prior to the time of placing 

them in the humidity chamber during tribological tests. Hence, this result will not only 

investigate the effect of humidity on the tribochemistry of some additive containing 

oils, but also on their water absorption potentials. 

3.4.4 Test conditions for pin-on-reciprocating plate tribotests 

Following the description of lubricants, tribometer and materials in sections 3.3.2 and 

3.3.3, tribotests are carried out at test conditions in Table 3-2. In addition, Table 3-3 

shows the chart for experiments carried out in the course of this study. In order to 

simulate the contact configuration of valve train system under boundary lubrication 

condition, this study will consider a contact pressure that is similar to cam/follower 

which was estimated as 0.6 MPa [240]. For this to be possible on the tribometer, a 

normal load of 172 N, with effective modulus E* of steel samples as 247 GPa, 

Poisson’s ratio of 0.3 and 40 mm pin radius of curvature for the pins to give a contact 

pressure of  0.68 GPa.  

This was possible using the online software for initial point contact Hertzian contact 

pressure calculator [241]. In determining the boundary lubrication regime under 

which each test was performed, the Hamrock and Dowson [242] equation for  

elasto-hydrodynamic point contact as shown in Equation A.3.- 1 to Equation A.3.- 8 
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with the entrainment speed taken as 0.02 m/s are used. Hence, a contact pressure of 

0.68 GPa will be used throughout the tribological tests for this study. For each tests, 

about 3 ml of lubricating oil will be used to cover the reciprocating plate and pin 

contacts. Each test was replicated three times with average friction coefficient and 

standard deviation of about ± 0.003 in the last hour of the six hours tests was recorded. 

It is assumed that changes in test conditions did not significantly affect the viscosity 

of oils as to prevent lubrication regime from leaving the boundary region. 

Table 3-2 Test conditions during pin-on-reciprocating plate tribological tests 

 

Parameters 

 

Type of Tribological Tests  

Variable 

additive 

concentration 

Influence  

of 

temperature 

Humidity 

tests 

Water in oil 

tests 

Temperature of 

Bulk oil 

(oC) 

100 19, 80, 

100 and 135 

19 80 

Contact 

Pressure (GPa) 

0.68 0.68 0.68 0.68 

Sliding 

durations 

6 hr 3 hr/6 hr/3r3 3 hr 6 hr 

Lambda ratio,  

(Ʌ) 

0.04 0.245-0.039 0.241–0.306 0.037-0.04 

Additive conc. 

(wt. %) 

0, 0.5, 

1.0 and 2.0 

1.0 wt. % 1.0 wt. % 1.0 wt. % 

Humidity 

(% RH) 

45-52 43-58 5, 35, 65, 95 - 

Added water 

(wt. %) 

- - - 0, 0.5, 1.0, 

1.5 and 2.0 
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Tribological tests at low, medium and very high additive concentration are chosen to 

enable tribofilms formed to be assessed under boundary lubrication at a fixed bulk oil 

temperature of 100oC for a sliding duration of 6 hr under the prevailing humidity 

condition of the environment. The test temperature of 100oCwas chosen in order to 

also investigate how the volatility of boric acid with steam [35] will affect the 

tribological performance of borate tribofilms.  

In addition, this temperature falls within the region where boric acid is unstable  

[163, 224]. Hence, a study of reacted layers formed by synthetic and non-synthetic 

borate additives at different concentration and 100oC is necessary. This is to elucidate 

through the use of different surface characterization techniques whether boric acid is 

directly responsible for poor antiwear performance of tribofilms from non-synthetic 

borate additives or not. Two of the synthetic additives contain borates (ABE and KBE) 

and the third is the commercial ZDDP. The non-synthetic borate additive (BTE) 

contains a high concentration of boron and boric acid compared to the synthetic borate 

additives (ABE and KBE). This is to enable the tribological behaviour of different 

borate additives to be assessed in order to understand how the presence of rich and 

lean blend of these additives affects borate tribochemistry. Another set of test was 

carried out with fixed concentration of the synthetic additives in the oil (1.0 wt. %), 

but at different bulk oil temperature of 19, 80, 100 and 135oC under boundary 

lubrication condition.  

There are few literatures on the effect of temperature on the antiwear and durability 

of borate tribofilms. Some of these tribological tests at variable temperature were 

carried out when ZDDP and borate additives are used together in the additive package. 

The concluding results of these tests could not distinguish the role played by borates 

in the chemistry of the tribofilms formed [81, 82].  Another literature study on borate 

tribofilms without ZDDP stopped the temperature variation at 110oC [131]. However, 

at this highest test temperature, boric acid is yet to fully decompose to boron oxide 

due to its step-wise decomposition behaviour in forming boron oxide  

[163, 224]. Hence, this research will investigate the influence of temperature on 

tribofilms up to 135oC bulk oil temperature on the antiwear performance and 

durability of tribofilms from synthetic borate additives (ABE and KBE) in comparison 

to ZDDP. 
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Table 3-3 Chart for tribological experiments 

Experimental Details 

S/N Tribological tests Test 

 Duration 

Surface Analysis 

(1) Friction coefficient measurements 

of ABE, BTE, KBE and ZDDP in 

PAO at different concentrations  

and fixed temperature compared 

to only PAO 

6 hr. Wear measurement,      

FIB-SEM, AFM, 

Nanoindentation, XPS and 

Raman Spectroscopy 

(2) Tribological tests involving  

tribofilms formed by the borate 

additives at fixed concentration 

and variable temperature 

3 hr, 6 hr 

and 3r3 

Wear measurements, 

AFM, Nanoindentation,  

XPS and/ or Raman 

Spectroscopy 

Tribological tests involving  

tribofilms formed by ZDDP 

additive at fixed concentration 

and variable temperature 

3 hr, 6 hr 

and 3r3 

Wear measurements, 

AFM, Nanoindentation 

(3) Tribological tests on the effects of 

water contamination on tribofilms 

(a) Humidity tests 

(b) Expose oil samples to 

humid atmosphere 

(c) Free water in oil test 

  

3 hr Wear measurements, 

AFM, XPS and Raman 

Spectroscopy 

 

6 hr 

Wear measurements, 

AFM, and Raman 

Spectroscopy 

 

However, oils containing BTE was not considered for this test. The highest test 

temperature of 135oC is far above the boiling point of BTE that was estimated as  

68-69oC in the material safety data sheet provided by the chemical supplier [236]. 

Hence, BTE was considered unsuitable for this test due to safety reasons. This test 

will enable the tribofilms formed at different temperature and sliding process to be 
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studied in order to provide a better insight to their chemical and physical behaviour 

under these conditions.  

In order to understand how tribofilms formed by borate in oils are influenced by 

dissolved water contamination, the experimental methodology was designed to 

compare tribological performance in water-rich environment to moisture-free 

atmosphere for 3 hr test duration. In moisture-free atmosphere, dry air supply line 

from a dehumidifier was connected to the air inlet of the humidity chamber to provide 

dry air, after which tribological test is carried out for 3 hr and relative humidity 

measured and recorded.  At the end of dry air tests, the dry air hose is disconnected 

and the valve connecting this line closed, before commencing experiments in 

moisture-rich atmosphere. The tribological test in moisture-rich environments 

requires another hose to link the moist air from the outlet of ultrasonic humidifier to 

the moist air inlet of the humidity chamber at 35, 65 and 95% RH. This test is carried 

out at room temperature without heating the oil. The oil samples exposed to  

water-rich environments provides a means of measuring the increase of water content 

of the oil with respect to the initial water content.  

In the free-water contamination in oil, specific amount of distilled water was blended 

with the oil to form either an emulsion or free-water in oil. The additives used for this 

test are both synthetic and non-synthetic borates. In order to investigate the 

tribological effects of free-water tribofilms formed by oils containing borate additives, 

this study will utilize the technique used by Cen et al. [83] to study the effect of 

dissolved- and free-water on ZDDP tribofilms. In these tests, tribological experiments 

was carried out with oils containing free-water was carried out for 6 hrs at 80oC where 

most of the free-water was observed to have dissolved. Tribological tests are carried 

out at 80oC and a sliding time of 6 hr. This is to ensure that water in the oil fully 

dissolves and that thermal and tribo-oxidative conditions have a full impact on the 

tribofilms. This was based on increase in saturation level with temperature [243].  

There is yet to be a study on the effects of free-water on the formation of borate 

tribofilms. Hence, tribological experiments on the effects of free-water on tribofilms 

from oils containing some borate additives using ZDDP as reference. This is to enable 

surface analysis of the formed tribofilms provide a better understanding on the 

tribochemistry of borate tribofilms synergy with water (free or dissolved).  
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3.5 Bulk oil analysis 

3.5.1 Tendency for hydrolysis 

The tendency for borate esters or esters in general to breakdown into alcohol and acid 

is a measure of their resistance to hydrolysis. As a potential substitute for ZDDP 

additive in oils, they are required to be hydrolytically stable when exposed to humid 

air or when in contact with appreciable quantities of moisture. The experimental detail 

of physicochemical assessment of oils and some boron compounds are shown in  

Table 3-4.  

Table 3-4 Physicochemical analysis of oils and some boron compounds 

S/N Tendency for hydrolysis 

tests 

Physicochemical analysis of the 

bulk oil 

(1) Hydrolytic stability of additives  

in oils using sealed-tube tests 

 

 Changes in Kinematic 

Viscosity 

 Changes in Total Acid 

Number 

 Changes in Copper Weight 

Loss 

 Copper appearance after the 

tests 

(2) Thermo-oxidative stability tests Thermo-Gravimetric Analysis of 

Additives in Oils Under Different 

Gas Test Conditions: 

(a) Air 

(b) Nitrogen 

(3) (a) Moisture absorption 

potentials  

       of additive-containing oils 

(b) Moisture adsorption of  

boron oxide and boric acid  

Changes in water content of the oils 

Weight gain using the micro analyser 

and Raman Spectroscopy 
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The test method employed is a more rigorous version of ASTM D2619-09 test 

standard for petroleum or synthetic based hydraulic fluids in terms of test temperature 

and duration as proposed by [136]. This test method differentiates the relative stability 

of petroleum or synthetic–based hydraulic fluids in the presence of water under the 

conditions of likely usage. The test method requires a certain quantity of water to be 

added in a sealed bottle containing copper coupons. This is heated to a particular 

temperature in an oven for a specific amount of time, such as 48 hours or more. At 

the end of this test, changes in viscosity, total acid number, copper weight loss or gain 

and copper colour appearance are used to assess the degree of hydrolytic stability of 

the oil.  

In this study, hydrolysis was accelerated by adopting the wet heating treatment 

method which requires adjusting 100 ml of lubricant to have a water content of  

2000 ppm in a borosilicate glass bottle. Mixing is possible by using a magnetic stirrer 

at a temperature of 50℃ for about 40 minutes to form water in oil mixture. Each of 

the copper coupons (Cu C106) is dropped into the sealed borosilicate glass bottles 

which are placed in the closed oven. The consideration of steel coupons for this test 

could have provided a better information on the rust inhibition potential of the oils on 

the steel samples for tribological tests, in terms of weight loss or gain. However, 

copper coupons will not only provide weight loss or gain, but also colour changes due 

to oxidation effect of the additive-based oil on copper. Heating of the oils was carried 

out at 135oC set temperature for 10 days. The degree of hydrolysis was determined by 

changes in viscosity, total acid number, weight loss and coupons (copper) appearance 

before and after the heating process. 

Pre-and–post heating values of the total acid number (TAN) that conforms to ASTM 

D664 or Institute of Petroleum (IP)/Energy Institute (EI) 177 test procedure are noted. 

In determining TAN changes that took place for the mixture during the test, the  

on-site fuel and lube oil analysis test kit is utilized [244]. This has an accuracy of 

± 0.2 TAN as shown in Figure 3-8. The results are compared to hydraulic fluids and 

oils (HF-O) test limits. Changes in kinematic viscosity of additives-containing oils are 

obtained from measured values of dynamic viscosity divided by the corresponding 

measured values of density before and after the heating processes. Dynamic viscosity 

measurement was possible by making use of a rotational rheometer with cone and 
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plate gap loading geometry using a Newtonian model fit, under controlled shear stress 

mode based on ASTM D2983 test standard. This test method uses rotational 

viscometers within a torque range and specific spindle speed for the determination of 

the low shear rate viscosity of some lubricants, automatic transmission fluids and 

hydraulic fluids. The protocols used for this tests are; (i) minimum shear stress of 0.06 

Pa., (ii) maximum shear stress of 50 Pa., total time of 750 sec (delay time of 5 sec. 

and maximum time out of 5 sec.), gap setting of 150 µm between plates of 4o/40mm 

diameter geometry. 

In order to obtain kinematic viscosity of oils containing each of the additives, the 

densities of oils are determined at 40oC using instrumented pycnometric method from 

Micromeritics (Accupyc 1330). This has a measurement error of about 0.001 g/cm3. 

The kinematic viscosity of each test oils are determined at 40oC by dividing the 

measured viscosity with the corresponding density before and after heating these oils 

in the oven. Results from these tests were compared with ISO Viscosity Grade 

standard 220 (ISO VG 220). In addition, the weights of copper coupons was 

determined using a micro analyser that can measure weight changes up to five decimal 

places before and after heating in the oven, while their colour changes was also 

obtained before and after heating in the oven at 20 x magnification. 

3.5.2 Thermo-oxidative stability tests 

The thermo-oxidative stability of known weights of test oils was evaluated using a 

SHIMADZU TGA-50 thermo-gravimetric analyser as shown in Figure 3-7.  

 

Figure 3-7 Thermo-gravimetric analyser (TGA) used for thermal and oxidative 

decomposition of oils 
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By using PAO alone and each of the antiwear additive blends in the base oil at  

2.5 wt. %. TGA tests were carried out separately in static atmospheres of nitrogen 

(thermal) and air (oxidative) at 50 cm3/min flow rate.  Each sample was heated under 

a linearly increased temperature programme of 10℃/min to 600℃ for one hour. Under 

these conditions, weight changes with time measurements was possible on the TGA 

analyser at the beginning (onset temperature) and end (endset temperature) of the 

experiment to provide an insight on their dynamic decomposition behaviour in 

thermal and oxidative atmospheres. 

3.5.3 Moisture effects on oils and some crystalline boron compounds 

In order to understand how borate additives in the base oil interact with humid air to 

influence friction and wear performance, a quantitative assessment of increase in 

water content of synthetic borate-based oils is necessary in comparison to ZDDP oil. 

This can either be a physical or chemical process in which moisture enters the bulk 

phase of the absorbent. In this experiment, the absorbent is the additive containing 

oils, as it distributes the absorbed moisture throughout the bulk phase of the additive 

containing oils. This is possible by determining the increase in concentration of 

dissolved water in sample oils containing each additives (ABE, KBE and ZDDP) 

when exposed to different humidity conditions for 3 hr compared to unexposed oils. 

The various methods of determining the water content of oils are; Crackle test, 

Calcium hydride test, Karl Fischer and Fourier Transform Infra-Red. In this 

experiment, lube oil analysis was carried out using test kit from KITTIWAKE Parker 

[244] to determine water in oil. This method employs the calcium hydride test 

technique as shown in Figure 3-8. 

The calcium hydride test water in oil test works on the principle that oils reacting with 

calcium hydride reagent in a pressurised oil-containing cell forms hydrogen gas. This 

reaction is accelerated by shaking the test cell vigorously. A change in pressure due 

to hydrogen build-up is detected by a pressure sensor which converts the pressure 

build-up to water content in % or ppm of water in 9 oil samples. Three of these 

samples are for each additive in order to ensure experimental reproducibility. This test 

conforms with IP386/ASTME D4928 standard with an error limits of ± 0.1 % [244]. 

The differences between water concentration in oil samples exposed to moisture 
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contamination is compared to corresponding water content in oils unexposed to 

moisture contamination, gives an indication of water adsorption potentials of the  

additives in the base oil. 

In order to determine the moisture adsorption potentials of crystalline boron oxide and 

boric acid, commercially-available laboratory grades boric acid having an Assay 

greater than 99.5% and boron oxide with 99% are obtained. The adsorption of 

moisture on the surface of crystalline boron oxide or boric acid is assessed by using 

the micro-analyser for weight change determinations. The initial weights of eight 

samples of some quantities of these crystalline boron compounds are placed in a  

petri-dish are determined (4 petri-dish each for boron oxide and boric acid). With open 

lids to the moisture of the surrounding air, the weights of these petri-dish containing 

boron oxide and boric acid are subsequently determined every one hour up to 9 hrs 

exposure time. Another sets of eight samples of crystalline boron compounds are 

exposed to the surrounding environment for 24 hrs. These sets of experiment are 

repeated four times, with the three sets of samples weighed, and the fourth set of 

samples taken for Raman spectroscopy analysis. 

 

Figure 3-8  Lubricating oil analysis test kit [245] 
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3.6 Post-test surface analytical techniques 

3.6.1 Wear measurements; Non-contact profilometry 

In order to fully characterize the material loss due to tribological processes,  

post-test wear analysis are carried out using scanning white light interferometry on a 

Brucker NP FLEXTM interferometry. For data analysis, ‘Vision64’ software suite is 

used to determine volume losses and other surface parameters of worn samples after 

removing surface bias such as; curvature and tilt. All measurements are made using 

vertical scanning interferometry mode (VSI), scan speed of x 3 magnification of  

x 2.5. The profilometry data are converted to dimensional wear coefficients using 

Archard’s wear equation as shown in  Equation 3- 1; wear volume obtained from 

white light interferometry divided by sliding distance (m) and multiplied by the unit 

load (N)  

𝑉𝑃𝐿 =  𝑘𝑝𝑙  ×  𝐹𝑁  × 𝐿   ;   𝑉𝑝𝑖 =  𝑘𝑝𝑖  ×  𝐹𝑁  × 𝐿  Equation 3- 1 

Where: 𝑉𝑃𝑖 𝑎𝑛𝑑 𝑉𝑃𝐿 in m3 are measured wear volumes for both the plates and pins; 

𝑘𝑝𝑙and 𝑘𝑝𝑖 in m3/N-m are dimensionless wear coefficients for plates and pins; 𝐹𝑁 in 

Newton is normal load and L in metres is sliding distance. 

3.6.2 Focused Ion Beam (FIB) 

In order to estimate tribofilms thickness of worn samples from tribological test, a 

focused ion beam for milling a trench is coupled with scanning electron microscopy 

will be employed. This enables a cross-section of worn area to be milled and imaged 

with appropriate optical techniques to not only give an estimate of the tribofilm 

thickness, but also an indication of its heterogeneity.   

In order for this to be possible, a high resolution FEI Nova200, NanoLAB field 

electron gun scanning microscope (FEGSEM) with precise focused ion beam (FIB) 

was utilized to image and etch into the wear scar of samples. Prior to milling, the area 

of interest on the tribofilms is protected from destructive ion beam with an initial 

protective layer of platinum (≅ 0.2 𝜇m) using an electron beam. Another bulk layer 

of platinum (≅ 1.5 𝜇m) is laid over the first layer.  

Nano-machining was used to sputter a rectangular trench of about 8 x 10 µm2 using 

Gallium ion beam at 30 kV on worn samples from the 1.0 wt. % additive-containing 
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oils. The tribofilm thickness was estimated from a secondary electron image of the 

trench at an angle relative to the surface that was similar to that used in the literature 

(54o) [246], and 40-50o [247]. 

3.6.3 Atomic Force Microscopy (AFM) 

In order to obtain high resolution topography images of the tribolayer of worn plate 

samples, the Atomic Force Microscopy (AFM) is utilized as shown in Figure 3-9 (a). 

The basic principle of AFM operation involves bringing a sharp probe closely to a 

sample surface which is subsequently moved relative to each other in a raster scanning 

pattern of a pre-defined area.  

 

(a) 

 

(b) 

Figure 3-9 AFM techniques for morphology imaging; (a) schematic diagram and (b) 

cantilever force curves operated in Peak-Force tapping [248] 
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Height profiling is possible based on the deflection of the tip due to repulsive van der 

Waals forces experienced from the sample surface. High resolution AFM images were 

obtained using Bruker Inc. (Dimension icon) under the peak force-quantitative 

nanomechanical tapping mode with silicon nitride cantilever.  

The cantilever resonance frequency is 0.977 Hz with spring constant of 40 N/m. This 

method avoids lateral forces due to intermittent contacts with the sample as it operates 

in a non-resonance mode at the turn-around points; z-position is modulated by a sine 

wave as shown in Figure 3-9 (b) and not a triangular type. On the other hand, this 

method is also more advantageous than the contact mode which is relatively easy to 

operate, but with the inherent drawback of high lateral force exerted on the sample. 

This can result into sample damage or the movement of relatively loose objects 

attached to the tip. Tribofilms and/ or thermal films formed by each antiwear additive 

on plate samples were imaged over scan area of 5.0 x 5.0 µm2 and 50 x 50 µm2 at six 

positions on the wear scars for a representative image to be selected. This is to ensure 

that morphology image are captured on small and larger scales in order to obtain a 

good representation of the tribolayer. 

In characterising the images obtained from the AFM, surface roughness and height 

sensor scale bar attached to the images are used to give an indication of deviations of 

the wear scar regions from the original unworn surfaces. The height sensor is the step 

height differences between the brightest and darkest regions of the images over 

scanned area as a signal from z-piezo position sensor. 

 

3.6.4 Nano-mechanical properties measurements 

A mechanical property characterization of the tribofilms formed from tribological 

tests was carried out using instrumented nanoindentation technique. This is used to 

obtain accurate hardness (H), reduced modulus (Er), stiffness and fracture toughness 

of thin films formed on the wear scar of surfaces from tribological tests as shown in 

Figure 3-10.  

The test instrument used for this purpose is NanotestTM NTX platform system with 

NanoTest NTX series controller, as shown in Figure 3-10 (a) is manufactured by 
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Micromaterials Ltd. UK. This equipment is a multi-tasked, flexible nano-mechanical 

property measurement system that has three independent modules (indentation, 

scanning and dynamic impact). In addition, the test equipment have two loading 

regimes; low load heads (0.1-500mN) and high load ‘’Micro Test’’ (0.1-20N) with 

high resolution microscope (4x, 10x, 20x and 40x).  

 

 

 

 

 

(a) (b) 

 

(c) 

Figure 3-10 Nanoindentation schemes; (a) Nano Test platform system [249],  

(b) Nanotest pendulum [250] and (c) Indentation load-displacement curve [251] 
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It is enclosed in a temperature regulated box to prevent the influence of external 

thermal fluctuations from the surrounding. The dynamic displacement response of 

thin films to various loadings can be measured through capacitor plates positioned 

directly behind the indenter tip during indentation events on NanoTest pendulum is 

shown in Figure 3-10 (b).  

This consists of a stiff, ceramic pendulum which is balanced on a frictionless leaf 

spring pivot. A permanent magnet and electromagnetic coil enable variable loads to 

be applied. In order to obtain, analyse and interpret data, the micro-capture camera 

and NanoTest platform software suite is used.  

The instrument is equipped with optical microscope for sample imaging before test in 

order to locate a flat indent area on top of the tribofilms. In addition, the indenter used 

for this instrument was equipped with a Berkovich diamond tip with nominal radius 

of curvature in the range of 50 nm. By using high strength adhesives, all samples can 

be mounted to the sample holder.  

After mounting the samples, a series of sequential nano indentations around the same 

location were made at 600 µN indentation loads which are 50 µm apart on various 

worn samples. This was based on the approximate film thickness measurements from 

FIB-SEM in order to ensure that penetration depth into the film is within 10 % of film 

thickness. The hardness measurement methods suggested by Oliver and Pharr [252] 

and ISO 14577-1 protocol. This involves experimental algorithm of loading and 

unloading time of 10 s with each at 0.5 µm/s velocity and 0.5 mN/s sequential loading 

rates. The test control procedure can be either displacement-controlled or force-

controlled. In the force-controlled procedure to be adopted for this test, the test load 

is constant for a designated period while recording measurements of the changes in 

the indentation depth as a function of time. The load-displacement curves as shown 

in Figure 3-10 (c) enables the reduced elastic modulus (𝐸𝑟) to be measured.  

In order to avoid the effect of substrate on the mechanical properties of thin films, 

some literature adopted certain percentage of the estimated film thickness as the rule 

of thumb for the indenter penetration depths into the films; 5% [253], 10% [254, 255] 

and 25% [256, 257]. In this study efforts will be made to maintain the indentation 

within 10% of tribofilm thickness. The elastic modulus of tested specimen is obtained 
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from Equation 3- 2, if the Poisson’s ratios (𝑣𝑠 𝑎𝑛𝑑 𝑣𝑖) for the specimen and indenter 

are taken as 0.3 and 0.07 respectively and the elastic modulus of indenter (𝐸𝑖) is taken 

as 1140 GPa. The hardness and/ or elastic modulus of worn samples lubricated by 

additive-containing oils are compared with the base oil 

1

𝐸𝑟
     =      

1− 𝑣𝑠
2

𝐸𝑠
    +     

1− 𝑣𝑖
2

𝐸𝑖
 

Equation 3- 2 

3.6.5 X-ray Photoelectron Spectroscopy (XPS) 

The XPS technique also referred to, as electron spectroscopy for chemical analysis 

(ESCA), is used to investigate the chemistry at the surface of a sample. These could 

be; element composition, chemical information about the local environment and 

valence bond electronic structure of sample surface. This technique works by 

irradiating a specimen with mono-energetic soft X-ray beam such that photons of 

specific energy are used to excite the electronic states of atoms below the sample 

surface in a high vacuum environment. Hence, photoelectrons are ejected from the 

sample surface, which are energy filtered through a hemispheric analyser (HAS) 

before a detector identifies the intensity for a defined energy. The resulting energy 

spectra exhibits resonance peaks characteristics of the electronic structure of atoms 

on the sample surface due to quantization of the core level electrons in solid-state 

atoms.  

The elemental analysis of worn surfaces was quantitatively analysed by using XPS to 

obtain more information about the tribochemical reaction products due to different 

tribological processes. XPS was performed at NEXUS facility nanoLAB with a Theta 

Probe MK (II). This instrument employs a high-power monochromatic Al𝐾𝛼 X-ray 

source at 1486.68 𝑒𝑉 which was focused on the wear scars in 400 µ𝑚2 area of worn 

plate samples surface in a vacuum of about 10-9 milli bar. A low resolution scan was 

obtained to identify the elements present at pass energy of 200 eV, 5 mm slit size and 

1.0 eV step interval; after which long scans at 40 eV and pass energy of 0.1 eV of 

selected peaks were acquired in spatial mode.  

XPS depth profiling experiment was performed on worn samples using ion gun 

monatomic bombardment at 1.03 nm/min sputtering rate; where energy was set at 40 

eV and step interval of 0.1 eV from. This was based on results from similar tests used 
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in the literature for XPS depth profiling of borate tribofilm that used sputtering rates 

between 1.5 and 3.0 nm/min [193]. In this test, care was made by choosing lower 

sputtering rate in order to avoid damage to the tribofilms. 

Depth profiling was specifically chosen in order to investigate the chemical species 

formed deep down the tribolayer. Peaks obtained were analysed using CasaXPS 

software for curve fitting after calibration of C1s peak for contaminated carbon as 

reference at 284.8 eV [258]. In order to display data, OriginPro 9.4 software was used. 

The acquired spectra were compared with standard spectra from XPS handbooks and 

tabulated spectra from various references [119, 158, 198]. The background used for 

curve fitting is the more commonly used Shirley background. This type of background 

goes up in proportion to the total number of photoelectrons below its binding energy 

position [259]. It is unlike linear background which suffers from large peak area 

changes that depends on the chosen end points. On the other hand, Tougaard 

background is impracticable for use when there are numerous peak overlaps  

[260, 261]. 

3.6.6 Raman Spectroscopy 

In order to complement results from XPS spectroscopy, the Raman spectroscopy is 

considered for further chemical analysis of the tribofilms above other vibrational 

spectroscopy. One type of vibrations spectroscopy is the infrared spectroscopy that is 

based on what is termed mid-infrared (4000 cm-1 to 400 cm-1), where region covers 

the fundamental vibrations of most organic compounds [262]. The other type of 

vibrations spectroscopy is known as near-infrared (NIR) with spectral region around 

4000 cm-1 which falls between the infrared and the visible spectrum. A description of 

these vibration transition processes are shown in Figure 3-11 (a). Third type of 

vibrational spectroscopy is Raman spectroscopy. This type of vibrational 

spectroscopy provides information about the molecular structure and interactions 

within the sample. It measures vibrational energy levels which are associated with; 

chemical energy to identify bonds, structure characterization, and reaction 

monitoring. This technique involves illuminating a sample with an intense single 

frequency light source (i.e. laser) and detecting the scattered light as shown in  

Figure 3-11 (b). 
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(a) 

 

(b) 

Figure 3-11 Vibrational spectroscopy; (a) vibration transition processes [262], and (b) 

schematic representation of Raman spectroscopy [263] 

 

Most of the scattered light could have same frequency as the excitation source, but 

sometimes are not. This could be related to the force exerted by electromagnetic field 

on charged particles to form induced dipoles. When the induced dipole oscillates at 

angular frequency equal to that of incident light, Rayleigh or elastic scattering occurs. 

