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Abstract

ZDDPs (zinc dialkyldithiophosphates) have been widely used as antiwear additives in 

engine oil for the last 70 years. Initially, since engine parts were manufactured from cast 

iron, ZDDPs were required to protect them by forming tribofilms on the surfaces of this 

material. However in order to save fossil fuel resources by increasing fuel economy, 

surface treatments such as coatings or texture to reduce friction coefficient and/or 

replacement of ferrous engine parts (e.g. engine block, piston, cylinder liner etc.) by 

aluminium alloys for weight reduction of vehicles have been recently employed. ZDDPs 

are therefore required to show good antiwear performance with aluminium alloys or 

surface coatings as well as with ferrous materials. However the mechanism of ZDDP 

tribofilm formation on non-ferrous surfaces is still not well understood. The purpose of 

this study is to clarify how ZDDP tribofilms form on non-ferrous surfaces. 

The main technique used in this study was the MTM-SLIM (mini traction machine - 

spacer layer interferometry) ball on disc tester. This machine can monitor ZDDP 

tribofilm formation during rubbing tests. Chemical and physical information of the 

rubbed area was also obtained using surface analyses. 

Firstly, as the fundamental study, the influence of slide roll ratio on ZDDP tribofilm 

formation on steel was investigated. In mixed sliding-rolling conditions, the tribofilms 

form on the rubbed areas while practically no tribofilm forms in pure-sliding conditions. 

However, in reciprocating conditions, tribofilm can be formed under pure sliding 

conditions. In addition, this formation process is quite different from that previously 

reported. In contacts using steel balls against aluminium silicon alloy discs, it was 

observed that the tribofilm on the counter steel surface was removed by etching so that 

silicon grains protruded from the alloy. Finally, the influence of the surface treatment on 

tribofilm formation was investigated. The film formation showed different results 

depending on the type of surface treatment. All of the above are discussed in this thesis. 
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Chapter 1  

 

INTRODUCTION 

 

1.1 Reducing environmental impact in the automotive industry 

Nowadays, it is no longer regarded as unusual for an industry to develop its technology 

in a way which reduces environmental impact and the automotive industry is no 

exception. Environment protection and preservation are now key criteria in the 

development of new technology and production techniques. In the automotive industry 

the focus has been twofold, (i) on enhancing efficiency so as to conserve petroleum 

resources and reduce CO2 emissions and (ii) on reducing emissions directly harmful to 

human health such as nanoparticles and NOx. The specific demands of both these in the 

automotive sector and the implications in terms of the engine oil design are outlined 

below. 

 

1.2 Automotive CO2 emissions  

1.2.1 CO2 emission levels 

Reducing emissions of greenhouse effect gases and especially carbon dioxide (CO2) are 

essential to limit global warming. According to the EU transport in figures - statistical 

pocketbook 2016 [1], in 2014 the EU the transport sector had the second biggest CO2 

emissions (Figure 1.1). In addition, it is also reported that more than 70% of transport-

related CO2 emission is from road transport (Figure 1.2). 
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Figure 1.1: CO2 emissions by sector [1]. 

 

Figure 1.2: CO2 emissions from transport [1]. 

Figure 1.3 shows the ratio of CO2 emission from different sectors with amount of CO2 

emitted in 1990 as a reference. It can be seen that CO2 emission in most sectors 

decreased slightly between 1990 and 2012. However the emission from transport has 

increased over most of this period and has only started to decrease slightly since 2008. 

Electric vehicle and hybrid electric vehicles are now commercially available in order to 

reduce road transport CO2 emissions. However emissions in 2012 were still 15% above 

1990 levels and need to fall by 67% by 2050 in order to meet the 2011 transport white 

paper target reduction [2]. CO2 emission reduction in combustion-type engines is thus 

strongly required. 
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Figure 1.3: Change of the amount of CO2 emission by sector in the EU [2]. 

From research by Holmberg et al. (Figure 1.4) [3], only about 21.5% of the total fuel 

energy is used to move a vehicle. A breakdown of the average losses of passenger cars 

is: exhaust gases as thermal energy (33%): cooling (29%): mechanical power (38%) of 

which 5% is air drag and 33% is friction. This suggests that one of the most direct ways 

to improve fuel efficiency is to reduce mechanical friction. In order to achieve this, 

improved scientific knowledge and advanced technologies such as new materials, 

surface texture, surface treatment and lower viscosity lubricants are employed.  

