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ABSTRACT 

SYNTHESIS AND CHARACTERIZATION OF BORON COMPOSITE 
NANOPARTICLES FOR WEAR AND FRICTION REDUCTION 

Since most of the conventional lubricants reach their performance limits, new 

antiwear and extreme pressure (EP) additives are designed so that lubricants can minimize 

friction and wear when used in high temperature and pressure conditions. There is 

growing interest in the use of nanoparticles as an additive in lubricants. Due to its 

outstanding chemical properties, boron is frequently involved in the design of 

nanoparticles. Especially borate derivatives and hexagonal boron nitride (h-BN) have 

already taken their places in many lubricant formulations. 

The aim of this study was the production of silica-boron composite nanoparticles 

that can replace the phosphate-derived additives used in lubricant formulations and to 

provide the extreme pressure, antiwear and friction-regulating properties at the same time. 

For this purpose, the Stöber method that is used for silica production was modified to 

produce Si/Na-Borate nanoparticles. It was found that the synthesis of composite 

nanoparticles in desired size distribution and morphology as well as composite structures 

composed of Si and Na-Borate, was possible changing the amounts of ingredients and 

modes of addition. It was observed that the morphology and the chemical structure of 

these particles depend on the amount of Na-Borate (1, 3, and 5% w/w) and the addition 

type of Na-Borate (Direct, 500 L/min, 5 L/min). Then composite nanoparticles were 

characterized using SEM, FTIR and ICP-MS and some tests were conducted to examine 

the structure of particles.  

The tribological performance of these particles tested using Four Ball Test method 

have shown that there is a significant improvement in the presence of these particles.   
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ÖZET 

 

sürtünm  

(AW: Antiwear s  

asal özellikleri nedeniyle bor, nanotanelerin 

. Özellikle borat türevleri ve hegzagonal bor nitrür (h-BN) a 

 

 ikame edebilecek, 

 önleyici 

bu tezin en önemli motivasyonudur Bu amaçla, silika nanotanelerin üretilmesinde 

-Borate 
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borat (Na-Borat) çözeltisinin konsantrasyonu (kütlece % 1, 3 ve 5) ve sisteme eklenme 
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CHAPTER 1 

 INTRODUCTION 

Machine designs have been continually improved to enhance performance, 

increase efficiency, and at the same time meet environmental regulations. Lubricants that 

cover moving parts and protect components of machines are an essential contributor to 

reliability and durability of modern machine elements. Preservation of a lubricating film 

between moving parts is a vital function. Lubricants must prevent metal-to-metal contact 

that will result in wear. Full-film lubrication occurs when moving surfaces are 

continuously separated by a film of lubricant. When machines heat up, thickness of a 

lubricant film has to stay between specified limits to be able to provide adequate 

lubrication. Viscosity of lubricant is a measure to specify these limits. Contrarily, 

lubricants act as a coolant. Rust and corrosion protection of a wide range of machine parts 

is also provided by the use lubricants.  

Modern lubricants should be formulated with latest friction or viscosity modifying 

properties. This is to enable reduction of friction between moving surfaces and providing 

favorable improved viscosity profiles that lead to higher thermal efficiency. Frequently 

machine designers reach chemical or physical limits that they can only overcome when 

they are supported by increased performance from lubricant formulations. Lubricants are 

in many cases no longer only a commodity but rather an important design element of new 

machine development programs. Research is ongoing to formulate lubricants to meet the 

demands of latest machine designs. Beside their main task modern lubricants must 

perform several additional functions to cover the needs of modern machines.  

1.1. Statement of the Problem 

In order for any machine to operate evenly, it is necessary to provide the energy 

corresponding to the frictional force. Efficiency of the machines can be upgraded by 

reduce energy lost caused by friction. Friction losses have an enormous effect on national 



2 
 

economies due to loss of machine components and maintenance costs to avoid wear. 

Recent studies have shown that in three main areas, power generation, transport and 

industrial processes, 11 % of total annual energy losses can be saved by developments in 

lubricant technology.1 

Thus, with the existing lubricants reaching their performance limits, one of the 

greatest scientific challenges of the 21st century is to develop new lubricants that meet 

the requirements when used under harsh conditions. Searching for different ways to save 

energy opened new research area for developing novel materials instead of traditional one 

that use as lubricant additives. 

For this reason, new technologies have been started to be used for producing 

lubricant additives. Over the past few years, the biggest development in lubrication has 

been adaptation of nanotechnology to additive synthesis. A significant decrease in friction 

coefficients was recorded with using nanoparticles as lubricant additives. 

1.2. State of the Art 

Lubricants mainly consist of three different components. These are base oils, 

surface additives and other additives including antiwear (AW) and extreme pressure (EP) 

additives. There are many reasons for using nanoparticles in lubricant formulations. Some 

of them are listed below. 

They are easily contact the moving surfaces due their small size 

They do not clog up oil filters thanks to their small size 

They have lower probability of interacting with other lubricant additives 

They have high film formation potentials on different types of surfaces 

They are also highly durable 

At high temperature levels, they show low-volatility behavior. 

The main function of lubricant additives is to increase the lubrication properties 

and to protect the components that are exposed to high temperature and pressure. Many 

additives used in lubricant formulations include chlorine, sulfur and phosphorus 
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compounds. Their use is restricted due to environmental hazards. In recent years, the 

design of environmentally friendly additives, which can partially or totally replace the 

Zinc Dialkyl Dithiophosphate (ZDDP) contribution, has gained importance. For this 

purpose, the use of nanotechnology has become increasingly important due to the 

extended physical and chemical properties. Instead of chlorine, sulfur and phosphorus 

compounds, borate compounds have been used by result of their low environmental 

effects and high wear resistance performance. 

Researchers have focused on studies of boric acid as a lubricant additive among 

other boron compounds. With using boric acid as a lubricant additive, the coefficient of 

friction on metal and ceramic surfaces was decreased. Otherwise, nano-sized boric acid 

could be used with many additives properly. However, when the nano-boric acid is 

exposed to water in particular, the tendency to agglomeration makes it difficult to increase 

the particle size and to disperse in the base oil. Surfactant can be used to solve this 

problem. However, characteristics of lubricants can partially or completely change by 

using surfactant even at small amounts. Hence, the actual solution is that the boron-based 

additives are designed to be easily dispersed during the synthesis phase. Also, they can 

be modified after production. 

There are many different studies in the literature regarding usage of boron 

derivatives as lubricant additives in recent years. There is an increasing interest in borate-

based materials in the field of tribology. For example; 

Calcium borate,2-4  

Lanthanum borate,5 

Magnesium borate6 and aluminum borate,7 

Zinc borate,8 

Potassium borate9 

Cerium borate10 are used as AW and EP additives in the literature. 

In the light of these studies, we can conclude that borate derivatives improve the 

wear resistance and reduce the friction. It is observed that, nanoparticles used as potential 

lubricant additives in different structure and morphology. Many experiments have been 

carried out by researchers as of today, but very few of the nanoparticles have been 

commercialized and their tribological behavior has been fully understood. Lastly but most 
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importantly, usage of composite nanoparticles contain silica and borate derivatives as 

lubricant additives have not been found in literature. 

1.3. Scope of the Study 

The main focus of the study is manufacturing and characterizing composite silica-

borate nanoparticles (Si/Na-Borate) as potential lubrication additives for achieving 

enhanced Extreme Pressure (EP) and Antiwear (AW) properties. For this purpose, Stöber 

method 24 will be modified with the addition of Na-borate solutions instead of water. With 

using of silica and sodium borate in additive structure, composite nanoparticle will be 

attached to metal surface easily. After that, they will attach to metal surface and form 

ferric-borate tribofilm result in friction and wear reduction. Additionally, nanoparticles 

will produce with different size and morphology in order to prevent moving surfaces from 

contacting each other by locating into the asperities of metal.  

It is expected that after the addition of this nanoparticles into lubricant material, 

boron oxide layer will form with attachment of boron on metal surface at first. Following 

that, a ferric borate layer (tribofilm) will be created by adsorption of boron into metal 

surface under high temperature and pressure. This tribofilm will prevent friction, wear, 

welding and corrosion. 

Morphological (SEM, DLS) and also chemical (FTIR, XRD, ICP-MS) 

characterization of synthesized materials will be performed. After completing preliminary 

studies; parametrical studies will carry out with the final method. After optimization of 

the nanoparticles, dispersion and stability performance will study in different base oils 

with using distinctive surfactants. Finally, tribological performance of nanoparticles will 

measure using four ball test method in comparison with a blank base oil and a commercial 

lubricant. 

 

 

 



5 
 

CHAPTER 2 

 BACKGROUND AND LITERATURE REVIEW 

This chapter describes chemistry and functions of lubricant additives, as well as 

their role in the development of advanced lubrication systems. It is conducted to give 

information which was readily available in literature, with the aim to show the 

contribution lubricant additives make towards industry, consumer and impact on the 

environment. This section provides an information on recent additive developments and 

contains recent data from the literature. 

2.1. Background Information 

Tribology basically covers friction, wear and lubrication. When the tribology is 

examined etymologically, it is seen that it derives from the word "tribos" which means 

"rubbing". Tribology includes mechanical, chemical and material technologies. The main 

subject of the tribology is to reduce the friction and wear so that energy loses are reduced 

and life of material is extended. 

Tribological systems (tribo-system) are important for machines operating under 

difficult conditions. A tribological system consists of four different parts. These are; two 

different surfaces in contact, the interface formed by these two parts and the external 

environment. The variables in the tribo-system are (Figure 1); type of motion, speed, 

forces acting on the system, temperature and stress. 

2.1.1. Friction 

Friction (Figure 2) is a force against movement formed between two objects in 

contact. There are many types of friction; static, kinetic, slip, rolling, stick-slip and fluid 

friction. 
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Figure 1 Structure of the tribo-system: 1, 2. Moving surfaces; 3. Intersection and 

lubricant; 4. Environment.11  

 

Static friction (Figure 3) occurs between two objects when there is not any 

relative movement. Kinetic friction (Figure 3) is the force acting in the opposite direction 

to the moving object. 