On the other hand, stokes Raman scattering occur when induced dipoles oscillate at 

lower frequency than incident light, and anti-stokes Raman scattering at oscillating 

frequency higher than that of incident light. A comparison of different vibration 
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transition processes are shown in Figure 3-11 (b). A requirement for a vibration to be 

Raman-active is for such molecules to have change in polarizability (i.e. a change in 

shape, size or orientation of the electron cloud that surrounds the molecule).  This is 

a molecular vector quantity which describes the ease with which electrons can move 

by the electromagnetic radiation relative to the nuclear framework. The Raman-active 

boron compounds that could be found on tribofilms are; boron oxide, boric acid and 

boron nitride. In order to study structural changes and properties of different borate 

groups within the tribofilms, we applied room temperature Raman spectroscopy to 

infer the vibration transitions of the wear-resistant borate glass network. This was 

based on Krogh-Moe hypothesis that by comparing the Raman spectra of glasses with 

those of borate compounds whose crystal structure is known, it is possible to obtain 

information on the presence of certain structural units of glasses [264, 265]. This 

hypothesis assumed that structural units or groups present in oxide liquids and oxide 

glasses resemble the units or groups present in the corresponding crystalline 

compounds [264, 266].  

In this study, the Renishaw-inVia Raman spectroscopy was used to analyse worn 

surfaces of plate samples. In addition, Raman spectroscopy of some crystalline boron 

compounds could provide a better understanding of borate tribofilms formed during 

tribo-oxidative interaction with moisture of the surroundings. The key boron 

compounds are boric acid and boron oxide. All Raman measurements were made 

using Nd-YAG laser with 488 nm wavelength excitation, and 10 mW laser power on 

the sample surfaces. The laser beam was focused on worn samples to do spot-to spot 

mapping of 25 x 25 µm2 area with intensity integrated in 10 sec. of detector exposure 

time with one accumulation. Spectral analysis was performed using WiRE 3.4 

software (inVia) to collect data.  

Band fitting was carried out using a Lorentz-Gauss cross-product function with the 

minimum number of component bands for the fitting process. Reproducible fitting 

was carried out until squared correlations of r2 is greater than 0.995; OriginPro 9.4 

software was used to display data. In most of the test results, the spectra will be plotted 

on the same scale and shifted vertically for clarity. In this way, changes of difference 

in the Raman spectra can be identified due to different test conditions.  
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Chapter 4  

Tendency for Hydrolysis and Water Absorption of Oils and 

Key Crystalline Boron Compounds  

4.1 Introduction 

The first part of this chapter presents results of hydrolytic stability assessment of oils 

containing borates (ABE, KBE and BTE) and ZDDP additives in PAO. The results 

focuses on how their breakdown under thermal and/or oxidative conditions using 

various techniques affects copper coupons. The second part reports results of thermal 

and oxidative stability of oils containing about 2.5 wt. % additives in PAO using a 

thermo-gravimetric analyser.  

The third part presents results of moisture adsorption by oils containing some 

additives. Finally, the results of moisture absorption by major crystalline boron 

compounds such as boron oxide and boric acid are presented. This results are expected 

to elucidate on the susceptibility of the additives in base oil to corrosion risk under 

thermo-oxidative conditions. In addition, the results will enable moisture adsorption 

potentials of these additives in the base oil with the understanding of which boron 

compounds is responsible for this interactions. 

4.2 Results 

4.2.1 Hydrolytic stability 

A summary of results from hydrolytic stability measurements are shown Figure 4-1. 

The aged additive-free PAO and BTE were observed to have increased kinematic 

viscosity (KV) indicated as (+ve), that was higher than the maximum value of 6% 

recommended by ISO 3104 or ASTM D445. For the aged-tested sample oil containing 

ABE, KBE and ZDDP additives, a decrease in KV (-ve) were observed which was 

lower than pre-aged KV values. Above all, aged BTE additive in PAO gave the 

highest KV change than all other oil-containing additives that is indicative of the 

adverse effect of ageing on its rheology.  
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Changes in total acid number (TAN) of test oils were below the recommended  

4 mg KOH/g limits for hydraulic fluids and oils (HF-O) standard. However, aged-oils 

containing BTE additives had TAN values of about four times higher than aged base 

oil. This is an indication of the adverse effects of the formed acid on copper coupons 

by certain boron compounds present in BTE aged-oils when compared to aged PAO 

and oils containing other additives based on results shown in Figure 4-1. 

 

 

Figure 4-1 Artificial aging of oils test results using seal-bottle containing oils and 

copper coupons in the oven at 135oC for 10 days 

 

In addition, copper coupons in aged ABE, KBE and ZDDP-containing oils gave mass 

gain values that were below the recommended limits 0.3 mg/cm2 for mass loss [137], 

but BTE gave mass loss that was higher than the recommended limit. This is an 

indication that oils containing ABE and KBE additives have better hydrolytic stability 

than BTE. The oxidation and subsequent corrosion risk to machinery and metallic 

surfaces with regards to lubricant degradation in service, indicated that BTE possesses 
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the highest corrosion risk compared to other borate additives (ABE and KBE) and 

ZDDP.  

4.2.2 Corrosion resistant of additive-containing oils 

Hydrolytic stability test results based on copper corrosion resistance of other synthetic 

antiwear additives are shown in Figure 4-2. The colour appearance of copper coupons 

in aged oils after 3 repeated tests were compared to a new coupon and standard 

reference chart [267]. Based on ASTM D130, the copper appearances of oils 

containing ABE additives and only PAO, have grades 1b (dark orange) as shown in 

Figure 4-2 (b) and (c) respectively. On the other hand, copper coupons in oils 

containing KBE additives have grade 1a (light orange) as shown in Figure 4-2 (d) that 

was similar to that of a fresh copper coupon. 

 

 

 

 

 

 

 

 

 

 

 

 

     

Grades 1a 1b 1b 1a 4a 2e 

 (a) (b) (c) (d) (e) (f) 

Figure 4-2 Copper coupons colour change from sealed-tube tests in; (a) New coupons 

with no oil, (b) Aged PAO, (c) Aged ABE, (d) Aged KBE, (e) Aged ZDDP, (f) 

Aged BTE 
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Hence, the resistance to corrosion of copper coupons by KBE-containing oils with 

grade 1a is considered highest, followed by ABE and PAO with grade 1b. Previous 

studies on hydrolytic stability of boron-containing oils has borate-based oils with 

grades 1a and 1b represents more stable and stable resistance to hydrolysis [133, 134]. 

The sealed-tube test results with copper coupons in ZDDP-containing oils gave colour 

grade 4a as shown in Figure 4-2 (e). This is an indication of poor chemical reaction 

on copper by water attack on ZDDP due to reactive sulphur in ZDDP-containing oil 

to form deposits on copper coupons. This was a similar result obtained by Jayne et al. 

[65] and Garcia-Anton et al. [66]. The copper colour changes in aged BTE-containing 

oils is 2e as shown in Figure 4-2 (f); moderate tarnish or brassy gold that could be an 

indication of poor corrosion compared to coupons from oils containing ABE and 

KBE. Hence, this test was able to show that ABE and KBE additives are not only 

more hydrolytically stable than BTE, but also have better corrosion resistance. 

4.2.3 Thermo-oxidative stability 

A representative thermo-gravimetric analysis (TGA) curve obtained for KBE additive 

in PAO is shown in Figure 4-3.  

 

Figure 4-3 A typical TGA plot of KBE additive in oils showing thermal and oxidative 

degradation in nitrogen and air environments 
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The TGA curves for all the oils tested indicates that a two-stage thermal 

decomposition took place when the experiment was performed in air, unlike the 

single-stage thermal decomposition that was observed for all the oils tested in a 

nitrogen atmosphere. Table 4-1 summarizes the average onset and endset 

decomposition temperatures in air and nitrogen atmosphere respectively for all the 

antiwear additives. The onset and end set decomposition temperatures are the vertical 

lines through the point of intersection of the tangents to curves at both the onset and 

end set regions. At the onset regions, both evaporation of hydrocarbon present in the 

low end of the molecular weight distribution, and degradation of base oil component 

occurs [268]. The endset region was also attributed to decomposition of long chain 

hydrocarbons by the same study. Results shown in Table 4-1 indicated that thermal 

and oxidative decomposition of ABE and KBE are higher than BTE and ZDDP when 

compared to PAO. 

Table 4-1 Thermal and oxidative decomposition temperature of additives  

Type of Oil 

Sample 

Onset Temperature (oC) Endset Temperature (oC) 

Air Nitrogen Air Nitrogen 

PAO 302.7 316.6 550.1 413.3 

ABE + PAO 308.8 327.3 505.9 408.0 

KBE + PAO 316.0 324.0 506.6 398.2 

ZDDP + PAO 249.4 263.5 506.5 361.2 

BTE + PAO 223.1 241.5 527.7 358.1 

 

4.2.4 Moisture absorption of oils containing synthetic additives 

The effects of dissolved water contamination on exposed additive-containing oils that 

were placed in humidity controlled chamber were used as samples for this analysis. 

These are used to investigate water content in the oil samples using the on-site fuel 

and lube oil analysis test kit as described in Chapter 3.The initial concentration of 

dissolved water in the oils before placing them in the humidity chamber were used as 
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reference. This is to obtain the relative increase of water in the oils measured with 

initial water content in oils measured as; ABE (0.04-0.03 %), KBE (0.06-0.07 %) and 

(0.04-0.05 %). Oils containing BTE additive was not considered for these test due to 

its immediate hydrolysis as specified in its MSDS. This is due to continuous moisture 

adsorption if not properly sealed in its container that will likely affect the accuracy of 

its results.  

The differences between water content in the oils at the end of humidity tests and 

initial water content are shown in Figure 4-1. This result provides a quantitative 

analysis of how borate additives in the base oil interacts with humid air. Previous 

studies in the literature on the effect of humidity effect on the tribochemistry of 

additives have considered humidity as an extrinsic factor that can influence friction 

and wear performance surfaces in tribocontact. The results shown in Figure 4-4 

indicated the relative increase in water content of additive-containing oils due to 

changes in relative humidity of the surrounding environment.  

 

Figure 4-4 Average increase in water content of additive-containing oils due to 

exposure to different humidity conditions of the surrounding environment. Error is 

measured as standard deviation of results from three repeated samples 
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The increase in relative humidity between 5 and 95 %, indicated that boron-containing 

oils gave water content increase that are higher than ZDDP. Increased water content 

of the borate-containing oils was about 3 times higher than ZDDP-based oils and 

could have played a role in their friction response and antiwear performance in 

comparison to ZDDP. This is an indication that certain boron compounds in the oils 

could be responsible for water absorption. These could either be boron oxide or boric 

acid. 

4.2.5 Moisture adsorption analysis of crystalline boron compounds 

Figure 4-5 and Figure 4-6 shows the results of weight gain per cm2 of crystalline boron 

oxide and boric acid exposed to high humidity environment at 53 ± 1.3 % RH and 

20oC of the surrounding air for a period of 24 hrs. Weight gain measurements were 

determined using analytical balance with a resolution of 0.01/0.1mg.  

 

Figure 4-5 Effect of moisture on long duration exposure of boron oxide and boric acid 

in open air in 24 hrs exposure period. Error in these tests are measured as 

standard deviations of the averages of 3 test samples at ± 6.2% for boron oxide 

and ± 2% for boric acid 
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Weight changes were taken every one hour of exposing samples of boron oxide to the 

surrounding air for a total of 10 hour period. In addition, weight changes of exposed 

crystalline samples of boron oxide and boric acid to surrounding air for 24 hours were 

recorded as shown in Figure 4-5. The result indicated that boron oxide gave 

significantly more weight gain per cm2 than boric acid within 24 hrs exposure period 

as shown in Figure 4-5. 

However, the result of hourly weight gain per cm2 of boron oxide as shown in  

Figure 4-6 is comparable to results from similar studies in the literature [269]. This is 

an indication that weight gain by exposed boron oxide to atmospheric air is indicative 

of its moisture adsorption potential, unlike boric acid. In order to further understand 

the chemical effect of boron oxide exposure to air of the surrounding environment, 

chemical characterization of crystalline boron oxide and boric acid is necessary. 

 

 

Figure 4-6 Hourly weight gain of exposed boron oxide. Error bars shown are within 

statistical limits of standard deviation for average of three samples 
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4.2.6 Raman spectroscopy of crystalline boron compounds 

The results of changes in room temperature Raman vibrational spectroscopy of 

crystalline boric acid and boron oxide exposed to moisture-rich environment at 

different time intervals are shown in Figure 4-7. The results indicates that within the 

first one hour of boron oxide exposure to humid air, changes in its crystalline structure 

commences, but there was little changes in boric acid crystalline structure. After about 

24 hrs exposure, most of the boron oxide peaks have changed to boric acid peaks. 

The results indicate that when boron oxide with Raman shift of around 806 cm-1 is 

exposed to moisture-rich environment for long duration, boric acid is formed with its 

characteristic Raman peaks at 499 cm-1 and 867 cm-1 [138, 207, 221].  This result 

suggests that when oils containing borates are exposed to atmospheres with some 

appreciable quantities of moisture, boron oxide in the oil reacts with moisture to form 

boric acid.  

 

 

Figure 4-7 Raman of crystalline boron oxide and boric acid at different test duration. 

Reproducible fittings of analysed area was carried out until squared correlations 

of r2 is greater than 0.995. The spectra are plotted on the same scale and have 

been shifted vertically for clarity 
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On the other hand, the Raman shift for boric acid remained unchanged throughout the 

exposure duration both in terms of moisture adsorption and chemical structure except 

for some little peaks of h-BN after longer duration above 1 hr. This could be as a result 

of manufacturing process as the purity of boric acid used for this experiment is about 

99.5% or due to contamination by some nitrogen-containing compounds in air.  

In air, Nitrogen constitutes about 78.084% by volume, 0.5 ppm of nitrous oxide (N2O) 

and 0.02 ppm of NO2 [270]. Any of these sources of nitrogen and its compounds could 

have been responsible for boron nitride formation. The behaviour of boric acid when 

exposed to moisture-rich environment to form boron nitride could likely affect its 

tribological behaviour in terms of wear rate, but not significantly in terms of friction 

coefficient reduction. This is due to the layered structure of h-BN as show in  

Figure 1-6. 

4.3 Summary 

The following key points can be made on the thermal and oxidative effects of  

boron-containing additives and ZDDP in PAO on their resistance to hydrolysis and  

thermo-oxidative stabilities. In addition, water absorption of oils and adsorption by 

certain crystalline boron compounds potentials are presented: 

 The synthetic borate additives (ABE and KBE) have been shown to possess 

better hydrolytic stability than non-synthetic borate additives (BTE) 

 The resistance to copper corrosion by synthetic borate additives was shown to 

be significantly higher than ZDDP and BTE-containing oils 

 Higher onset decomposition temperature of synthetic borate additives than 

ZDDP and BTE is indicative of their higher thermo-oxidative stability 

 Lower hydrolytic and thermo-oxidative performance of BTE compared to 

ABE, KBE and ZDDP raised the possibility of likely adverse effect on its 

tribological performance 

 The result of moisture absorbing potential of oils containing boron indicates 

that more moisture is absorbed by oils containing boron additives than ZDDP 
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 Increased water absorption by boron-based oils were observed to be as a result 

of boron oxide in the oil than  boric acid 

 The presence of boron nitride on exposed crystalline boric acid is an indication 

that BN could form on oils or tribolayer containing crystalline boric acid 

without necessarily having nitrogen in the molecular structure of the borate 

additive. This is possible if the borate additive have high concentration of boric 

acid as in the case of BTE used in this study. 
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Chapter 5  

Tribological Results at Variable Extrinsic Test Conditions 

5.1 Introduction 

Boron compounds as antiwear additives in lubricants used in IC engines have been 

considered as potential substitutes for conventional ZDDP and other P- and  

S-containing additives due to their classification as zero-SAP additives. Studies of the 

existing literature on boron-based additives in Chapter 2, suggest that there are 

deficiencies in the understanding of friction, wear and durability of borate-based 

tribofilms.  

Hence, a tribochemistry study of borate additives under different extrinsic conditions 

is essential in understanding the use of borates in lubricant formulation. The 

conditions to be considered in this study are; concentration of the additives, bulk oil 

temperature and sliding process, humidity effects and level of water in additive-based 

oils. In this chapter, tribological results obtained from lubricated sliding  

steel pin-on- reciprocating steel plate by antiwear additives in PAO6 base oil are 

presented. 

The first part of this experiment will investigate the effect of different borate additives 

in oils on the friction reduction and antiwear performance of tribofilms at different 

concentrations. Using the ZDDP as a reference, a comparison of friction and wear 

results of tribofilms from synthetic and non-synthetic borates can elucidate more on 

their different tribological behaviour.  

A literature survey of the existing work on the effect of hydrolysis on the 

tribochemistry of tribofilms from borate additives as shown in chapter 2 is limited to 

friction reduction. In this section of Chapter 5, the effect of hydrolytic stability on the 

antiwear performance of certain borate additives will be investigated. The second part 

of this chapter will investigate the effects of temperature and sliding process influence 

on the antiwear performance and durability of wear-resistant metallic oxide-boric 

oxide glass from the synthetic borates. The literature survey in Chapter 2, showed that 

changes in metallic oxide composition and structural transformation in boric oxide 

anions as practiced in borosilicate glass manufacture, could affect the physical 
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properties of glasses. There is yet to be a tribological study on how transformation in 

boron anions and changes in boron oxide and metallic oxide compositions affects the 

wear-resistant and durability of borate tribofilms. 

This test is sub-divided into two stages. The first stage involves carrying out friction 

and wear tests on additive-containing oils for 3 hr and 6 hr in order to provide an 

understanding of tribological response of borate tribofilms to temperature changes. 

The next stage involves carrying out tribofilm durability experiments using the 

changing oil lubricant procedure experiment at different temperatures as described in 

chapter 3. The tribofilm is formed with the additive present for 3 hr and stopped. The 

oil is replaced with additive-free base oil and the test continued for another 3 hr. This 

is designated as 3r3 tests. 

The third part of this chapter investigates the friction and wear performance of  

borate-based tribofilms with respect to ZDDP additives under different levels of 

dissolved and free-water in the oil at room and elevated temperature. In the dissolved 

water experiments, the friction test rig was enclosed in a chamber fabricated from 

Perspex. An air circulation fan and humidity sensor was connected to the chamber. 

The combination of ultrasonic humidifier and air drier ensured that moist air at 

varying levels of dryness enters the chamber. This is to provide controlled chamber 

environment from fully-dry to fully-wet conditions. The conditions for the friction 

experiments and humidity conditions are as described in Chapter 3. Friction 

coefficient and wear measurements of worn plate samples from these experiments are 

to elucidate the antiwear behaviour of borate additives in dry air and moisture-rich 

atmospheres. 

5.2 Friction and wear results due to changes in concentration 

The tribological results of variable additive concentration at 100oC bulk oil 

temperature as described in section 3.43 and section 3.44 are shown in Figure 5-1 (a). 

In addition, the influence of base oil on the antiwear performance of oil additives 

containing oils on both plates and pins are included in Figure 5-1 (b). The friction 

coefficient results indicated that all the borate additives gave lower friction coefficient 

than ZDDP at 0.5 wt. % as shown in Figure 5-1 (a).  
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(a) 

 

(b) 

Figure 5-1 Average tribological results of different additives and concentrations at 

100oC and 6 hr test duration for three repeated results with error bars to show 

the standard deviations; (a) steady state friction coefficient over the last one 

hour, and (b) pin and plate wear rates 
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At 1.0 wt. %, this switched completely, and ZDDP gave the lowest friction coefficient 

values. However, ZDDP is well known to give relatively higher friction coefficient 

values due to the pad-like structure of its tribofilms. At the highest concentration of 

2.5 wt. %, only BTE gave higher friction coefficient values than ZDDP.  

An investigation of the friction coefficient performance of tribofilms formed by oils 

containing KBE additive at 3.5 wt. % concentration in neutral base oil showed friction 

coefficient values of 0.035 [157]. The lower friction coefficient obtained in the 

literature could be attributed to the higher concentration of KBE additive used 

compared to that used in this research. However, increased friction coefficient 

performance of KBE with increasing additive concentration was attributed to  

KBE-nanoparticles not being sufficient enough within the friction zone [129, 157].  

In addition, friction coefficient performance of ABE was in the range of 0.1 to 0.12. 

This was observed to be consistent with results from similar studies in the literature 

[152, 228]. The friction coefficient trace with time at 1.0 and 2.5 wt. % concentrations 

of the all the additive are shown in Figure 5-2 (a) and (b) respectively. The friction 

trace results shown in Figure 5-2, indicated that during the first 1 hr, of tribofilm 

formation, oils containing ABE and KBE gave lower friction coefficient than BTE. A 

similar friction coefficient behaviour of BTE tribofilms at 2.5 wt. % concentration 

was obtained as shown in Figure 5-2 (b). This could be related to the quicker 

formation of certain lubricious boron compound on ABE and KBE tribofilms than 

BTE.  

However, high friction coefficient was not observed on BTE tribofilms within the first 

one hour of the friction test, but was comparable to that provided by ABE and KBE 

at 0.5 wt. % concentration as shown in Figure 5-2 (a). The high and unsteady friction 

coefficient behaviour of BTE during the running-in period could considerably affect 

its antiwear performance at 1.0 and 2.5 wt. % additive concentration. This is unlike 

KBE tribofilms where significant friction coefficient reduction occurred. Hence, the 

friction coefficient performance of the borate additives could be related to the 

formation and alignment of plate-like crystallites of certain low shear strength boron 

compounds along the sliding direction on the wear tracks of worn steel samples  

[27, 222, 271].  
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(a) 

 

(b) 

 

(c) 

Figure 5-2 Friction coefficient trace of tribofilms formed by oils containing each 

additives at 100oC test temperature and 6 hr test duration respect to PAO at different 

additive concentrations; (a) 0.5 wt. %, (b) 1.0 wt. % and (c) 2.5 wt. %. The error bars 

are excluded for clarity 
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However, results shown in Figure 5-2 (a) and (b) suggests that boric acid formation 

rate on tribofilms formed by synthetic borate additives (ABE and KBE) are different 

to that on non-synthetic borates ester (BTE). Results from Figure 5-2 indicated that 

this occurred on tribofilms formed by BTE when the additive concentration was raised 

above 0.5 wt. %. 

The antiwear performance of non-synthetic borate additives (BTE) on the plates was 

distinctly different from that of other additives as shown in Figure 5-1 (b). The 

antiwear performance of BTE tribofilms on the plates was very poor. Higher wear 

rates with increasing concentration of BTE additive occurred. However, wear rate 

results of BTE on the pins gave comparable performance to other additives.   

The poor antiwear performance by BTE tribofilms on worn steel plates compared to 

wear rates of the pins could be related to different tribochemistry of the reacted layers 

on both surfaces. This antiwear performance of ABE tribofilms in comparison to 

ZDDP on the plates and pins are similar to antiwear performance results from previous 

studies [119, 169, 272] on hydrolytically stable borate additives.  

However, tribofilms on samples lubricated by KBE-containing oil was observed to 

give comparable plate wear performance to ABE tribofilms at all concentrations; 

except at 1.0 wt. %. This could be due to temperature under which the test was 

performed or chemistry of the tribofilms which could not provide the necessary 

antiwear protection. 

5.3 Effect of temperature and wear process 

The friction coefficient performance of synthetic borates and ZDDP tribofilms for a 

range of temperature and wear process as described in section 3.43 and section 3.44 

are shown in Figure 5-3 (a) and (b). The results shown in Figure 5-3 (a) indicated that 

friction coefficient performance by tribofilms from ABE and ZDDP-containing oils 

are not too different from one another (± 3.3 %) at 19oC when the sliding distance was 

doubled (from 3 h to 6 h). However, the friction coefficient increased when the sliding 

time was double on tribofilms formed by oils containing KBE additives at 19oC bulk 

oil temperature rose to about 13.0 %.  
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(a) 

 

 

(b) 

Figure 5-3 Average tribological test results for a range of temperature and wear 

process with error bars for three repeated samples to show the variability of the 

test results; (a) friction coefficient, (b) plate wear rates 
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In addition, tribofilms formed by each of the additives in base oil gave significantly 

higher friction coefficient when the sliding process was changed from 3h to 3r3; ABE 

(20%), KBE (13.0 %) and ZDDP (20%). This behaviour could partly be attributed to 

the effect of PAO or partly due to the effect of certain abrasive iron oxide that 

adversely affects friction reduction. At 80oC bulk oil test temperature, the friction 

coefficient results was higher than at 19oC. In addition, there was no significant 

changes in friction coefficient when the sliding distance was doubled (from 3 h to  

6 h) on tribofilms formed by oils containing KBE (± 2.0 %) and ZDDP (6.0 %); but 

was considerably higher for ABE (24.0 %). However, when the sliding process was 

changed from 3 hr to 3r3 at 80oC, there was no significant increase in the friction 

coefficient performance of tribofilms from oils containing ABE and KBE additives. 

On the other hand, ZDDP tribofilms gave considerable increase in friction coefficient 

performance at 80oC when the sliding process was changed to 3r3 compared to 3 h 

tests. A similar friction coefficient response increase was observed from ZDDP 

tribofilms at different temperatures [21, 89]. The friction coefficient behaviour of 

tribofilms formed by ABE and KBE increased at 100oC when the sliding process was 

doubled (from 3 h to 6 h), unlike that of ZDDP that remained unaffected by this 

increase. A similar situation occurred when the sliding process was changed to 3r3 at 

100oC. This is an indication that friction coefficient of ZDDP tribofilms is not 

significantly affected by sliding process at the test temperature of 100oC. 

At 135oC tribotests temperature, the friction coefficient performance of tribofilms 

from all the antiwear additives increased when the sliding distance was increased from 

3 h to 6 h. However, when the sliding process was changed from 3 hr to 3r3, tribofilms 

formed by the borates gave reduction in friction coefficient; ABE (11.0 %) and KBE 

(23%). On the other hand, ZDDP tribofilm gave increased friction coefficient  

(57.0 %) at 135oC tribotest temperature. This is an indication that durability of borate 

tribofilms in terms of friction coefficient is better than ZDDP at 135oC tribological 

test temperature. Hence, the different friction coefficient results from the antiwear 

films subjected to different temperatures and sliding distance could be related to the 

chemistry of their formation. These appears to depend on temperature and the sliding 

process as previously observed in the literature for ZDDP tribofilm [21, 47, 48]. 

The wear coefficient results shown in Figure 5-3 (b) indicated that all the antiwear 

additives gave higher wear rates with increasing temperature. However, wear rates of 

tribofilms from borate tribofilm increased up to 100oC temperature before decreasing 
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at 135oC to wear rate values that is similar to that one obtained at 19oC. This could be 

related to the physical and chemical nature of their tribofilms.  

This behaviour was quite different to that of ZDDP tribofilm which gave decreasing 

antiwear performance that was consistent with results from similar study by Morina 

et al. [21]. At 100oC tribotests temperature, the boron-containing tribofilms both gave 

higher antiwear performance irrespective of the sliding distance. This behaviour could 

be related to the chemistry of the reacted layers at this temperature. For the  

borate-containing tribofilms, there were no significant changes in their antiwear 

performance when the sliding distance was doubled; unlike the antiwear performance 

of ZDDP antiwear films that varies with temperature and sliding distance. However, 

the antiwear behaviour of borate-based tribofilms at 3 hr and 6 hr test durations 

appeared to be sensitive to temperature rather than sliding process. 

Durability performance in terms of wear rates during the 3r3 test conditions as shown 

in Figure 5-3 (b) indicated that borate-based tribofilms are more durable than ZDDP 

at 19oC. As temperature increases to 135oC, ZDDP tribofilms gave better durability 

performance than ABE and KBE-based tribofilms within this test temperatures; 

except at 135oC, where KBE-based tribofilms gave comparable antiwear performance 

to ZDDP.  

In addition, durability of the borate tribofilms at 100oC was very poor when compared 

to ZDDP. This could be related to changes in the physical and chemical structure of 

the borates at this temperature. A tribological study of boron-containing oil at 100oC 

had observed weaknesses in the wear resistance potential of the borates at this 

temperature [273]. The result from this study could be used to elucidate the influence 

of borates and ZDDP in gear and lubricating engine oils as described by Kim et al.  

[81] and Komvopoulos et al. [82] respectively. Based on the results from this study, 

ZDDP in fully formulated oils containing borates plays a major role in providing 

better antiwear protection and durability than the borate additives at 100oC. On the 

other hand, antiwear performance and durability at ambient temperature and boundary 

lubrication regime could have been enhanced by borates in lubricating oils of IC 

engines during cold-starting operations. 
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5.4 Effect of water-based contaminants on friction and wear 

The average friction and wear performance of all the antiwear additives under the 

influence of dissolved and free water are shown in Figure 5-4 (a) and (b) respectively. 

In Figure 5-4 (a), friction reduction by ABE and KBE-containing tribofilms when the 

relative humidity (RH) was varied between 5 and 95% RH indicated that both borate 

tribofilms gave friction coefficient performance that was lower than tribofilms formed 

without free- or added-water. However, friction coefficient performance of ZDDP 

tribofilms was not significantly different to its friction response without added water. 