 

Figure 1.4: Breakdown of passenger car energy consumption [3]. 
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1.2.2 Regulation 

Engine oil was originally used primarily for the purpose of preventing damage of engine 

parts with relatively little concern for its impact on friction. However, recently the 

demand for reduction of automotive environmental impact has led to increased demands 

for improvement in fuel efficiency which, in terms of engine oil requires reduced 

friction coefficients [3,4]. These improvements have been achieved via the inclusion in 

engine oil specification of requirements for an engine oil to exhibit good fuel economy 

in an engine test. Two of the most important such specifications are those of ILSAC 

(International Lubricant Standardization and Approval Committee) and ACEA 

(European Automobile Manufactures’ Association) [5,6]. Figure 1.55 illustrates the 

trends in the requirements for fuel economy using the Sequence VIB engine test (ASTM 

D6837) in the ILSAC standard for gasoline engine vehicles [7]. The FEI is the 

minimum percentage fuel economy improvement that an engine oil must give compared 

to a reference oil in the sequence VIB engine test and each new version of the 

specification has increased the required level. 

 

Figure 1.5: Fuel economy requirements in ILSAC standard for gasoline vehicles. 

The current ILSAC GF-5 specification was issued in 2009 [8]. The fuel efficiency in 

this is measured by the Sequence VID engine test (a 3.6 litre General Motors engine, 

ASTM D7589). In this procedure, an engine oil needs to maintain its performance as 
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regards fuel efficiency after the oil has aged by 100 hour engine test, as well as meeting 

the initial performance requirement. It is impossible to compare directly the 

performance in relation to fuel economy between GF-4 and GF-5 standard oils because 

the test engines and the test conditions are different. However, the fuel efficiency 

required of a GF-5 standard oil is expected to be improved by approximately 0.5% 

compared to a GF-4 standard oil [9]. 

 

1.2.3 Ways to reduce friction 

Figure 1.6 shows two simple ways to improve fuel efficiency by reducing the friction of 

engine oils. One of these is to achieve lower friction in the hydrodynamic (HD) 

lubrication region by decreasing the viscosity of the lubricant. Another way is to reduce 

boundary friction by optimising antiwear and friction modifier additives such as ZDDPs 

(zinc dialkyldithiophosphates), MoDTC (molybdenum dialkyldithiocarbamate), and 

organic friction modifiers such as esters and amines [10,11]. Both of these approaches 

are complementary. 

 

Figure 1.6: Schematic of friction reduction in Stribeck curve. 
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1.3  Immediately harmful emissions from vehicles 

1.3.1 Regulation 

In addition to emitting CO2, crankcase engines also emit more immediately harmful 

substances including nitrogen oxides (NOX), particulate matter (PM), hydrocarbons 

(HC), and carbon monoxide (CO). All of these can cause damage to human health and 

general quality of life, especially in urban environments where a large concentration of 

vehicles are in use.  

In order to protect the environment from air pollution, emissions from automobiles have 

been regulated in many countries around the world [12]. In particular, emission 

regulations aimed at NOX and PM reduction have increased significantly since 2004. 

Figure 1.7 shows the trend in exhaust gas regulations for the EU, USA and Japan for 

heavy-duty diesel vehicles. It can be seen that the demand for emission reductions has 

escalated over the last decade. 
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Figure 1.7: Diesel emission standards of heavy-duty vehicles (over 3,500 kg) in the EU, 

USA and Japan: (a) PM, (b) NOx. 

At present, the EU regulation stipulates that the emissions of NOX and PM from heavy-

duty diesel vehicles must be less than 0.4 and 0.01 g/kWh respectively, which is more 

severe than Japanese standards. However, Japan will set similar severe standards to 

those in the EU in 2017 [13,14]. 

As one way to reduce the amount of NOX and PM emissions, the optimization of 

combustion inside the engine using high-pressure or multiple fuel injections has been 

pursued. However, there is a limit to the improvement of combustion possible. In order 

to meet the emission regulations, exhaust gas post-processing devices such as catalysts 

and diesel particulate filters (DPFs) must also be introduced [15]. Catalysts decompose 
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harmful substances such as NOx and CO and CH, while DPFs capture PMs from the 

exhaust gas and thus prevent their release to the atmosphere. Collectively these devices 

are called exhaust after-treatment systems. 

 

1.3.2 Influence of engine oil on after-treatment devices  

Some chemical compounds in the exhaust gases can lead to deterioration of both the 

DPFs and the catalysts in after-treatment systems used to remove harmful emissions. In 

particular, compounds based as metals, phosphorus and sulphur reduce the efficiency of 

these systems; phosphorus and sulphur oxides coat or poison catalysts (Figure 1.9) 

while metal compounds form refractory particles that permanently block filters (Figure 

1.8) [16]. Engine oils contain lubricant additives based on metals, phosphorus and 

sulphur and a small proportion of these find their way into the combustion chamber and 

thus the exhaust gas stream to degrade the after-treatment systems. Research into engine 

oils must therefore focus on preventing these additives entering the exhaust gas, either 

by reducing or eliminating such additives in an oil or otherwise preventing their escape 

from the oil.  