 

Figure 2 Coefficient of friction.11  

 

Figure 3 Kinetic Friction vs. Static Friction (Source: Pearson Education, 2017).12 
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Sliding friction (Figure 4) occurs as a result of an object slipping on the surface. 

Rolling friction is the force applied to a rolling object on a surface (Figure 4). 

 

Figure 4 Sliding and rolling.11  

 

Stick-slip (Figure 5) is a certain type of friction and is created by the slow contact 

of the floating object with another vibrating object. 

 

Figure 5 Engineering description of stick-slip(Source: Wikipedia, 2011).13  

 

Fluid friction is generated via the movement of a solid object in liquid or gas. 

Overall friction resistance in a system is mostly affected from following factors: 

Presence of particles (impurities) coming from outside the system, 

Relative stiffness of contacting materials  

Applied load  

External conditions such as temperature and presence of lubricant 

Surface topography and morphology 

Microstructure of materials 

Contact area 

Direction of movement and velocity 
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2.1.2. Wear 

Wear is one of the most important cause for failure of machine elements. While 

friction is leading to energy loss, wear causes material loss that cannot be recovered again. 

It is not possible to establish a direct relationship between wear and friction. Friction 

resistance between different materials may be similar, but wear can be increased up to 

100 times or more. Generally, wear is a more complex problem than friction. There are 

many different types of wear between surfaces appeared at same time. Hence, it cannot 

be possible to define a generalized wear law covering all wear types or part of them.  

Wear can be caused by abrasion, adhesion, erosion, tribochemical reactions, 

surface fatigue, wear and cavitation processes (Figure 6).14  

 

Figure 6 Types of wear.14  

Abrasion
When a body contacts a harder one, abrasive wear occurs 
eventually. 
Pollution of lubricants with sharp contaminants may cause 
this type of wear.

Adhesion

This is one of the most complicated wear mechanism that 
occurs when boundary lubricant layer breaks down.
Some interactions between two friction bodies can rupture 
material pieces from surfaces. 
This continues with forming of cold welding. 

Erosion Erosion occurs on surfaces as a result of a liquid containing 
solid particles.

Tribological 
reactions

Chemical reactions that occur under tribological conditions 
are called tribological reactions.

Surface fatigue It occurs because of intermittent loads in the contact areas.
A dense lubricant film minimizes or eliminates this problem.

Fretting

The contacting partners are part of a system which oscillates 
at small amplitude. 
Most of the previously mentioned types of wear contains 
fretting wear. 
Fretting wear can be avoided if suitable surface-active 
additives are added to lubricants.

Cavitation Materials can be damaged by gas and vapor bubbles trapped 
in lubricating oils or hydraulic fluids. 
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2.1.3. Fundamentals of Lubrication and Lubricants 

Although the use of lubricants is as old as mankind, scientific interest on 

lubricants and lubrication technology is relatively new. Fundamental interest in tribology 

focuses to lubricant formulation, industrial operations, aerospace and transportation 

equipment, material shaping and machining, computers and electronic devices, power 

generation, and almost all phases of life where motion is encountered. 

Lubricants play a crucial role in safe operation of machine elements. Main tasks 

of lubricants are: 

separate moving parts, 

prevent parts from heating up, 

keep the surfaces clean, and 

ensuring that the functional additives are transported to the surface. 

The main objective of lubricants is to prevent surface heating, wear and friction. 

It is necessary to move the temperature to acceptable limits even if the parts are not 

completely prevented from warming up. Lubrication is also used to reduce oxidation and 

prevent rust 15. 

There are many applications that need lubricants such as transportation, industrial 

operations and metal working fluids. Different types of lubricants are used in these fields. 

Transportation lubricants: engine oils, power transmission fluids, brake 

fluids, engine coolants, and greases 

Industrial lubricants: turbine oils, compressor oils and hydraulic fluids 

Metal working fluids: metal cutting and forming fluids 

Lubricants mainly consist of three different components. These are base oils, 

surface additives and load carrying additives. Lubrication additives can be grouped as 

their functions as follows (Figure 7).  
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Figure 7 Functions of lubrication additives.14  

 

2.1.4. Lubrication Regimes and Stribeck Diagram  

It is known that a certain resistance must be overcome to slide two surfaces under 

load and this resistance decreases if a lubricant is applied on surfaces. In a study published 

by Stribeck in 1901, it was stated that a radial sliding bearing can operate in three different 

regimes (Figure 8).11 These are; 

Boundary lubrication: Lubricant film is not totally formed on the surface. Load 

is carried by asperities. EP and AW additives are active in this regime. 

Mixed lubrication: Lubricant film is formed with an intermediate thickness. Load 

is carried by both asperities and lubricant. 

Hydrodynamic lubrication: Moving surfaces are completely separated by 

lubricant film. Liquid viscosity should be high enough to preserve sufficient film 

thickness. Load is carried by lubricant itself. 

During the phase transition between hydrodynamic and mixed lubrication, is often 

refered as Elasto Hydrodynamic Lubrication.11 
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Figure 8 Stribeck diagram represents lubrication regimes (Source: Dresel et. al., 2017).11  

 

Stribeck curve is basically between friction coefficient and bearing number. 

Bearing number can be described as sliding velocity, in other words relative sliding 

velocity of lubricant with viscosity per applied load. As seen in Figure 8, system does not 

act as a tribo-system when relative velocity is zero.  

This curve is based on starting-up of a plain bearing whose shaft and bearing shells 

are, when stationary, separated only by a molecular lubricant layer. As the speed of 

revolution of the shaft increases (peripheral speed) a thicker hydrodynamic lubricant film 

is created what initially causes occasional mixed friction but which, nevertheless, 

significantly reduces coefficient of friction. As speed continues to increase a full film is 

formed over entire bearing surfaces; this sharply reduces coefficient of friction. As speed 

increases, internal friction in lubricant film adds to external friction. The curve passes a 

minimum coefficient of friction value and then increases, solely as a result of internal 

friction.11 
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2.1.5. Lubricants  

Lubricants are basically a combination of base oil and additives. Additives are 

necessary to provide performance beyond what base oils alone are able to offer. Base oils 

can be considered as a carrier for the additive and a cooling medium even when the base 

oils also influence the performance of formulations. Base oils are five different groups 

defined by on saturates level, sulfur content and viscosity index (VI) properties of the oil 

(Table 1).16 

Table 1 Base oil groups and characteristics16 

Group Description
Sulfur

Content (%) 

Saturates 

Level (%) 

Viscosity 

Index

I

Crude oil is distilled, refined physically 

with solvents, and may also be 

hydrofinished, to leave a base stock and 

by-products. 

>0.03 <90 80-120 

II

Crude oil is distilled and chemically 

refined by hydrogenation, to leave a base 

stock with fewer by-products. 

<0.03 >90 80-120 

III

Crude oil is distilled and refined by severe 

cracking and hydrogenation, to produce a 

higher VI base stock and even fewer by-

products. 

<0.03 >90 >120 

IV

PAO-polyalphaolefins are chemically 

synthesized base stocks with increased VI 

compared to Group III stocks. 

<<0.03 >>90 >>120 

V

All base stocks not classified in other 

groups, including vegetable oil, derived 

base stocks, esters, diesters, glycols, etc. 

<<0.03 >>90 >>120 

 

Traditional lubricant base stocks are derived from distillation and solvent 

extraction of crude oil, sourced world-wide. Alternatively the crude oil may be more 

highly refined using processes that include cracking and hydrotreating to produce higher 

quality base stocks. Some high performance formulations incorporate chemically 

manufactured hydrocarbons such as polyalphaolefins (PAO) and esters.  
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Base stock properties can differ markedly depending on the source of crude and 

the refining process. Lubricant additive technology provides the necessary enhancement 

to these base oil to achieve industry standards of performance. This increase in 

performance and value of formulated lubricants permits more effective use of petroleum 

resources.  

Liquid lubricants show different physical and chemical characteristics. Physical 

characteristics are mainly related to the type of base oil. On the other hand, the chemical 

properties of lubricants are originated from the additives. Some of the outstanding 

characteristics are viscosity, thermal and hydrolytic stability, volatility, oxidative 

properties and flammability 17. Properties of different base oils are placed in Table 3 and 

Table 4. 

Additionally, surface tension directly effects the lubrication. Lubricant with lower 

surface tension than solid surface is easily covers the surface and lead the good 

lubrication. Surface tension values of different base oils is listed in Table 2. On the other 

hand, surface tension of lubrication is influenced by additives. For instance, silicone 

containing additives in lubrication reduce surface tension drastically.17 

Table 2 Surface tension of several base oils17 

Liquid Surface Tension (mN/m) 
Water 72 

Mineral oils 30-35 
Esters 30-35 

Methyl silicone 20-22 
Perfluoropolyethers 19-21 

 

2.1.6. Lubricant Additives 

Over the last almost hundred years a number of chemical additives have been 

developed to enhance base oil properties, overcome their deficiencies and provide the 

new performance levels required by the technological evolution of machines and by the 

latest regulations. Many kinds of chemical additive agents are used in the manufacture of 
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high-quality lubricants. They are either single-purpose materials or multipurpose 

materials. Some commonly used additive types are described below.18 

Adhesive agents: Tacky, stringy materials that help form and retain uniform oil 

films on metal surfaces, particularly under severe conditions such as water spray. 

Antiwear agents: Such materials adsorb or concentrate on metal surfaces to form 

films that minimize the direct metal-to-metal contact. These materials should be non-

staining and non-corrosive. They are typically derived from phosphorous, zinc, sulfur, 

boron or combinations of these elements. They are generally required when the 

application is operating in boundary regime.  