This frictional behaviour of ZDDP tribofilms with water contamination was similar 

to  that observed in the works of Cen et al. [83].  

The performance of borate tribofilms between 65 % and 95 % RH suggests an 

interaction with moisture to form certain borate compounds with low shear strength 

and lubricious tribolayer. The decreasing coefficient of friction trends are similar to 

that from boron permeated surfaces [145, 184]. The literatures studies in Chapter 2 

had shown that friction reduction performance of borate additives is due to the 

formation of certain low shear strength boron compounds within the friction zone. 

Friction results shown in Figure 5-4 (b) indicated that changes in free water content 

in oils containing ABE was lower than KBE and ZDDP up to 1.5 wt. % before 

drastically increasing by about 28 %. 

In addition, ZDDP friction response at different added water concentrations was 

observed to be comparable to KBE-based tribofilms; except at 2.5 wt. % water 

content. Literature studies in chapter 2, had attributed friction reduction performance 

to the presence of low shear strength magnetite film (Fe3O4) and the protective oxide 

film formed by oxygen could reduce metal-to-metal contact under boundary 

lubrication [274, 275]. The relative antiwear performances of tribofilms from all the 

additives-containing oils and contaminated with free-water will be assessed and 

compared to the wear rates of tribofilms when there was no free-water added to the 

oil as shown in Figure 5-4 (b). The results indicated that tribofilms from all the 

additives gave increased antiwear performances up to 1.0 wt. % free-water in oil. 

However, when the free-water in the oil rose to 1.5 wt. %, the antiwear performance 

of ABE-containing tribofilms reduced, unlike KBE and ZDDP.  
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(a) 

 

 

(b) 

Figure 5-4 Average tribological test results due to; (a) dissolved water for 3 hrs at 

19oC, and (b) free water for 6 hrs at 80oC. Error bars indicates standard 

deviations of three repeated experiments 
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As the level of free-water contamination of oils containing the additives was increased 

to 2.0 wt. %, the antiwear performance of ZDDP tribofilms was reduced, unlike the 

enhancement provided by ABE and KBE. These results are consistence with similar 

work in the literature on the interaction of humidity with tribofilms from boron coated 

systems [145, 184, 185]. However, wear rates of ZDDP-based tribofilms at 0.5 wt. % 

was observed to increase with increasing water content that was consistence with 

increasing wear trends with respect to increasing free-water content of the oil in the 

work of Cen et al. [83]. This is an indication that tribofilms formed by oils containing 

KBE additives contaminated by 2.0 wt. % free water formed a more effective antiwear 

film ABE and ZDDP. 

5.5 Summary 

Tribological test results are summarized as follows: 

 At 0.5 wt. % additive concentration, tribofilms formed by oils containing 

boron gave better tribological performance than ZDDP 

 The tribofilms formed at 2.5 wt. % concentration by synthetic borate additives 

(ABE and KBE) gave comparable tribological performance to ZDDP, unlike 

BTE that gave catastrophic wear rates 

 The tribofilms formed by ZDDP-containing oils had been shown in the 

literature to be influenced by bulk oil test temperature and wear process. In 

this study, borate tribofilms was also shown to be influenced not only by 

temperature, but also by the sliding process 

 The durability of borate tribofilms in terms of friction coefficient performance 

was found to be comparable to ZDDP at 19, 80 and 100oC tribotest 

temperature, but were significantly better than ZDDP at 135oC 

 The antiwear performance of tribofilms from ZDDP-containing oils was found 

to increase with increasing temperature. This is unlike tribofilms from oils 

containing boron additives that gave decreasing antiwear performance at 80 

and 100oC. However, at 135oC tribotest temperature, tribofilms from oils 

containing ABE and ZDDP gave decreased antiwear performance 

 The durability of tribofilms from oils containing ABE and KBE in terms of 

wear rates were observed to be better that ZDDP at 19oC. However, tribofilms 
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from oils containing ZDDP gave better durability than borate-containing oils 

at 80 and 100oC. In addition, enhanced durability in terms of wear rates was 

provided by tribofilms from oils containing KBE compared to ZDDP at 135oC 

 Tribological tests results indicates that in dry air, tribofilms formed by  

ZDDP-based oils gave better antiwear performance than oils containing borate 

additives. However, lubricious boron compound was formed on the borate 

tribofilms that provided better friction reduction than ZDDP in moisture-rich 

environment 

 As humidity of the surrounding environment increases, antiwear performances 

of tribofilms formed by the borates increases, but that of ZDDP decreases. 

This result confirmed the earlier results from the literature that dissolved water 

contamination did not enhance the antiwear functions of tribofilms formed by 

ZDDP, unlike those formed by oils containing synthetic borate additives 

 Tribological test results on the effects of free water contamination on the 

antiwear functions of borate tribofilms indicated a positive synergy. This is 

unlike tribofilms formed by oils containing ZDDP additives that gave adverse 

antiwear performance when the free-water added into the oil exceeds about 

1.5 wt. % concentration.  

In order to fully understand the tribochemistry that took place at variable; additive 

concentration, temperature and sliding time/process, induced tribo-oxidation due to 

humidity and free-water in the oil, further surface characterization of the tribofilms 

are necessary. The results of physical and chemical characterization of tribofilms 

formed under variable test conditions are presented in subsequent chapters. Physical 

characterization of tribofilms is to provide answers on how changes in morphology, 

thickness and hardness of the tribofilms affect their tribological behaviour. On the 

other hand, chemical analysis of the borate tribofilms will elucidate on how the 

friction reducing and antiwear mechanisms of borate tribofilms are influenced by 

different extrinsic test conditions.  
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Chapter 6  

Results of Tribofilm Physical Characterization  

6.1   Introduction 

In this chapter, the physical nature of tribofilms generated from tribological tests 

results were presented from the preceding chapter are assessed using various surface 

analytical techniques described in chapter 3. Characterization of tribofilms are 

necessary in order to understand how changes in the physical nature of the tribofilms 

affects tribological performance. These physical parameters are; (a) variation in 

thicknesses of different tribolayer from one additive type to the other,  

(b) changes in tribofilm morphology with additive concentration, temperature and 

sliding time/process, and water contamination, (c) changes in the nanomechanical 

response of tribofilms formed at; (a) different concentrations of additives in oils, and 

(b) temperature and sliding time/process.  

6.2 FIB-SEM experiment results 

Figure 6-1 shows the high magnification focused ion beam and secondary electron 

(FIB-SEM) images of the tribofilm cross-section formed by oils containing BTE 

additives at 1.0 wt. % concentration in PAO, 100oC test temperature and 6 hr test 

duration as described in Chapter 3. The cross section of SEM image of the milled 

tribofilm at x 1000 magnification is shown in Figure 6-1 (a). In order to determine the 

thickness of the tribofilms, SEM image of the trench at 54o angle relative to the surface 

and x 15000 magnification shown in Figure 6-1 (b). The differences between 

contrasting layers due to electron densities of different materials are taken as tribofilm 

film thickness at four points on the milled section. This same technique was used in 

estimating tribofilm thickness from oils containing ABE, KBE and ZDDP. The 

thicknesses of the antiwear films were averaged along the cut as observed in the 

literature [188, 276]. The summary of FIB-SEM results for tribofilm thicknesses of 

all the antiwear additives are shown in Table 6-1. Figure 6-1 (b) indicates that  

built-up tribofilms are heterogeneous based on different thickness results measured 

along the milled sections as shown in Figure 6-1(a) to (d). Similar heterogeneity was 
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observed on tribofilms containing other additives. Results from samples lubricated by 

ZDDP-containing oils gave tribofilm average thickness of about 78 nm. 

 

(a) 

 

(b) 

Figure 6-1 FIB-SEM image of the trench at 54o angle relative to the surface on 

tribofilm milled on the wear scar of steel plate sample lubricated by oil containing 1 

wt.% concentration of BTE additives at 100oC and 6 hrs test duration of (a) milled 

section at x 1000 magnification, (b) milled section at x 15000 magnification 

Tribofilm 

117 nm 229 nm 227 nm 338 nm
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Results shown in Table 6-1 indicates that the thickness of borate-containing tribofilms 

vary from about 66 nm to about 230 nm. This is in good agreement with literature 

studies which estimated borate tribofilms thickness in the range of 100 nm to 200 nm 

[10, 80, 117]. Tribofilms from BTE gave the highest film thickness, but with poor 

antiwear performance as shown in section 5.2 of chapter 5. The results of tribofilms 

thickness of the small section on the wear tracks as shown in Figure 6-1 and Table 

6-1 may not represent their thicknesses across the entire surface, but gave an 

indication of their variability and heterogeneity. This is due to the likely differences 

between thicknesses of thermal films formed outside the friction zone and tribofilms 

formed to protect the contacting asperities.  

Table 6-1 FIB-SEM tribofilm thickness of worn samples lubricated by 1.0 wt. % 

additive concentrations at 100oC tribotest temperature 

Additive 

Type 

Tribofilm thickness at different points 

on milled sections (nm) 

Average 

tribofilm 

thickness (nm) 
1 2 3 4 

ABE 45 55 55 111 66 ± 26 

KBE 57 96 102 128 96± 25 

BTE 117 229 227 338 228 ± 78 

ZDDP 55 106 66 86 78 ± 19 

 

Unlike thicker BTE-based tribofilm thickness, thinner ABE-containing tribofilms 

provided adequate wear protection to sliding surfaces despite its low tribofilm 

thickness, as shown in Figure 5-1 (b). This could be related to the chemical 

composition of its wear resistant glass or its mechanical properties. However,  

KBE-based tribofilms gave thicker films than ABE, but with poor antiwear 

performance compared to ABE at 1.0 wt. % additive concentration as shown in  

Figure 5-1 (b). Hence, results from this study suggests that thick tribofilms do not 



 

112 

 

necessarily confer better antiwear performance, but rather the chemical nature of 

reacted layers also plays a role. 

6.3 AFM topography results 

An approach for adoption in this investigation is to use the AFM as described in 

Chapter 3 to obtain morphology image of the tribofilms. AFM measurements were 

acquired in two sizes. One is to have a qualitative assessment of the tribofilms image 

over a larger area on worn plate sample surface over a scan area of 50 x 50 µm in 

order to have a better overview of the surface. The other approach is to have a 

quantitative evaluation of a smaller scan area of 5 x 5 µm in order to assess tribofilm 

in terms of surface roughness and distance between dark and bright regions.  

By measuring the surface roughness and distance between dark and bright regions  

(in form of image height sensor) on plate samples for six AFM image scans of the 

small area, a comparison of tribofilms morphology and thickness will be possible. 

This is to provide a better insight into the morphology of tribofilms formed by 

organoborate, metal borate dispersions and ZDDP at different test conditions as 

comprehensively described in chapter 3. These test conditions are; variable; additive 

concentration, temperature, sliding time and process, humidity and free-water in oil 

contamination. 

The tribofilms formed by borate-containing oils on ferrous surfaces are known to 

contain boric acid and boron oxide due to their self-replenishing and self-lubrication 

properties [221]. On systems containing only these compounds, the morphology of 

tribolayer formed was described as plate-like crystallites [220]. However, on ferrous 

surfaces, zinc borate containing oils were shown to form small and patchy pieces of 

tribofilms with irregular and stretched shaped that was scattered over the worn surface 

[153]. The description of this morphology in the study could neither be linked to 

borates in the oil or presence of zinc.  

In addition, the morphology of tribofilms formed by organoborate in oils could be 

significantly different to metal borate dispersions. Hence, it is necessary to investigate 

how borates in the oil affect tribofilm morphology compared to ZDDP at different 

concentrations, water contamination, temperatures, sliding distances and sliding 

process. 
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6.3.1 AFM results for varying additive concentrations 

The AFM morphology at 50 x 50 µm2 of tribofilms formed on worn plate by different 

antiwear additives at 1.0 wt. % concentration in the base oil at 100oC tribotest 

temperature are shown Figure 6-2 (a) to (d). This was particularly considered based 

on the tribological test results in section 5 which indicates that tribofilms containing 

KBE and BTE gave poor antiwear performance at 100oC test temperature compared 

to ABE and ZDDP-containing tribofilms.  

Images shown in Figure 6-2 are assumed to represent the entire worn surface. The 

morphologies of ABE and ZDDP as shown in Figure 6-2 (a) and (d) appears to form 

smoother surfaces than KBE and BTE as shown in Figure 6-2 (b) and (c).  

  

(a)  (b)  

  

(c)  (d)  

Figure 6-2 Representative AFM images at six points on the tribofilms formed at 100oC 

tribotest temperature for 6 hr duration and 1.0 wt. % additive concentration over 

a 50 x 50 µm area; (a) ABE, (b) KBE, (c) BTE and (d) ZDDP 
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Tribofilms formed by the organoborate (ABE and BTE) are similar to that of ZDDP, 

but different to metal borate nanoparticle dispersion. The white regions on AFM 

morphology of ZDDP tribofilms have been described in the literature to represent the 

top of the tribofilm that consisted of polyphosphates and dark regions represent the 

unreacted layers of additive [19, 49, 111]. This could also be a physical mixture of 

boron oxide and iron oxide as described in the literature [117]. The whitish appearance 

on borate tribofilms was described in the literature [40] as boric acid crystallites 

formed when boron oxide interacts with moisture of the surroundings.  

  

(a) (b) 

  

(c) (d) 

Figure 6-3 Representative AFM images at points on the tribofilms formed at 100oC 

for 6 hr test duration evolution of antiwear additives at 0.5 wt. % additive 

concentration and 100oC; (a) ABE, (b) KBE, (c) BTE and (d) ZDDP 
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Figure 6-3 (a) to (d) shows the topographic image of the tribofilms formed at  

0.5 wt. % concentration by all the additives over an area of 5 x 5 µm2. The morphology 

of BTE-containing tribofilms images formed by at 0.5 wt. % additive was shown in 

order to elucidate on its physical characteristics that provided better tribological 

performance than tribofilms formed at 1.0 and 2.5 wt. %. A quantitative assessment 

of tribofilms formed at different concentrations in terms of surface roughness and 

distances between peaks (bright regions) and valley (dark regions) on tribofilms for 

ABE, KBE and ZDDP are presented in Figure 6-4 (a) and (b). The image height sensor 

is the vertical distance between the bright and dark regions on the image. These were 

deduced from the morphology of images formed over 5 x 5 µm2 scan area on wear 

tracks of worn samples at different additive concentrations. This distances are larger 

on BTE-based tribofilms compared to those from other additives at all concentrations. 

Hence, these results supported the FIB-SEM tribofilm thickness measurements in 

section 6.2, where tribofilms formed by BTE were shown to have the highest film 

thickness.  

At low concentration; up to 1.0 wt.%, the build-up of KBE-containing tribofilms was 

observed to contain some nanoparticles that was estimated around 100 nm size  

[129, 157]. The thicker tribofilms formed by BTE over other additives does not 

translate to better antiwear performance. In order to further elucidate on how thick 

tribofilms formed by BTE additives at 1.0 and 2.5 wt. % concentration in the oils are, 

a combination of image height sensor results and  surface roughness characterization 

of tribofilm morphology are shown in Figure 6-2 (a) and (b). Results of surface 

roughness with increasing additive concentration indicates that significant variations 

did not occur on ABE and ZDDP, but did occur on BTE and KBE.  

Figure 6-2 indicated that tribofilms formed by oils containing BTE at 1.0 wt. % 

concentration is not only thick, but also rough. The changes on BTE tribofilms at  

2.5 wt. % are observed to be higher than those from PAO lubricated steel samples. On 

the other hand, the thickness of tribofilms formed by KBE at all concentration were 

comparable, but higher surface roughness at 1.0 wt. % than at 0.5 resulted into higher 

wear rates as shown in Figure 5-1 (b). In addition, high tribofilm thickness formed at 

1.0 and 2.5 wt. % additive concentration of BTE additive, both gave poor antiwear 

performances. However, the wear rates of BTE at 1.0 and 2.5 wt. % concentration in 

the oil is very high compared to PAO as shown in Figure 5-1 (b). The image height 
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sensor appeared to provide results that did not agree with wear and surface roughness 

trends in this instant Figure 6-4 (a) and (b). Hence, tribofilm thickness measurement 

using FIB/SEM method appear to be more reliable than AFM technique. However, 

when the concentration of KBE was increased to 2.5 wt. %, the resulting surface 

roughness and wear rates was comparable to ABE and ZDDP tribofilms, unlike BTE. 

 

(a) 

 

(b) 

Figure 6-4 Average AFM morphology characterization of tribofilms formed at 100oC 

from variable concentrations tribotests for 6 hr duration at; (a) image height 

sensor, (b) surface roughness. The error bar indicates the standard deviation of 

six points on the tribofilm 
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This suggests that increased concentration of KBE in base oil could affect its tribofilm 

morphology to give comparable antiwear performance to ABE and ZDDP as shown 

in Figure 5-1 (b), and as obtained in the literature [129, 157]. 

6.3.2 AFM images for a range of temperatures and test durations 

Figure 6-5 (a) to (c) represent changes in morphology of tribofilms formed by all the  

additive-containing oils at 19oC and sliding distances except for BTE. This was 

excluded because of its poor thermo-oxidative stability performance and antiwear 

performance as shown in Chapter 4 and Chapter 5 respectively.   

The choice of images from 19oC tribotest was considered due to most tribological test 

results at room temperatures indicated that tribofilms formed by borates at this 

temperature gave enhanced antiwear performance and durability compared to ZDDP 

[152, 153, 277]. In addition, boron oxide is known to react spontaneously with 

moisture of the surrounding environment to form boric acid [154, 220], which was 

also confirmed by this study in section 4.2.5. Hence, it will be interesting to present 

the morphology of borate films formed under tribo-oxidative condition due to 

frictional flash temperature.  The images of morphologies of tribofilms from all the 

additives at 19oC are shown in Figure 6-5.  

These images indicated that morphology of all the tribofilms formed are different. 

Tribolayer formed by ZDDP appeared to form thin and rough patches stretched along 

the sliding directions. However, the tribolayer formed by ABE appeared to not only 

be thicker, but also was smoother than KBE and ZDDP. The AFM results as shown 

in Figure 6-5 (a) and (b) suggests differences in morphology of tribofilms between 

both organoborate additives and metal borate dispersions. A summary of the average 

peak to valley heights are shown in Figure 6-6 (a). In addition, the average surface 

roughness of the 5 x 5 µm² at different spots on the tribofilms is shown in Figure 6-6 

(b). The reacted layers formed by KBE have patchy and irregularly shaped tribofilms 

protecting the asperities. AFM morphology results of borate tribofilms suggest that 

different borates as additives in lubricating oils have different morphology response 

to concentration changes in oils. In this case, quantitative analysis of these tribofilms 

will provide a better understanding of these changes. Representative average peak to 
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valleys heights of antiwear films from all the additives at different temperature and 

sliding time are shown in Figure 6-6 (a). 

 

(a)  

 

(b)  

 

 

(c)  

Figure 6-5 Representative AFM images at six points on the tribofilms formed at 19oC 

tribotest temperature and 1.0 wt. % additive concentration in the oil for 3 hr test 

durations over a 50 x 50 µm² area; (a) ABE, (b) KBE and (c) ZDDP 

    Short chain Polyphosphates or unreacted 

ZDDP 

Thick protective tribolayer  

Big, patchy and irregular 

shaped stretched tribofilm 
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Height differences between the white and dark regions on ZDDP tribofilms between 

3 hr and 6 hr are in agreement with the film thickness under similar condition for 

secondary ZDDP in the literature [91, 92].   

 

(a) 

 

(b) 

Figure 6-6 Changes AFM topography characterization at six points on the tribofilms 

at different temperatures and sliding time and temperature; (a) image height 

sensor, (b) surface roughness. The variability of the measurements are indicated 

by the error bars associated with the average of repeated values  
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The thickness or image height of ZDDP tribofilms is believed to result from rapid 

formation of a reaction product that promotes film removal [91, 92].  Hence the 

thickness of the tribofilms formed by oils containing ZDDP were observed to depend 

on temperature and sliding distance. At lower temperatures (e.g. 19, 80 and 100oC), 

the height differences between the white and dark regions on ABE-based tribolayer 

followed similar trend as that from ZDDP; increased temperature and sliding rates 

resulted into increased tribofilm thickness. On the other hand, significant change in 

height difference between white and dark regions on KBE tribofilms occurred only at 

80oC; when the sliding time was doubled.  

Figure 6-6 (b) shows that no significant changes in surface roughness occurred 

between 3 and 6 hr on ABE tribofilms at all temperatures. However, the significant 

changes that occurred in surface roughness of KBE tribofilms between 3 and 6 hr was 

mainly at 100oC. Similar changes in surface roughness was also observed on ZDDP 

tribofilms at 135oC. Hence, the roughness of borate tribofilms appears to be more 

stable than ZDDP at 135oC tribotests temperature that could be attributed to different 

chemistry of their reacted layers. 

6.3.3 AFM Image of pre-formed tribofilm after 3r3 tests 

In these tests, the morphology of tribofilms formed during the durability experiment 

at different temperatures were assessed using the AFM. These are tribofilms formed 

by additive-containing oils for 3 hrs test durations and briefly stopped without 

disturbing the preformed tribofilm to allow for the replacement of the oil with PAO 

only for another 3 hr tests. In this way, changes in the morphology of preformed 

tribofilms can be assessed and linked to tribological performances shown in  

Figure 5-3. The morphology of pre-formed tribofilms for all tribofilms from the 

additives after lubrication with PAO at 135oC shown in Figure 6-7 (a-f) revealed how 

the stabilities of these tribofilms are affected by sliding process. In this instance, there 

are more white regions on preformed antiwear films of ABE and ZDDP than KBE at 

the end of 3r3 tests. This is an indication that under these test conditions, more reacted 

layers are formed on preformed tribofilms of ABE and ZDDP than KBE due to the 

effect of added base oil. 
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3hr 3r3  

 

 

 

 

(a) (b) 

 

 

 

 

(c) (d) 

 

 

 

 

(e) (f) 

Figure 6-7 Representative six topographic images at 5 x 5 µm size on tribofilms 

formed at 135oC and different sliding process; (a) ABE (3hrs), (b) ABE (3r3), 

(c) KBE (3hr), (d) KBE (3r3), (e)  ZDDP (3hr) and (f) ZDDP (3r3) 
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In addition, adsorption mechanisms of ABE and ZDDP tribofilms compared to the 

adhesion and electrophoresis mechanisms of nanoparticle metal borates (KBE) [201] 

could have played a role in this morphology behaviour.  

 

(a) 

 

(b) 

Figure 6-8 Average effects of temperature and sliding process on AFM morphology 

parameter on tribofilms formed by the antiwear additives; (a) image height 

sensor, (b) surface roughness. Error bars represents standard deviation of the 

average of six experimental points on the tribofilms 
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The effect of PAO on preformed KBE resulted in tribofilm build-up with less visible 

nanoparticles potassium borates as shown in Figure 6-7 (c) and (d). At 3 hr sliding 

process, antiwear films formed by ABE had less dotted spots on the surface than at 

3r3 tests. Figure 6-8 shows the effects of PAO on preformed tribofilms at different 

sliding process based on image height. Results indicated that distances between the 

white and dark regions on pre-formed ZDDP and ABE tribofilms were not greatly 

affected by PAO at all temperatures, except at 100oC and 135oC respectively. On the 

other hand, height difference between the white and dark regions on pre-formed KBE 

tribofilms was greatly affected at all temperature due to the effect of added PAO.  In 

addition, changes in the surface roughness of preformed tribofilms at different 

temperatures are shown in Figure 6-8 (b). The surface roughness of pre-formed ZDDP 

and KBE tribofilms were greatly affected at 80 and 100oC by PAO addition.  

On the other hand, the surface roughness of preformed ABE tribofilms was 

significantly affected at 135oC. This is an indication that surface roughness of 

different borate tribofilms are considerably affected between 80 and 135 oC. This is 

unlike ZDDP at 135 oC which was not significantly affected. The errors on surface 

roughness measurements appeared to be higher than image height sensor reading. 

Hence, combining the two parameters enable morphology assessment of tribofilms to 

be qualitatively and quantitatively analysed in order to link their effects to tribological 

performance. 

6.3.4 AFM morphology changes due to humidity contamination 

Representative AFM topographic images of wear scars of worn samples from 

dissolved water are shown in Figure 6-9. AFM results in Figure 6-9 (a), (b) and (c) 

indicate that in dry air, there are more tribofilm patches on ZDDP than ABE and KBE. 

This is an indication that chemical reactions due to tribological processes involving 

borate containing oils in dry air was less than ZDDP; as there are many regions of 

unreacted surface exposed for AFM detection. However, Figure 6-10 (d), (e) and (f) 

shows that in moisture-rich environments, there are less dark patches on the borate 

tribofilms than in dry air. This indicates that more chemical reactions took place in 

moisture-rich environment than in dry air.  
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The average changes in heights of AFM topographic images of tribofilms from oils 

lubricated by ABE, KBE and ZDDP during dissolved water contamination for all 

relative humidity conditions are shown Figure 6-10 (a) and (b).  

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 6-9 Representative AFM morphology of six points on tribofilms formed at 

extreme relative humidity conditions; (a) ABE-5%, (b) ABE-95%, (c) KBE-5%,  

(d) KBE-95%, (e) ZDDP-5%, and (f) ZDDP-95% 
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In this instant, changes in morphology of tribofilms for all the additives took place 

within the range of humidity test conditions under which the test was carried out as 

described in chapter 3. In Figure 6-10 (a), there was no significant difference on the 

image height sensor of ABE tribofilms with increasing humidity, unlike KBE that was 

significantly affected.  

 

(a) 

 

(b) 

Figure 6-10 Average AFM parameters of images on tribofilms from six different 

points formed by additives at different levels of dissolved water contaminations 

on the wear scars;  (a) peak to valley heights and (b) surface roughness. Errors 

bars represents the standard deviation of the average of six data points on the 

tribofilms 
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However, height differences between white and dark regions on tribofilms formed by 

ZDDP are greatly affected in dry air and moisture-rich environments. AFM surface 

roughness results shown in Figure 6-10 (b) of the tribofilms formed by all the antiwear 

additives at different humidity level indicates decreasing roughness with increasing 

humidity. The lowest height sensor and surface roughness was given by KBE 

tribofilms at 65 % RH. Results of decreasing surface roughness with increasing 

humidity from this study are consistent with results from similar studies in the 

literature which attributed this behaviour to tribochemical surface polishing  

[184, 185]. Previous studies on the morphology of tribofilms containing borates was 

shown to consist certain boron compounds with plate-like crystallites of boric acid 

[27, 138, 278].  

The morphology of borate tribofilm formed on ferrous substrate in this study revealed 

how reacted layers change with dissolved water contamination, but did not identify 

any plate-like crystallites of boric acid. This is an indication that some other boron 

compounds that consists of other polyborate could be present on these tribofilms apart 

from boric acid. Some of the results on roughness could be due to the intrinsic nature 

of the tribofilm, representing the chemical reactivity. However, it could also be due 

to worn tip effects during the scan. The tip was changed every two samples due to the 

time and work load.  If the tip was worn, the roughness can be less than what is 

presented on the graphs.  

6.3.5 Nanoindentation results for varying concentration tests 

The nanoindentation results of tribofilms lubricated by different additives and 

concentrations are shown in Figure 6-11. In this test, hardness measurement were 

carried out to elucidate on the hardness of borate tribofilms in comparison to the 

ferrous substrate as suggested by Kreuz et al. [117] or not; as investigated by  

Zhao et al. [153]. In this depth-sensing nanoindentaion test results, KBE tribofilms 

gave the lowest average hardness results from about 100 indents on a flat section of 

the central part of the wear scars. The average hardness value for KBE tribofilms was 

2.9 ± 0.17 GPa. Micro-indentation test of tribofilms formed by zinc borate ultra-fine 

powder yielded hardness values of 5.8 - 8.8 GPa that was lower than the ferrous 

substrate [153]. The average hardness of tribofilms formed by oils with ABE and 
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ZDDP additives at 1.0 wt. % concentration were 6.74 ± 0.8 GPa and 4.29 ± 0.3 GPa 

respectively. Previous nanoindentation experiments on  ZDDP wear scar had yielded 

hardness values of  4.7 GPa and 3.6 GPa [97, 279], while hardness results for amine 

phosphate wear scar that was similar to amine borate gave wear resistance results of 

6.0 GPa [280]. The nanohardness response of ABE and KBE tribofilms are not 

significantly different at different concentrations, unlike BTE that was considerably 

different at all concentration. 

 

Figure 6-11 Average hardness of tribofilms formed at 1.0 wt. % additive 

concentration, 6 hr test duration and 100oC tribotest temperature on worn plate 

samples lubricated by different additives and plain steel samples before the 

tribological experiments. Error bars represents the standard deviations of the 

average of 50-80 data points on the tribofilms 

 

On the other hand, KBE-containing tribofilms gave hardness results that are 

comparable to ZDDP as shown in Figure 6-11. This could be an indication that KBE 

tribofilms possess a certain degree of plastic flow which was able to accommodate 

frictional energy through easily sheared layers formed between the contacting 

asperities by the nanoparticles as suggested in the literature [281]. 
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6.3.6 Nanoindentation for a range of temperatures and time 

The results of hardness and reduced elastic modulus of wear scars of worn samples at 

varying bulk oil temperatures and sliding distances are shown in Figure 6-12 (a) and 

(b) respectively.  