As stated in 1.3.1, regarding environmental protection, as well as CO2 reduction, the 

exhaust gas regulations governing automobiles have become more severe in recent 

years and order to meet these emission regulations, increasingly effective after-

treatment devices such as three way catalysts and DPFs are required. Since metal, 

phosphorus and sulphur in engine oils deteriorate after-treatment system effectiveness, 

the levels of these elements are now regulated in engine oil specifications. For example, 

in ACEA C1, the maximum limits of phosphorus, sulphur, and sulphated ash, which is 

an index of the metal amount or combustion residue (ash), are 0.05, 0.2, and 0.5 mass% 

respectively [6]. In ILSAC GF-5, the initial amount of phosphorus is regulated to 

between 0.06 wt% and 0.08 wt% and the amount of phosphorus reduction in engine oil 

during use is measured and regulated using the Sequence IIIG engine test (ASTM 

D7320) [8]. 
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Figure 1.8: Deposit of ash from engine oil on DPF [16]. 

 

Figure 1.9: Adsorption of phosphorus and sulphur on three way catalyst [16]. 

Because of the above-mentioned factors, low-ash, low-sulphur and low-phosphorus 

engine oils are being developed [17]. Low-phosphorus and low-ash engine oils are 

prepared in such a way that the amount of ZDDP, an antiwear agent, and the amount of 

metal-based detergent is reduced and the combination of other additives is optimized. 

 

1.4 New materials and surface treatments for automotive applications 

As described above, the requirement of low friction and low levels of elements that 

might harm exhaust aftertreatment systems provide two key challenges to the design of 

lubricants. However the goal of improving the fuel economy of vehicles is also 

providing a further challenge to lubricant designers. Recently, non-ferrous materials and 

surface treatments have been introduced in automotive applications in order to meet the 

demands of increased load capacity, longer lifetime, weight reduction and corrosion 
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resistance (Figure  1.10) [18–21]. For example, piston rings have been coated by non-

ferrous materials for wear reduction, while aluminium-silicon alloys (Al-Si alloys) have 

been increasingly adopted in current engine parts such as piston skirts and liners for the 

reduction of vehicle weight [18,22–24].  

 

Figure 1.10: Selected parts to be treated by surface technologies [18]; TS: thermal 

spray; IONIT: plasma nitriding or nitrocarburising; PVD: physical vapour deposition. 

This means that engine oil formulations are now required to provide similar antiwear 

performance with these materials as with ferrous materials. In engine oils, since ZDDP 

is still the most widely used antiwear additive despite the quest for low-phosphorus and 

low-ash engine oils, many researchers have studied the antiwear and anti-seizure 

performance of Al-Si alloys with ZDDPs and investigated tribofilms formed on their 

surfaces. In addition, various types of coatings and surface treatments are also adopted 

for piston rings and cylinder to increase antiwear performance and to reduce friction and 

lubricants need to work effectively with these surfaces.  
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1.5 Demands for tribological performance of piston ring and cylinder liner 

assembly  

The piston ring and cylinder liner assembly is a particularly important component to 

consider when seeking both to improve fuel efficiency by friction reduction and 

reduction of emissions from automotive engines.  

The breakdown of passenger car energy consumption reported by K. Holmberg et al. 

(Figure 1.4) shows that 45% of energy spent in an engine system is consumed in the 

piston assembly; 5.2% of the total fuel energy. Therefore it is very important to 

understand the tribological behaviour between piston rings and cylinder liners in order 

to improve the energy efficiency. 

In addition, as stated in Section 1.3, engine oils are required to show good antiwear and 

antiseizure performance on non-ferrous piston rings and cylinder liners because wear of 

the piston assembly causes gases to leak from the combustion chamber and reduce the 

compression ratio, resulting in decreasing the output power and increasing the amount 

of harmful substances by moving away from the optimized combustion condition.  

 

1.6 Aims and Objective 

From reviewing the most relevant experimental results in the area of ZDDP tribofilm 

formation on ferrous and non-ferrous materials reported during last 50 years, it becomes 

evident that the tribofilm formation processes of ZDDP are still not fully understood 

and the elucidation of these processes continues to be one of the main topics in 

tribology.  