Defoamers: When added to fluids, defoamers act to alter the surface tension of a 

fluid to promote the rapid breakup of foam bubbles by weakening the oil films between 

the foam bubbles. Typically based on polysiloxanes or polyacrylates, they are effective 

at very low treat rates but may adversely affect air-release properties.  

Demulsifiers: These assist the natural ability of the oil to separate rapidly from 

water and also help inhibit rust.  

Detergents: They based on metal salts are added to oils to provide cleanliness and 

help reduce deposit buildup. Neutral detergents are used for cleanliness while over based 

detergents (high alkalinity), help neutralize any acidic buildup in the oil. 

Dispersants: These products help suspend solid particles in the lubricant to 

prevent them from binding together, thereby minimizing their precipitation as harmful 

deposits.  

Extreme-pressure (EP) agents: These materials are more active than antiwear 

agents and usually react with the metal surface at high temperatures to provide sufficient 

protection to carry even heavier loads than antiwear agents. They typically are based on 

sulfur or heavy metal salts.  

 Friction modifiers: A general category of materials based on long-chain polar 

materials that are used to alter the frictional characteristics of a lubricant. They may be 

used to increase the lubricity or slipperiness where coefficient of friction may be 

important, or to improve fuel economy/energy conservation.  
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Metal passivators: These materials help to minimize the catalytic action of certain 

surfaces; for example, copper-based tubes may oxidize oil unless coated with a passive 

coating.  

Oxidation inhibitors: Some additive agents function as peroxide decomposers, 

chain stoppers, and/or metal deactivators. Peroxide decomposers destroy the precursor of 

radical sources by converting the peroxides into harmless compounds. Chain stoppers 

interrupt the chain reaction between oxygen and hydrocarbon radicals to prevent or slow 

the formation of acidic materials, propagated materials and sludge. Metal deactivators 

retard the oxidation-promoting catalytic effect of metals in a lubricating system. The 

metal surfaces or particles are covered by the agent, which acts as a barrier to prevent the 

catalytic effect. The most catalytically active metal is copper, the second is lead and the 

third is iron.  

Pour-point depressants: These improve the low-temperature fluidity of mineral 

oils and reduce wax formation at low temperatures.  

Rust inhibitors: Most lubricating oils contain rust inhibitors to enhance their 

ability to minimize rusting. They typically are based on calcium sulfonate or alkylated 

succinic acids.  

Seal swell agents: These are fluids that help modify the swelling characteristics 

of elastomers. They are typically required where high levels of highly paraffinic base oils 

are used. Esters and alkylated naphthalene can be used in this role. 

Viscosity index improvers: When added to oils, these high-molecular-weight 

polymers improve the viscosity index by coiling and uncoiling in response to temperature. 

They may help lower the pour point at low temperature while providing sufficient 

viscosity at high temperature. They can be subject to breakdown through thermal or 

mechanical stress. 
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2.1.7. Antiwear and Extreme Pressure (EP) Additives 

Extreme pressure (EP) and antiwear additives are used to separate metal surfaces 

in the case of heavy loading and reduce wear mainly in boundary lubrication condition, 

where metal-to-metal contact is observed. EP and AW additives operate in metalworking 

fluids, engine oils, hydraulic fluids or lubricating greases resulting in a tribochemical 

reaction of additives on the metal surface.  

These additives that contain polar structures create films on the metal surface by 

adsorption or chemisorption, which guarantees their function under boundary and/or 

mixed lubrication regimes. AW and EP additives can react with the metal surface in order 

to form tribochemical reaction layers (tribofilms, Figure 9) these can be iron phosphides, 

sulfides, sulphates, oxides and carbides. Tribofilms avert the connection between the 

moving surfaces. These layers can soften the roughness of the metal surface and reduce 

wear due to micro-welding processes. Tribofilms also avoid the actual welding of sliding 

parts under extreme pressure conditions. 

 

Figure 9 Tribofilm formation on metal surfaces (Source: Shah et. al., 2009).19  

A clear distinction between AW and EP additives are not always so clear due to 

the various types of chemistries used in differing applications. However, AW additives 

generally deposit chemical layers on the metal surface during normal operating 

conditions. EP additives on the other hand become active when the system comes under 

serve stress, to prevent the welding of moving parts. Table 5 shows brief comparison of 

these additives. 
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Some popular AW additives are: 

Zinc dithiophosphate (ZDP) 

Zinc dialkyl dithio phosphate (ZDDP), probably the most widely used in 

formulated engine oils, also acts as a corrosion inhibitor and antioxidant 

Tricresyl phosphate (TCP), used for high-temperature operation, often 

used as an AW and EP additive in turbine engine lubricants, and also in 

some crankcase oils and hydraulic fluids 

Halocarbons (chlorinated paraffins), for extreme pressure operations 

Glycerol mono oleate 

Stearic acid, adhering to surfaces via reversible adsorption process under 

150 °C, which limits its use to mild contact conditions. 

Table 5 Differences of EP and AW additives21 

 

Many AW additives function as EP additives, for example organophosphates or 

sulfur compounds. Under extreme pressure conditions, the performance of AW additives 

becomes insufficient and designated EP additives are required.20 

 

AW Additives Polar additives that attach to metal surfaces

React chemically with the metal surfaces during metal-to-metal contact

Activated by heat of contact/form a minimizing wear

Protects surfaces from wear during boundary lubrication

Protect base oil from oxidation and metal from damage by corrosive acids

Typically P compounds  (ZDDP)

EP Additives
More chemically aggressive than AW additives.

Adsorb to metal surfaces to form a sacrificial film that prevents the welding

Activated at high loads and by the high contact temperatures that are created

Mostly S and P compounds; rarely chlorine-based due to corrosion concerns
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EP additives are usually used in applications such as gearboxes, while AW 

additives are used with lighter load applications such as hydraulic and automotive 

engines. 

EP additives typically contain organic sulfur, phosphorus or chlorine compounds 

which chemically react with the metal surface under high pressure conditions. Under such 

conditions, small irregularities on the sliding surfaces cause localized flashes of high 

temperature (300-1000 °C), without significant increase of the average surface 

temperature. The chemical reaction between the additives and the surface is confined to 

this area. 

The early EP additives were based on lead salts of fatty acids ("lead soaps"), 

"active sulfur" compounds (e.g. thiols and elementary sulfur), and chlorinated 

compounds. During the 1950s the use of lead soaps was eliminated and replaced by zinc 

and phosphorus compounds such as zinc dialkyl dithio phosphate (ZDDP). 

Some of the EP additives are:22 

Dark inactive sulfurized fat 

Dark active sulfurized fat 

Dark active sulfur hydrocarbon 

Short and medium chain chlorinated alkanes  

Esters of chlorendic acid 

Polymer esters 

Polysulfides 

Molybdenum compounds 

2.2. Literature Review 

This part presents an overview on the use of various classes of nanomaterials in 

lubricant formulations also limitations of conventional additives. Current advances in 

using different nanomaterials in lubricants such as engine oils, industrial lubricants and 

greases are stated.  
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2.2.1 Conventional AW and EP Additives 

Conventional additives often contain compounds of metals, sulfur, and 

phosphorus; for example, ZDDPs. Despite their good AW performance, friction is 

actually increased, which is a problem if machine efficiency is to be improved. The 

presence of zinc and large amounts of sulfur and phosphorus in engine oils leads to 

degradation of the exhaust catalyst systems in automobiles. This results in the emission 

of toxic exhaust gases and hazardous particles. Future environmental legislation is 

expected to significantly reduce limits on pollutants. The efficiency of catalyst systems 

must consequently be enhanced. This is hardly possible without developing more efficient 

lubrication solutions.23 

Sulfur Additives: EP performance of a sulfur additive is directly proportional to 

sulfur content. Sulfur additives can be used together with phosphoric acid esters to 

enhance their properties. Tribofilm formation process of sulfur carriers under extreme 

conditions starts with physisorption, continue with chemical adsorption and finalized with 

sulfur-metal reaction at above 600 ºC (Figure 10).24

 

Figure 10 Tribochemical attractions of sulfur additives under extreme conditions.24 

 

General formula of sulfur derivatives is; R-Sx-R. When x equals to 2, additives 

reactive and easily bond even at low temperatures. 
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Sulfur-containing additives mainly contain sulfurized olefins, sulfurized esters, 

sulfurized oils, dibenzyl disulfide (DBDS), butyl phenol disulfide, diphenyl disulfide and 

tetra methyl dibenzyl disulfide.24 

Phosphorus Additives: Phosphorous additives prevent metal-metal connection 

from medium to high pressure range when used in boundary lubrication. Unlike sulfur 

additives, phosphorus additives generally have better corrosion protection. Due to 

completely different film formation mechanisms, phosphorus additives cannot be used as 

substitution of sulfur additives or vice versa. Consistently, phosphorus additives are 

highly effective in low shear rates and with surfaces have high surface roughness. Under 

moderate stress conditions, organic phosphorus derivatives used perfectly as antiwear 

additives. 

The main phosphorus additives are phosphate esters, phosphides, dialkyl phosphonates 

and acid phosphates.24  

Sulfur–Phosphorus (S/P) Additives: These additives can be used to avoid metal-

metal connections, at medium to high pressure, in boundary lubrication conditions. 

Metallic S/P additives are the most important AW/EP additives used for engine 

lubrication.24 

Zinc dialkyldithiophosphates (ZDDP) is the most important and well-known 

additive group of sulfur-phosphorus compounds (Figure 11).  