 

(a) 

 

(b) 

Figure 6-12 Average nanomechanical properties of tribofilms by different additives 

at different temperatures and sliding distance; (a) hardness and (b) reduced 

elastic modulus. Error bars represents the standard deviations of the average of 

50-80 data points on the tribofilms 
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At 3 hr sliding durations, the hardness of tribofilms from all the antiwear additives 

used in this study decreased with increasing temperature as shown in Figure 6-12 (a). 

However, there were no significant changes in reduced elastic modulus with 

temperature, except for ZDDP which occurred between 80oC to 135oC during the  

3 hr test duration as shown in Figure 6-12 (b). When the test duration was doubled, 

changes in hardness with temperature occurred more for KBE and ABE at 135oC than 

ZDDP tribofilms as indicated in Figure 6-12 (a). 

In addition, variation in temperature affected reduced elastic modulus of KBE more 

than ABE and ZDDP as shown in Figure 6-12 (b). This is an indication that 

mechanical properties of ABE tribofilms are different to that of KBE irrespective of 

test temperature. However, the mechanical properties of tribofilms containing KBE 

are not only affected by temperature, but also the sliding distance.  

In addition, the elastic modulus and hardness of ZDDP-containing tribofilms was 

found to decrease with increasing temperature at the end of 6 hr tests. This is an 

indication that decreased nanomechanical properties of ZDDP tribofilms occurred due 

to increased tribotest temperature. This behaviour was attributed to the susceptibility 

of certain antiwear films to plastic flow or a sacrificial behaviour of the tribolayer in 

place of harder underlying substrate [281, 282].  

The hardness and elastic modulus of ABE-based tribofilms was high compared to 

KBE and ZDDP based tribofilms irrespective of changes in temperature and sliding 

duration. This was typical of hardness results of tribofilms from amine phosphate in 

the works of Komvopoulos et al. [280]. The minor differences in hardness and elastic 

modulus of ABE and ZDDP tribofilms formed during the 3 hr and 6 hr tests is an 

indication that its tribofilms are more quickly formed than KBE.  

However, when the sliding duration was doubled, the boron-based tribofilms became 

harder at 135oC than at 80oC and 100oC. At 19oC, the hardness response appeared 

insignificantly influenced by increased sliding distance. This is an indication that 

temperature and sliding process could affect not only tribofilm formation as 

previously observed in the literature [21, 89, 93], but also have considerable effect on 

nanomechanical properties of tribofilms. The 50 to 80 data points out of 100 

indentations made used to obtain the average values and error bars are due to 

eliminated data that are as a result of pile-up and pop-ins. These can lead to 
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underestimation of the true area of contact and overestimation of the hardness results 

if not eliminated. 

6.4 Summary 

Physical property characterization of tribofilms formed by tribofilms formed by 

borate antiwear additives indicates that they form tribofilms with average thicknesses 

around 70-225 nm. The build-up of borate tribofilms based on AFM images are 

greatly influenced by concentration, temperature, sliding time/process and water 

contamination. AFM morphologies are all in agreement with small patchy pieces of 

polyborate antiwear films with irregular and stretched shapes scattered over the worn 

surfaces [153]. Results from this chapter was able to confirm that changes in 

temperature and wear processes could affect the antiwear performance and durability 

of tribofilms formed by oils containing ZDDP and borate additives. In addition, 

changes in the hardness and elastic modulus of tribofilms formed by oils containing 

alkali borate nanoparticle dispersions is different to that of organic borates and ZDDP. 

This could be related to differences in the chemistry of their reacted layers. 
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Chapter 7  

Results of Tribofilms Chemical Characterization  

7.1  Introduction 

This chapter focuses on the chemical behaviour assessment of boron-based tribofilms 

formed at different test conditions as described in Chapter 3. This is necessary in order 

to elucidate how the tribological behaviour of borate additives are affected by 

extrinsic test conditions. An investigation into the chemistry of tribofilms formed by 

oils containing alkali metal at different tribotest temperatures could elucidate more on 

their antiwear and durability behaviour. In addition, chemical analysis of tribofilms 

from oils containing alkali metal could elucidate on whether ‘boric oxide anomaly’ 

[174, 283, 284] have significant effect on its durability. It is well known that metal 

oxide modifier at low concentration induce transformation of boron coordination with 

three oxygen atoms structural groups (BO3)
-3 in boron oxide to boron coordination 

with four oxygen atoms (BO4)
- [285, 286]. However, if the metal oxide modifier is an 

alkali oxide, increased alkali oxide ratio to boron oxide beyond certain limit (16:84) 

could lead to changes in maximum and minimum values of the glass physical 

properties [172]. This is termed ‘boron anomaly’ or ‘boron oxide anomaly’.  

The physical properties of glass melts that could be affected are; viscosity, density, 

thermal expansion, heat content and hardness as discussed in Chapter 2 [35]. Hence, 

chemical analysis in this study could elucidate on how structural changes in borate 

anions affects antiwear performance, durability and hardness of tribofilms containing 

ABE and KBE due to temperature effects. In addition, the chemistry of tribofilms 

formed at different tribo-oxidative conditions by borate additives could elucidate the 

limits of passivation of ferrous substrate by built-up borate reacted layers. The XPS 

and Raman spectroscopy as described in Chapter 3 are utilized to analyse tribofilms 

from borate additives at different test conditions in order to provide a better 

understanding of tribological results and physical surface analysis from previous 

sections in this study. 
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7.2 Chemistry of tribofilms from variable concentrations tests 

In this section, the results of tribofilm chemistry as measured by XPS and Raman 

spectroscopy are presented for tribolayer derived from 6 hr tribotests at 100oC 

tribotest temperature and different concentration of additives. XPS spectroscopy was 

used to determine the quantity, state and species of elements and compounds on 

tribofilms formed on the wear scar of worn plate samples. Raman spectroscopy was 

utilized to identify the interactions of iron oxides and oxy-hydroxides with some other 

Raman-sensitive boron compounds such as boric acid and boroxol groups in boron 

oxide. In addition, the presence of other Raman-sensitive boron compounds such as 

boron carbide and boron nitride could be identified. 

7.2.1 XPS results of tribofilm species at varying concentration 

For investigating chemical reactions that took place during the tribological process, a 

top layer quantification of the XPS spectra of O 1s, B 1s, C 1s, N 1s, Fe 2p and K 2p 

peaks at three different spots was carried out on tribofilms formed by the boron 

additives (ABE, KBE and BTE). This was used to determine their elemental 

compositions, where average values are shown in Figure 7-1 (a). The atomic 

concentration of C 1s and O 1s spectra are presented separately as shown in  

Figure 7-1(b) for clarity and scaling constraints when compared to the spectra of  

B 1s, Fe 2p, K 2p and N 1s.  

The amount and species of B 1s peaks on borate tribofilms is of key interest in this 

study. On tribofilms formed by oils containing BTE additives at increasing additive 

concentration, B 1s peaks increased significantly compared to tribofilms containing 

ABE and KBE. However, B 1s atomic concentration increase on tribofilms formed by 

BTE additive at 1.0 and 2.5 wt. % concentration were respectively about 14 and 19 

times higher than at 0.5 wt. % additive concentration. The low B 1s peaks on BTE 

tribofilms at 0.5 wt. % compared to 1.0 and 2.5 wt. % suggests a reason for its better 

antiwear performance. This study observed that high atomic concentration B 1s on 

BTE tribofilm as shown in Figure 7-1(a) resulted into poor antiwear performances at 

1.0 and 2.5 wt. % concentrations of BTE in the oil as shown in Figure 5-1 (b). In 

addition, Figure 7-1 (a) shows that high B 1s atomic concentration on tribofilms 

formed by KBE at 1.0 wt. % additive concentrations was about 7.8 atm. % that was 
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about twice as much as that formed at 0.5 wt. % additive concentration. In addition, 

this was also about three times as much as that formed at 2.5 wt. % additive 

concentration. 

 

(a) 

 

(b) 

Figure 7-1 Average XPS atomic concentration of elements at three different spots on 

the tribofilms formed at different additive concentrations, 6 hr tribotest duration 

and 100oC; (a) B 1s, Fe 2p, K 2p and N 1s, (b) O 1s and C 1s. Error bars are the 

standard deviations of individual average values 
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However, this did not result into better antiwear performance of tribofilms from oils 

containing KBE additives at 1.0 wt % than at 0.5 wt. % concentration. Another 

important observation in Figure 7-1 (a) is KBE tribofilms that gave the lowest atomic 

concentration of B 1s and K 2p spectra on KBE-containing tribofilms at 2.5 wt. % 

additive concentration compared to 0.5 wt. % and 1.0 wt. %. These are respectively, 

2.5 and 2.3 atm. % which resulted into KBE tribofilms providing better antiwear 

protection that at 0.5 and 1.0 wt. %.  On the other hand, changes in XPS atomic 

concentration of B 1s on tribofilms formed by ABE with increasing additive 

concentration was not more than 5.8 atm. %. In addition changes in B 1s atomic 

concentration with increasing ABE additive concentration in oil as shown in  

Figure 7-1(a) was not significant compared to tribofilms formed by other borate 

additives (KBE and BTE). 

The XPS peaks of N 1s on ABE and KBE tribofilms at all concentrations gave noisy 

signals; but were detectable on tribofilms containing BTE, despite the absence of 

nitrogen on its molecular structure. This is an indication that tribo-oxidative 

degradation of BTE could have promoted the interaction of either nitrogen-containing 

compounds or nitrogen in the air with other surface species such as carbon, hydrogen, 

oxygen and boron. Even though the concentration of nitrogen in the air is about 78 %, 

there is not enough energy to break the N-N bonds. Hence there is a high probability 

that nitrogen containing compounds are responsible for these interactions. Higher 

nitrogen content at the surface of thin films are known to activate phase segregation 

that could lead to increase in micro-hardness [287]. 

This appeared to support the high tribofilm thickness of BTE as shown in Chapter 6, 

but was not the case with ABE-based tribofilms. The highest level of Fe 2p was 

obtained on tribofilms from oils containing BTE at 0.5 wt. % concentrations when 

compared to 1.0 and 2.5 wt. %. This could have interacted with certain borate glass 

former for better antiwear performance at 0.5 wt. % compared to 1.0 and 2.5 wt. % 

concentrations. The XPS spectra of O 1s on BTE tribofilms shown in Figure 7-1 (b) 

were observed to be higher than ABE and KBE at all concentration. This is an 

indication that more oxygen-containing compounds were formed on BTE tribofilms 

than ABE and KBE. Representative XPS long scan of major elements within wear 
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scars of samples lubricated by BTE-containing oil at 2.5 wt. % are shown in  

Figure 7-2 (a) and (b). A summary of the XPS long scan results of B 1s and C 1s peaks 

for tribofilms formed by ABE, KBE and BTE-containing oils at different additives 

concentrations are shown in Figure 7-2 (a) and (b). The full width at half maximum 

(FWHM) used in these analysis for B 1s and C 1s was taken at 1.1-1.3 and 1.4-1.6 

respectively. 

  

(a) (b) 

Figure 7-2 Representative XPS peaks at three different spots on BTE tribofilms 

formed by BTE at 2.5 wt. % additive concentrations at 100oC and 6 hr sliding 

time;(a) B 1s and (b) C 1s  

 

Table 7-1 (a) shows  position peaks for B1s on the wear scars containing ABE at  

1.0 wt. % and 2.5 wt.% concentrations, where both tribofilms has boron oxide in oil 

with binding energy of 191.7 eV [152, 158] and B2O3 at about 192 eV [288]. This was 

found to be different when compared to tribofilms at 0.5 wt. %; which has B2O3 or 

FeBO3 at 192 eV [156, 190]. Hence, an increase in concentration of ABE leads to the 

formation of boron oxide in oil as shown in the literature studies in Chapter 2  

[152, 158]. This could have played a significant role in the antiwear performance of 

ABE-based tribofilms. However, the B 1s position peaks for KBE-based tribolayer at 

0.5 and 1.0 wt. % gave similar boron compounds in form of B-O in boron oxide or 

boric acid and B2O3 [152, 158]. On the other hand, tribofilms from oils containing 

BTE in the base oil at 0.5 wt. % concentration are mainly composed of orthoboric 

acid at 193.6 eV [289].  
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Table 7-1 XPS binding energies, atomic concentration and chemical state at three 

different spots on the borate tribofilms formed at different concentrations, 100oC 

tribotest temperature and 6 hr sliding distance; (a) B 1s and (b) C 1s 

Additive 

Type 

Binding Energies (eV)/ 

Molecular wt. % 

Compounds or Bond Types 

0.5 wt. % 1.0wt 2.5 wt. % 0.5 wt. % 1.0 wt. % 2.5 wt. % 

ABE 192.0/100.0 191.7/65.5 191.8/63.0 B-O  B2O3 in oil B2O3 in 

oil 

- 192.4/34.5 192.5/37.0 - B-O B-O 

KBE 192.0/64.3 192.0/59.7 191.5/100 B2O3 or 

FeBO3 

B2O3 or 

FeBO3 

B2O3 in 

oil 

192.7/35.7 192.7/40.3 - H3BO3 or 

B2O3  

H3BO3 

B2O3 

- 

BTE 193.6/100 191.3/96.3 192.3/13.9 H3BO3 B(OC12H25)3 B-O 

- 189.3/3.7 191.6/58.8 - O-Fe-B B2O3 in 

oil 

- - 190.9/25.0 - - BN 

- - 189.6/2.3 - - O-Fe-B 

(a) 

ABE 284.6/77.7 285.3/77.1 285.3/84.6 C-H/C-C C-C C-C 

286.0/12.4 286.8/12.4 287.0/9.0 C-O Ads. ABE Ads. ABE 

288.4/9.9 289.0/10.5 288.4/6.4 C=O Carbonates C=O 

KBE 285.4/81.2 285.5/86.5 284.8/89.6 C-C C-C C-H/C-C 

286.8/10.0 287.6/8.3 286.4/7.6 Ads. KBE Ads. KBE C-O 

288.8/8.7 289.1/5.2 288.2/2.8 C=O Carbonates C=O 

BTE 284.6/51.0 282.9/3.9 282.7/2.1 C-H/ 

C-C 

Carbides Carbides 

285.8/24.3 284.6/77.8 284.4/76.6 C-C C-H/C-C C-H/C-C 

286.9/10.9 286.1/10.6 286.0/11.1 Ads. BTE C-O C-O 

288.2/9.0 287.6/4.8 287.4/5.1 C=O Ads. BTE Ads. BTE 

289.4/4.8 288.7/2.9 288.6/5.1 Carbonate C=O C=O 

(b) 
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On the other hand, BTE-based tribofilms at 1.0 and 2.5 wt. % concentration has 

trialkyl borate at 192.3 eV [158], boron oxide in oil [152, 158], boron nitride (BN) 

[158, 290, 291] and non-stoichiometric O-Fe-B at about 189.7 eV [192, 193]. XPS 

results of C1s peaks of borate tribofilms at different concentrations are summarized 

in Table 7-1(b). The presence of carbides and BN on BTE tribofilms at 1.0 and  

2.5 wt. % additive concentrations could have made the antiwear performance poorer 

than the 0.5 wt. % tribofilms as shown in Chapter 5. The results indicates three major 

peaks of C 1s on the tribofilms of ABE and KBE; C-C/C-H (chemical state of carbon 

chain of borate esters or adsorbed carbon) at 284.8 eV, adsorbed ABE at 287.2 eV 

and C=O bonds at 289.5 eV (carbonates) [31, 57-59]. However, C 1s peaks on  

BTE-containing tribofilms gave more than three peaks that are indicative of higher 

interaction of boron with carbon compared to ABE and KBE tribofilms. The C 1s 

peaks at 282.7-282.9 eV is an indication of the presence of carbides [158]. The 

presence of carbonyl groups (C=O) at about 288.0-288.9 eV [292, 293] occurred on 

all the wear scars of the borate additives except at 1.0 wt. % of ABE and KBE 

tribofilms. Instead of the presence of carbonyl functional group on ABE and KBE 

tribofilms, carbonates were found at 289.0-289.5 eV [158, 294-296]. The presence of 

carbonates on ABE and KBE tribofilms could have contributed to its wear-resistant 

behaviour as suggested in the literature [80]. 

The antiwear performance of ABE-based tribofilms was not significantly affected, but 

has considerable effect on KBE. In addition, BTE tribofilms have carbonates on the 

wear scar at 0.5 wt. % as supported in the literature [158], but was not present at 1.0 

and 2.5 wt. % additive concentrations; instead BN and carbides were formed. The 

presence of carbide on tribofilms formed by BTE is indicative of its poor corrosion 

potential. This corrosive effect of BTE on ferrous surface could have exposed carbides 

formed within the microstructure of the ferrous surface during the hardening process 

of plain carbon steel. This could have been responsible for the poor antiwear 

performance of BTE at 1.0 and 2.5 wt. % compared to 0.5 wt. %. The summaries of 

XPS peaks of O 1s, Fe 2p, are shown in Table 7-2 (a) and (b). The FWHM used in the 

analysis of the peaks are respectively; 1.4, 2.5. The chemical compounds and bonding 

states of O 1s peaks on tribofilms formed by ABE-containing oils at different 

concentration as shown in Figure 7-1 are similar.  
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However, increased molecular concentration of C-O-B at 532.6 eV [158, 191] and  

B-O at 533.7 eV [190] were observed to rise as additive concentration of ABE in the 

oil increases. The presence of either C-O-B or B-O appeared to be very important in 

the antiwear performance of borate-containing tribofilms. In addition, O 1s peaks with 

binding energy between 531.9 eV and 530.4 eV can be assigned to oxygen atoms in 

the borate and iron oxides respectively [193]. However, the absence of B-O on 

tribofilms derived from KBE-containing oil at 1.0 wt. % is an indication that a very 

low amount of B2O3 was formed that affected the formation of adequate wear 

resistance borate glass. This eventually resulted in increased wear rates as shown in 

chapter 5. At additive concentrations of 1.0 and 2.5 wt. %, tribofilms from  

BTE-containing oils also gave low concentration of B2O3 at 1.3 and 2.7 atm. % 

respectively. This could have been responsible for the poor antiwear performance of 

BTE tribofilms at these concentration, unlike B-O bonds of about 11.2 atm. % from 

tribofilms formed by BTE at 0.5 wt. % additive concentration.  

A summary of Fe 2p peaks for all the borate-based tribofilms formed at 0.5, 1.0 and 

2.5 wt. % concentrations are shown in Table 7-2 (b). The result indicated that different 

phases of iron oxides and iron oxy-hydroxides were present within the borate 

tribofilms. These could be α-Fe2O3 (haematite) at 711 eV [196, 197], FeOOH at  

712.9 eV [198]. However, the various phases of FeOOH are present on all the nine 

borate tribofilms, except for two tribolayer; one on ABE tribolayer at 2.5 wt. % 

concentration and the other on BTE tribofilms at 1.0 wt. %. The established antiwear 

mechanism of borate tribofilms [158] did not consider the influence of FeOOH, but 

took into consideration Fe2+ only. XPS peaks of Fe 2p shown in (b) indicated that the 

presence FeOOH in addition to Fe2O3 within borate tribolayer played a role in their 

antiwear performance. The peaks of K 2p at 293.3 eV on tribofilms from oil 

containing KBE at 0.5 wt. % and 1.0 wt. % can be attributed to KO2 (corresponding 

to O 1s peaks at 530.3 eV) [199, 200]. The presence of potassium oxide and iron oxide 

indicates the possible fusion of B2O3 not only with the abrasive iron oxide, but also 

with KO2 to form a two-phased wear resistance borate glass system. However, based 

on antiwear performance results in Chapter 5, the two-phased glass system formed by 

KBE-based tribofilms at 1.0 wt. % did not result into better antiwear performance than 

0.5 wt. % concentration of KBE. 
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Table 7-2  XPS binding energies, atomic concentration and chemical state at three 

different spots on the borate tribofilms formed at different concentrations, 100oC 

tribotest temperature and 6 hr sliding distance; (a) O 1s and (b) Fe 2p 

Additive 

Type 

Binding Energies (eV)/Molecular wt.  % Bond Types 

0.5 wt. % 1.0wt 2.5 wt. % 0.5 wt. % 1.0 wt. % 2.5 wt. % 

ABE 530.4/43.2 530.6/38.2 530.5/36.5 Fe2O3 Fe2O3 Fe2O3 

531.9/29.9 531.7/33.5 531.6/24.4 Fe-O-B Fe-O-B Fe-O-B 

532.7/17.6 532.5/16.9 532.6/21.7 C-O-B C-O-B C-O-B 

533.7/9.3 533.5/11.4 533.7/17.4 B-O B-O B-O 

KBE 530.5/37.3 530.6/32.1 530.0/56.7 Fe2O3/KO2 Fe2O3/KO2 FeO 

531.9/44.9 531.8/46.2 531.2/16.3 Fe-O-B Fe-O-B Oxides 

533.0/17.8 532.8/21.6 532.1/22.4 B-O C-O-B Fe-OH 

- - 533.6/4.6 - - B-O 

BTE 529.6/36.5 527.7/4.5 529.9/21.3 Oxides Oxides FeO 

531.1/24.4 529.5/26.5 530.3/25.6 Oxides α-Fe2O3 Fe2O3 

532.0/20.9 530.6/43.3 531.0/32.2 Fe-OH Fe2O3 Oxides 

533.0/11.2 531.8/24.4 531.7/18.2 B-O Fe-O-B Fe-O-B 

534.2/5.1 533.1/1.3 533.2/2.7 Oxides B-O B-O 

535.5/2.1 - - Oxides - - 

(a) 

ABE 711.0/76.0 710.9/71.7 711.0/66.3 α-Fe2O3 α-Fe2O3 α-Fe2O3 

712.9/24 712.9/28.3 713.4/19.4 FeOOH FeOOH Non-Stoic 

Fe oxides 

- - 708.4/14.3 - - Fe3O4 

KBE 710.6/50.4 711.1/76.7 710.4/74.9 Fe Oxides α-Fe2O3 γ-FeOOH 

711.6/30.5 712.9/23.3 712.5/25.1 α-FeOOH FeOOH FeOOH 

713.0/19.1 - - FeOOH - - 

BTE 709.7/54.3 710.6/86.1 708.5/10.7 FeO Oxides Fe3O4 

711.4/31.9 714.0/13.9 710.3/52.4 α-FeOOH Sate. Fe γ-FeOOH 

712.6/13.8 - 711.8/22.0 FeOOH - α-FeOOH 

- - 713.6/11.3 - - Fe oxides 

- - 715.3/3.6 - - Sate. Fe 

(b) 
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On the other hand, the near absence of KO2 on the tribofilms formed at 2.5 wt. % 

concentration of KBE-containing oil is an indication that a certain level of KO2 are 

required on the KBE-based tribofilms for better antiwear performance. The peak 

position of N 1s on ABE and KBE tribofilms at all test concentrations gave noisy 

signals. However, tribofilms containing BTE gave different N 1s peak positions at 

different test concentrations even though nitrogen was absent in the molecular 

structure of BTE. The presence of N 1s at 399.9, 399.5 and 390 eV corresponding to 

additive concentration of 0.5, 1.0 and 2.5 wt. % on the tribofilms containing BTE was 

attributed to CONH2 or -NH2, nitrogen  in organic matrix [297, 298] and ionic bonding 

of boron atom to nitrogen respectively [119]. The tribofilms of KBE at all 

concentration had potassium dioxide on its tribofilms with a binding energy of  

293.3 eV. XPS results from this study indicates that nitrogen-containing compounds 

in the air could have interacted with very high concentration of boron to form BN. 

However, this did not enhance the antiwear performance of tribofilms formed by BTE 

that could be attributed to lack of nitrogen coordination from the surrounding air with 

the electron deficient boron [119, 121]. The chemistry of reacted layers formed by 

different borates in the oils and at different concentration are summarized below; 

 Synthetic borate containing tribofilms has very little amount of nitrogen on 

the tribofilm surface, unlike non-synthetic borates with no nitrogen in their 

molecular structure that has considerable N 1s peaks 

 The composition of tribofilms formed by KBE is different to ABE and BTE 

due to the presence of oxides of potassium or other potassium compounds 

 The amount of B 1s on tribofilms containing ABE does not change 

significantly with increasing concentration, unlike KBE and BTE. This could 

have been responsible for their different tribological performance 

 Under certain additive concentrations, tribofilms formed by KBE and BTE 

could have carbonates, carbides and boron nitrides, unlike ABE that is mainly 

composed of the fusion of boron oxide with metallic oxides and carbonates 

 At different additive concentrations, BTE tribofilm had nitrogen mainly as 

organic matrix, but formed boron nitride at 2.5 wt. % when B 1s concentration 

rose above 20 atm. %. 
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 The boron nitride and carbides formed on BTE tribofilms at higher additive 

concentration acted as third body abrasives. 

7.2.2 Raman of tribofilms at varying additive concentration tests  

Raman spectroscopy analysis results of mapped area on tribofilms of worn plates and 

pins samples lubricated by ABE are shown in Figure 7-3 (a) and (b) respectively.  

 

(a) 

 

(b) 

Figure 7-3 Representative Raman spectra obtained on ABE-based tribofilms from  

6 hrs tribotests, 100oC at different additive concentrations; (a) plate and (b) pins 
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The objectives of analysing the tribofilms formed was to determine the changes that 

took place on some Raman active boron compounds, iron oxides and oxyhydroxides 

on worn plates and pins from tribological tests. This is to elucidate on how boric acid, 

and its ratio to boron oxide affects friction and antiwear performance of the borate 

tribofilms. In addition, ratios of iron oxides could be used to elucidate how changes 

in oxides of iron could affect friction and antiwear performance of borate tribofilms. 

Similar results for tribofilms lubricated by KBE and BTE are shown in Figure 7-4 and 

Figure 7-5 respectively.  

 

(a) 

 

(b) 

Figure 7-4 Representative Raman spectra obtained on KBE-based tribofilms from  

6 hrs tribotests, 100oC at different additive concentrations; (a) plate and (b) pins 
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The results were based on Raman spectrometer measurement and analysis as 

described in Chapter 3 (Depth of analysis compared to XPS). The key features of 

Raman analysis are: decreasing intensities of haematite bands at 226, 294 and  

410 cm-1, and magnetite bands at 309, 534, 614 and 663 cm-1 [299] with increasing 

concentration. Raman sensitive boron compounds are; bands around 495 and 879 cm-

1 identified as boric acid [138, 160], boroxol groups in B2O3 with peaks at 809 cm-1 

[171, 210, 300, 301] and boroxol linked to at least one BO4 tetrahedral located around 

769-785 cm-1 [208, 213, 302].  

 

(a) 

 

(b) 

Figure 7-5 Representative Raman spectra obtained on BTE-based tribofilms from  

6 hrs tribotests, 100oC at different additive concentrations; (a) plate and (b) pins 
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The presence of carbonates was identified at 1060 ± 10 cm-1 bands [191, 213]. In 

addition, Raman peaks near 1300 ± 10 cm -1 could either be any one of the followings: 

in-phase wagging and deformation of - CH3 - and - CH3 - groups [206], BO3 linked to 

BO4 units [178, 208, 213, 302] or Fe2O3 [303, 304] that were relatively unaffected by 

changes in additive concentration. 

The behaviour of distinct borate groups, iron oxides and iron oxy-hydroxides could 

have great influence on the tribological performance of tribofilms from the borate 

additives. In fresh borate ester additives, trigonal boron structural units (BO3) is 

predominant in the oil [168]. However, transformation from boroxol to tetrahedral 

species can occur when changes in physical properties such as viscosity, thermal 

expansion, density, etc. takes place [35, 174, 305]. On tribofilms formed by ABE, 

changes in additive concentration as shown in Figure 7-3 (a) resulted into various 

types of borate structural units and boric acid. However, hard and less protective 

haematite decreased with increasing additive concentration on the plates, but 

increased on the pins as shown in Figure 7-3 (b). 

The tribofilms formed by KBE at 1.0 wt. % concentration had haematite to give poor 

antiwear performance compared to β-FeOOH [303, 304] other additive concentrations 

as shown in Figure 7-6 (a) and Chapter 5. In addition, reduced Raman intensity shown 

in Figure 7-5 (a) of magnetite on BTE tribofilms on the plates can be related to poor 

antiwear performance at 0.5 and 2.5 wt. % additive concentrations.  

The results from this study indicates that changes in concentration of borate additives 

not only affect boric acid formation and boric oxide structural units, but also oxides 

of iron to give different antiwear performance. Raman shift of tribofilms from BTE at 

0.5 wt. % for the pins and plates as shown in Figure 7-7 (b) had boroxol and boroxol 

linked to tetrahedral BO4 units to give better antiwear performance than worn plates. 

The formation of carbide spectra [306-309] from Raman analysis hereby confirmed 

the earlier XPS results in Figure 7-3 (a) and (b). However, the situation was different 

on the pins, where reduction in the intensity of magnetite on tribofilms formed at  

1.0 wt. % and 2.5 wt. % was not substantial compared to 0.5 wt. %.  In addition, FeO 

was found on the tribofilms on the pins from 0.5 and 2.5 wt. % of KBE-containing 

oils, but not on tribofilms formed by KBE at 1.0 wt. % concentration in the base oil. 