Most studies on the mechanisms of ZDDP’s antiwear and anti-seizure performance on 

steel specimens have been carried out using friction machines followed by surface 

characterisation of the physical and chemical properties of ZDDP tribofilms. In 

particular, in recent years the MTM-SLIM (Mini Traction Machine-Spacer Layer 

Imaging Method, PCS Instrument) has been frequently used to study ZDDP tribofilm 
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growth. However, although the MTM-SLIM is a valuable tool to study antiwear films 

since it able to monitor film formation in situ, it is conventionally used only in a limited 

range of mixed sliding-rolling conditions, not very relevant to those found in many 

engine contacts 

This research therefore aims to improve our understanding of the tribofilm-forming 

mechanisms of ZDDP on both ferrous and non-ferrous materials in sliding and high 

sliding-rolling conditions as present in some critical engine parts. 

The research aims to investigate the influence of slide-roll ratio (SRR*) on ZDDP 

tribofilm formation on steel specimens up to very high SRRs around pure-sliding. In the 

past MTM-SLIM tests have been generally carried out typically between 50 % SRR and 

100 % SRR, but engine oils are also required to show good antiwear performance at 

higher SRRs as present in some cam-follower systems. 

 

*SRR is defined by Eqn. 1 as the ratio of the sliding speed to the mean 

rolling speed: 

𝑆𝑅𝑅 = |𝑢 − 𝑢 |/𝑈     (1) 

where u1 and u2 are the speeds of the ball and disc surfaces relative to the 

contact and U is the entrainment or mean speed, (𝑢 + 𝑢 )/2. When two 

specimens rotate at the same surface speed in the same direction, contact 

conditions are “pure rolling” and SRR is 0% and when one of the surfaces is 

stationary, SRR is 200% and this situation is generally termed “pure-sliding”. 

 

The next aim is to observe the tribofilm formation of ZDDP on steel specimens in 

reciprocating pure-sliding conditions since these simulate directly the piston ring-

cylinder liners assembly. In order to bridge the conditions of mixed sliding-rolling and 
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reciprocating pure-sliding, this will be complemented by study of unidirectional pure-

sliding. 

The third aim is to investigate the influence of Al-Si alloy on ZDDP tribofilm formation 

on the counter steel surface since such a tribopair is present in some piston ring systems. 

It has been reported that after rubbing tests, aluminium matrix is removed to leave 

silicon grains protruding from the surface. However the response of the counter surface 

to these silicon grains has not been fully investigated. 

Finally, to gain further understanding of the influence of materials on ZDDP film 

formation various material combinations will be investigated under unidirectional and 

reciprocating pure-sliding conditions. 

The overall objective is to improve our understanding of the tribofilm formation and 

antiwear properties of ZDDP in conditions relevant to those found in crankcase engines. 

 

1.7 Thesis outline 

This thesis consists of 8 chapters as outlined below: 

Chapter 2 provides a literature review of the most relevant research involved in ZDDP 

studies, and also presents the development of materials and surface treatment of piston 

rings and cylinder liners. 

Chapter 3 introduces the new MTM-SLIM technique developed in this study and also 

other equipment used in the project. Physical and chemical information about specimens 

and test lubricants are provided. 

Chapter 4 presents ZDDP tribofilm formation results on steel specimens obtained using 

the MTM-SLIM, ball on disc test in mixed sliding-rolling conditions and pure-sliding 

conditions when specimens are driven in unidirectional rolling (Figure  1.11). ZDDP 

shows different antiwear film formation behaviour depending on the SRR. ZDDP 
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tribofilms can build up in mixed sliding-rolling, but significant damage on the surface 

occurs in pure-sliding conditions. 

 

Figure 1.11: Main test conditions in Chapter 4. 

Chapter 5 compares results obtained using MTM-SLIM in unidirectional and 

reciprocating motion, both under pure-sliding conditions (Figure  1.12). While 

significant damage occurs in unidirectional rolling, ZDDP tribofilms form rapidly and 

protect the surface under reciprocating movement. By surface analyses on the 

specimens at the beginning of the rubbing time, a hypothesis of initial ZDDP tribofilm 

formation in reciprocating sliding conditions is suggested. 

 

Figure 1.12: Main test conditions in Chapter 5. 

Chapter 6 describes the influence of Al-Si alloy on ZDDP tribofilm formation on the 

counter steel surface (Figure.13). MTM-SLIM results are presented using steel balls and 

Al-Si alloy discs in two types of mixed sliding-rolling conditions and pure-sliding 

condition. The tribofilm build up process on the counter steel surface is different from 

when steel/steel contact are used and surface analyses on both Al-Si and steel surfaces 
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suggests that this behaviour is related to the surface conditions produced by the Al-Si 

alloy. At the end of this chapter, one possible hypothesis of ZDDP tribofilm formation 

on the counter steel surface is suggested. 

 

Figure 1.13: Main test conditions in Chapter 6. 

Chapter 7 presents results obtained using coated balls with steel and non-ferrous discs. 