 

Figure 11 Structure of ZDDP (Source: Dresel et. al., 2017).24  

 

Thermal stability and chemical affinity (AW/EP performance) of ZDDPs are 

affected from formation of alkyl groups. Thus, thermal stability rises with chain length of 

alkyl groups and their structures in secondary, primary and aromatic sequences. Effect of 

alkyl structures on the properties of ZDDP is shown in Figure 12.24 
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ZDDPs often work as AW additive but their EP properties are not sufficient. As 

an AW additive, ZDDP works under boundary (and also mixed) lubrication condition and 

separates metal surfaces. Thickness and composition of tribofilm are straightly depends 

on temperature and friction conditions of the surface. As temperature increases, ZDDP 

decomposes into dialkyldithiophosphoryl disulfide and adsorbs into metal surface. 

Similarly, when load is sufficient to eliminate lubricant film on the surface, ZDDP reacts 

with metal to avoid welding and decrease wear (Figure 13).26 

 

Figure 12 The effect of the alkyl structure on the properties of ZDDP  
(Source: Dresel et. al., 2017).24 
 

 

Figure 13 Structure of ZDDP tribofilm on metal surface  
(Source: Johnson et. al., 2013).25 
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Sulfur–Nitrogen (S/N) Additives: In boundary lubrication and at extreme 

pressures, S/N additives provide protection against metal-metal interactions. 

Dithiocarbamates are commonly used S/N additives. Additionally, heterocyclic 

compounds such as 2,5-dimercapto-1,3,4-thiadiazole (DMTD), 2-mercapto-1,3-

benzothiazole (MBT) and derivatives can be used as antioxidants, corrosion inhibitors 

and metal passivation agents.24 

Phosphorus-Nitrogen (P/N) Additives: P/N additives are used in medium to high 

pressure range to avoid metal-metal connections. Ashless P/N compounds are commonly 

used as bifunctional antifoam / anticorrosive additives, and the most commonly ones are 

amine dithiophosphates, amine thiophosphates, amine phosphates and phosphor 

amides.24 

Complex Additives: They are composed of S/P, S/N, P/N compounds and many 

others. There are many examples of complex additives in the market; such as amine salts 

of dithiophosphates and thiophosphates, borate derivatives of dithiophosphates, 

dithiocarbamates and dimercaptothiadiazole, urethane derivatives of dithiophosphates, 

and derivatives of dialkyl phosphites, sulfur and acylated amines.24 

Halogen Additives: Chlorine has been used as an AW additive for many years. 

Especially, chlorine combines with sulfur compounds in metal working fluids. 

Additionally, iodine is used for wear reduction in aluminum processing oils. It is well 

known that fluorinated, perfluorinated compounds reduce wear. Effect of chlorine 

additives directly related to reactivity, temperature and concentration of chlorine atom. 

Chlorine additives can cause corrosion on metal surfaces due to formation of hydrogen 

chloride in existence of moisture. Due to environmental impact and toxicity, chlorine 

additives are restrictedly used even if they are highly effective as additives. 

2.2.2. Novel AW and EP Additives-Nanoparticles in Lubricants 

 Instead of traditional materials, new nanomaterials and nanoparticles have been 

recently under investigation as lubricants or lubricant additives because of their unusual 

properties. Their characteristic size will allow them to enter the contact region. Also they 

are small enough to pass undisturbed through filters used in oil systems. In comparison 
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with organic additives, nanoparticles are considered thermal stable at elevated 

temperatures that makes them favorable as lubricant additives. Some other of the 

advantages of using nano-additives are maintaining variety of particle chemistries, and 

reaction rate with the surface without an induction period, which is an important factor 

for conventional lubricant additives. 26, 27 

Based on the Table 6, reported nanoparticles that used as lubricant additives can 

be divided into seven types based on their chemistry: carbon and its derivatives, metals, 

metal oxide, sulfides, rare earth compounds, nanocomposites and others. Detailed 

information about each category is listed in Table 7.  

For carbon and its derivatives, molecular structures (sheet, tube, onion) played a 

dominant role in determining their tribological behavior. For metals and metal oxides, the 

majority elements were located in the transition metal group. For sulfides, the 

representative one was MoS2, others included WS2, CuS, and NiMoO2S2. For rare earth 

elements, Y, La, and Ce were considered as favorable elements for lubricant additives. 

For nanocomposites, they were the combinations of the aforementioned several 

categories. Others included CaCO3, ZnAl2O4, Zeolite, ZrP, SiO2, PTFE, Hydroxide, BN, 

serpentine, and among others. 

Several factors affect tribological performance of nanoparticles on oil lubrication. 

Chemical composition of nanoparticles played an important role on antiwear 

performance, while had a subtle effect on frictional performance. Wear resistance was 

closely related with the properties of the tribofilm in boundary lubrication regime. Metals 

were favorable of tribofilms. The size of nanoparticles showed visible effects on both 

friction and wear. Size optimization was governed by the specific working conditions and 

lubrication regimes. Morphology of nanoparticles played a critical role on friction 

reduction, while had a subtle effect on antiwear performance. Frictional performance was 

more likely to be related to the physical interaction between the nanoparticles and 

environment. Antiwear performance was mostly related to the chemical interaction 

between nanoparticles and environment.28 
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Table 6 Summary of nano-sized lubricant additives28 

Ag doped MoS2 nanoparticles MoS2 and SiO2 
Ag nanoparticle Diamond and graphene 
Al2O3 Nano-Cu / graphene oxide composites 
Al2O3 and Cu Nano-PTFE 
Al2O3 / SiO2 composite Ni 
Al2O3 / TiO2 nanocomposite NiMoO2S2 
Bismuth nanoparticles Ni based nanolubricants 
BN OA/La-TiO2 
Calcium carbonate nanoparticles Pd 
CeO2 Pd and Au nanoparticles 
Cu PTFE 
Cu nanoparticles in serpentine powders Rhenium doped MoS2 
Cu / SiO2 nanocomposites SA/CeBO3 
CuO Serpentine ultrafine powders 
CuO, TiO2 and nanodiamond Serpentine , La(OH)3 and their composites 
CuS Single wall carbon nanohorns (SWCNH) and TiO2 
Diamond and SiO2 SiO2 
Diamond nanoparticles Sn and Fe nanoparticles 
Fe, Cu, Co NPs TBP-LaF3 
Fe3O4 magnetic NPs TiO2 
Fullerene-like MoS2 nanoparticles Ti, CuO, Al2O3, MWNTs 
Craphene and MoS2 comprasion Titanium nanoparticles 
h-BN Zeolite 
Hydroxides NPs (Mg/Al/Ce/LDHs) ZnAl2O4 
IF-MoS2 nanoparticles ZnO 
IF-WX2 ZnO and CuO 
La doped Mg/Al LDH ZrO2 

 

Table 7 Types of nanoparticles as lubricant additives28 

Types Nanoparticles 
Carbon and its derivatives Graphene, diamond, SWCNT, MWCNT 
Metals Sn, Fe, Bi, Cu, Ag, Ti, Ni, Co, Pd, Au 
Metal oxide ZrO2, TiO2, Fe3O4, Al2O3, ZnO, CuO 
Sulfides WS2, CuS, MoS2, NiMoO2S2 
Rare earth compounds LaF3, CeO2, La(OH)3, Y2O3, CeBO3 
Nanocomposites Cu/SiO2, Cu/Graphene oxide, Al2O3 /SiO2, 

serpentine/La(OH)3, Al2O3 /TiO2 
Others CaCO3, ZnAl2O4, Zeolite, ZrP, SiO2, PTFE, Hydroxide, BN 
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Based on literature nanoparticles were collected in Table 6, number of studies 

about one particularly type was plotted in a pie chart as shown in Figure 14. As seen that 

the majority of nanoparticles that used as lubricant additives consisted of metal oxides, 

metals and sulfides. 

 

Figure 14 Statistics of nanoparticles worked as lubricant additives.28 

 

There are many experimental studies that have reported tribofilm formation 

mechanism for superior lubrication. The formation of this tribofilm can be characterized 

using analysis techniques like scanning electron microscopy/energy dispersive 

spectrometer (SEM/EDS), Raman spectroscopy, and X-ray photoelectron spectroscopy 

(XPS), as given in Table 8. 

A number of lubrication mechanisms have been reported in the literature in terms 

of primary direct effect (ball bearing/tribo-film) and secondary surface enhancement 

(mending/polishing). Although a number of surface analysis techniques have been used 

in a variety of articles, the explanation of lubrication mechanisms of nanoparticles-based 

lubrication remains unclear and even mystifying in few cases. The complexity of 

lubrication mechanism increases for fully formulated lubricants as no such study has 

discussed the chemical interaction between existing additives and nanoparticles. 

Carbon and its derivatives

Metals

Metal oxide

Sulfides

Rare erath compounds

Nanocomposites
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2.2.3. Boron Compounds as AW and EP Additives 

Boron compounds are extensively used as friction modifiers (FM), antiwear and 

extreme pressure (EP) additives in many types of environmentally friendly lubricants.23  

Boron is a multifunctional compound that is used as; 

solid lubricant such as boric acid and hexagonal boron nitride,  

liquid lubricant such as ionic liquids,  

lubricant additive such as borate derivatives of various organic and 

inorganic compounds, and 

coating such as cubic boron nitride and different metal borides. 

Unlike other tribological compounds, the versatile chemistry of B makes it 

effective additive for both solid and liquid lubricants. Boron derivatives are prone to 

interact with different types of materials at different temperatures and pressures. 

Additionally, starting materials used for synthesis of new boron species are naturally 

occurring and low-cost chemicals. These properties might therefore facilitate the 

commercialization of boron based lubricants for various tribological applications from 

both economic and environmental points of view.  

The excellent tribological properties of the boron compounds can be listed as follows.23 

Boron compounds can be transformed into reactive species containing 

boron at high temperature and pressure 

It has been observed that the elemental boron interacts with positively 

charged metal surfaces by being partially negative loaded under pressure. 

As a result of the decomposition of the oils containing boron compound, 

the metal surfaces are formed by ferric boride (FeB and Fe2B) and high 

adhesion resistant abrasion resistant film layers are formed. 