The presence of boron nitride [205, 310] on tribofilms containing KBE on pins could 
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have been responsible for comparable antiwear performance to ABE and ZDDP as 

shown in section 5.2.  

.  

(a) 

 

(b) 

Figure 7-6 Average Raman intensity on borate tribofilms at different concentration of 

additives, 100oC and 6 hr sliding durations for; (a) boric acid, and (b) ratio of 

boric acid to boron oxide. Error is measured over four analysis points 

 

An important feature of the entire Raman spectra of the boron-containing tribofilms 

in this study are the presence of B2O3 as confirmed by the XPS results. On the plates, 

B2O3 exist in form of boroxol groups. However, the pins had boroxol groups and 
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boroxol linked to tetrahedral BO4 units. On ABE-containing tribofilms, the presence 

of either structural units enhanced antiwear performance at different concentrations 

as shown in Figure 7-3 (a) and (b).  

This results confirms similar results on borate tribofilm using XPS for B2O3 and 

Fe2O3, FeOOH and carbonates as shown in Table 7-1 and Table 7-2 for the plates. 

However, XPS analysis was not able to distinguish boric acid from boron oxide on 

borate tribofilms more compared to results from Raman spectroscopy. The tribofilms 

containing BTE had boroxol formed on worn plates and pins at 0.5 wt. %, but formed 

only BO3 linked to BO4 structural units at higher concentrations on both plates and 

pins. On the tribofilms formed by KBE additives, few structural changes in B2O3 took 

place except at 1.0 wt. % on the plates which gave poor antiwear performance. Hence 

further studies on the effect of structural changes in B2O3 are expected to provide 

better understanding of the established borate antiwear mechanism based on HSAB 

principle [158].  

A summary of the composition of boric acid and boron oxide on the tribofilms of worn 

plates samples by all the boron additives are shown in Figure 7-6. The result gives an 

indication of how the major boron compounds responsible for friction coefficient and 

wear on the tribofilms of worn samples behave at different concentrations.  

In Figure 7-6 (a), tribofilms containing ABE gave high boric acid and also sufficient 

amount of boron oxide to form wear resistant glass as shown in Figure 7-6 (b), 

irrespective of additive concentration. This was able to provide better antiwear 

performance at all concentration as shown in Figure 5-1 (b).  

In addition, boric acid level on tribofilms containing BTE was not as high as that on 

ABE-based tribofilms. Hence, the high XPS atomic concentration of B 1s on BTE 

tribofilms suggest that most of the compounds and bonds formed have considerable 

amount of other compound present. These were shown to be BN and carbides in  

Table 7-1 that adversely effected the antiwear performance of tribofilms from BTE 

additives in the oil at 1.0 and 2.5 wt. % concentrations.  

However, tribofilms containing BTE and KBE appeared to have higher boric acid to 

boron oxide ratio at 1.0 and 2.5 wt. % additive concentrations. This enhanced antiwear 

performance on KBE tribofilm at 2.5 wt. % additive concentration, but did not on 

tribofilms formed at 1.0 and 2.5 wt. % concentration of BTE additive in the oil.  
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In addition, this did not also provide better friction coefficient reduction on BTE 

tribofilms compared to ABE and KBE as shown in Figure 5-1 (a) and Figure 5-2. 

Hence, a distinct balance of boric acid and boron oxide appeared to be necessary for 

borate tribofilms to provide better friction coefficient reduction and antiwear 

performance. 

7.3 Chemistry of tribofilms for a range of temperatures and times 

This section is divided into two sub-sections. One section involved XPS analysis of 

concentration of elements and their chemical states at the top layer of the tribofilms. 

Another section involved chemical analysis of tribofilms formed at varying 

temperature at different sliding time and process; from 3 hrs to 6 hrs tests and from  

3 hr to 3r3 tests. In addition, depth profile analysis was carried out to investigate 

tribofilms on samples from the 100oC test temperature for 3 hr test duration. This is 

due to the fact that depth profiling XPS analysis of sputtered tribofilms can provide a 

more accurate information of compounds and bond species within the boundary films 

as a function of depth [21, 193]. 

7.3.1 XPS analysis of tribofilms species (3hr) 

XPS data acquired were used to analyse the tribochemical reaction product involved 

during the friction process at different tribotests temperatures. The XPS atomic 

concentration of major elements on ABE and KBE-containing tribofilms are shown 

in Figure 7-7. The atomic concentration of C 1s and O 1s spectra are presented 

separately as shown in Figure 7-7 (b) for clarity and scaling constraints when 

compared to the spectra of B 1s, Fe 2p, K 2p and N 1s. By considering the tribotests 

at different temperature up to 135oC, BTE-containing tribofilms was not formed due 

to safety reasons (low boiling temperature range of the additives). The key point of 

XPS elemental composition analysis of ABE-containing tribofilms from the 3 hr test 

at different tribotests temperature are; lower atomic concentration of O1s and Fe 2p 

at 100oC than at all other temperatures as shown in Figure 7-7 (a) and (b). This is an 

indication that less oxides of iron are formed at 100oC than at other temperatures, but 

gave increased carbon-based compounds as shown in Figure 7-7 (b). 
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In addition, a sudden increase in atomic concentration of B 1s occurred at 135oC 

compared to all other temperatures. This is an indication that easier release of 

adsorbed boron from the substrate due to increase in temperature occurred as observed 

in the literature [311].  

 

(a) 

 

(b) 

Figure 7-7 XPS top layer atomic concentrations on ABE- and KBE-containing 

tribofilms at different temperatures, 3 hr test duration and 1.0 wt. % additive 

concentrations of; (a) B 1s, Fe 2p, N 1s and K 2p, (b) O 1s and C 1s. Error bar 

is measured as standard deviation over three analysis points 
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This could have been responsible for the better antiwear performance of ABE 

tribofilms at 135oC than 100oC during the 3 hr and 6 hr tests as shown in section 5. A 

major observation on KBE-based tribofilm is the higher atomic concentration of  

Fe 2p peaks at 19oC and 100oC than at 80oC and 135oC. The higher atomic 

concentration of Fe 2p on KBE-based tribofilms favours the antiwear performance of 

KBE at 19oC more than 135oC. In addition, XPS peaks of N 1s was present only at 

19oC tribotests temperature on both ABE and KBE-containing tribofilms, but gave 

noisy signals on tribofilms at all other tribo-test temperatures. On the tribofilms 

containing ABE additive, significant change in the atomic concentration of C 1s peaks 

as shown in Figure 7-7 (b) did not take place except at 100oC tribotests temperature. 

However, there are no significant changes on the atomic concentration of C 1s on 

KBE-containing tribofilms at all tribotests temperatures.  

This is an indication that increased carbon based compounds on ABE-containing 

tribofilms formed at 100oC test temperature must have played a positive role in its 

antiwear performance. This was not the situation with KBE-based tribofilms, as it 

appears that fewer carbon based compounds within the KBE tribofilms are formed at 

100oC. This could be responsible for its poor antiwear performance as shown in 

Chapter 5. This is an indication that the response of the chemistry of tribofilms from 

certain boron-containing additives in the base oil at 100oC tribotests temperature 

could form boundary films that could either enhance or be detrimental to their 

antiwear performance. A previous study had attributed the poor antiwear performance 

of tribofilms from some borate additives at 100oC to unreacted borates [167]. 

However, results from this study had indicated that certain borate additives could form 

carbon-based compounds on borate tribofilms in order to resist wear at 100oC tribotest 

temperature. This behaviour did not exclude the possible effects of other borate and 

iron-based compounds that could be affected. The insignificant changes in the atomic 

concentration of C 1s peaks at all tribotests temperatures is an indication that  

carbon-based compounds on KBE tribofilms are more stable than ABE. In order to 

understand the activity of oxygen-containing compounds on borate tribofilms, long 

scan XPS spectra of different element are necessary. A comparison of long scan XPS 

results of B 1s peaks on the borate tribofilms at 100oC and 135oC for the 3 hrs test 
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durations are shown in Figure 7-8 (a) to (d) and Table 7-5 for O 1s, C 1s and Fe 2p. 

This is necessary, since major changes in the formation of B2O3 from H3BO3 

dehydration are known to take place between 80oC and 135oC [35, 163, 224]. 

  

(a) (b) 

  

(c) (d) 

Figure 7-8 Representative XPS spectra of B 1s peaks at 3 spots on the tribofilms from 

the 3 hr tribological test at 1.0 wt. % additive concentration for; (a) ABE at 

100oC, (b) ABE at 135oC, (c)  KBE at 100oC and (d) KBE at 135oC 

 

The key changes in Figure 7-8 (a) and (b) on ABE tribofilms between 100oC and 

135oC shows additional formation of trialkyl borate at 191.2 eV [158] at 135oC along 

with boron oxide in oil at 191.8 eV that is also found on tribofilms formed at 100oC. 

The reverse was the case on KBE tribofilms formed between these temperatures as 

the presence of boron oxide from the oil could be attributed to adverse antiwear 

performance. The summary of XPS peaks of O 1s, C 1s and Fe 2p on tribofilms 

containing ABE and KBE at 100oC and 135oC are shown in Table 7-3 (a) to (c).   
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 Table 7-3 XPS peaks on tribofilms by additives at 1.0 wt. %  concentration in oil at 

100 and 135oC for 3 hrs  tests durations for;(a) O 1s, (b) C 1s, (c) – Fe2p and  

Additi

ve 

Type 

Binding Energies (eV) Compounds or Bond Types 

 100oC 135oC  100oC 135oC 

ABE 533 533.6  B-O B-O 

531.8 531.7  C-O-B C-O-B 

530.9 530.4  Oxides Fe2O3 

529.5 532.8  FeO       C-OH        

KBE 533.4 533.4  B-O B-O 

532.1 532.4  C-OH C-OH 

531.2 531.4  C-O-B C-O-B 

529.8 530.4  FeO O2 in KO2 

(a) 

ABE  288.3 286.9  C=O C-O  

286.6 285.9  C-O C-O 

284.9 284.7  C-C/C-H C-C/C-H 

KBE 288.2 288.3  C=O C=O 

286.0 286.1  C-O C-O 

284.7 284.8  C-C/C-H C-C/C-H 

(b) 

ABE  710.6 712.8  Fe oxides FeOOH 

 710.9  - Fe2O3 

 709.5  - FeO 

KBE 711.8 709.9   FeOOH Oxides 

709.7 -  Oxides - 

(c) 
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Figure 7-8 (c) gave a summary of XPS peaks of Fe 2p on ABE tribofilms from 135oC 

tribotests temperatures which gave FeOOH at 712.9 eV [198], Fe2O3 at 710.9 eV  

[196, 197] and Fe O at 709.5 eV [196, 197]; but gave only iron oxides that were 

present at 100oC. Table 7-3 (c) gave a summary of XPS peaks of Fe 2p on ABE 

tribofilms from 135oC tribotests temperatures gave FeOOH at 712.9 eV [198], Fe2O3 

at 710.9 eV [196, 197] and FeO at 709.5 eV [196, 197], but gave only iron oxides that 

were present at 100oC. Hence, the presence of B2O3 in the oil and FeOOH could have 

played a role in the better antiwear performance of ABE at 135oC than 100oC. In 

addition, there was the presence of FeOOH and other oxides at 100oC on  

KBE-containing tribofilms; but FeOOH was absent at 135oC. These results along with 

tribological results in Chapter 5 indicated that FeOOH presence on ABE-based 

tribofilm at 135oC enhances its antiwear performance. 

On the contrary, the presence of FeOOH on KBE-containing tribofilms at 100oC could 

be linked to the adverse antiwear results compared to FeOOH absence on KBE 

tribofilm at 135oC. This is an indication that the presence or absence of FeOOH on 

borate tribofilms could positively or negatively affect their antiwear performance. The 

contradictory chemistry of ABE-based tribofilms compared to KBE between 100oC 

and 135oC could have been related to the composition of their wear-resistant borate 

glass; KBE additives contains oxides of iron and potassium; unlike ABE with only 

iron oxides as shown in  Table 7-3 (c) and (d).  

A summary of XPS results for C 1s on ABE and KBE-containing tribofilms at 100oC 

and 135oC tribotests temperatures are shown in Table 7-3 (b). XPS peaks of C 1s for 

ABE and KBE tribofilms between 100oC and 135oC are similar. The peaks of K 2p at 

292.8 eV corresponding to O 1s at 530.4 eV as shown in Table 7-3 (a) on  

KBE-containing tribofilms can be attributed to KO2  [199, 200] at 100oC and 135oC 

tribological tests. This could have been due to a number of factors such as; high 

temperature, dehydration of boric acid, differences in wear-resistance glass, changing 

composition of metallic oxides, and boric oxide structural units in the wear-resistant 

glass. The noisy XPS peaks of B1s are characteristic of boron not producing intense 

signal due to low atomic concentration of boron to iron. In addition, similar studies 

on some boron-containing tribofilm had displayed comparative noisy B1s peaks as 

obtained in literature of similar studies [125, 190].  
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7.4 XPS results of tribofilms species from durability tests (3r3) 

7.4.1 Introduction 

In this sub-section, XPS analysis of tribofilms from oils containing ABE and KBE 

additive at 1.0 wt. % concentration in the base oil for 3 hr test duration, which was 

temporarily stopped. With the oil replaced by PAO, the test was continued for another 

3 hrs to give 3r3 tests. The schematic representation of the process is shown in  

Figure 7-9. In this analysis, the chemistry of preformed tribofilms after tribological 

tests with PAO at 100 and 135oC are analysed using XPS. 

 

Figure 7-9 Schematic diagram of tribofilms from 3r3 or durability tests 

 

7.4.2 XPS results of tribofilms species due to sliding process (3r3) 

The long scan XPS results for B 1s peaks on the borate-containing tribofilms at 100oC 

and 135oC for 3r3 tests are shown in Figure 7-10 (a) to (d). This is to elucidate on how 

certain compounds on the borate tribofilms affects its durability at 100oC and 135oC 

tribotest temperature. These temperatures are chosen based on boric acid instability 

within these temperature range as discussed in Chapter 2. A notable feature of B1s 

spectra on pre-formed ABE tribofilm at 100oC as shown in Figure 7-10 (a) is the 

binding energy of B 1s at 191.6 eV corresponding to O 1s at 531.7 eV that is assigned 

to boron oxide in oil. A comparison to B 1s obtained on tribofilms from 135oC 

tribotests at 192.2 eV gave B2O3 in borate ester [158, 190]. 
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The peaks of B1s on KBE-based tribofilms from the 3r3 tests at 100oC is different to 

those at 135oC; only trialkyl borate was formed at 191.2 eV [158] and 100oC tribotests 

compared to three boron compounds formed at 135oC. These are B2O3 at 194.1 eV 

dominated by BO3 structural units [168, 312], 191.8 eV (boron oxide in oil) and  

188.6 eV (Iron borides) [313, 314]. The XPS peaks of C 1s on ABE tribofilms from 

tribological tests at 100oC and 135oC as shown in Table 7-4 (a) indicates the presence 

of carbonates at 289-290 eV [158, 296, 298]. On the other hand, carbides at 283.0 eV 

[158, 315, 316] were formed on KBE tribofilms at 100 and 135oC. 

 

 

 

 

(a) (b) 

 

 

 

 

(c) (d) 

Figure 7-10 Representative XPS spectra of B1s peaks on tribofilms formed by KBE 

additives at 1.0 wt. % concentrations from 3r3 tests at (a) 100oC and (b) 135oC, 

and (c) 100oC and (d) 135oC 
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The presence of carbides on preformed KBE tribofilms could be attributed to 

enhanced durability at 135oC tribotests temperature; but carbides was not formed at 

100oC. In addition, preformed ABE tribofilms had carbonates that could be attributed 

to its poor durability performance. The summary of XPS peaks of Fe 2p and K 2p on 

tribofilms of ABE and KBE at 100oC and 135oC are shown in Table 7-5 (a) and (b) 

respectively. In addition, Figure 7-11 compares the top layer atomic quantification of 

B 1s and K 2p peaks on KBE-containing tribolayer of preformed tribofilms at 100oC 

and 135oC tribotests temperatures.  

 

Figure 7-11 Average top layer XPS atomic concentrations on ABE and KBE 

tribofilms from 3r3 tests for B 1s and K 2p. Error is measured as the standard 

deviation over three analysis points  

 

The results indicated that XPS peak intensity of B 1s and K 2p on preformed KBE 

tribofilm at 135oC appeared to be very high compared to 100oC tribotests temperature. 

This is an indication that temperature increase caused boron and potassium to be 
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released from pre-formed KBE tribofilms to form certain oxides of boron and 

potassium which provided comparable durability to preformed ZDDP tribolayer.  

However, preformed ABE exhibited similar increase in B 1s, but did not provide 

comparable durability performance to KBE and ZDDP. The atomic concentration of 

K 2p on pre-formed KBE-based tribofilm at 100oC as shown in Figure 7-11 gave  

0.4 atm. % compared to 3 hrs (4.4 atm. %) as shown in Figure 7-7 (a) and 9.4% for  

6 hrs continuous test durations as shown in Table 7-2 (a).  

However, XPS peak intensity of B 1s and K 2p on preformed KBE tribofilm at 135oC 

appeared to be very high compared to 100oC tribotests. This is an indication that K 2p 

atomic concentration was affected by both temperature and sliding process which can 

be attributed to the only stable oxides of potassium (KO2) [199, 200].  

The XPS long scan results of ABE and KBE-containing boundary films from the 3r3 

tribotests as shown in Table 7-5 (a) both have the binding energy of Fe 2p at  

707.3 eV and 100oC that can be attributed to metallic iron [158, 317]. XPS 

quantifications indicates the presence of metallic iron KBE and ABE tribofilms 

formed during the 3r3 tests at 100oC. This indicated that KBE tribofilms had higher 

metallic iron (8.9 ± 0.6 atm. %) than ABE (3.7 ± 0.3 atm. %), where they both gave 

poor durability compared to ZDDP.  

However, this was not the case at 135oC test temperature where no metallic iron was 

formed. Table 7-4 (a) and (b) shows the XPS peaks of O 1s and C 1s and Table 7-5 

(a) and (b) for Fe 2p and K 2p peaks respectively. The peaks of Fe 2p at 711.6 eV 

corresponding to O 1s at 531.3 eV can be assigned to FeOOH.  

In addition, O 1s at 532.1 eV and 529.9 eV are attributed to C-OH [193] and oxides 

[158]. The presence of FeOOH and boron oxide in oil were not able to enhance 

durability performance of pre-formed ABE tribofilms at 100oC and 135oC based on 

the antiwear performance results in Chapter 5. 

The results indicated that increasing the bulk oil temperature during the tribological 

test have metallic iron more protected at 135oC than at 100oC to provide enhanced 

durability. However, durability of tribofilms formed by KBE-containing oils was 

more enhanced than ABE. 
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Table 7-4 XPS peaks on borate tribofilms formed at 1.0 wt % additive concentration 

and sliding process of 3r3 tests at 100 and 135oC; (a) O 1s, (b) C 1s 

Additive 

Type 

Binding Energies (eV) Compounds or Bond Types 

 100oC 135oC  100oC 135oC 

ABE 533.3 533.3  B-O B-O 

532.0 531.6  C-OH C-O-B 

531.2 529.7  C-O-B Oxides 

529.8 532.8  FeO     C-OH        

KBE 533.3 533.9  B-O C=O 

532.3 532.5  C-OH C-OH 

531.5 531.4  C-O-B C-O-B 

530.8 530.0  O2 in KO2 Oxides 

529.7 -  FeO - 

(a) 

ABE  289.2 290.4  Carbonate Carbonate 

288.3 288.9  C=O C=O 

287.1 287.8  Ads. ABE Ads. ABE 

286.1 286.5  C-O C-O 

284.8 285.1  C-C/C-H C-C/C-H 

KBE 288.9 289.0  C=O C=O 

287.6 288.8  Ads. KBE C=O 

286.1 286.4  C-O C-O 

 284.6 285.0  C-C/C-H C-C/C-H 

 282.8 283.0  Carbides Carbides 

(b) 
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The higher durability of preformed KBE-containing tribofilms could have been aided 

by the formation of iron borides as shown in Figure 7-10. Based on the antiwear 

mechanism for inorganic nanoparticle borate ester shown in Figure 2-22, trapped KBE 

nanoparticle in the preformed tribofilms has boron in boron oxide bind directly to 

metallic iron due to shear- and extreme-pressure effects. Tribochemical reaction 

between boron oxide and substrate produced a wear resistant film consisting of iron 

boride (FeB) to provide tenacious film for wear protection at 135oC tribotest 

temperature. 

Table 7-5 XPS peaks on borate tribofilms formed by 1.0 wt. % additive concentration 

and sliding process of 3r3 tests at 100 and 135oC (a) Fe2p and (b) K 2p 

Additive 

Type 

Binding Energies (eV) Compounds or Bond Types 

 100oC 135oC  100oC 135oC 

ABE  713.5 712.9  Sat. Fe FeOOH 

711.6 710.0  FeOOH Oxides 

709.9 -  Oxides - 

707.1 -  Metallic Iron - 

KBE 712.5 714.0   FeOOH Sat. Fe 

710.1 710.5  Oxides Fe Oxides 

 707.2 -  Metallic Iron - 

(a) 

KBE  292.7 292.9  KO2 KO2 

(b) 

 

7.5 Depth profile analysis of tribofilms at 3 hr tests and 100oC 

In order to further understand the large differences in the antiwear performance of the 

two borate additives at 100oC, XPS depth profile results of major elements on ABE 

and KBE-based tribofilms are shown in Figure 7-12 (a) and (b) respectively.  

Figure 7-12 (a) and (b) indicated that, XPS atomic concentration of B 1s peaks was 



 

159 

 

observed to have increased from zero at the surface to a maximum of about 1.03 nm 

on both tribofilms containing ABE and KBE. 

 

(a) 

 

(b) 

Figure 7-12 Average XPS depth profile of borate tribofilms formed at 100oC and  

3 hrs tests from;(a) ABE and (b) KBE-containing oils at 1.0 wt. % concentration. 

The error bars are excluded for clarity 
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However, KBE-containing tribofilms gave a higher atomic concentration of B 1s than 

on ABE. In addition, the atomic concentration of B 1s at 1.03 nm on KBE tribofilms 

was higher than on ABE. This can be attributed to the higher concentration of boron 

in KBE additive than ABE as described in Chapter 3. At the maximum sputtering 

depth of 6.18 nm, the rate of decrease in B 1s on KBE tribofilms was higher than 

ABE. The higher increase in depth of B1s on ABE based tribofilms at 100oC is 

indicative of its adsorption mechanism [119, 198], unlike BTE tribofilms that relies 

more on adhesion and electrophoresis mechanism for wear resistant [201]. This is an 

indication that on ferrous substrate more permeating films of boron oxide were formed 

on ABE tribofilms than KBE that could have played a role in its better antiwear 

performance than KBE-based tribofilms at this temperature.  

At the surface of the tribofilm and up to 1.03 nm depth, the XPS peaks of O 1s on 

KBE-based tribofilms gave higher atomic concentration than ABE-containing 

tribofilm, as shown in Figure 7-12 (a) and (b). However, between 4.12 nm and  

6.18 nm depths, tribofilms containing ABE additive gave higher B 1s atomic 

concentration than KBE-containing tribofilm. 

The lower atomic concentration of O 1s peaks at depths above 3.1 nm within KBE 

tribofilms compared to ABE indicated that changes in certain metallic oxides took 

place. The influence of atomic concentration of K 2p on KBE-containing tribofilm is 

limited to 4.12 nm as shown in Figure 7-12 (b). This suggests that any likely fusion 

of oxides of potassium and boron to form inorganic borate glass is limited to 3.0 nm 

depth range.  

A key component of borate wear-resistant glass on ferrous substrate is Fe 2p peaks 

which is indicative of iron interaction with oxygen and carbon as shown in  

Figure 7-12 (a) and (b). The result indicates that atomic concentration of Fe 2p peaks 

on ABE-containing tribofilm is higher than KBE only at 1.03 and 2.06 nm, but lower 

at all other concentrations. 

7.6 Raman analysis of tribofilms species at varying temperatures 

The room temperature Raman spectroscopy indicating different frequency range at 

different temperature, sliding time and process on tribofilms containing ABE and 

KBE tests are shown in Figure 7-13 (a) to (f). In this study, bands involving different 
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vibrations of the BO3 and BO4 species were characterized using band assignments 

described in the literature from similar works.  

Trigonal BO3 species in B2O3 was identified by bands around 700 and 1321 cm-1, 

while the tetragonal species was identified by Raman shifts around 630, 879, 1050 

and 1380 cm-1 [181, 318-320]. The area ratios of these bands were utilised based on 

changes in the glass structures of ABE and KBE–containing tribofilm as shown in 

Figure 7-13 (a) to (f). Raman intensities of tribofilms formed at different temperatures, 

sliding process had bands of varying iron oxides. These ranged from magnetite 

(Fe3O4) at 309, 534, 614 and 663 cm-1 [299, 321] and haematite (α-Fe2O3) at 226, 294, 

410 and 1320 cm-1  [299, 304, 321, 322]. 

However, the focus of this section is the transformation that takes place in B2O3 

structural units. The tribofilms containing ABE compared to KBE from different 

tribotests ran at different temperatures were observed to have more iron oxides and 

oxyhydroxide. Their presence might have played a significant role in the antiwear 

performance of ABE-containing tribofilm at different temperatures during the 3 hr 

and 6 hr tests. However, at the end of 3r3 tests, the level of haematite and goethite on 

pre-formed ABE tribofilms dropped significantly which could have affected its 

durability performance as shown in section 5.3.  

Acquired Raman spectra of different frequencies are used to identify bands involving 

BO3 and BO4 species vibrations. The fractions of BO4 units (N4 fraction) can be 

determined from the ratio of total area of different bands involving BO4 species to the 

total area of bands associated with borate species Equation 7-1 as obtained from the 

literature [181, 211, 323, 324], enables the identification of borate structural unit 

transformation using N4 speciation technique. In order to characterize the N4 species 

formed on ABE and KBE tribofilms at a range of temperatures for different sliding 

time and process, a deconvolution of the Raman peaks is shown in Figure 7-13. A 

summary of the resulting N4 on ABE and KBE tribofilms at different temperature and 

wear process are shown in Figure 7-14. 

N4 = 
 𝐴𝑟𝑒𝑎 𝑜𝑓 ∑ 𝐵𝑂4

−

              𝐴𝑟𝑒𝑎 𝑜𝑓 ∑ 𝐵𝑂3
−     +     𝐴𝑟𝑒𝑎 𝑜𝑓  ∑ 𝐵𝑂4

− 
Equation 7-1 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 7-13 Changes in Raman intensity of borate tribofilms formed at different 

sliding process, temperatures and 1.0 wt. % additive concentrations;(a) ABE- 

(3hr), (b) KBE-(3h), (c) ABE-(6hr), (d) KBE-(6hr), (e)ABE-(3r3) and  

(f) KBE-(3r3). The spectra are plotted on the same scale and have been shifted 

vertically for clarity 
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The proportion of BO4 tetrahedral in boric oxide structural units in ABE-containing 

tribofilm for 3 and 6 hr tests did not fall below 0.16 at the end of different sliding 

times. However, this was found to reduce significantly when the sliding process 

changed to 3r3, irrespective of the test temperature. On the other hand, changes in 

conversion of BO3 structural units to BO4 on tribofilms from temperature range of 

19oC to 100oC on KBE-based tribofilms did not go beyond 0.18 for all sliding 

processes.  

 

Figure 7-14 Raman speciation of BO4 in B2O3 on tribofilms formed by borate 

additives at 1.0 wt. % concentration for a range of temperatures and wear processes  

 

At 135oC bulk oil temperature, N4 value on KBE-containing tribofilms increased 

significantly to a range between 0.36 and 0.49 for all sliding conditions. This is an 

indication that at the highest temperature, structural transformation of BO3 units to 

BO4 was more significant on tribofilms containing KBE additives at 135oC than on 

ABE. The antiwear performance and durability of KBE-based tribofilm at 135oC as 

shown in Chapter 5 could have been positively influenced partly due to this 

transformation and partly due to changes in alkali oxide (potassium oxide) and boron 

oxide concentrations, as shown in Figure 7-11. 
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The antiwear performance of ABE-containing tribofilms as shown in Chapter 5 

appeared to be positively affected by structural transformation at 3 hr and 6 hr tests at 

all temperatures, but preformed ABE gave poor durability due to low N4 values at 

100oC and 135oC tribological test temperature.  

This could be attributed to the nature and composition of the wear-resistant borate 

glass on ABE-containing tribofilms, which had been shown to be composed of a more 

stable iron oxide-boric oxide glass, unlike iron oxide-boron oxide-alkali oxide glass 

system on KBE tribofilms. Hence, the result of this study suggests that boron oxide 

anomaly affects antiwear performance and durability of tribofilms from alkali-based 

nanoparticle dispersion borate ester as lubricant additives more than that with 

organoborate at high temperature. 