Systems studied are: Ball; CrN*, DLC*, Cr*, Ni*, WC (* coated on AISI 52100): 

Discs; Al-Si (Si: 18%), Al-Si (Si: 1%), pure Al, pure Si, Glass (Figure 31.14). The 

results show the relationship between tribofilm formation and surface material.  

 

Figure 34: Main test conditions in Chapter 7. 

Chapter 8 summarises the findings in the previous chapters and the overall 

achievements of the current research. It also proposes future work going forward to 

address behaviour unexplained in this research.  
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Chapter 2  

 

Literature review  

 

2.1 Trends of development in piston rings and cylinder liners 

In engine development, the compression ratio and the specific power of gasoline 

engines have been progressively increased [25]. Figure 2.1 shows that the compression 

ratio of naturally-aspirated gasoline engines has risen steadily from 9.6 to 10.3 (7.2 % 

increase) between 2000 and 2008. For charged engines, compression ratios have not 

increased correspondingly because these types of engines have the constraint of higher 

pressure conditions causing knock.  

Figure 2.2 shows that the specific power of naturally-aspirated gasoline, turbocharged 

and supercharged engines have increased 12 %, 13 % and about 30 % respectively 

during the period 2000 to 2008. The specific power for diesel engines also shows a 

similar trend to the one to gasoline engines over the last 20 years (Figure 2.3) [26]. 
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Figure 2.1: Average compression ratio versus model year: NA naturally-aspirated, 

supercharged, and turbocharged gasoline engines [25]. 

 

Figure 2.2: Average Specific Power versus model year : NA naturally-aspirated, 

supercharged, and turbocharged gasoline engines [25]. 
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Figure 2.3: Evolution of specific power for diesel engines [26]. 

Both of these trends have led to cylinder liner temperatures to become higher near the 

combustion chamber, especially at top dead centre. This produces conditions that are 

more likely to produce wear and scuffing of piston ring-cylinder liner contacts. 

 

2.1.1 Role of piston ring 

It is well known that piston rings are necessary components in internal combustion 

engines and have the following four main functions [27–31]: 

Sealing-in compression gases: 

Piston rings seal the combustion chamber so that there is minimal loss of gases to the 

crank case. When the sealing is not enough, available power decreases, fuel 

consumption increases and engine oils are aged by blow-by gases. 
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Controlling lubricating oil film: 

Piston rings control the supply of lubricating oil in order to prevent scuffing or seizure 

both on piston rings and cylinder liners. This supply is problematic since the piston goes 

up and down at a rate of several thousand times per minute while the engine is running. 

In addition, engine oil consumption is reduced by scraping oil from the cylinder walls 

back to the oil sump and, recently, the reduction of friction coefficient is also required. 

Transferring heat: 

Piston rings transfer heat from the piston to the cylinder liner. When fuels burn in the 

combustion chamber, the temperature reaches approximately 300oC and it is necessary 

to release this heat to the cylinder liner to prevent thermal damage. 

Controlling piston behaviour: 

Piston rings keep the piston aligned in the cylinder and prevent it from knocking against 

the cylinder liner. Piston rings thus support pistons to allow smooth up and down 

motion. 

Piston rings have mainly the four functions listed above, but antiwear and seizure 

performance are also needed to enable the piston ring’s performance to last a long time. 

Therefore engine oil is required to show good antiwear and seizure performance 

between piston rings and cylinder liners. 

 

2.1.2 Materials of piston rings 

As stated in 2.1, engine conditions have become demanding in terms of wear and 

scuffing control between piston rings and cylinder liners. In this section, the evolution 

of the main materials for piston rings is described [28,29]. 
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Grey cast iron: 

In the early 1930s, grey cast iron was mainly used for material of the piston ring 

because it showed intrinsically good lubrication performance in the boundary 

lubrication regime; graphite dispersed in ferrous matrix acts as a solid lubricant when 

the piston rings rub with the cylinder liner and also the graphite can retain lubricating 

oil. However, since the elastic modulus of the grey cast iron is low (80-120 GPa) when 

compared with steels (210 GPa), there is a limitation with respect to parts requiring 

strength, such as the top ring. 

Ductile cast iron: 

In order to overcome this limitation, ductile cast iron, which has higher strength than 

grey cast iron, was used (elastic modulus: 150-170 GPa). However, since the lubrication 

performance becomes lower in exchange for obtaining the higher strength, surface 

treatment of contacting areas with the cylinder liners are necessary. Therefore this 

material is mainly used as a top ring for diesel engines or a top ring for motorcycle that 

was required to be thinned in order to reduce friction losses between piston rings and 

cylinder liners. 