Boron compounds create graphite-like structures on hard ferric boride and 

ferric nitride films to reduce creep coefficient. 
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Table 8 Summary of reported effects of nanoparticles on tribological properties29 

Particle Lubricant Nanoparticle 
Role Mechanism Surface Analysis 

Technique 
Cu PAO6 AW, EP Tribosinterization SEM, EDS 

Ni - FM, AW, EP Tribosinterization SEM, EDS 

ZnO, ZrO2, CuO - AW, EP Deposition SEM, EDS 

Graphite Supergear 
EP220 FM, AW Polishing SEM, AFM 

Fulleren, Carbon 
nanoballs SAE-20W50 AW Mending SEM 

Al/Sn SE15W/40 AW, EP Mending SEM, EDS 

Pb TBA, Liquid 
paraffin FM, AW Ball bearing 

Tribofilm SEM, EDS 

Fe, Cu, Co SAE10 FM, AW Tribofilm SEM, EDS 

Al Liquid paraffin FM, AW Tribofilm SEM, EDS 

CuO SAE30 FM, AW Ball bearing 
Mending SEM, EDS 

CuO, MoS2 
Mineral oil  

Liquid paraffin  
Palm TMP ester 

FM, AW 
FM, AW 
AW, EP 

Deposition, 
Polishing 

Ball bearing 
Mending, 
Tribofilm 

SEM, EDS 
- 

SEM, EDS, 
Raman 

Spectroscopy 

BN, MoS2 PAO10 FM, AW Tribofilm Raman 
Spectroscopy 

MoS2 
SAE 20W-40 

PAO  
Liquid paraffin 

FM, AW, EP 
FM, AW, EP 
FM, AW, EP 

Mending 
Tribofilm 
Tribofilm 

SEM, EDS 
SEM, EDS 
SEM, EDS 

MoS2, TiO2, 
MoS2/TiO2 Liquid paraffin FM, AW Mending, 

Tribofilm XPS 

ZnO 60SN bade oil FM, AW Mending SEM 

h-BN SAE 15W40 FM, AW Ball bearing, 
Polishing SEM 

Magnesium borate 500SN base oil FM, AW, EP Deposition, 
Tribofilm SEM, XPS 

Al2O3 SAE 15W40 FM, AW Ploughing effect SEM 

WS2 Jatropha TMP 
ester AW, EP Tribosinterization SEM 

ZnO, CuO 

Mineral oil 
PAO 

Sunflower oil 
Soybean oil 

FM, AW 
FM, AW 
FM, AW 
FM, AW 

Deposition, 
Tribofilm 

Deposition, 
Tribofilm 
Tribofilm 
Tribofilm 

SEM, EDS 
SEM, EDS 
SEM, EDS 
SEM, EDS 

Tio2 10W-30 FM, AW Ball bearing, 
Deposition - 

ZnAl2O4 Lubricating oil FM, AW Self-repearing 
effect, Mending SEM, EDS 
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Boron provides excellent lubrication with two main mode of action at the 

interface.23 

1. Boron, oxygen and nitrogen by interacting with the surface of boron oxide 

and boron nitride, such as low friction coefficient and creates slippery 

layers. 

2. It creates super hard materials such as metal borides which interact with 

boron metals and minimize surface wear. 

A wide range of boron compounds as potential lubricant additives can be designed 

and synthesized, thanks to the unique chemical nature and reactivity of boron. There are 

many different studies related boron compunds in the field of tribology. As seen in Figure

15, there has been an increasing interest in studies involving boron-containing additive in 

recent years. Specifically, borate derivatives, boric acid and h-BN have been extensively 

studied. But, there is not any study related the usage of borates and silica together in 

literature. 

 

Figure 15 Number of articles in Web of Science (Keywords: boron/ borate/ boric acid 
/friction/ lubricant/ EP/ AW) 

Borate derivatives are highly slippery due to their crystal structure. Borates consist 

of crystal layers in which atoms are tightly bonded to each other. Thanks to these 

structures, the friction coefficients are low. The layers are relative to one another and are 

linked by molecular bond (van der Waals). Under stress, these layers slip easily on each 

other. This reduces friction and increases wear resistance. Borates can be used with 
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friction reduction aspects in lubricants instead of phosphate derivatives (ZDDP). It is 

difficult to disperse borate nanoparticles in base oils. To solve this problem, dispersants 

can be added to the formulations or surfaces of the nanoparticles can be modified. 

Mostly studied inorganic borate derivatives as AW and EP additives are; calcium 

borate,2-4 lanthanum borate,5 magnesium borate,6, 30 strontium borate,31 zinc borate,8, 32, 33 

cerium borate10 and titanium borate.34 There is some detailed information about these 

borate compounds in Table 9. 

Table 9 Literature review of borate nanoparticles 

Nanoparticle Size 
(nm) Technique Wear 

resistance 
Friction 

coefficient 
Tribofilm 

composition 

Mg-Borate 10 supercritical 
fluid drying improved decreased FeB 

Ca-Borate 70 supercritical 
fluid drying improved decreased B2O3, CaO and iron 

oxides 

Ca-Borate 50-200 sol-gel 
precipitation improved decreased B2O3 and FeB 

Ca-Borate 50-100 sol-gel 
precipitation improved decreased B2O3, FeB, Fe2O3 

and CaO 

Ce-Borate 50 sol-gel 
precipitation - slightly 

decreased - 

Ti-Borate 10-70 supercritical 
fluid drying improved decreased B2O3 

Zn-Borate 20-50 supercritical 
fluid drying improved decreased B2O3, FeB and Fe2B 

La-Borate 20-40 replacing solvent 
dry improved - B2O3 and FeB 

Sr-Borate 50-250 supercritical 
fluid drying improved slightly 

decreased FeB and FeB2 

 

Sodium borate (Na-Borate) was used as a boron source for all studies in Table 9. 

Common method to synthesize nanoparticles is supecritical fluid drying technique using 

ethanol. Size of nanoparticles vary between 10-250 nm. Generally, wear resistance was 

improved and friction coefficient was decreased. Compositon of tribofilm was 

characterized commonly by using XPS. 

With the ascending interest of the usage of nanoparticles as lubricant additives has 

forced researchers to work with boric acid. As seen in the literature, micronized boric acid 

can decrease the friction coefficient of ceramic and metal surfaces drastically. On the 

other hand, nano boric acid is preferred as a lubrication additive for automotive industry. 

However, nano-boric acid is prone to agglomerate in the existence of water. This problem 

causes particle size increase and flocculation of the particles in the base oil. Although, 
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different surfactants can be used to prevent this problem, agglomeration problem cannot 

be eliminated but only minimized. Therefore, new boron based nanoparticle technology 

is needed to create stable dispersions even in the presence of water and other potential 

pollutants.28 

Boric acid interacts with metallic surfaces in the existence of water vapor. As a 

result of this interaction, a boron oxide layer is formed on the metal surface and this layer 

is a corrosion resistant barrier. When this layer is formed, boron oxide is converted into 

boric acid simultaneously. Boric acid molecules are in the form of crystalline layers. 

While these layers are connected to each other by weak bonds, they are covalently bound 

in themselves. Because of mechanical forces, boric acid layers, which are connected with 

van der Waals forces, slide over each other and reduce friction (Figure 16). Boric acid 

can form anti-friction and -wear layers even at temperatures as high as 1000 ºC (the 

temperature at which the lubricants are completely decomposed).23 In cases where boric 

acid was used, friction decreased by 80% and abrasion decreased by up to 90%.27 Boric 

acid is highly compatible with other lubricant additives. They can be used as an 

environmental alternative instead of conventional lubricant additives containing sulfur. 

Hexagonal boron nitride (h-BN) is a well-known lamellar solid lubricant like. Its 

structure is very similar to that of graphite and due to its white color, it is sometimes 

r

bonded to one another to form a two-dimensional atomic sheet, while bonding between 

the layers is primarily van der Waals type and weak (Figure 17). It is chemically stable 

and thermally resistant to oxidative degradation up to 1000 C. It is used as a solid 

lubricant at elevated temperatures. h-BN has self-lubricity and its performance is better 

than other solid lubricants (molybdenum dioxide, zinc oxide, graphite, etc.).  

There is limited applications related using silica nanoparticles in tribological 

applications. In Badia- ,36 silica nanoparticles (SiO2 NPs) synthesized 

by the sol gel approach and modified by grafting hydrophobic chains (Figure 18) to 

prevent their aggregation and improve their dispersibility in lubricant base oils. Long 

alkane chain-hybrid SiO2 NPs have been demonstrated to reduce the friction coefficient 

and wear. This reduction implies a strong reduction in spend of energy as a consequence 

of the friction processes, thus also reducing the cost of lubrication. 
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Figure 16 Structure of boric acid (Source: Shah et. al., 2013).23  

 

Figure 17 Structure of h-BN (Source: Hu et. al., 1998).35  

 

In another study performed by Song et.al,37 silica nanoparticles with different 

sizes and amino group organic chains were synthesized and dispersed in polyalphaolefin 

(PAO). It was found that the HSNs could form a stable homogeneous solution with PAO. 

The tribological performance of the PAO 100 was enhanced dramatically by adding the 

HSNs. Antiwear and friction reduction mechanisms of nanoparticles as additives in 

lubricant are shown in Figure 19.  
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Figure 18 Sketch of the hybrid SiO2 NPs functionalization  
(Source: Lopez et. el., 2015).36  

 

 

Figure 19 Schematic diagram of the lubrication mechanism of silica nanoparticle 
(Source: Sui et. al, 2015).37  
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When nanoparticles were taken into the contacting area by lubricants, they would 

fill asperities on the metal surface (mending effect) and polish the rough metal surfaces 

(polishing effect). Some nanoparticles can interact with the metal surface and form 

tribofilm, which could protect the surface and reduce the friction (protecting effect). 