7.7 Chemistry of tribofilms from dissolved-water contamination 

The tribochemistry of ABE and KBE tribofilms are presented in this section to provide 

a better understanding of how the antiwear performances of borate boundary films are 

influenced by different levels of water contamination since their friction reducing and 

antiwear mechanisms are known to rely on moisture in the surrounding air. 

7.7.1 XPS results of tribofilm species from humidity test 

The atomic concentrations of B 1s, C 1s, O 1s, Fe 2p and N 1s on the surfaces of the 

borate tribofilms at different humidity condition and K 2p peaks for KBE are shown 

in Figure 7-15. Changes in environmental conditions from dry air to moisture-rich 

environment greatly affects XPS atomic concentrations of C 1s, Fe 2p and O 1s on 

tribofilms containing KBE and ABE. In addition, changes in XPS atomic 

concentration of K 2p in KBE also occurred. 

These changes are indications that reacted layers formed by ABE and KBE borate 

additives are different due to changes in humidity conditions. The major highlights of 

long scan XPS spectra of ABE and KBE tribofilms at 5% and 95% RH were compared 

to conditions of dissolved water contamination at 65% RH as shown in Figure 7-16 

for Fe 2p peaks. In addition, the summary of XPS peaks of O 1s and B 1s are shown 

in Table 7-6 (a) and (b), and Table 7-7 (a), (b) and (c) for C 1s, N 1s and K 2p 

respectively. The peaks of Fe 2p at 5% RH on ABE tribofilms consisted of different 
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phases of iron oxy-hydroxides, oxide of iron and unusually high concentration of 

metallic iron. This was identified at a binding energy of 706.8 eV [158, 197, 317] as 

shown in Figure 7-16 (a). However, when dissolved water contamination was 

increased to a relative humidity of 95%, there was no indication of metallic iron 

oxidation by boron on ABE tribofilms as shown in Figure 7-16 (e).  

 

Figure 7-15 Average XPS atomic concentration of element peaks on tribofilms by oils 

with 1.0 wt. % borate additive concentrations and 19oC tribotest temperature 

exposed to different humidity conditions for; B 1s, C 1s, N 1s, O 1s, Fe 2p and 

K 2p. Error is measured as standard deviation of three analysis points 

 

On the other hand, the peaks of Fe 2p on KBE-containing tribofilms formed at 5% 

and 95% RH as shown in Figure 7-16 (b) and (f) respectively indicates the presence 

of metallic iron on built-up KBE tribofilms along with oxides and oxy-hydroxides of 

iron. The presence of iron borides had been suggested to form ‘non-active antiwear 

agent’ from non-active atom such as boron permeating into the metal surface to form 

protective friction and wear reducing layer [314, 325]. Hence, the formation of iron 

borides on KBE tribofilms formed at 95% RH could have contributed to its increasing 

antiwear performance compared to ABE and ZDDP tribofilms as shown in  

Figure 7-16 and Table 7-7. At 65% RH, no metallic iron was detected on KBE and 
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ABE-containing tribofilms. This is an indication that boron binds directly with the 

oxygen in iron oxide and not with the metallic iron [158, 161].  

  ABE KBE 

 

5% 

RH 

 

  

 (a) (b) 

 

65% 

RH  

  

 (c) (d) 

 

95% 

RH 

  

  (e) (f) 

Figure 7-16 Long scan results for XPS peaks of Fe 2p at different relative humidity, 

19oC test and 1.0 wt. % additive concentration for; (a) ABE-5%, (b) KBE-5%, 

(c) ABE-65%, (d) KBE-65%, (e) ABE-95%, and (f)   KBE- 95% 
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Table 7-6 XPS binding energy of compounds or bonds on tribofilms formed by oils 

containing 1.0 wt. % additive concentration at 19oC for; (a) O 1s and (b) B 1s 

Additive 

Type 

Binding Energies (eV) Compounds or Bond Types 

5% RH 65% RH 95% RH 5% RH 65% RH 95% RH 

ABE - - 529.6 - - FeO 

530.8 529.5 530.8 Oxides Fe oxides Oxides 

531.7 530.9 531.8 C-O-B Oxides C-O-B 

532.5 531.9 532.8 C-OH       FeOOH       C-OH        

533.7 533.2 533.8 B-O B-O B-O 

KBE 529.7 - 529.7 FeO or KO2  - FeO or KO2 

531.3 530.6 531.1 C-O-B FeO or KO2 C-O-B 

532.1 531.6 532 FeOOH C-O-B FeOOH 

532.8 532.9 532.8 C-OH C-OH C-OH 

533.9 - 533.9 B-O - B-O 

(a) 

ABE 191.4 191.6 191.6 B(OC12H25)3 B2O3 in oil B2O3 in oil 

I91.7  191.3 B2O3 in oil  B(OC12H25)3 

KBE 192.2 191.9 192.3 B2O3 B2O3 B2O3 

- - 191.5 - - B2O3 in oil 

- - 188.7 - - FexB 

  193.3   B(HO)3 

(b) 

 

A summary of B 1s peaks as shown in  Figure 7-16 (b) indicates that, as humidity 

increases from 5% to 95%, changes in  B 1s took place from organic borate or trialkyl 

borate [131, 158] to boron oxide or oxygen in boron oxide and iron oxide [288, 326] 
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on ABE-based tribofilms. However, changes in B 1s peaks on KBE-based tribofilms 

with increasing level of dissolved-water contamination was mainly from oxygen in 

boron oxide and iron oxide, B2O3 and iron borides at 188.7 eV [193, 327].  

Table 7-7 XPS binding energy of compounds or bonds on tribofilms from 1.0 wt. % 

amount of additive in oil at 19oC for; (a) C 1s, (b) N 1s and (c) K 2p 

Additive 

Type 

Binding Energies (eV) Compounds or Bond Types 

5% RH 65% RH 95% RH 5% RH 65% RH 95% RH 

ABE 282.9 - 284.7 Carbides - C-C/C-H 

284.7 284.7 285.9 C-C/C-H C-C/C-H C-C 

286.0 285.4 286.9 C-O C-C C-O 

287.4 286.3 287.8 Ads. ABE C-O Ads. ABE 

288.6 288.1 288.8 C=O C=O C=O 

KBE 84.9 - 283.4 C-C/C-H - Carbides 

286.5 284.9 285.1 C-O C-C/C-H C-C 

288.1 286.2 286.4 C=O C-O C-O 

289.1 288.3 288.1 Carbonates C=O C=O 

(a) 

ABE 401.1 400.7 400.1 Graphitic N2 Organic N2 Organic N2 

399.5 -  N-O/N-C-O - - 

397.2 -  Iron nitride - - 

KBE 400.1 - - Organic N2  - - 

(b) 

KBE 292.9 292.9 292.9 KO2 KO2 KO2 

(c) 

 

The major highlights of C 1s and N 1s are shown in Table 7-7 (a) where XPS peaks 

of C 1s on tribofilms formed by ABE and KBE containing oils at different humidity 
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levels formed different compounds and bonds. These are; adsorbed ABE at 5% and 

95% RH at 287.4-287.8 eV [158], carbonates at 288-289 eV [158, 296, 298] at all 

humidity conditions for both borate additive types. The XPS peaks of N 1s on 

tribofilms formed by ABE containing oil at 5% RH gave N-containing compounds or 

bonds that were completely different to organic nitrogen (400.1 - 400.7 eV) [195] 

formed at 65% and 95% RH. These nitrogen compounds must have contributed to the 

poor antiwear performance of ABE tribofilms at 5% RH compared to KBE and ZDDP 

tribofilms under this test conditions. The XPS peaks of K 2p on KBE tribofilms 

existed at 292.9 eV on all the tribofilms formed at 5%, 65% and 95% RH that indicated 

the presence of oxides of potassium, such as (KO2) [200]. 

7.7.2 Raman results of tribofilm species from humidity tests 

Figure 7-17 (a) and (b) shows how humidity affected tribofilms chemistry from oils 

containing ABE and KBE using Raman vibration spectroscopy. This is to provide a 

better understanding of the changes that took place on tribofilms of worn plates over 

a range of dissolved water contamination during tribological tests. The key features 

of Figure 7-17 (a) and (b) are: decreasing intensities  of haematite bands at 226, 294 

and 410 cm-1, and magnetite bands at 309, 534, 614 and 663 cm-1 [299, 321] with 

increasing relative humidity.  

Raman sensitive boron compounds identified are; bands around 495 and 879 cm-1 was 

identified as boric acid [138, 160], boroxol groups in B2O3 peaks at 809 cm-1  

[171, 210, 300, 301] and boroxol linked to at least one BO4 tetrahedra located around 

769-785 cm-1 [208, 213, 302]. The presence of carbonates was identified at  

1060 ± 10 cm-1 bands [191, 213]. Raman peaks near 1300 ± 10 cm -1 could be  

in-phase wagging and deformation of  - CH3 - and - CH3 - groups [206] or  BO3 linked 

to BO4 units [178, 208, 213, 302] or α-Fe2O3 [304, 328, 329] that were relatively 

unaffected by changes in humidity. 

The behaviour of distinct borate groups, iron oxides and iron oxy-hydroxides could 

have great influence on the tribological performance of tribofilms from borate 

additives. Changes in Raman shifts of oxides and hydroxides of iron were more 

significant on ABE than KBE-containing tribofilms. Hence, humidity effect on 

tribofilms containing ABE appeared to affect oxides and oxy-hydroxides of iron more 

than KBE-based tribofilms except at 65% RH. This is an indication that under certain 
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moisture level in air, the chemistry of boron-based tribolayer appear to change with 

respect to the prevailing moisture conditions of the surrounding air.  

 

(a) 

 

(b) 

Figure 7-17 Room temperature Raman spectra of tribofilms formed by oils with  

1.0 wt. % additive concentrations and 19oC for; (a) ABE, and (b) KBE. The 

spectra are plotted on the same scale and have been shifted vertically for clarity 
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These changes in the chemistry of borate tribofilms under different humidity 

conditions had been shown to promote friction reduction [24]. However, results from 

this study in conjunction with results from Chapter 5 indicates that changes in the 

chemistry of borate tribofilms under different humidity conditions do not only affect 

friction reduction, but also its wear resistant performance. 

7.8 Chemistry of tribofilms due to free-water contamination 

Figure 7-18 (a) and (b) shows how the Raman shifts on tribofilms from oils containing 

ABE and KBE changes with free-water contamination respectively. The key features 

of  Figure 7-18 are: decreasing intensities of haematite bands at 226, 294 and  

410 cm-1, and magnetite bands at 309, 534, 614 and 663 cm-1 [299, 321] with 

increasing water concentration in the oil. Raman sensitive boron compounds 

identified are; bands around 495 and 879 cm-1 was identified as boric acid [138, 160], 

boroxol groups in B2O3 peaks at 809 cm-1 [171, 210, 300, 301] and boroxol linked to 

at least one BO4 tetrahedra located around 769-785 cm-1 [208, 213, 302].  

The presence of carbonates was identified at 1060 ± 10 cm-1 bands [191, 213]. In 

addition, Raman peaks near 1300 ± 10 cm -1 could either be anyone of the followings: 

in-phase wagging and deformation of - CH3 - and - CH3 - groups [206], BO3 linked to 

BO4 units [178, 208, 213, 302] or Fe2O3 [303, 304]. Raman results on water 

contaminated ABE-based tribofilms was able to provide comparable antiwear 

performance to KBE up to 1.0 wt. % free water. This can be attributed to the higher 

level of haematite on ABE than KBE tribofilms. However, haematite had been shown 

to be hard and less protective of the contacting asperities in the literature [275, 330]. 

At free-water contamination above 1.0 wt. %, the absence of carbonate could have 

contributed to poor antiwear performance. 

On the other hand, the influence of free-water on tribofilms containing KBE gave  

β-FeOOH at 311 cm-1 [322, 331] at different water concentration except at 1.0 wt. % 

where haematite was detected. These were able to provide wear protection up to  

1.5 wt. %. Hence, an indication that boroxol group linked to BO4 structural units 

enhanced antiwear performance of the borate tribofilms contaminated with added 

water in the range of 1- 0.5 wt. % before high wear rates sets in when compared to 

ZDDP. 
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(a) 

 

(b) 

Figure 7-18 Raman spectra of tribofilms from free-water in oil tests at different water 

concentration formed by oils with 1.0 wt. % additive concentrations, 80oC 

tribotest temperature and 6 hrs test durations for; (a) ABE, and (b) KBE. The 

spectra are plotted on the same scale and have been shifted vertically for clarity. 

 

The effects of humidity on borate tribofilms indicates the presence of boric acid and 

substantial amount of random three-dimensional network of nearly flat BO3 triangles 
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in boron oxide converted into boroxol. On the other hand, free-water affects boron 

anions by the formation boric acid, replacement of one or two BO3 triangles of the 

six-member rings by BO4 tetrahedral on KBE tribofilms. A similar behaviour was 

observed on ABE tribofilms except at 2.0 wt. % water concentration where the 

boroxol structural units was also formed along with  BO3 linked to BO4 units at other 

concentrations. 

7.9 Summary 

This chapter explored the chemistry of tribofilms formed by the borate additives with 

regards to varying conditions such as; concentration, temperature, humidity and free 

water contamination with the following key observations: 

 The poor antiwear performance of non-synthetic boron compounds at high 

concentrations was not directly due to boric acid as was previously known, but 

was shown by this study to be due to high concentration of boron on the 

tribofilms which leads to the formation of small fractions of hard, abrasive 

boron nitride and carbides 

  Tribofilms formation by oils containing synthetic boron-based additives were 

observed in this study to be affected not only by temperature and wear process, 

but also by the type of metallic oxide that fused with boron oxide to form  

wear-resistant borate glass on borate tribofilms 

 The result from this study indicated that in the presence or absence of iron  

oxy-hydroxides, the antiwear performance of some boron-containing lubricant 

additives could be significantly affected  

 Tribofilms containing borate additives are known to exhibit poor antiwear 

performance at 100oC due to unreacted borate additives, but the results from 

this study had shown that the quantity of alkali-based compounds within  

KBE-based tribofilms have significant effect. 

 A high degree of transformation of BO3 structural units into BO4 groups in 

boron oxide on KBE tribofilms provided was more tenacious than ABE at 

135oC 
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 The result of this study suggests that boric oxide anomaly is more likely to 

affect the antiwear performance and durability of tribofilms containing alkali 

borate ester than organoborate ester additives in lubricating oils for IC engines  

 In the absence of moisture, a high concentration of metallic iron on the wear 

scar of both borate tribofilms gave high wear rates due to insufficient boron 

oxide to passivate the contacting asperities and presence of carbides acting as 

third body abrasives 

 In environments saturated with moisture, some metal borate nanoparticle 

dispersion can undergo tribo-oxidative reaction of boron oxide and metallic 

iron to form non-active wear-resistant iron borides on KBE tribofilms 

 Evidence from this study indicated that dissolved water contamination on 

borate tribofilms enhanced antiwear performance by trigonal borate anions 

structural transformation to boroxol groups  

 On the other hand, free-water contamination was able to permit the boroxol 

groups to link the BO4 tetrahedral structural units for antiwear protection up 

to 1.5 % water concentration. 

 



 

175 

 

Chapter 8  

Discussion 

8.1 Overview of discussion 

The discussion chapter of this PhD research work will consider different themes of 

the result chapters. Following the analysis of results, detailed key findings will be 

compared to available literatures in order to examine areas of agreement and 

disagreement. The key areas to be examined are: (1) comparison of borate additives 

to ZDDP in terms of resistance to hydrolysis, (2) tribochemistry of borate-containing 

reacted layers compared to ZDDP at different test conditions, and (3) how borate 

friction reducing and antiwear mechanisms are affected by different extrinsic test 

conditions. 

8.2 Effect of additive concentration on borate antiwear films 

In order to form suitable borate salts and borate esters for additives in lubricating oils, 

various schemes are employed to produce synthetic borate additives from  

non-synthetic borates. The synthetic borates are expected to overcome borate 

susceptibility to hydrolysis as addressed in the literature review of Chapter 2. 

Assessment of thermo-oxidative and hydrolytic stabilities of borate additives with 

respect to ZDDP will provide valuable information for discussion on the behaviour of 

borate tribofilms at different test conditions. 

8.2.1 Hydrolytic and thermo-oxidative stability additives 

The results of hydrolytic and thermo-oxidative stabilities of antiwear additives in 

Chapter 4 indicates that BTE additives has the lowest resistance to hydrolysis and 

thermo-oxidative stability based on Figure 4-1. This is an indication that under 

thermal and tribo-oxidative conditions, the effect of hydrolysis will easily break down 

molecules in lubricating oils containing BTE more than ABE and KBE. This can be 

attributed to sp2 hybridization of B atom that has an empty 2p orbitals. The presence 

of a nucleophiles with a lone pair of electron like water [290, 332] could have attacked 
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boron atom in BTE additives more than ABE and KBE. The hydrolysis mechanism 

of borate ester is shown in Figure 8-1. 

Hydrolysis by-products of borate ester is known to yield boric acid and alcohol  

[10, 119].  The poor hydrolytic stability of BTE is likely to yield more boric acid and 

alcohol than in oils containing ABE and KBE additives. However, the main  

friction-reducing compounds on reacted layers formed by borate additives is boric 

acid [27, 220]. In addition, the lower thermal and oxidative decomposition 

temperatures of BTE suggests that more volatile products are formed than oils 

containing ABE, KBE, ZDDP and PAO. These volatile products could be alcohol 

(ROH), moisture and some boric acid. However, boric acid is known to be volatile 

with steam [35, 164, 333] and start to decompose between 70-80oC [162, 163]. 

 

Figure 8-1The hydrolysis mechanism of borate ester [10] 

 

Hence, sudden weight loss upon thermal and oxidative decomposition of  

oils containing BTE additives ahead of other borate additives is an indication that 

hydrolysis will affect its thermal and tribo-oxidative behaviour more than other borate 

additives. 

8.2.2 Additive concentration effects on friction coefficient reduction 

The friction coefficient performance of ABE and BTE-containing tribofilms were 

respectively found to be consistent with results from similar studies as observed in the 

literature [158, 228, 334]. Similarly, friction coefficient performance of KBE was 

found to be consistent with results from the literature [201]. However, at higher 

concentration of potassium borate in lubricating oils, a significant reduction in friction 

coefficient is obtained. This is in good agreement with results from the literature  

[157, 335]. On the other hand, the friction response of ZDDP tribofilm at low 

concentration as shown in Figure 5-1 (a) agrees with results from the literature [89] 
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and at 1.2 wt. % concentration [21]. The difference in friction coefficient of ZDDP 

tribofilms obtained in this study could be related to test durations and quantities of 

phosphorus in ZDDP. Increasing additive concentration of ZDDP did not result into 

decreased friction coefficient, unlike the borates; despite its smoother morphology as 

shown in Figure 6-4. 

The friction reducing mechanism of borate containing oil is attributed to boric acid 

(H3BO3) due to its low shear strength that is similar to MoS2 [27, 159, 222]. In 

addition, boric acid is known to be lubricious on surfaces in tribological contacts due 

to reactions with moisture in air of the surrounding environment [154, 221, 223] as 

shown in Figure 2-20. This was attributed to the weak van der Waals forces between 

lamellar sheets of boric acid [220-223].  

The friction coefficient performance by ABE and KBE tribofilms was better than BTE 

at all additive concentration. This observation supported the suggestion that 

hydrolysis of borate ester yields boric acid. However, boric acid is known to be 

insoluble and abrasives in oils [11, 118, 119, 121]. This could adversely affect 

tribological performance as suggested in the literature.  

The established friction reducing and self-replenishing mechanism of tribofilms 

formed by borate additives assumed that sheet-like crystals of boric acid are stable at 

all temperatures. Evidence from Figure 7-3 and Figure 7-6 indicated that Raman 

intensity on borate tribofilms containing ABE additive at different concentration have 

higher boric acid than KBE and BTE. However, an increase in Raman intensity of 

boric acid did not result into significant friction coefficient reduction by ABE 

tribofilms compared to KBE. However, Raman intensity of boric acid on KBE 

tribofilms was consistent with its friction reduction performance as shown in  

Chapter 7. On the other hand, Raman intensity of boric acid on BTE tribofilms 

appeared to be intermediate between ABE and KBE at different concentrations. These 

results suggests the presence of boric acid is necessary in the control of friction 

coefficient on borate tribofilms. However, its formation can be affected by hydrolysis, 

amount of boron present and other extrinsic factors such as temperature and presence 

of third body abrasives. One major adverse effect of hydrolysis on BTE tribofilms is 

the need for low concentration of boron and boric acid for comparable friction 

coefficient performance with ABE and KBE tribofilms. 
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At the test temperature for this experiment, a change of state could occur to influence 

the amount of boric acid present. However, results from the literature had indicated 

that boric acid under prolonged heating is stable up to about 70-80oC [162, 163]. This 

suggests that under thermal and tribo-oxidative conditions at 100oC temperature, boric 

acid from oils containing boron additives could decompose or vaporize with steam. 

Its decomposition to form boron oxide was shown in the literature to be stage-wise. 

Firstly, it decompose to form metaboric acid around 100oC before finally dehydrating 

at 130oC to form boron oxide [162, 163]. 

Another friction reduction mechanism of boric acid was attributed to the passivation 

of high energy edge sites on boric acid by physisorbed water molecules that allows 

lamellar sheets of boric acid to easily shear and friction reduction [24]. However, at 

bulk oil test temperatures of about 100oC, evaporation of steam from the oil can take 

place. This could result into less physisorbed water molecules to passivate the edge 

site of boric acid, yet friction coefficient was not too poor. This could have been due 

to boron oxide affinity for moisture which it does not release easily [269], unlike boric 

acid that is known to be volatile with steam as suggested in the literature [35, 162, 

164].  

The peaks of B 1s atomic concentration on tribofilms from BTE in Chapter 7 shows 

rapid increase of about 14 and 19 times higher at 1.0 and 2.5 wt. % respectively than 

0.5 wt. % additive concentrations. This is an indication that more boron compounds 

are formed on BTE tribofilms with increase in additive concentration. However, 

coefficient of friction provided by BTE tribofilm was higher than ABE and KBE. The 

high boric acid formed on BTE tribofilms at high concentration are expected to give 

lower friction coefficient reduction than ABE and KBE, if the mechanism of weak 

van der Waal’s of boric acid is considered. However, friction results shown in  

Figure 5-1 (a) and Figure 5-2 indicated otherwise. In addition, if the passivation of 

high energy edge- site of boric acid mechanism is assumed, it is possible to assume 

that insufficient physisorbed water molecules to passivate the high energy edge-site 

of boric acid at the test temperature of 100oC.  

The Raman intensity of boric acid on borate tribofilm at different concentrations as 

shown in Figure 7-6 (a) indicates two distinct behaviour. One is for the organic borate 

ester additives (ABE and BTE), and the other is for inorganic nanoparticle borate ester 
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(KBE). On the tribofilms formed between 0.5 and 2.5 wt. % concentration on ABE 

and BTE tribofilms, high boric acid gave friction coefficient reduction of 9% and  

6 %, as shown in Figure 5-1 (a).  On the other hand, tribofilms formed by KBE with 

lower Raman intensity of boric acid gave friction coefficient reduction of about 24 % 

between 0.5 and 2.5 wt. % additive concentration. 

The difference in friction reduction behaviour of BTE at different concentration in 

comparison to ABE and KBE could be related to hydrolytic stability and test 

temperature. In addition, increased XPS atomic concentration of B 1s peaks on BTE 

tribofilms at higher additive concentration as shown in Chapter 7 and lower boric acid 

from Raman result analysis suggests that other boron compounds are formed. 

However, the presence of these boron compounds acts as third body abrasives on BTE 

tribofilms and consequently did not enhance friction reduction. 

8.2.3 Effect of additive concentration on antiwear performance 

Results of antiwear behaviour of borate-containing tribofilms are more different on 

the plates than pins as additive concentration increases as shown in Chapter 5. This 

could be related to dissimilar physical and chemical characteristics of tribofilms from 

these borate antiwear additives.  

At low additive concentration (i.e. 0.5 wt. %), similar antiwear behaviour in 

comparison to ZDDP was provided by the borates on the pins. However, the tribofilms 

formed by ABE-containing oils gave better antiwear performance on the plates than 

other additives at this low concentration. The better antiwear behaviour results by 

ABE-containing tribofilms as shown in Figure 5-1 was similar to ZDDP antiwear 

behaviour at different concentration as observed in the literature [336]. At 1.0 wt. % 

additive concentration, the antiwear performance of ABE-containing tribofilm was 

comparable to ZDDP and better than KBE and BTE.  

On the plates, the antiwear performance of tribofilms from BTE on the plates was 

poor compared to plates lubricated by only PAO. However, wear rates on tribofilms 

formed by oils containing BTE significantly increased with increasing additive 

concentration. This is unlike antiwear performance of ABE-based tribofilms, which 

decreases with increasing additive concentration. However wear protection by  

KBE-based tribofilms was more favoured at the highest concentration than at 0.5 and  
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1.0 wt. %. The poor antiwear performance of BTE confirmed the results from similar 

studies [161]. In addition, results of the antiwear performance of ZDDP at 1.0 wt. % 

and PAO is in good agreement with the literature [21, 239].  

FIB-SEM analysis results indicated that tribofilms formed by borate containing oils 

have thickness in the range of 60 to 230 nm that are similar to results from the 

literature [80, 117, 153]. In addition, the thickness of ZDDP tribofilms is in good 

agreement with estimates between 80 and 100 nm in the literature [91, 189]. However, 

the study of Pereira et al. disagreed [188], as it estimated ZDDP film thickness as  

180 ± 60 nm using FIB-SEM, where the high standard deviations from the result was 

attributed to tribofilms heterogeneity. This is another indication that thicker tribofilm 

does not necessarily result into better antiwear performance. 

The tribofilm from BTE-containing oils at 1.0 wt. % gave the highest thickness 

compared to other additives as shown in Chapter 6. However, this did not provide 

lower wear rates. AFM and nanoindentation results indicated that BTE morphology 

and nanomechanical properties vary significantly with increased concentration in the 

oil compared to other additives. The presence of B2O3 on ABE tribofilms at all 

concentrations from XPS and Raman analysis supported results from similar studies 

on the tribochemistry of ABE tribofilms [152]. The morphology, hardness and boron 

content on ABE tribofilms did not vary significantly with increasing additive 

concentration. This is unlike tribofilms containing BTE at different concentration, 

based on physical and chemical examination which indicates large differences. 

The antiwear performance at different additive concentration shown in Chapter 5, 

indicated that wear-rates are higher on worn plates than the pins. This is consistent 

with results of similar studies from the literature [82, 201, 337]. In addition, increased 

concentration of KBE additive at 0.5 and 1.0 wt. % gave high surface roughness and 

thicker tribofilms compared to ABE, but did not provide better antiwear performance 

on the plates. However, the antiwear behaviour of tribolayer formed by metal borate 

as lubricant additives in the literature could be affected by concentration [201, 338]. 

The chemistry of reacted layer and nanomechanical properties have an important role 

to play in the antiwear behaviour of borate tribofilms. An increase in additive 

concentration between 1.0 wt. % and 2.5 wt. % resulted in significantly better antiwear 

performance of ABE and KBE tribofilms than BTE. A corresponding change also 
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occurred on BTE tribofilms not only with its surface morphology, but also the atomic 

concentration of B 1s. This is an indication that increased activity of reacted layers on 

BTE resulted in adverse antiwear performance. Surface characterisation by Raman 

was able to identify the boroxol group on tribofilms formed by BTE at 0.5 wt. %, but 

formed trigonal BO3 units linked to BO4 tetrahedra at 1.0 and 2.5 wt. % .  

These changes can be linked to the XPS results in form of bridging oxygen and  

non-bridging oxygen which occurred on the borate tribofilms formed on the plates. In 

addition, reduced intensity of magnetite indicates the involvement of native iron oxide 

in the tribochemical reaction process as identified in previous work from the literature 

[158]. This could have resulted in increased film thickness and surface roughness to 

give poor antiwear performance.  

The very high B 1s atomic concentration from the XPS analysis suggests that more 

boron oxide could be formed. However, the antiwear mechanism of borate ester is 

attributed to digestion or fusion of boron oxide with metallic oxides and carbonates 

[80, 158, 339]. On BTE tribofilms at 1.0 and 2.5 wt. %, XPS results identified its 

degradation through the presence of C-O bonds. This is an indication that BTE was 

mechanically degraded during the friction process as identified in the literature [340]. 

Raman results shows that B2O3 in form of trigonal BO3 units is linked to BO4 

tetrahedral units only.  

This is unlike boron oxide on BTE tribofilms at 0.5 wt. % concentration that formed 

not only boroxol groups (B3O6), but also BO3 linkage to BO4 units. This is an 

indication that at higher concentration of BTE above 0.5 wt. %, the boron oxide 

formed is not only high, but also structurally different to give poor antiwear 

performance. The result of Raman intensity of boric acid to boron oxide for all the 

borate antiwear additives indicates that as additive concentration increases above  

0.5 wt. %, boron oxide formed on ABE tribofilms did not vary significantly, unlike 

BTE-based tribofilms which decreased considerably at higher concentrations to give 

poor antiwear performance.  