Steel: 

In the 1970s, as engine speeds became faster and the need to reduce the thickness of the 

top ring became stronger, the use of steel material was then accelerated. In the period, 

carbon steels were mainly used as a top ring for motorcycles with chromium plating on 

the sliding surface. The reason why this material was not used in automotive engines is 

that its lubrication performance was significantly poorer than that of cast irons and 

longer lifetime was required for car compared to motorcycle engines. After further 

development, it became clear that the lubricating properties improve as the chromium 

content or carbon content of the steels increase. 
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Recently, chrome-silicon steels and martensitic stainless steel have been developed, but 

since their lubricating properties are not as good as grey cast iron, surface treatment still 

has to be applied. 

 2.1.3 Surface treatment for piston rings 

Surface treatment is necessary for piston rings for preventing wear and scuffing. In this 

section, the evolution and main types of surface treatment for piston rings are described 

[18,28–30,32–35]. 

Hard chromium plating: 

In the 1950s, hard chromium plating was used as the major surface treatment on piston 

rings in order to increase the antiwear performance. One characteristic of hard chrome 

plating is that it shows good antiwear performance because of its high Vickers hardness 

(800-1000 HV). It also shows good anti-scuffing capacity since its melting point is 

about 1800oC, and it has an anti-corrosion ability which can resist corrosion wear. 

Therefore, hard chromium plating has all the characteristics required for surface 

treatment of piston rings, and it is still one of the major surface treatments in use. One 

limitation of the hard chromium plating is inferior lubricant-holding capacity because 

the surface is very smooth. In order to improve this, porous chromium plating was 

developed by forming shallow narrow grooves (channel cracks) on the surface of hard 

chrome plating. 

Nitriding: 

The main aim of nitriding treatments on piston ring surfaces is to improve the latters’ 

sliding characteristics when steels were adopted as the base material. As mentioned 

above, martensitic stainless steel is inferior to chromium plating in terms of anti-

scuffing performance. By nitriding on the stainless steel, chromium and chromium 

carbide dispersed in the steel matrix react with nitrogen to produce chromium nitride 

(CrN) and chromium carbonitride (Cr-C-N). These reaction products improve the anti-

scuffing performance to the same level to the chromium plating due to the fact that the 
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melting point of chromium nitride is 1760oC, almost same as chromium plating 

(1800oC). 

PVD (Physical Vapour Deposition): 

PVD has been developed in last 20 years and so is a relatively new method compared to 

chromium plating and nitriding. A coating is generated by the reaction of an ionized 

substance and the surface of a negatively-charged piston ring in a vacuum chamber. 

Depending on the gas introduced into the chamber, nitride, carbide or oxide coatings are 

produced. PVD-CrN shows excellent antiwear and anti-scuffing properties, so it can 

exhibit good performance even under severe rubbing conditions resulting from the thin 

oil films produced by low viscosity engine oils. In addition, since relatively thick PVD-

CrN can be manufactured, PVD reaction coatings are desirable for automotive that 

require long life. 

DLC (diamond-like carbon): 

DLC has been widely used in processing tools and on sliding surfaces because of the 

excellent tribological characteristics [19–21,36]. In recent years, it has also been used as 

a surface treatment for piston rings which are used with aluminium alloy cylinder bores. 
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Figure 2.4: Different piston ring treatments and the trend of the wear and scuffing 

resistance; VOF: High Velocity Oxygen Fuel spray; Cr plat.+diam.: Cr plated+diamond 

[18]. 

In summary, various materials and surface treatments have been used for piston rings, 

and the combination of both is important to obtain optimal performance. Table 2.1 

summarizes three of the most widely used combinations for top rings. 

Table 2.1: The main combinations of materials and surface treatments for piston rings 

(top ring). 
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2.1.4 Materials of cylinder liner 

As described in Chapter 1, global environmental protection such as reducing fuel 

consumption and thus CO2 emissions is currently a high priority of technology in the 

automotive industry. In order to improve fuel economy, as well as increasing the 

efficiency of the engine / transmission system, a complementary approach is to reduce 

vehicle weight. To do this, especially in order to reduce the weight of engines, new 

lightweight materials have been developed and introduced. Since the cylinder block 

which is the main part of the engine is relatively heavy, a considerable weight reduction 

can be achieved by replacing the traditional cast iron block with new materials. In this 

section, the main materials for engine block and cylinder liner are described [37]. 

High phosphorus cast iron for cylinder liners [28]: 

Initially, the major material for automotive engine blocks was cast iron. This meant that 

the engine block did not require a separate cylinder liner because cast iron is hard 

enough to resist piston ring wear. The main exception was heavy duty diesel engines 

which used cylinder liners. In around 1950, high phosphorus cast iron was mainly used 

because it was able to improve antiwear performance by precipitating a hard phosphorus 

compound (steadite) in the structure by adding 0.2 to 0.6% wt. phosphorus in the cast 

iron.  