Since boron-based lubricants have shown multifunctional tribological behavior 

and silica nanoparticles could be modified easily, combination of them can be considered 

as potential replacements for phosphorus-, sulfur-, halogen-, and metal-containing 

lubricants. 
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CHAPTER 3 

 MATERIALS AND METHODS 

Materials used for production, dispersion and analysis of composite nanoparticles 

are given in section 3.1. Second part covers all techniques to produce Si/Na-Borate 

composite nanoparticles, all methods for understanding the structure and morphology of 

them. Additionally, four ball test that used for evaluation of EP performance is explained 

succinctly. 

3.1. Materials 

Tetraethyl orthosilicate (TEOS) (Merck, 98%) as silica source, ethanol (Tekkim, 

96%) as solvent and ammonium hydroxide (NH4OH) (Sigma-Aldrich, 26%) as basic 

catalyst were used in the synthesis of SNPs. Ultrapure water (0.055 S) was used in all 

the experiments. di-Sodium Tetraborate decahydrate (Na-Borate) (Na2B4O7*10 H2O) 

(Merck, analysis grade) was used as boron source. Cetyl Trimethyl Ammonium Bromide 

(CTAB, Sigma-Aldrich) was used to disperse nanoparticles. Base oils were supplied from 

Opet Fuchs.  

3.2. Methods 

In this chapter, methods to synthesize composite nanoparticles were stated. First 

of all, classical route for silica nanoparticle synthesis was explained and then modified 

version of this route that was developed for composite nanoparticle synthesis in this study 

was briefly interpreted. Furthermore, analysis techniques for using to understand 

structure, morphology and chemistry of composite nanoparticles were elucidated. 
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3.2.1. Synthesis and Characterization of Composite (Si/Na-Borate) 

Nanoparticles 

For the synthesis of composite (Si/Na-Borate) nanoparticles, Stöber method, sol-

gel synthesis route, was modified. Stöber process which is used for synthesize spherical, 

.38 

The method is based on reaction a silica source (tetraethyl orthosilicate, TEOS) with a 

water-ethanol mixture in the presence of an ammonium hydroxide (NH4OH) as a catalyst. 

The reactions in Stöber method are described as follows:39 

Ionization of ammonia: NH3 + H2 4+ + OH-  

Hydrolysis: Si(OR)4 + xH2O xSi(OR)4-x + xROH 

Alcohol condensation: Si(OR)4 + (OH)Si(OR)3 3Si O Si(OR)3 + ROH 

Water condensation: (OR)3Si(OH) + (HO)Si(OR)3 3Si O Si(OR)3 + H2O 

R: C2H5 

In the classical Stöber method, the solution of ammonium hydroxide (1.09 M) and 

water (11.67 M) were mixed with ethanol (12.14 M) under mild stirring. Silica synthesis 

was done by the direct addition of TEOS (0.25 M). In the modified Stöber method used 

in this thesis study, sodium borate (Na-Borate, borax) solutions at different concentrations 

were prepared using distilled water. These Na-borate solutions were used instead of water 

in standard Stöber method.  The molar ratios of other ingredients were kept constant. 

Figure 20 illustrates the steps involved in the development of a silica network from 

TEOS. 

The steps of the experimental procedure is listed and shown below (Figure 21). 

First of all, Na-Borate solution was prepared in distilled water at 50 ºC, 

separately.  

Then, ammonium hydroxide was added to Na-Borate solution. 

After that, ethanol was measured and poured into reaction vessel.  

Next, TEOS was added to make reaction mixture. 
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Reaction vessel was agitated with magnetic stirrer. 

Ammonium hydroxide/Na-Borate mixture was poured into a syringe and 

added (at a rate of 500 L/min) into reaction mixture that under mild agitation 

by using syringe pump. 

 

 

Figure 20 Silica network production through the hydrolysis and condensation reactions 

of TEOS (Source: Wikipedia).40  

All the experiments were performed at room temperature (~20°C) and reaction 

vessel were agitated during 24 hours for completion of the reaction. Reaction volumes 

were selected as 100 mL expect the material balance calculations. Representative samples 

were taken from the suspensions and size of particles were determined by SEM coupled 

by an image analysis software. Then, particles were separated from the solution using 

centrifugation and collected. The final particles were washed with water and ethanol to 

remove unreacted reagents. Finally, particles were dried at room temperature for 

characterization. 
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Figure 21 Composite (Si/Na-Borate) Silica Synthesis. 
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3.2.1.1. Effect of Na-Borate Concentration on Synthesis of Composite 

(Si/Na-Borate) Nanoparticles 

The synthesis of Si/Na-Borate nanocomposite particles were performed at 

different concentrations of Na-Borate solution (from 1 to 10%) to clarify its effect on the 

morphology of particles. Na-Borate solubility in water at room temperature were limited 

to 4.7 % at 20 ºC. Therefore, solutions were heated up to 50 ºC exceed solubility limits 

(Figure 22).  After reaction was done, the samples were collected and analyzed the 

morphology using SEM. 

 

Figure 22 Solubility of Na-Borate in water at different temperatures. 

3.2.1.2. Effect of TEOS amount on Synthesis of Composite (Si/Na-

Borate) Nanoparticles 

The synthesis of Si/Na-Borate nanocomposite particles were performed for 1%, 

3% and 5% Na-Borate solution using two different TEOS amounts. One was the standard 

amount that is used for all the other experiments, the other was the half of the standard 

0 20 40 60 80 100 120

S
ol

ub
ili

ty
 (%

)

0

10

20

30

40

50

60

70



41 
 

amount. Addition rate of the ammonium hydroxide and borate solution mixture was 500 

L/min. After the reactions were completed, SEM samples were collected to analyze the 

morphology of composite particles. 

3.2.1.3. Effect of Mode of Na-Borate Addition on Synthesis of Composite 

(Si/Na-Borate) Nanoparticles 

The synthesis of Si/Na-Borate nanocomposite particles were performed using 5% 

Na-Borate solution and three different adding rates; direct addition, 500 L/min and 50 

L/min. All experiments were done using the procedure given in the flowsheet. After 

24h, SEM samples were collected. Then, particles were collected by centrifugation of the 

solutions and dried at 80 ºC during 24h. Dried nanoparticles were weighted in order to 

calculate the number of particles. 

3.2.1.4. Understanding the Structure of the Composite Nanoparticles 

The synthesis of Si/Na-Borate nanocomposite particles were performed using 5% 

Na-Borate solution by addition rate of 500 L/min. In these tests, a large reaction volume, 

500mL, was used and the synthesis were repeated two times to keep the error at minimum. 

Then the suspensions were centrifuged and washed with ethanol. Both type of samples 

 

In order to investigate composite structure of the nanoparticles, distilled water in 

which boron is soluble and silica is not soluble was used. 0.1 g of composite nanoparticle 

that synthesized with 5% Na-borate solution were dispersed in 10 ml DW. Ultrasonic 

probe was used for dispersion of the particles and waited 24 hours for the dissolution of 

Na-borate. Then, samples were centrifuged in order to separate solvent phase. Next, 

particles were washed with ethanol three times and kept in room temperature to dry. 

Samples of solvent was collected to analyze by using ICP-MS and SEM in comparison 

with original particles that is not treated.  
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3.2.1.5. Material Balance 

In order to make material balance calculations for boron element, this procedure 

was followed. 

0.1 g of composite nanoparticles synthesized with 5% Na-borate solution 

were dispersed in 10 ml DW. 

Ultrasonic probe was used for dispersion of the particles and dissolution 

of Na-borate was achieved in 24 hours.  

Samples were centrifuged to separate the solvent phase.  

Solid phase was decomposed using wet digestion method (3 M HCl & 1 

M HNO3) 

ICP-MS, XRD and FTIR was used for analysis 

3.2.2. Tribological Performance of Composite Nanoparticles 

In this chapter, dispersibility of nanoparticles in various medium was studied 

firstly. After getting the stable systems, performance tests were done with using Four Ball 

Tester (Figure 23) by Opet Fuchs. 

3.2.2.1. Dispersion of Composite Nanoparticles 

Five different base oils generally use in lubricant formulations. Structure of the 

base oils are listed below. 

Base Oil-1 is a kind of mineral oil, 

Base Oil-2 is a refined mineral oil that has a lower Sulphur (S) content, 

Base Oil-3 and Base Oil-5 are synthetic oils, 

and Base Oil-4 is a synthetic polyolefin.  
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Base oil 1(mineral oil) was used as continuous phase. The dispersion of Silica/Na-

Borate particles were achieved through use of an ultrasonic probe in the presence of 

CTAB (cationic surfactant).  

3.2.2.2. Four Ball Extreme Pressure Test to define the Load-Wear Index 

and Weld Point 

This test method involves determining the load-wear index and welding load of 

lubricating oils and determining the load-bearing capacity of the lubricant.  

In the fixed horizontal plane, the three steel balls covered by the lubricant with a 

temperature of 18-35 ºC are rotated for 17 seconds at 1760 40 rpm by an another ball, 

which has similar properties like the other balls, that is rotated by a spindle moving from 

the engine and under certain load for 10 seconds (Figure 24).  

This process is continued until the applied load is increased and the four balls are 

welded (Figure 25) to each other and the load at this moment is recorded as the boiling 

load of the lubricant.  

The diameters of the abrasions (Figure 25) occurring in the balls in each test until 

the boiling load is determined are measured by a microscope and the load-wear index of 

the lubricant is calculated with the help of the correlations in the test method. 
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Figure 23 Four Ball Tester (Source: Koehler Instrument).41  

 

 

Figure 24 Rotated steel balls in the Four Ball Tester (Source: Sumico Company).42  
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Figure 25 Welded balls (left), abrasions on the surface of the ball (right)  
(Source: Ducom Material Characterization systems).43  
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CHAPTER 4 

 RESULTS and DISCUSSIONS 

The results of the studies conducted in this thesis were discussed in the following 

paragraphs. Details of these experiments were previously discussed in Chapter 3. First 

part of the study contains the synthesis and characterization of composite nanoparticles.  