On the other hand, KBE tribofilms gave the highest boric acid to boron oxide ratio at 

1.0 wt. %, which also gave poor antiwear performance like BTE at 1.0 and  

2.5 wt. %. However, at higher concentration of KBE, boric acid to boron oxide ratio 

reduced to give better antiwear performance.  
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This is an indication that antiwear performance of KBE is greatly dependent on the 

ratio of boric acid to boron oxide. Studies from the literature had indicated that 

antiwear performance of KBE tribofilms is dependent on the amount of potassium 

borate nanoparticle reaching the friction zone as suggested in the literature  

[157, 341]. However, a similar studies on the antiwear performance of potassium 

borates had identified that at low concentration, low wear rates is possible [338]. The 

tribofilm formed by BTE at 1.0 wt. % concentration had significant hardness 

difference compared to those at higher concentrations. This can be attributed to the 

presence of B-OH units that indicated the presence of boric acid [342-344]. On the 

other hand, KBE tribofilms had similar boric acid ratio to boron oxide compared to 

tribofilms formed by BTE at 0.5 wt. % additive concentration that gave better wear 

rates.  

The tribofilms containing KBE and BTE are observed to have similar morphology, 

but different hardness. Higher hardness of BTE tribofilms compared to KBE additive 

at 2.5 wt. % concentration could be attributed to the presence of BN and carbide 

particles. However, the hardness of worn sample lubricated by KBE was mainly 

composed of boron oxide as shown in Chapter 6. This is comparable to the hardness 

of boric acid and /or glassy boron oxide as shown in the literature [40, 345].  

The hardness of worn samples lubricated by oils containing BTE at 2.5 wt. % as 

obtained in Chapter 6 are comparable to those obtained in the literature for thin films 

of BN (10.5 GPa) [41]. However, this increase did not enhance antiwear performance 

of BTE tribofilms, but rather gave severe wear compared to other additives. This 

behaviour could be attributed to hard boron nitride and carbides acting as third body 

abrasives. The concept of third body in borate tribochemistry had earlier been 

attributed to boric acid crystals as shown in Figure 8-2.  

 

Figure 8-2 Boric acid particles acting as third body in a fluid lubricant [222] 
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However, results from this study suggests that hydrolysis effect due to thermal and 

tribo-oxidative degradation of BTE on a ferrous substrate did not only form boric acid, 

but also harder boron nitride (BN) and carbides acting as third body abrasive. This is 

based on results in Chapter 4, Chapter 6 and Chapter 7. Hence, results from this study 

indicated that the antiwear mechanisms of organoboron additives are affected more 

by hydrolysis than nanoparticle metal borate ester. This could be due to different 

modes of boron oxide formation, as shown in the literature [124, 125, 127, 201, 226]. 

On tribofilms formed by metal borate nanoparticle dispersion as antiwear additives, 

boron oxide formation did not rely entirely on boric acid decomposition, but by 

decomposition of the metal borate due to shear effect of the sliding tribo-contact under  

boundary lubrication condition [125, 226]. However, as concentration of borate ester 

in the base oil increases, hydrolysis sets in to prevent the effectiveness of the 

established antiwear mechanism for organoborate as lubricant additives shown in 

Figure 8-3.  

 

 

Figure 8-3 Existing borate tribofilms antiwear mechanism [158] 

 

The poor tribological performance of borate ester that is susceptible to hydrolysis 

(BTE) with increasing additive concentration under thermal and tribo-oxidative 
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conditions is not directly due to boric acid formation as was previously understood, 

but due to a combination of the following factors; 

 Amount of boric acid formed relative to boron oxide 

 Type of borate ester (organoborate or inorganic borate ester) 

 Dominant structural units of boron oxide 

 Presence or absence of third body abrasives other than boric acid 

At low additive concentration of borate ester, results from this study are in agreement 

with the established antiwear mechanism. Hence, tribochemistry study of antiwear 

films from boron-based lubricant additives indicates that boric acid are produced more 

on tribofilms formed by organic borates than inorganic nanoparticle borate ester. 

However, this did not result into better friction coefficient reduction on tribofilms 

formed by organic borate additives than inorganic nanoparticle borate ester. In 

addition, this study has been able to show that boric acid ratio to boron oxide formed 

on borate tribofilm could be a potentials indicator of their wear resistance.  

8.3 Temperature effect on borate tribolayer 

There had been very few studies on the effect of temperature on the tribological 

behaviour of tribofilms from borate-containing oils with good resistance to hydrolysis 

as shown in Chapter 2. A discussion on the effect of temperature on physical and 

chemical behaviour of reacted layers from oils containing synthetic borates will 

elucidate more on the influence of heat on borate tribochemistry. 

8.3.1 Temperature effect on friction coefficient of tribofilms 

Under the influence of frictional heating (at room temperature of 19oC), changes in 

coefficient of  friction on the borate tribofilms at 3 and 6 hr test conditions as shown 

in Figure 8-4 are higher than ZDDP. The friction response of borate-containing 

tribofilms formed without heating the bulk oil is consistent with results from the 

literature [81, 82, 152, 277]. In addition, results of friction coefficient behaviour of 

ZDDP tribofilms under friction flash temperature is also consistent with similar 

studied in the literature [73, 81, 82].  Changes in friction coefficient due to changes in 

sliding process occurred on tribofilms formed by ZDDP and borate tribofilms. In 
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addition, considerable change did not occur on the nanomechanical properties and 

morphology of borate-based tribofilms after the sliding distance was doubled. The 

friction reduction performance for tribofilms formed by the borate additives was 

attributed to the formation of plate-like crystallites [220] of boric acid with its low 

shear strength [27]. A further analysis of Figure 5-3 (a) and Figure 7-13 resulted into 

Figure 8-4 (a) and (b) respectively. This indicates how temperature and sliding process 

affected changes in Raman intensity of boric acid and friction coefficient performance 

of the borate tribofilms.  

The self-replenishing behaviour of friction reducing boric acid was effective only on 

KBE tribofilms at 100oC during both sliding processes, and at 80oC between 3r3 and 

3 hr sliding process. This increase in boric acid on KBE tribofilms as shown in  

Figure 8-4 (a) did not result into a corresponding decrease in friction coefficient. On 

the other hand, ABE-containing tribofilms gave decreased boric acid level at all test 

temperature and sliding process as shown in Figure 8-4 (a). This did not result into 

significant changes in friction coefficient at 19oC, but gave an increase of 25 ± 3 % 

between 80 and 135oC when the sliding distance was doubled (from 3 hr to 6 hr).  

However, changes in sliding process between 3r3 and 3 hr resulted in a 25% increase 

in friction coefficient at 19oC. At test temperatures between 80 and 135oC, a decrease 

in friction coefficient occurred, but was not too significant. This is an indication that 

certain morphology of boric acid formed during these processes could adversely affect 

friction coefficient at varying temperature and sliding process. Figure 8-4 suggests 

that durability of ABE-based tribofilms in terms of friction coefficient performance is 

better than KBE at 80 and 135oC. However, durability of KBE tribofilms was better 

at 100oC when the sliding duration was doubled. This result at 100oC tribotests 

temperature is in good agreement with the literature [81]. However, some friction 

coefficient results of ZDDP tribofilms from the literature indicates an increasing 

function of temperature at a test duration of 6 hrs [21, 346].  

The friction coefficient results for ZDPP tribofilms at 100oC tribotests temperature is 

in good agreement with the literature [81]. However, friction coefficient results of 

ZDDP tribofilms from the literature indicated an increasing function of temperature 

at a test duration of 6 hrs [21, 346]. In addition, the increasing and decreasing friction 
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response behaviour of ZDDP obtained during the 3 hr test duration in this study 

supported results from similar studies in the literature [21, 73].  

 

(a) 

 

(b) 

Figure 8-4 Effects of temperature, sliding time (6hr-3hr) and sliding process (3r3-3hr) 

on; (a) friction coefficient , and (b) Raman intensity of boric acid intensity  formed by 

borate tribofilms at 1.0 wt. % additive concentration  
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Durability behaviour of built-up ZDDP tribofilms in terms of friction coefficient is in 

good agreement with results from the literature [111], but was not comparable to 

synthetic borates. This could be related to changes in the amount of phosphorus (P) 

on tribofilms containing ZDDP as suggested in the literature [89]. On the other hand, 

tribofilms from borate additives used in this study gave increasing friction coefficient 

with temperature that was in agreement with results of similar studies in the literature 

[12, 347]. However, this did not support results from similar works on borided steel 

surfaces which gave friction coefficient reduction [141]. The frictional response of 

borate tribofilms to sliding distance and temperature could be related to the effect of 

bulk oil temperature on the friction reducing boric acid.  

It has been shown in the literature that orthoboric acid starts to decompose at about 

80oC to form metaboric acid [162, 163]. However, friction reduction of lubricious 

boric acid is attributed to reactions between boron oxide and moisture in the 

surrounding air as shown in Chapter 4, and subsequent dehydration back to boron 

oxide as from 80oC [12].  

Hence, friction reducing mechanism of boric acid formed on borate tribofilms is not 

significantly affected at low temperature; irrespective of the sliding distance, but 

could be considerably affected at temperatures between 80 and 135oC. On the other 

hand, durability of borate tribofilms in terms of friction coefficient reduction was not 

significantly affected at 19oC, but was greatly affected at higher temperatures. This is 

an indication that lubricity and tenacity (in terms of friction coefficient reduction) of 

boric acid on tribofilms from borate additives on a ferrous substrate is not only 

affected by temperature, but also by the sliding process. 

8.3.2 Temperature effect on wear-resistance and durability 

Tribological test results due to thermal and frictional heating indicates that increased 

antiwear performance of built-up ZDDP tribofilms with increasing temperature for  

3 hr and 6 hr test durations was consistent with observation from the literature [21]. 

The antiwear performance of ZDDP tribofilms at temperatures between 25 and 150oC 

from tribological tests similar to this study was shown to increase due to the formation 

of long chain polyphosphates that protects the contacting asperities [21]. 
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On the other hand, built-up borate tribofilms was observed to provide decreasing 

antiwear performance up to 100oC that is consistent with results from similar studies 

[131, 273, 347]. However, better antiwear performance was provided by both borates 

at higher temperature above 100oC that is consistent with results from the literature 

[131, 169, 347]. At temperatures between 80oC and 135oC, changes in chemical and 

mechanical properties of the borate tribofilms greatly affected antiwear performance 

of KBE more than ABE and ZDDP. This could be related to different antiwear 

mechanism of metal borates [125, 127, 201] compared to ABE and ZDDP.  

The antiwear and durability of borate and ZDDP tribofilms could be related to their 

nanomechanical properties. Previous studies from the literature had shown that ZDDP 

tribofilms formation depends on temperature, sliding distance and wear process  

[21, 47, 48, 89]. However, results from this study indicates that changes in 

nanomechanical properties of metal borate nanoparticle dispersion are more affected 

than tribofilms formed by oils containing organoboron and ZDDP additives. 

However, durability performance of metal borates was comparable to ZDDP at the 

highest temperature due to increase in atomic concentration of boron and potassium 

on worn sample of KBE as shown in the XPS results. An increase in the amount of 

potassium dioxide (KO2) on the wear-resistant alkali borate glass could have provided 

comparable durability to ZDDP. In addition, iron boride was formed due to chemical 

reaction products of boron oxide with metallic iron within the tribofilms. On the other 

hand, boron atomic concentration increase on ABE tribofilms did not affect its 

durability performance at the highest test temperature. 

In addition, durability of both borate tribofilms was adversely affected at 100oC. This 

could not only be attributed to stage-wise decomposition of boric acid to boron oxide 

at 100oC, but also to boron not binding directly with oxygen in iron oxides  

[158, 161, 338]. However, this behaviour changed when bulk oil temperature was 

increased to 135oC. This was due to higher temperatures above the stage-wise 

decomposition barrier of boric acid and the ability of boron to bind directly with 

oxygen in the metal oxides.  

Changes in the antiwear behaviour of the borates and ZDDP tribofilms due to sliding 

process and temperature are deduced from wear rates results in Chapter 5. This was 

deduced by subtracting the wear rates at 3 hr from 6 hr (changes in sliding time) and 
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3 hr from 3r3 (changes in sliding processes). Figure 8-5 shows a summary of these 

changes in order to make a good comparison. The results indicated that at 19oC 

tribotests temperature, the borates are more affected by sliding distance than ZDDP. 

In addition, durability of borate tribofilms appeared to be better that ZDDP at 19oC.  

As tribotests temperature increases, the effect of sliding distance did not affect KBE 

tribofilms until 100oC and ABE at 135oC. However, changes in wear-resistant due to 

sliding distance of ZDDP tribofilms was only affected between 19 and 80oC, but 

remained unchanged between 100 and 135oC. 

 

Figure 8-5 Changes in wear rates of tribofilms formed at additive concentration of  

1.0 wt. % with temperature and sliding process 

 

The behaviour of ZDDP tribofilms at temperatures below 100oC was attributed to the 

formation of longer chain polyphosphate on the surface of its tribofilm, which 

increased in thickness at higher temperatures as shown in the literature [21]. Results 

from this study suggest that formed long chain polyphosphates on ZDDP tribofilms 

could sustain wear performance at twice the sliding distance. The increase in image 

height sensor (81 nm), surface roughness (9.3 nm) of ZDDP tribofilm between 100 

and 130oC supported the suggestion that long chain polyphosphate thickness 
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increased due to temperature as shown in Chapter 6. The response of tribofilms 

formed by the borate additive due to sliding distance and temperature is different to 

ZDDP. This could be related to differences not only in their tribofilms chemistry, but 

also of morphology and nanomechanical properties.  

The tribofilms formed by ZDDP is known to be composed of short chain 

polyphosphate mixed with iron and zinc orthophosphate layers covered by a long thin 

pyrophosphate layer bonded to the substrate by interfacial sulphides [80]. The zinc 

orthophosphate glass formation was observed to be affected not only by temperature, 

but also by wear process [21, 47, 48, 63].  

On the other hand, wear-resistant borate glass formed by borate tribofilms due to 

digestion of abrasive metallic oxide and carbonates by boron oxide [80, 339]. At 

tribotest temperatures between 80 and 135oC, changes in durability of preformed ABE 

tribofilms was less compared to KBE and ZDDP, except at 19oC. However, preformed 

KBE tribofilms durability was not only better than ZDDP at 19oC, but also 

comparable at 135oC.  

This behaviour could be related to the high resistance to elastic and plastic 

deformation of preformed KBE tribofilms. The poor durability behaviour of ZDDP 

tribofilm has been related to the thickness and nanomechanical properties of zinc 

oxide reaction layer formed by the reaction of adsorbed dialkyl dithiophosphate on 

the native iron oxide/hydroxide [346, 348]. 

The only tribotests temperature that preformed ZDDP tribofilms gave better changes 

in durability than ABE and KBE is at 100oC which could be related to different 

physical, structural and chemical behaviour of their wear resistant glass. In the study 

of fully-formulated gear oils and lubricating oils containing a mixture of ZDDP and 

borate composition, the actual role of boron in the antiwear performance and 

durability was not fully understood of [81, 82]. The results from this study indicates 

that boron in the additive package could have enhanced the wear-resistant and 

durability of tribofilms formed due to only frictional flash temperature. In addition, 

ZDDP could also have provided enhance antiwear and durability at 100oC tribotest 

temperature. 
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8.3.3 Temperature effects on borate glass former 

Raman spectroscopy results of BO3 transformation to BO4 structural units from this 

study indicates that structural changes occurred at all temperatures during the 3hr 

tests, but fewer at 3r3 tests on ABE tribofilms. These changes did not affect the 

antiwear performance of ABE tribofilms; except for its durability at 100oC and 135oC. 

On the other hand, significant changes occurred on KBE tribofilms at 19oC and 135oC. 

However, the highest transformation of BO3 to BO4 structural units occurred at 135oC, 

irrespective of the sliding distance. The transformation remained high on  

pre-formed KBE tribofilm which gave better durability (3r3 tests). This is in good 

agreement with results of similar studies where transformation from trigonal units in 

the borate ester additives to tetrahedral structural units on thermal and tribofilms 

containing boron was observed in the literature study described in Chapter 2 [168]. 

The established borate antiwear mechanism based on HSAB principle [158] had 

assumed that only BO3
-3 structural units on the borate tribofilms was involved in 

enhanced antiwear performance. However, results from this study has shown that if 

the metallic oxide is an alkali oxide, transformation of some BO3
-3 to BO4

- structural 

units can take place due to tribological test temperature. This can affect the antiwear 

and durability of the alkali metal-containing borate tribofilms when the concentration 

of the alkali oxide and boron oxide that forms the wear-resistant glass exceeds a 

certain limit. In fresh borate ester additives, trigonal structure was shown to dominate, 

and transformation to other structural units [168]. However, borate-containing 

thermal and tribofilms are known to be composed of trigonal species and tetrahedral 

structural units some of which are also described in Chapter 2.  

Figure 8-6 shows a comparison of wear rates and hardness behaviour of borate 

tribofilms to ZDDP due to changes in temperature and sliding distance. These analysis 

were deduced from Figure 5-3 (b) and Figure 6-12 for wear rates and hardness 

respectively. The results indicated that nanomechanical and wear rates response of 

borate tribofilms at the various temperatures for the borate tribofilms are different to 

ZDDP. Figure 8-6 indicates that at 80 and 100oC, considerable fractional changes in 

wear rates are identical to changes in hardness of tribofilms formed by KBE additive. 

For ABE-based tribofilms, this occurred at only 100oC, and for ZDDP at 19oC. 

However, considerable fractional change in wear rates and hardness of all tribofilms 
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occurred at 135oC. The fractional changes in hardness of tribofilms formed by oils 

containing KBE additives were observed to decrease with increasing temperature as 

shown in Figure 8-6. This was observed to adversely affect its antiwear performance. 

The behaviour of KBE-based tribofilms can also be related to its low N4 that is 

indicative of its boron oxide in the wear resistant glass consisting of more BO3 groups 

with some isolated BO4 groups like F3BO6 [349-355]. The fusion of boron oxide 

dominated by BO3 structural units with iron oxide is known to be less rigid compared 

to that with more BO4 structural units [174, 175, 179].  

 

Figure 8-6 Fractional effect of temperature, sliding distance (6he-3hr) and sliding 

process (3r3-3hr) on wear rates and hardness of tribofilms formed at 1.0 wt. % 

additive concentration 

 

Increase in tribotests temperature to 135oC resulted into high rate of wear was 

provided by tribofilms from all the antiwear additives when the sliding distance was 

doubled, despite high N4 on the borate tribofilms. The wear-resistant glass structure 

of KBE is significantly different to ABE in terms of antiwear performance and 

durability due to thermal effects. The physical attributes of higher rigidity resulted 

into increased hardness and elastic modulus of KBE tribofilms formed at 135oC than 

at 100oC which provided better antiwear performance and durability than ABE. 
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Hence, antiwear performance and durability of metal borate dispersions in ZDDP 

containing oils [81, 82] could have partly been influenced by structural changes in 

boron anions. However, iron oxide is known to form stable glasses with different types 

of glass former, such as SiO2, P2O5, B2O3 and TeO2 [356]. Structural changes in boron 

oxide on ABE tribofilms at all temperatures during 3 hr and 6 hr tests formed wear 

resistant glass with iron that was not significantly affected by changes in 

nanomechanical properties. This resulted in comparable wear rate performance 

compared to ZDDP at 100oC as supported by results of similar test at 100oC in the 

literature [81, 82, 131]. However, lack of BO3 conversion to BO4 units on pre-formed 

ABE tribofilm can be attributed to its poor durability performance at 100oC and 

135oC. 

8.3.4 Effect of boron penetration depths on tribofilms thickness 

The XPS depth profile analysis of tribofilms formed by ABE and KBE additives at 

1.0 wt. % concentration provided an understanding of different antiwear behaviour at 

100oC. This is necessary since boron is known to have small atomic radius of about 

(85-88 pm) [202, 203] compared to most metals. In addition, boron atom is known to 

have electron-deficient p-orbitals which makes it possible to act as an electron carrier 

for; d-or f orbitals, and free electrons of the sliding metallic surfaces [198, 357, 358]. 

Figure 8-7 indicates that B 1s atomic concentration on ABE tribofilms was lower at 

the surface than KBE up to about 4.12 nm depth. However, ABE tribofilms had higher 

B 1s atomic penetration deep into the substrate up to 4.12-6.18 nm than KBE as shown 

in Figure 5-3. Results from similar studies on depth profile of B 1s on borate tribofilms 

had boron concentration within the boundary film decreasing from about 7.5 nm 

[169], 6.0 nm [201] and 9.0-18 nm [193].  

The depth profile results on KBE tribofilms is similar to that obtained from the 

literature [201]. This can be attributed to potassium borate used in this study to be in 

hydrated form [128, 157]. The behaviour of borate additives on ferrous surfaces has 

been attributed to the small boron atomic radius which can capture free electron from 

the sliding metallic surfaces to become negatively charged. The resulting metallic 

surface will at the same time be positively charged to form a strong attraction between 

the borate ester and sliding metallic surfaces. Hence a strong adsorption of borate ester 

on sliding metallic surface could have favoured the formation of dense adsorbed film 
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on ABE tribofilms than KBE to provide better antiwear performance [198]. Result 

from this study, indicated that friction reducing and wear-resistant boron compounds 

are formed on the ferrous substrate due to interactions with surface oxides and 

hydroxides. These could act as reservoirs for replenishing the top-layer of the 

tribofilm.  

 

Figure 8-7 Variation in atomic concentration of B 1s with depth on borate tribofilms 

formed at 1.0 wt. % additive concentration, sliding distance of 3 hr and 100oC 

tribotest temperature 

 

In addition, the behaviour of B 1s depths into metallic substrate are different. 

Synthetic organoborate acts as permeating film [11, 198], unlike synthetic metal 

borate nanoparticles which acts like protective wear resistant films [11, 125]. This 

result underscores the basis for self-replenishing behaviour of borate tribofilms 

additives as an interchange of dehydration of specific amount of boric acid and 

formation of its anhydride (boron oxide). In view of the effect of different chemical 

states of boron penetration depth within the tribofilms and metallic substrates, that 

wear-resistant borate glass should be considered to have its tribofilms deeply rooted 

in the various oxides of the micro-structure of the ferrous matrix. 

B 1s (ABE)

B 1s (KBE)
0

2

4

6

8

0
60

120
180

240
300

360

A
to

m
ic

 c
o

n
ce

n
tr

at
io

n
 (

%
)

XPS depth profile of B 1s  

KBE tribofilms gave higher

wear rates compared to ABE



 

195 

 

8.3.5 Composition of elements in wear-resistant glass 

The atomic concentration of metallic oxides that fused with the boron oxide (B2O3) 

on the top layer of ABE and KBE tribofilms formed at 3 hr, 6 hr and 3r3 tribotests 

under the influence of both frictional and thermal heating at 100oC and are shown in 

Figure 8-8. The result indicated that significant changes in the atomic concentrations 

O 1s and Fe 2p on ABE tribofilms did not take place, but B 1s atomic concentration 

increased when the sliding distance was doubled. This increase did not have 

considerable effect on nanomechanical properties and antiwear performance. 

 

Figure 8-8 Changes in XPS atomic concentration of wear-resistant glass forming 

elements on borate tribofilms formed by additive containing oils at 1.0 wt. % 

concentration and 100oC tribotest temperature with sliding distance. Error is 

measured as standard deviation over three analysis points 

 

However, ABE tribofilms at 100oC from 3hr test gave film thickness of about  

66.4 ± 25.7 nm from FIB-SEM results in Chapter 6, which suggests that film thickness 

at 6 hr could be higher. The AFM morphology of ABE tribofilms suggests marginal 

difference, except in its nanomechanical response. When the test temperature was 

increased to 135oC, thermally induced increase in B 1s atomic concentration occurred 

at the surface to enhance antiwear performance, but did not improve durability.  
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This is an indication that changes in the composition of boron oxide on ABE-based 

tribofilms can adversely affect its durability, but not necessarily its antiwear 

performance between 100oC and 135oC. On the other hand, considerable changes 

occurred on all the oxides that could form wear-resistant glass on KBE-based 

tribofilms. The tribofilms containing KBE gave poor antiwear performance and 

durability at 100oC. However, when the temperature was increased to 135oC, the 

atomic concentration of all oxide forming elements increased compared to the 

corresponding 3 hr test at the same temperature as shown in Figure 8-9.  

 

Figure 8-9 Effect of changes in XPS atomic concentration of wear-resistant glass 

forming elements on KBE-based tribofilms formed at 1.0 wt. % concentration 

and 135oC tribotest temperature with sliding time (3 hr) and sliding process 

(3r3). Error is measured as standard deviation over three analysis points 

 

The result indicated that high temperature enhance durability of preformed KBE 

tribofilm when compared to ZDDP. A similar test in gear and lubricating oil 

compositions containing both metal borate nanoparticle and ZDDP resulted in a 

highly tenacious tribofilm [81, 82]. The result from this study indicated that at 100oC 

under which the test was carried out, hydrated potassium borate nanoparticle could 

not have contributed to enhanced durability of oils containing both potassium borate 

and ZDDP at 100oC. 
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8.4 Effect of water contamination on borate tribofilms 

This section will discuss the effect of dry air and water contamination on friction 

coefficient performance and antiwear behaviour of borate tribofilms. Discussions will 

focus on tribochemistry results in comparison to literature studies on similar subjects 

in order to elucidate how friction and antiwear mechanisms of borate tribofilms are 

affected by free and dissolved water contamination. 

8.4.1 Influence of moisture on friction on borate tribofilm 

The effects of different levels of dissolve water contamination between dry-air and 

extremely wet conditions indicated that borate additives absorbed more dissolved 

water than ZDDP. This is could result into borate tribofilms behaving differently to 

ZDDP when subjected to different levels of water contamination. 

At environmental humidity levels between dry air (5 % RH) and moisture-rich 

surrounding (95% RH), the coefficient of friction reduction by the borates was about 

(19-33%). The percentage reduction in friction coefficient reduction by the borate 

additives used in this study are comparable to results of similar works in the literature 

[24, 187]. However, higher friction coefficient reduction with increased humidity was 

obtained on borided surfaces [145, 184, 185]. On the other hand, friction reduction by 

ZDDP tribofilms was in the range of 30% that was comparable to that obtained from 

similar study in the literature [83]. 

Lubricious boric acid had been shown to provide low friction coefficient of about 

0.02-0.04 [359]. On the other hand, the friction coefficient variation with increasing 

humidity of oxides of iron  thin layers was between 0.4-0.7 [275]. XPS analysis of the 

top layer of the borate tribofilms detected boric acid on KBE samples only at  

95% RH tests, but Raman analysis was able to shows the existence of boric acid at 

different intensity on all the borate tribofilms. This is an advantage of using Raman 

spectroscopy technique on borate tribofilms over XPS. 

A summary of Raman intensity of boric acid and boron oxide on borate-containing 

tribofilms are shown in Figure 8-10. These are boron compounds known to be 

responsible for friction reduction and antiwear performance respectively under the 

influence of dissolved water contamination.  



 

198 

 

The compound responsible for friction reduction on borate tribofilms has been 

attributed to boric acid [220, 222] due to hydrogen bonds connecting the planar  

boron-oxygen groups to each other, e.g. van der Waals’. In dry air, high level of boric 

did not provide lower friction compared to ZDDP, despite the presence of boric acid 

as shown in Chapter 5.  

In dry air, the friction reduction behaviour of ABE is different to KBE. This could be 

related to different amount of boric acid and haematite (α-Fe2O3) formed. Since 

haematite is known to be hard and less protective [274]. As humidity level increases 

up to 35 %, significant changes in boric acid level occurred on both borate tribofilms. 

However, a further increase in moisture level up to 95% RH resulted into considerable 

changes in boric acid level on the borate tribofilms. However, these changes occurred 

more on KBE tribofilms than ABE.  

 

Figure 8-10 Humidity effect on Raman intensity of boric acid and boron oxide formed 

on tribofilms from oils at 1.0 wt. % additive concentration, 3 hr sliding distance 

and 19oC tribotest temperature. The error bar is standard deviation over three 

analysis points 

 

Hence, results from this study supported the suggestion in the literature that water 

adsorption is required to unlock the edge site of boric acid for easy shear to yield low 

friction [187]. In dry air, there was no enough macroscopic physisorbed water vapour 

molecule to unlock the high edge-site of the basal plane for lamella boric acid to easily 
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shear and give ultra-low friction [24, 187]. Hence, result from this study is in good 

agreement with literature studies from similar studies that water vapour level on 

borate tribofilms could significantly influence the lubricity of boric acid. 

8.4.2 Effect of moisture on wear reduction of borate tribofilms 

The antiwear performance of borate tribofilms used in this study increases with rising 

humidity level. However, tribological results on borided ceramics [145] and boron 

carbide surfaces [184, 185] gave similar decreasing wear rates with increasing 

humidity. In addition, decreasing antiwear behaviour of ZDDP with increasing 

humidity is consistent with results from literature [83]. This is an indication that 

antiwear behaviour of borate tribofilms is different to ZDDP. 