Boron cast iron for cylinder liners [28]: 

With a growing expectation of longer engine life, in order to improve the durability of 

diesel engines even harder materials than high phosphorus cast iron were required. This 

was met by the development of boron cast iron which contained boron carbide 

precipitates and showed very good antiwear and anti-scuff properties. The origins of 

these properties of boron cast iron are as follows. Firstly, since the boron cast iron has 

higher hardness, 1200-1400 HV, than piston ring materials such as hard chromium 

plating (800-1000 HV), its own wear is small. Secondly the melting point of the carbide 

is high (2500oC), so adhesion with piston rings does not occur and anti-scuffing 

performance is also high. Thirdly, since the difference in hardness between cast iron and 



 
 
 

 

48 
 

boron carbide is large, the surface becomes slightly rough and the pearlite parts which 

can hold lubricants oil act as reservoirs to supply oil. As the result, the wear of the 

piston rings can be reduced as well as that of the cylinder liners. Because of these 

properties, boron cast iron is still widely used as an antiwear and anti-scuffing cylinder 

liner material.  

Aluminium alloy block [37]: 

The traditional engine block alone occupies about 3-4% of the total weight of the 

average vehicle, so aluminium casting alloys started being used for the engine block as 

a substitute for cast iron, resulting in reduction of between 40 and 55% in the weight. 

However, since the aluminium alloys are soft, it was necessary to install cylinder liners 

to avoid damage to the aluminium surface by rubbing against the piston rings. This led 

to a rapid increase in the use of aluminium engine blocks. Figure 2.5 shows the 

production numbers of engine blocks in Western Europe since 1997. In 2005, the 

market share of aluminium engine blocks reached 50% and its market penetration is 

likely to have further increased since then.  

 

Figure 2.5: Production numbers of engine blocks in Western Europe                           

(Grey iron and aluminium cast alloys) [37]. 

Initially the cylinder liners were made from cast iron, but more recently blocks for 

gasoline engines are commonly made from aluminium alloys, and aluminium silicon 



 
 
 

 

49 
 

alloys such as SILITEC®, ALBOND®, ALUSIL® have been used as monolithic engine 

blocks (liner-less engine) [38–40]. However since these aluminium silicon alloys are 

generally expensive, it is more common to use a lower cost aluminium alloy for engine 

block with aluminium silicon alloy used only for the cylinder liners. Figure 2.6 shows, 

for example, the optical image of interface between SILITEC® liner and the cast engine 

block [38]. 

 

Figure 2.6: Optical image interface between SILITEC® liner and the cast engine block 

[38]. 

2.1.5 Surface treatment for cylinder liner 

Surface treatment on cylinder liners is a useful technology to improve the liners’ 

antiwear and anti-scuffing performance. In this section, the evolution and types of the 

main surface treatment for cylinder liners are described [18,28]. 

Hard chromium plating [28]: 

Porous chrome plating was used on the cylinder liner surface for diesel engines with the 

aim of improving antiwear performance. However, when rubbing against piston rings 

coated by chrome plating, scuffing occurs on the both surface, so it is rarely used 

nowadays. 
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Nickel ceramic composite coatings [33,41]: 

In place of hard chromium plating, nickel ceramic composite coatings have been 

recently introduced. One example is nickel silicon carbide (Ni-SiC) plating; SiC 

particles are dispersed in the nickel matrix. The concept of this coating is that SiC 

particles support the surface pressure of piston rings. Soon after the development of the 

Ni-SiC plating, this material did not show expected antiwear and anti-scuffing 

performance because it was very difficult to control the ideal size and dispersion of the 

SiC particles. However further investigation showed good performances when used 

with hard chromium plated piston rings. Although Ni-SiC plating is now widely used, 

boron nitride (BN) particles are often used instead of SiC particles because they show 

lower coefficient of friction compared with SiC. In addition, the Ni-BN plating does not 

require special surface treatment on the counter-surfaces (piston rings) since the plating 

is a hard coating. However, in order to form oil pocket on the surface, cross-hatch 

honing is necessary on the Ni-SiC plating and the Ni-BN plating (Figure 2.7) [41]. 

 

Figure 2.7: Surface treatments for various cylinder liners: (a) cross-hatch honed bore 

surface, showing the resulting cross-hatch angle (CHA); (b) an interferometric image of 

a honed surface; (c) cross-section through an electrolytically applied Ni–SiC bore 

coating [41]. 
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DLC [42]: 

DLC coatings have been investigated during the last decades since these have high 

hardness, low friction coefficients and excellent resistance to wear. To date these studies 

have been confined to the laboratory scale (Figure 2.8). 