Second part contains the studies for dispersion of nanoparticles in an oil phase and the 

tests for the performance of these composite nanoparticles in oil phase. 

The morphology of these composite nanoparticles were characterized by SEM. 

Size distributions of these particles were obtained using SEM images.  The chemical 

structures of nanoparticles were determined by ICP-MS, XRD and FTIR analysis. Zeta 

potential and size measurements were done using DLS instrument. 

4.1. Synthesis and Characterization of Composite (Si/Na-Borate) 

Nanoparticles 

In Stöber synthesis, silica was formed in ethanol-water mixture in the presence of 

catalyst ammonia. In the unmodified case, TEOS was dissolved in ethanol and reaction 

was initiated by adding water-ammonia solution into ethanol mixture. TEOS went into 

hydrolysis and condensation reactions producing three to four hundered nm perfectly 

spherical particles (Figure 27 A). First, Na-borate was gradualy added to the ethanol and 

large pure borate crystals were observed (Figure 27 B).  Basically the difference between 

two was the presence of TEOS in the case of A. Then, Na-Borate was added directly 

(Pulse addition) into an ethanol solution that already have silica particles obtained using 

Stöber method. The SEM pictures obtained this way was presented in Figure 27-C.  As 

seen from the figure that Na-Borate creats large crystals on side of silica particles.  These 

particles attach on the  surfaces of borate crystals. So, it is clear that sodium borate does 

not precipitate around pre-formed silica nanoparticles. The zeta potential results are given 

in Figure 26. These results show that the negatively charged silica nanoparticles may 

stick on zero charged borate crystals.  
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Then,  sodium borate was added gradually into an ethanol solution using 

microsyringe in order to create small crystals to go on to the surface of the silica particles 

and create a Na-Borate shell around the silica particles (Figure 27 D9. It is seen from the 

figure that even larger Na-Borate crystals were formed and silica nanoparticles were 

embedded in these crystals. 

 

Figure 26 Zeta potential measurements of pure silica and Na-Borate.

 

As summary, our findings show that: 

Na-Borate precipitates as separate crystalline phase when added directly 

to ethanol-water solution. 

Na-Borate again precipitates as separate crystalline phase when added 

directly to ethanol-water solution containing amorphous silica nano 

particles as seeds and these particles adhere on the Na-Borate crystals. 

Gradual addition of Na-Borate does not prevent crystal formation but leed 

to the formation of silica particles embedded Na-Borate crystals. 
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Pure Silica 

 
 
 
 
 
 
 

Pure Na-Borate 

  

Borate on Formed Silica (Pulse addition) Borate on Formed Silica (Pulse addition)-
Zoom in 

  
Borate on Formed Silica (Gradual 

addition) 
Borate on Formed Silica (Gradual 

addition)-Zoom in 

  

Figure 27 Progress of forming composite Silica/Na-Borate nanoparticles. 
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However, when Na-Borate is added gradually into an ethanol solution in the 

presence of TEOS, Borate and silica nanoparticles co-precipitate in the form of 

amorphous composite spherical particles (Figure 28-B). The synthesis of these particles, 

Silica/Na-borate composite nanoparticles, were conducted under different conditions and 

discussed in the following sections.  For this purpose, the effect of; 

The amount of Na-borate, 

The rate of ammonium hydroxide and Na-Borate solution mixture addition,  

The amount of TEOS on the particle size distribution and shapes (morphology) of 

the nanoparticles were investigated.  

  

4.1.1. Effect of Na-Borate Concentration on Synthesis of Composite 

(Si/Na-Borate) Nanoparticles 

To test the effect of Na-borate concentration on the particle size and shape of the 

nanocomposites, the modified Stöber synthesis was done at different concentrations of 

Na-Borate solutions from 0% to 10% while all other ingredients were kept constant. SEM 

images of these particles were presented in Figure 29. It is clearly seen that, the size of 

composite nanoparticles varies with increasing concentration of Na-Borate. After 1%, the 

agglomerated structures start to form. 

 As mentioned before, perfectly spherical silica nanoparticles were obtained by 

modified Stöber method (Figure 28-A). When our new procedure were applied that 

means Na-Borate (1% solution) and ammonia gradually added into ethanol-TEOS 

mixture, perfectly spherical but large nanoparticles were obtained (Figure 28-B). So, it is 

clearly seen that Na-borate is in the structure of silica particles.  That is, larger composite 

nanoparticles were obtained. 
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Pure Silica Borate-Silica Co-precipitate 
(500 l/min Na-Borate) 

  

Figure 28 Difference between Si/Na-Borate composite nanoparticles and pure 
silica nanoparticles.  

 

4.1.2. Effect of Na-Borate Concentration on the Chemical Structure of 

Composite Nanoparticles 

To analyze the chemical structure of composite nanoparticles, ICP-MS, XRD and 

FTIR were used. 

Based on the XRD analysis, one can say that: 

Amorphous silica gives a broad peak at 2  of 22o 

Amorphous Na-Borate gives a broad peak at 2  of 25o 

Manufactured amorphous Silica/Na-Borate particles gave a broad peak at 

25o. 

The XRD results of composite nanoparticles were given in Figure 30. We know 

that Na-Borate is in crystalline structure naturally. Difference between the characteristic 

XRD peaks were seen in Figure 30. Amorphous borate gave a broad peak at 25º. On the 

other hand, amorphous silica nanoparticles gave a different broad peak at 22º. Hence, 

composite nanoparticles gave a broad peak at aroun 25º and had amorphous structure. 

A B 
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Figure 30 XRD results of composite nanoparticles. 

ICP-MS was used to determine the amount of boron left in supernatant after 

centrifugation and separation of solid particles from the suspension. These results were 

presented in Table 10. 

Table 10 ICP-MS results of composite nanoparticles 

Na-Borate 
Na2B4O7.10H2O 

(%) 

Na-Borate 
Na2B4O7.10H2O 

(g) 

B initial 
in solution 

(g) 

B residual in 
supernatant 

(g x10-3) 

B in 
particles 

(g) 

B  
in solid 
form 
(%) 

1    1.08 0.122    ND 0.122 100.0 

3    3.24 0.367     0.597 0.366 99.8 

3    3.24 0.367     9.629 0.357 97.4 

5 5.40      0.612 12.910     0.599       97.9 

5 5.40      0.612 22.140      0.590       96.4 

 
Where, B(0) is the initial concentration of boron before the reaction. B is the final 

concentration in the mixture after the separation of solid nanoparticles. Based on these 

results, almost all Na-Borate was fixed in the structure of composite nanoparticles.  

FTIR analysis was also performed for solid part of the reaction mixture and 

chemical composition of the composite nanoparticles were compared with neat silica 

nanoparticles and Na-Borate powder.  

Amorphous
Silica Particles

2

10 20 30 40 50 60 70

Amorphous
Silica/Na-Borate Particles

Crystalline
Na-Borate

Amorphous
Ca-Borate
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As seen in Figure 31, Figure 32, Figure 33 and Figure 34, important characteristic 

peaks were colored.  

(a) Red indicates the Si-O-Si bond,  

(b) blue indicates the BO3 bond,  

(c) green indicates the Si-O bond and  

(d) purple indicates the Si-OH bond.  

According to the figures, it is clearly sees that;  

(a) Characteristic bulk Si-O-Si peak decreasing and shifting, 

(b) Characteristic BO3 borate peak increasing, 

(c) Characteristic surface Si-O peak decreasing, and 

(d) Si-OH peak disappearing for composite nanoparticles. 

 

 

Figure 31 FTIR analysis result of composite nanoparticle with 1% Na-Borate. 
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Figure 32 FTIR analysis result of composite nanoparticle with 3% Na-Borate. 

 

 

Figure 33 FTIR analysis result of composite nanoparticle with 5% Na-Borate. 
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Figure 34 FTIR analysis result of composite nanoparticle with 9% Na-Borate. 

 

The band at 1341 cm-1 assigned to asymmetric stretching vibrations of trihedral 

(BO3) groups appeared on the spectra of composite nanoparticles at the beginning and 

increased slightly with increasing Na-Borate concentration. On the other hand, 

asymmetric vibration of Si O (1090 cm 1) and symmetric vibration of Si O (815 cm 1) 

appeared at the beginning and decreased as borate concentration increased. This might be 

mean that borates was reacted with Si-O groups of silica nanoparticles.  

Additionally, peaks at around the 1000 cm 1 was shifted to the lower wave number 

side in composite nanoparticle spectrum. It was probably the proof of silica-boron 

interaction (most probably H-bonding). Because, if masses of involved atoms increase, 

peak could be shift to lower wavenumbers. The extent of frequency shift was often 

directly correlated with level of specific molecular interactions, such as hydrogen bonding 

interactions. 

So, based on the results discussed, the following conclusions can be make: 

Size of the composite particles varied with increasing Na-Borate 

concentration. 
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Almost all Na-Borate in solution was fixed in the structure of the 

composite particles up to 5% Na-Borate.  

Excess Na-Borate above 5% precipitated around composite particles as a 

separate phase cementing the individual particles. 

4.1.3. Effect of TEOS Concentration on the Chemical Structure of 

Composite Nanoparticles 

Effect of TEOS concentration on the morphology and chemical structure of 

composite nanoparticles were investigated and SEM images of these particles were 

presented in the following Figure 35.  It is clearly seen that, at high Na-Borate/TEOS 

ratio, excess Na-Borate cemented the composite particles. The particles size distributions 

and the shape of particles, on the other hand, look very similar.  