The reaction layer of ZDDP tribofilms in this study was thick enough under extremely 

dry conditions to give better antiwear performance compared to ABE and KBE. As 

humidity increases, the thickness of ZDDP reaction layer as shown by the AFM 

results reduced to give higher wear rates.  

This results was similar to the morphology characterisation of  ZDDP tribofilms in 

dry air and thermal heating [83]. However, this effect on ZDDP tribofilms has been 

attributed to depolymerisation of longer chain polyphosphates to shorter chain length 

polyphosphates, decreasing reaction layer thickness and formation of sulphates on the 

counter body in the literature studies in Chapter 2 [83]. 

XPS and Raman spectroscopy results revealed the presence of B2O3, H3BO3, Fe3O4, 

Fe2O3 and FeOOH (Iron oxy-hydroxide). The Raman spectroscopy showed the 

structural units of B2O3 as composed of both boroxol group (B3O6) and trigonal groups 

(BO3) linked to BO4 tetrahedral units as shown in Figure 7-17 (a) and (b). The boroxol 

groups consists of hexagonal ring of 3 boron atoms and three oxygen atoms with 3 

corner oxygen atoms outside the ring. However, the formation of boron oxide is linked 

to boric acid dehydration as shown in Figure 8-11.  

In addition, borate antiwear mechanism was also linked to the fusion of metallic oxide 

with boron oxide [80]. In dry air, XPS results revealed the presence of high 

concentration of metallic iron on tribofilms formed by both borate additives to give 

poor antiwear performance. The presence of carbides and carbonates and high 
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concentration of metallic iron were found on ABE and KBE boundary films 

respectively.  

Since there was no evidence of boron binding directly to metallic iron, no borides was 

formed in dry air. Hence, the only possible reason for the high concentration of 

metallic iron is for the wear-resistant glass to be too thin as to protect the contacting 

asperities of the metallic substrate. This could be possible during the running-in stage 

as suggested in the literature [184, 185]. 

On the other hand, KBE tribolayer from dissolved water contamination tests at  

95% RH showed evidence that oxidation of metallic iron occurred. At 95 % RH, 

tribofilms formed by KBE had iron borides to give reduced wear rates. This was in 

agreement with results from similar studies in the literature [125, 338], but disagrees 

with the view that boron is incapable of oxidative attack on metallic iron  

[117, 158]. Raman results indicates changes in intensities of boron oxide which is 

composed of boron oxide structural units such as; boroxol group (B3O6) and trigonal 

groups (BO3) linked to BO4 tetrahedral that could affect wear rates.  

The structural transformation from trigonal units in B2O3 to boroxol and trigonal BO3 

linked to BO4 structural units are summarized in Figure 8-11.  

 

Figure 8-11 Effect of dissolved water contamination on borate anions 

 

This result indicated that boron has the ability to coordinate with three and four 

oxygen atoms and subsequent linkage to the boroxol group which allowed it to resist 

dissolved water contamination effect more than ZDDP. In addition, the structural 

transformation in boron oxide could have occurred due to changes in the viscosity or 
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density of the oils [35]. Hence, BO3 is not the only structural units in boron oxide that 

gives better antiwear performance, but also its linkage to BO4 structural groups.  

The antiwear mechanism of borate tribofilms rely on boroxol digestion of abrasive 

iron oxides based on HSAB principle [22, 158]. Evidence from the ratios of changes 

in Raman intensity of haematite to magnetite shows that adsorbed water affects the 

metallic oxides present on the wear-resistant glass, as shown in Figure 8-12. Changes 

in the behaviour of metallic oxides on ABE and KBE tribofilms with respect to 

humidity are different except at 95 % RH; where ratios of their iron oxides are similar. 

 

Figure 8-12 Humidity effect on Raman intensity of haematite ratio to magnetite on 

borate tribofilms formed at 1.0 wt. % additive concentration, 3 hr sliding 

distance and 19oC tribotest temperature. Error bars are standard deviations over 

three analysis points. 

 

Tribofilms containing ABE exhibits decreasing iron oxide ratios up to 65 % RH before 

an increase at 95 % RH. This is unlike KBE tribofilms that exhibited nearly constant 

haematite to magnetite ratios up to 35 % RH, which rose at 65 % RH. The low and 

high Raman intensity ratios of haematite to magnetite at 65 % RH on ABE and KBE 

tribofilms respectively did not affect the antiwear performances of their tribofilms, 

but could have influenced the friction coefficient performance of ABE.  
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In dry air, the presence of boric acid, boron oxide and metallic oxide on the borate 

tribofilms could not provide better wear reduction than ZDDP. This could be related 

to the presence of third body abrasives on metallic iron. The major third body abrasive 

is boric acid with its locked edge-site due to the absence of moisture.  

At increased moisture level, Raman results indicated the presence of boric acid and 

other borate poly-anions in boron oxide up to 95 % RH. The Lewis acidity of boron 

towards OH- prevents boric acid from dissociation in aqueous solution, but rather will 

yield tetra hydroxyl borate ion and H+ [360, 361] as shown in Equation 8- 1.  

B(OH)3 + H2O   ↔     B(OH)4 
-   +    H+ 

Ka = 7.3 x 10-10 mol/l;  pK = 9.14 

Equation 8- 1 

 

The oxidizing effect of moisture on borate tribofilms had boric acid dissociation in 

water that yields H+. This could have resulted into oxidation and reduction reactions 

between haematite and magnetite [362] as shown in Equation 8- 2 and Equation 8- 3. 

Hence the various changes in the Raman intensity ratio of haematite and magnetite as 

shown in Figure 8-12 indicates that the boron oxide and boric acid formed are capable 

of interacting with the iron oxides and iron oxy-hydroxides. 

3Fe2O3  +    2H+  +     2e-      ↔       2Fe3O4   +    H2O Equation 8- 2 

Fe3O4  +   2 H2O         ↔       3FeOOH   +    4H+  +  2e- Equation 8- 3 

8.4.3 Effect of free water on friction behaviour of tribofilm 

The tribological effect of added water up to about 1.5 wt. % free water in the  

boron-containing oil in comparison to ZDDP indicates that lower friction reduction 

was provided by ABE tribofilms compared to ZDDP and KBE. This performance 

could be linked to friction reducing boric acid with its unlocked edge sites as shown 

in Figure 8-13. However, the amount of boric acid appears to be immaterial as KBE 

tribofilms at 1.5 wt. % added water gave the lowest boric acid intensity. 

The presence of haematite is known to form hard and less protective films on steel 

surface to give high friction [274, 275]. However, the possible surface oxides 

identified to produce friction coefficient reduction on ferrous surfaces in tribological 

contact are β-FeOOH [216] and magnetite (Fe3O4) [274, 275, 363]. The variation in 

Raman intensity ratio of haematite to magnetite is shown in Figure 8-14 due to free 
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water contamination. This indicates that boric acid controlled friction reduction on 

ABE tribofilm. However, very high intensity of magnetite on KBE tribofilms 

compared to boric acid indicates that Fe3O4 controlled its frictional behaviour. 

 

Figure 8-13 Raman intensity of boric acid and boron oxide on borate tribofilms 

formed at 1.0 wt. % additive concentration, tribotest temperature of 80oC, 

sliding distance of 6 hr and contaminated by added water in oils at different 

concentrations. The error bars are standard deviation over three analysis points 

 

The difference in friction coefficient behaviour of borate additives with increasing 

free water could be attributed to coordination of nitrogen atoms to boron in their 

molecular structures. This could be attributed to the synthetic ABE having nitrogen 

coordination with borate ester which possess a lone electron pair to form a complex 

with the empty 2p orbital of the more electrophilic boron atom to prevent any possible 

attack by water [119, 121, 122, 364]. On the other hand, water tolerance of KBE was 

based on the small amount of water soluble Oxo-anions which disrupt the crystal 

structure of hydrolysis by-products as suggested in the literature [128, 231]. 

However, results of thermo-oxidative stability tests in Chapter 4, indicated that 

accelerated hydrolysis on both borate-containing oils was better than non-synthetic 

borate (BTE). The effect of tribo-oxidative conditions due to added water 
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contamination by  ABE and KBE tribofilms formed passivating films that will inhibit 

corrosion as observed in the literature [13, 365, 366] and promote friction coefficient 

reduction. Literature studies had suggested that water molecules passivate  

high-energy edge sites that allowed macroscopically-lamellar compounds to easily 

shear and give low friction coefficient [24].  

 

Figure 8-14 Effect of added water on Raman intensity ratio of haematite to magnetite 

for borate tribofilms formed at 1.0 wt. % additive concentration, 6 hr sliding 

distance and 80oC tribotest temperature. Error bars are standard deviations of 

three analytical points 

 

In another observation from the literature, low-shear strength of boric acid and  

its self-replenishing mechanism which once aligned in the sliding direction can reduce 

friction. The results of this study indicated that the combinations of the two friction 

reducing mechanisms are necessary and sufficient to provide better friction coefficient 

performance than ZDDP. 

8.4.4 Influence of free-water on wear-resistant tribofilms 

Changes in antiwear performance of the borate tribofilms with increasing water 

contamination are different to ZDDP. The antiwear performance of ZDDP tribofilms 
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in this study got worse as the level of free water contamination increases. This was 

consistent with results from observation in the literatures [83]. However, this 

behaviour was attributed to de-polymerization of its wear resistant glass from long 

chain phosphates to shorter chain length phosphates [83]. The tribofilms formed by 

borate additives under free-water contaminated conditions gave increased antiwear 

performance when the level of free-water contamination is above 1.5 wt. % 

concentration.  

However, the chemistry of reacted layers by the two borate additives are different. On 

tribofilms formed by ABE, the Raman intensity of carbonates as shown in Chapter 7 

indicated its disappearance at water concentration above 1.0 wt. %. This could be 

linked to poor antiwear behaviour as shown in Figure 5-4 (b). However, boron oxide 

had been noted in the literature to form wear-resistant borate glass by carbonate and 

iron oxide digestion [80, 339]. Figure 8-14 obtained in this study indicated an increase 

in Raman intensity of haematite at 1.0 wt. % added water which resulted into hard and 

less protective haematite that not only affected friction reduction, but also poor 

antiwear performance as observed in the literature [48]. 

Under free water contamination, KBE-based tribofilms had boron oxide that was 

mainly composed of BO3 linked to BO4 tetrahedra units along with metallic oxides 

with no boroxol groups, at all water in oil concentrations. This was also the case with 

ABE tribofilms, except at 2.0 wt. % added water, where the boroxol group was also 

formed. Tribo-oxidative induced free water in oils containing KBE was mainly 

composed of magnetite and β-FeOOH. This could be attributed to the better antiwear 

performance than ABE at 1.5 wt. %. The above results is an indication that either 

moisture from the surrounding air or free-water inherent in the oil will be necessary 

to trigger tribochemical reactions as proposed by the established borate antiwear 

mechanism [158, 298]. In addition, borate antiwear mechanism due to HSAB 

principle overlooked the ability of boron oxide to fuse with carbonates and alkali 

oxides to form wear resistant glass. Hence, the glass forming potentials of tribofilms 

formed by ABE additive in the oil at added water concentration level above 1.5 wt. % 

becomes ineffective, irrespective of its structural units and chemical composition 
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8.5 Antiwear mechanisms of borate tribofilms 

The established antiwear mechanisms for borate tribofilms are in three separate 

categories. One is exclusively for tribofilms formed by organoboron compounds 

based on HSAB principle [158] and the other is for metal borates nanoparticle 

dispersions based on the wear resistant of iron boride formed from chemical reaction 

between boron trioxide and substrate iron [125]. However, the third category relies on 

the ability of boron atoms to permeate easily through the surface and subsurface to 

form a high-strength adsorption film from the tribochemical reaction process  

[198, 298, 367]. In addition, the effect of boric acid was excluded despite its 

immediate formation upon exposure of boron oxide to moisture of the surrounding 

environment as shown by results in section 4.24 and section 4.25. Results from this 

study has been able to show that these three mechanisms are linked by boron oxide 

formation and easy permeation of boron into the substrate. Hence, the antiwear 

mechanisms of tribofilms containing boron could not be complete if boric acid, oxides 

and oxyhydroxides of iron are excluded.  

8.5.1 Effect of borate concentration on antiwear mechanism 

The effect of hydrolysis and thermo- and tribo-oxidation on the antiwear functions of 

tribofilm of synthetic and non-synthetic borate additives are summarized in  

Figure 8-15.  

 

Figure 8-15 Effect of concentration on tribochemistry organic and inorganic borate 
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This result indicated that high wear rates by borate tribofilms is not directly due to 

boric acid, but of its stage-wise decomposition to form boron oxide at elevated 

temperature and/or formation of third body abrasives. Another key observation is that 

thicker borate tribofilms with high hardness do not necessarily produce lower wear 

rates. In addition, boron oxide formed by tribofilms with the best wear rates at all 

concentration not only have BO3 units linked to BO4 in B2O3, but also have boroxol 

groups. However, antiwear behaviour of reacted layer formed by metal borate 

nanoparticle dispersion used in this study indicates their susceptibility to high plastic 

flow, but unable to be sacrificed in place of the underlying substrate like ZDDP. 

Hence, enough concentration of additives is needed for enhanced antiwear 

performance. 

8.5.2 Effect of temperature on borate antiwear mechanism 

The tribochemistry of boron-containing additives at different concentration at 100oC 

indicated poor antiwear behaviour of KBE and BTE at 1.0 wt. %. In order to 

understand how the antiwear performance and durability of borate tribofilm responds 

to different level of thermal heating, a summary of the tribochemistry results are 

shown in Figure 8-16. The effect of temperature on tribofilms from both organic and 

inorganic borate esters as lubricant additives can be resolved into two broad 

categories; stage-wise decomposition of boric acid and boron oxide anomaly. 

Boric acid formed by tribofilms from boron-based lubricant additives had earlier been 

shown to be dependent on the amount of boron present on the top layer of the 

tribofilm. In borate tribochemistry, the established borate antiwear mechanisms had 

assumed that boric acid decomposes to form boron oxide directly [27, 154, 159, 221]. 

However, results from this study had indicated that, between 80 and 135oC tribotest 

temperature incomplete decomposition of boric acid occurred that resulted into 

significant changes in the wear resistant performance and durability of both borate 

tribofilms.  

In addition, the established antiwear mechanism of tribofilms formed by organoboron 

additives [158], consideration was given to only trigonal BO3 groups in B2O3 to 

influence antiwear performance. Results from this study has shown that when metal 
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cation fuse with boron oxide due to high temperature, some of the BO3 groups are 

converted to a more rigid BO4 tetrahedra structural units. This was in good agreement 

with results of similar studies on borate tribofilms using XANES [167, 168]. This 

significantly affected the antiwear performance and durability of KBE-containing 

borate more than tribofilms formed by organoboron-based oils. In the borosilicate 

glass industries, this phenomenon was termed ‘boric oxide anomaly’ [35, 172, 284]. 

 

Figure 8-16 Effects of temperature on borate antiwear mechanism 

 

Evidence from this study confirmed the anomalous behaviour of boron oxide in the 

wear-resistant borate tribofilms. This significantly affected the antiwear performance 

and durability of alkali-containing borate additives. Hence, the chemistry of reacted 

layer from alkali-containing borate ester as lubricant additives are likely to be affected 

by boron oxide anomaly at high temperatures than the organoboron additives. 

8.5.3 Water contamination effect on borate antiwear mechanism 

Enhanced antiwear performance by the borate tribofilms occurred with increased level 

of water contamination. In dry air, tribochemistry results from this study suggest that 

digestion process of abrasive iron oxides by boron oxide was not effective in order to 

provide a protective tribolayer of the metallic substrate. This occurred despite the 

presence of boroxol groups, BO3 linked to BO4 tetrahedra units and initial dissolved 



 

209 

 

water inherent in the oil. Wear rates reduction occurred due to increasing level of 

absorbed water and added water up to 1-1.5 wt. % on both borate-containing 

tribofilms. A summary of the interaction of boric acid, boron oxide and its structural 

units, iron oxides and iron oxyhydroxide on borate tribofilms is shown in Figure 8-17. 

 

Figure 8-17 Sketch of heat and water contamination effects on borate antiwear 

mechanism 

 

Previous literature studies on borate antiwear mechanism had relied on HSAB 

principle [22] due to preferential reactions between the boroxol groups  (a borderline 

base) and Fe2+ (a borderline acid) [158]. However, this study has shown that Lewis 

acid behaviour of boric acid in aqueous solution forms H+ (a hard acid) as shown in 

Equation 8- 1 and free electrons on the metallic sliding surface [198, 357, 358]. This 

could trigger tribochemical reaction between the metallic oxides to form iron  

oxy-hydroxides as shown in Equation 8- 3. The functions of boric acid on borate 

tribofilms formed at different test conditions were noted in the literature to provide 

friction coefficient reduction as shown in Figure 2-20. However, results from this 

study, indicates that boric acid also aid the digestion of abrasive iron oxide by boron 

oxide, as shown in Figure 8-17. In addition to boric acid enhancement of boron oxide 
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digestion of abrasive iron, less abrasive oxyhydroxides of iron could be formed to 

affect antiwear and durability performance of borate tribofilms. 
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Chapter 9  

Conclusions and Future Work 

9.1 Conclusions 

In this chapter, various conclusions from the work in this thesis are presented. This 

study has provided insight the effects of hydrolysis, heat and water contamination on 

S- and P- free oils containing different types of boron additives in comparison to 

ZDDP. Physical analysis of borate and ZDDP tribofilms at different test conditions 

gave fresh understanding to friction reducing and antiwear mechanisms of tribofilms 

formed by borate additives in lubricating oils. In addition, chemical characterization 

of the borate tribofilms elucidate on how these extrinsic conditions affects their 

friction reducing and antiwear mechanisms. Hence, key findings are summarized and 

some suggestions have been made for future work.   

9.2 Key findings 

 It has been shown in this study that some borate additives in oils with good 

resistance to hydrolysis for use in internal combustion engines did not only 

have good thermo-oxidative resistance to copper corrosion, but also high 

thermal and oxidative decomposition temperatures. Hence, using copper 

corrosion tests only to determine hydrolytic stability of borate oils is 

necessary, but not sufficient enough to fully assess the effects of hydrolysis of 

borate additives 

 The synthetic borate additives used in lubricating oils for this study were found 

to absorb more moisture from the surrounding air than ZDDP-containing oils. 

This study showed that moisture absorption by the borate additives was due to 

boron oxide in the additives more than boric acid 

 The antiwear performance of synthetic borate additives (ABE and KBE) with 

high hydrolytic and thermo-oxidative stability increased with increasing 

concentration of additives in the oil compared to ZDDP. However, this study 
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showed that increased concentration of non-synthetic borate (BTE) in the oil 

resulted into catastrophic wear rates 

 It has been shown in this study that tribofilms formed by BTE-containing oils 

are thick and hard, but did not provide enhanced antiwear performance, unlike 

ABE which was not as thick, but gave better antiwear performance. This study 

had shown that different chemistry of reacted layers formed by ABE and BTE 

could be responsible. In addition to the major achievements of this study, the 

hardness of tribofilms formed by organic borates additives (ABE and BTE) 

were shown be significantly higher than inorganic borate ester (KBE) at all 

additive concentrations 

 Another major achievement by this study on the chemistry of non-synthetic 

borate tribofilms (BTE) revealed that its poor antiwear performance is not 

directly due to high boric acid formed, but also due to the presence of high 

atomic concentration of boron, stage-wise decomposition of boric acid and 

particles acting as third body abrasives. The third body abrasive particles were 

found to be carbides and boron nitride 

 In the study of temperature effect on friction coefficient of borate tribofilms 

from boron containing oil, it has been shown that self-replenishing mechanism 

of boric acid was significantly affected by temperature increase and sliding 

process 

 The result of this study has shown that low hardness of tribofilms formed by  

alkali-based borate additives and ZDDP can occur due to increased 

temperature. However, enhanced antiwear performance was provided by 

ZDDP tribofilms with increasing temperature, unlike borate tribofilms 

 Surface analysis results by this study confirmed that transformation of boron 

oxide structural units, and changes in alkali oxide and boric oxide content on 

tribofilms occurred on tribofilms formed by KBE-containing oils between 

135oC and 100oC. This was observed to adversely affect its durability more at 

100oC than 135oC. Hence, this study has shown that boron oxide anomaly 

effect in borosilicate glass manufacture could significantly affect the antiwear 
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performance and durability of tribofilms formed by alkali-based borate 

additives 

 The tribochemistry study of borate boundary films at different temperature in 

comparison to ZDDP by this study has shown that tribofilms from oils 

containing borates are more durable at 19oC, but less tenacious at 100oC. This 

was related to the significantly reduced level of boron and highly oxidized 

metallic iron 

 A major findings by this study reveals that tribofilms formed by synthetic 

borate-containing oils under the influence of frictional flash temperature gave 

better tribological performance compared to ZDDP in moisture-rich 

environment, but poor antiwear performance in dry air 

 In dry air, surface characterization of the borate tribofilms formed has been 

shown in this study to have considerable boric acid which could not easily 

shear along the sliding direction, but sheared easily in moisture-rich 

environments to provide better friction reduction 

 This was attributed to the locked edge-site of lamellar boric acid which 

prevented its easy shear along the basal planes. In addition, carbides, 

carbonates and borides were found along with boric acid that acted as third 

body abrasives. These eventually gave poor antiwear performance compared 

to ZDDP 

 In water-rich environments, this study shows that tribochemical surface 

polishing took place with increasing moisture level on both borate and ZDDP 

tribofilms. In addition, the borate tribofilms did not only have boron oxide 

with its different structural units and iron oxides, but also iron oxy-hydroxide, 

borides and carbonates 

 A major findings of this research was that boron-based additives can act as an 

affective antiwear additives in internal combustion engines used in high 

humidity environments than ZDDP 

 The established borate antiwear mechanism on tribofilms formed by oils 

containing boron relies on the fusion of boron oxide with iron oxides to form 

wear-resistant glass based on HSAB principle. A major findings from the 



 

214 

 

study of borate tribofilms at different extrinsic tribological conditions has 

shown that; moisture in the surrounding air, boric acid, iron oxy-hydroxides, 

carbonates and borides facilitated the digestion of abrasive iron oxides. 

9.3 Future work 

Following the results of research generated within this thesis, there is great potential 

to extend the current study for future consideration. These are discussed below; 

 The tribochemistry of borate tribofilms formed in fully formulated oils by the 

combine effects of borate friction modifiers and borate antiwear additives in 

comparison to the traditional friction modifier and ZDDP 

 The synergy of borate tribofilms with moisture contamination was studied 

mainly due to frictional flash temperature, future work on the combine effect 

of increased bulk oil temperature and dissolved water contamination will be 

necessary 

 In this research, only alkali metal borate additives were assumed to represent 

the behaviour of all metal borate nanoparticle dispersions as lubricant 

additive. Hence, future tribological studies on the behaviour of alkaline earth 

metal borates as lubricant additives in IC engines would be necessary 

 The study of borate tribofilms formed in this research considered only 

hardened steel as the surface for generating the tribofilms. However, borate 

tribofilms formed on some component parts of the IC engines in tribological 

contact from non-ferrous materials such as; diamond-like carbon (DLC) 

coated surfaces, zirconia and alumina among several others, could behave 

differently from that obtained in this study.  

 This research had considered the tribological performance of borate 

tribofilms in pure sliding under boundary lubrication condition, additional 

future work needs to consider its behaviour under slide-roll conditions in 

comparison to ZDDP 

 Future work on the influence of the combination of increased bulk oil 

temperature and humidity on borate tribochemistry in both model and fully 

formulated oils are necessary 
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 The use of other surface characterization techniques such as X-ray 

Absorption Near-edge Spectroscopy (XANES) could provide further insight 

into how the structural units of boron oxide and Mössbauer spectroscopy for 

iron oxides interacts in the boron oxide-iron oxide wear resistant glass on the 

tribofilms behave. 
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Appendix A 

A.1. Coefficient of Friction 

First law of friction as it applies dry sliding contacts for metals, polymers and rubbers 

are shown in Equation A.1.- 1, Equation A.1.- 2 and Equation A.1.- 3. 

F ∝    W   or    F =   μ    .  W     (Metals) 
Equation A.1.- 1 

 

F ∝   W3 4⁄    Or   F     =     µ .  W3/4     (Polymers) 
Equation A.1.- 2 

 

F  ∝     W2 3⁄   Or   F    =      µ  .   W2/3  (Rubbers) 
Equation A.1.- 3 

 

Where, µ is the constant of proportionality known as friction coefficient or coefficient 

of friction (COF). However, friction coefficient can be expressed in terms of the 

mechanical properties of the contacting sliding material is shown in Equation A.1.- 4 

µ = S/𝑃𝐶  
Equation A.1.- 4 

 

Where S is the shear strength of the lubricant film interface in N/mm2 of the sliding 

interface and 𝑃𝐶 is the contact pressure in N/mm2. 

A.2.    Wear modes and equations 

Table A.2.- 1 Summary of wear modes [29] 

Wear 

Type 

Mechanical Tribo- Chemical Thermal 

Wear 

Mode 

Abrasive Adhesive Flow Fatigue Corrosive Diffusive Melt 
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The general wear law is shown in Equation A.2.- 1. However, the 

relationship of Archard’s wear law to adhesive and abrasive wear are 

respectively shown in Equation A.2.- 2 and Equation A.2.- 3.  

𝑣𝑖     ∝        𝐴𝑟 . 𝐿     (Wear law) 
Equation A.2.- 1 

(Adhesive wear) 

𝑣𝑖 = 𝐾 . 𝐴𝑟 = 𝐾 . 𝐿. 𝑊 𝐻⁄ = 𝑘1 . 𝐿. 𝑊 3𝐻⁄    

Equation A.2.- 2 

(Abrasive wear) 

𝑣𝑖 = 𝐾 . 𝐴𝑟 = 𝐾 . 𝐿. 𝑊 𝐻⁄ = 2𝑘1 . 𝑘2 𝐿. 𝑊 3𝐻.⁄   

Equation A.2.- 3 

Where  𝑘1 = adhesive wear constant in m3/N-m, 

𝑘2 =  
2𝑡𝑎𝑛𝜃

𝜋
  = abrasive wear constant in m3/N-m, 

            𝐾 = Archard’s coefficient used as an index to determine severity of wear, 

            𝐴𝑟 = real contact area in m2, 

            𝑊 = applied load in Newton (N), 

             𝐿 = sliding distances in m, 

             𝐻 = hardness of the softer material in N/m2, 

              𝑣𝑖 = wear volume in m3 

               𝜃 = slope of the hard conical asperity in degrees 

A.3. Lubrication regimes 

Lubricant film parameter (Λ) determination is determined from Equation A.3.- 1. 

Ʌ =  
ℎ𝑚𝑖𝑛

√𝑅𝑞1
2 + 𝑅𝑞2

2

 Equation A.3.- 1 

 

Where, Rq1 and Rq2 are the root mean squares of the surface roughness of each of the 

contacting surfaces and hmin is the minimum lubricant film thickness which can be 

determined using the Hamrock and Dowson empirical equation for isothermal 

elliptical contact relations shown in Equation A.3.- 2. However, the dimensionless 
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parameters in the Equation A.3.- 2 can be obtained from Equation A.3.- 3, Equation 

A.3.- 4, Equation A.3.- 5, and Equation A.3.- 6 

ℎ𝑚𝑖𝑛

𝑅∗
= 3.63𝑈𝛴

0.68𝐺𝛴
0.49𝑊𝛴

−0.073(1 − 𝑒−0.68𝑘) Equation A.3.- 2 

 

 

Dimensionless speed parameter,     𝑈𝛴 =  
𝜂𝑜𝑈

𝐸∗𝑅
 

Equation A.3.- 3 

 

Dimensionless material parameter, 𝐺𝛴 =  
𝐸∗

𝑃𝑜
 

Equation A.3.- 4 

 

Dimensionless load parameter, 𝑊𝛴 =  
𝑊

𝐸∗ 𝑅2 
Equation A.3.- 5 

 

Entraining surface velocity, U  in (m/s), = (
𝑈1+𝑈2

2
) 

Equation A.3.- 6 

 

Where; 

        ηo = lubricant viscosity at ambient pressure (N/m2) 

        Po = asymptotic isoviscous pressure (N.s/m2)  

        W = contact load (N) 

         For point contact, ki ≅ 𝟏. 𝟎𝟑 and for line contact, k =  ∞  

         𝒗𝒒 = Poisson’s ratio 

         𝐑𝐐= radius of curvature of the contacting surfaces (m) 

         𝐄𝐪 = elastic modulus of the contacting surfaces (N/m2) 

In addition, the reduced elastic modulus (E*) and reduced radius of curvature (R*) are 

respectively obtained as shown in Equation A.3.- 7 and Equation A.3.- 8 if the 

ellipticity parameter, k is taken as  1.03 [242] for line contact. 



 

251 

 

Reduced Young Modulus, E* (N/m2) =  (
1− 𝑣𝑞1

2

𝐸𝑞1
+ 

1− 𝑣𝑞2
2

𝐸𝑞2
)

−1

 Equation A.3.- 7 

 

Reduced radius of curvature,  R* (m) = (
1

𝑅𝑄1
+ 

1

𝑅𝑄2
)

−1

 Equation A.3.- 8 

 

 

 

 

 

 