4.1.4. Effect of Mode of Na-Borate Addition on Synthesis of Composite 

(Si/Na-Borate) Nanoparticles 

Three different addition modes (direct addition, 500 L/min, and 50 L/min) of 

Na-Borate (for 5% Na-Borate solution) were performed to test the effect of Na-Borate 

addition rate on morphology of composite nanoparticles. SEM images of these particles 

are given in Figure 36.  At high addition rate, excess Na-Borate precipitated separately 

and cemented the composite particles. In the case of direct addition, there are small and 

large particles and large particles are filled with small ones. The small ones seem like 

silica particles, the large ones seem like borate particles.  They form as separate particles 

not composite particles. In the case of 50 L/min per minute, on the other hand, the 

particles are very small and agglomerated and seem that the particles cannot grow. This 

effect of sodium ion in Na-borate on silica growth is very similar to the effect of ions on 

the silica growth.  The presence ions depress the electrical double layer around the 

particles and cause an agglomeration between particles when they are really small. 
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Figure 35 SEM pictures of nanoparticles contain 1%, 3% and 5% Na-Borate, 
effect of TEOS amount. 

 

  

%1 Na-Borate 
0.250 M TEOS 

%1 Na-Borate 
0.125 M TEOS 

%3 Na-Borate 
0.250 M TEOS 

%5 Na-Borate 
0.250 M TEOS 

%3 Na-Borate 
0.125 M TEOS 

%5 Na-Borate 
0.125 M TEOS 
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Figure 36 SEM pictures of nanoparticles that contain 5% Na-Borate synthesized 
with addition rate of direct, 500 L/min and 50 L/min.

 

%5 Na-Borate 
0.250 M TEOS 
50 L/min 

%5 Na-Borate 
0.250 M TEOS 
500 L/min (std) 

%5 Na-Borate 
0.250 M TEOS 
Direct addition 

%5 Na-Borate 
0.250 M TEOS 
Direct addition 
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4.1.5. Understanding the Structure of the Composite Nanoparticles 

To characterize the chemical structure of composite nanoparticles indeed to 

identify the Si and B parts of the particles, some tests were conducted using both ICP-MS 

and FTIR. This way one can identify the chemical structure of the particles whether they 

(Si and B) form together in one particle or they form as separate parts in particle. First of 

all, the reproducibility of the particles produced were tested.  For this purpose, two 

parallel particle synthesis experiments were performed and characterized using SEM 

images (Figure 37). 

5 % Na-Borate  (500 L/min) 1st 5 % Na-Borate  (500 L/min) 2nd 
50 000 x 50 000 x 
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Figure 37 SEM pictures and size distributions of nanoparticles that contain 5% 
Na-Borate synthesized for repeatability test. 

As seen from the SEM images, particle size distributions of both experiments are 

so similar. This shows that new method used for production of composite nanoparticles 

give reproducible results. 
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Some tests were carried out to understand the composite chemical structure of the 

nanoparticles.  For this purpose, composite particles were dissolved in distilled water in 

which boron is soluble and silica is not. Then, samples were analyzed by SEM, ICP-MS 

and presented in Figure 38 and Table 11.

  

Figure 38 Effect of simple washing on morphology of composite nanoparticles. 

 

Table 11 ICP-MS results of simple washing test

Na-Borate 
Na2B4O7.10H2O 

(%) 

Na-Borate 
Na2B4O7.10H2O 

(g) 

B initial 
in solution 

(g) 

B residual in 
supernatant 

(g x10-3) 

B in 
particles 

(g) 

B  
in solid form 

(%) 
 

5 5.40 0.612 195.3 0.417 68.1 
 

It is obvious that, the separate phase of Na-Borate was removed easily after simple 

washing with water. But, nearly 70% of boron still remained in the structure. This might 

be because of H-bonding of tetraborate ions [B(OH)4]- that are present at high pH in 

solutions, with silicon readily.  It is known that, Na-Borate molecules are converted to 

tetraborate ion at higher PH levels as seen in Figure 39.  In these case, Na-Borate 

molecules are expected to  hydrolyze to tetraborate ions [B(OH)4]- at high pH values.  

The gradual addition of Na-Borate co-precipitated with silica in the form of 

amorphous composite spherical particles when synthesized in the presence of sufficient 

amount of TEOS (Figure 40). At high Na-Borate/TEOS ratio or addition rate, excess 

tetraborate precipitated as a separate Na-Borate phase, cementing the composite particles 

(Figure 41). The presence of a separate Na-Borate phase could be substantiated by its 

removal through simple washing (Figure 38). 

%5 Na-Borate 
0.250 M TEOS 
500 L/min 
Before washing 

%5 Na-Borate 
0.250 M TEOS 
500 L/min 
After washing 
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Figure 39 Borate ions at different pH levels (Source: Theiss et. al., 2013).44  

 

 

Figure 40 Literature example of precipitate structure  
(Source: Geng et. al., 2017).45  
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Figure 41 Literature example of easily removed cementing structure  
(Source: Ding et. al., 2017).46 
 

4.1.6. Material Balance 

In order to obtain a material balance for boron element, ICP, FTIR and XRD 

analysis were performed using nanoparticles and the supernatants. The ICP results of the 

supernatants and solid parts are given in Table 12 and Table 13. 

First of all, when supernatant was analyzed, it was calculated that the 70% of boron was 

actually inside the structure. Second, when solid part was analyzed by wet digestion, it 

was found that nearly 65% of boron was inside the structure of composite nanoparticle 

and not achievable to hydrolyze or decompose.  
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Table 12 ICP results of supernatant 

 

Table 13 ICP results of solid part 

 

These results were supported by solid particle analyzes before and after water 

treatment. As seen in FTIR results; BO3 peak descreased, SiO peak increased, Si-OH peak 

appeared and Si-O-Si peak shifted to higher wave numbers (Figure 42). In the case of 

XRD analysis, on the other hand, after treatment, characteristic silica peak dominated the 

XRD result of composite nanoparticle (Figure 43). 

Based on these results, it is concluded that: 

Around 65-70 % of elemental boron was present inside the composite 

structure 

The boron is most probably bonded with Si-OH groups situated on the 

silica surfaces of the composite nanoparticles (Figure 44). 

After the treatment of nanoparticles in water, the characteristic peaks of 

boron were became weaker and Si-OH peaks were appeared in the 

spectrum. Also, shift effect became reversed. 

According to XRD results, amorphous borate peak shifted back towards 

the amorphous silica peak. 
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Figure 42 FTIR results of before and after treatment with water. 

 

Figure 43 XRD results of before and after treatment with water. 
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Figure 44 Mechanism of forming composite structure. 

4.2. Tribological Performance of Composite Nanoparticles 

Before performance tests, the Four Ball Tests, nanoparticles that contain 5% Na-

Borate were dispersed in different carriers. Then, EP/AW performances of additives 

tested using Four Ball Test Method according to the standards of ASTM. 

4.2.1. Dispersion of Composite Nanoparticles in Different Medium  

Silica/Na-Borate particles were dispersed in Base Oil 1 with using ultrasonic 

probe in the presence of CTAB, a cationic surfactant, and the stability of particles were 

tested after one week later, visually. As seen in Figure 45 that, there is no phase separation 

and settlement during this period. That is, the dispersed particles were stable enough for 

four ball performance tests.  
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Figure 45 Stability results of composite nanoparticles dispersed in base oil. 

4.2.2. Four Ball Extreme Pressure Test and Define the Load-Wear Index 

and Weld Point 

Lubricants used in moving equipment operating under heavy loads are expected 

to be resistant to excessive pressure in system and to protect metal surfaces as much as 

possible without being worn. Lubricant film on metal surface can be destroyed under 

extreme pressure resulting welding of moving surfaces. With Four Ball EP test, it is aimed 

to determine load resistance and overpressure characteristics of lubricating oil by 

simulating this situation. 

 Our composite nanoparticles dispersed in oils were tested in neat cutting oil 

formulation by Opet Fuchs. Three different ratio of additives were tested to compare with 

neat base oil and commercial neat cutting oils. The results of these studies were given in 

Table 14.  As seen from the table (Table 14) that, the load carrying capactiy of composite 

nanoparticles were same as commercial additives even if their amounts were five times 

lower.  



67 
 

Table 14 Four Ball Test - EP performance results of composite nanoparticles 
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CHAPTER 5 

 CONCLUSION 

It is known that the performance of boron compounds against wear and friction is 

relatively high when compared to that of conventional lubricant additives. Most of boron 

compounds, especially boric acid, h-BN and borate derivatives, are used to avoid friction, 

wear and welding. To date, the foremost challenge for using boron compounds is 

dispersion and stability. Therefore, the design of easily dispersible, high performance 

boron-based additives for lubrication is open to development.  

In this study, composite nanoparticles were synthesized in nanometer range 

including both sodium borate and silica. In order to obtain these spherical nanoparticles, 

Stöber method was modified and used.  

It was found that synthesis of composite nanoparticles in desired size distribution 

and morphology as well as composite structures composed of Si and Na-Borate, was 

possible by changing the amounts of ingredients and modes of Na-Borate solution 

addition.   

It was concluded that: 

Composite Silica/Na-Borate nanoparticles were synthesized at a size 

range of 100 to 900 nm when TEOS was polymerized in the presence 

of Na-Borate.  

Gradual addition of Na-Borate co-precipitated with silica in the form 

of amorphous composite spherical particles. Both the mean size and 

the distribution of the composite particles varied with the amount of 

Na-Borate added. 

Almost all Na-Borate in solution was fixed in the structure of the 

composite particles up to 5% Na-Borate.  

At higher borate concentrations or faster addition rates, Na-Borate 

precipitated as a shell-like phase around the composite particles 

cementing the individual particles. 
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At even higher borate concentrations or with direct addition, Na-

Borate precipitated as a separate phase aside the composite particles. 

The stability of the composite Silica/Na-Borate nanoparticles was 

achieved by a cationic surfactant. It can still be improved by use of 

silane or/and oleic acid based surfactants. 

The four-ball tests in OPET Fuchs have shown that load carrying 

capacity of composite nanoparticles were at least same as the 

commercial additives even if they are used at lower amounts. 
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