 

Figure 2.8: Optical images of DLC coated cylinder liner [42]. 

Cross-hatch honing: 

The processing of the inner surface of the cylinder liner is closely bound up with the 

material properties of the liner. Honing after boring cylinder bores is a process for 

finishing cylinder walls in order to retain hydrodynamic lubrication while piston rings 

are sliding against cylinder liners. Figure 2.9 shows a photograph of a honed surface. 

Honing carves a cross-hatch pattern on the walls and enables lubricant to be held in the 

pockets created by the cross-hatch. The roughness of the finished surface affects the 

consumption of engine oils; if honed surfaces are too rough, too much engine oil 

reaches the combustion chamber. Therefore fine surface roughness is preferred, but too 

smooth a surface causes initial scuffing so a balance has to be sought. 



 
 
 

 

52 
 

 

Figure 2.9: Optical image of cross-hatch honing surface [40]. 

Honing on Al-Si alloy surface: 

In order to enable cylinder liners made by Al-Si alloys to have good tribology 

performance, a special honing process which is different from the cross-hatch honing of 

cast iron is used. After casting an engine block with Al-Si alloy, the aluminium matrix 

on the cylinder wall is etched preferentially so that silicon grains protrude from the 

surface. The details of the process are as follows (Figure 2.10) [38]: 

- Most of the surface roughness and damage is removed by a pre-honing step 

using pre-machining.  

- In the base-honing step, the final surface shape of the silicon grains is created.  

- Finally the aluminium matrix is recessed so that silicon grains protrude, this is 

achieved using special tools in which abrasive particles smaller than the Si 

particles are embedded in a soft matrix. 

Figures 2.11 and 2.12 show an SEM image and a white light interference image of the 

final surface after the honing process. The aluminium matrix is recessed and silicon 

grains are protruding. Since it is suggested that the protruded silicon grains support the 
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pressure from the piston rings, like SiC or BN in nickel ceramic composite coatings, 

management of dispersed silicon grains is important. 

 

Figure 2.10: Honing steps for Al-Si alloys cylinder surfaces [38]. 

 

Figure 2.11: SEM-Micrograph showing the final surface after honing with recessed Al 

matrix and exposed Si [38]. 
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Figure 2.12: Image from white light interference microscope showing the topography of 

the final cylinder surface [38]. 

Other surface textures for friction reduction: 

Surface textures typified by cross-hatch honing are aimed to improve tribological 

behaviour by creating oil pockets. However, in recent years, in order to improve fuel 

economy, low viscosity engine oils have been introduced to reduce the friction losses in 

hydrodynamic lubrication regime. Due to this trend, the ratio of the friction loss in the 

boundary lubrication regime, which occurs at the top and bottom dead centre, to the 

total friction loss in the engine has been increasing. To meet this challenge, 

sophisticated patterns of surface texture are currently being applied to cylinder liners in 

modern internal combustion engines, often using a powerful laser to ablate the surface. 

Figure 2.13 illustrates this process applied on a cylinder liner by Gehring [43] - the first 

company to offer such technology commercially. 
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Figure 2.13: A laser honing operation performed on a cylinder liner [43]. 

 

2.2 Previous studies on ZDDPs as antiwear and EP additives 

ZDDP additives have been widely used antiwear additives in engine oil for 70 years 

[44–49], and a ZDDP is the principle lubricant additive used in this study. In this 

section, previous studies of ZDDP additives and related, zinc-free antiwear additives are 

summarized. 

  

2.2.1 Structure of basic ZDDPs 

ZDDPs are classified into three different types depending on the structure of their alkyl 

chains; primary, secondary, and aryl ZDDPs (Figure 2.14), and four different structural 

forms of ZDDPs have been proposed; the monomeric form, the dimeric form, the 

tetrameric form and the basic form. The equilibrium between these four structures 

depends on the conditions surrounding environment such as solvent polarity and 

temperature. 
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Figure 2.14: Chemical structure of ZDDPs. 

The structure of monomeric ZDDP, which corresponding to the chemical formula 

Zn[SP(S)(OR)2]2 , is observed in polar solution such as cyclohexane and benzene as 

demonstrated by vapour pressure osmometry and light scattering studies by Heilwel et 

al. in 1965 [50]. They also found that an equilibrium existed between an internal chelate 

(a) monomer and an internal chelate oligomer (b) as shown in Figure 2.15. In addition, 

Gallopoulos et al. in 1966 [51] suggested three possible structures of monomeric ZDDP 

(Figure 2.16): a covalent structure (c), an ionic hybrid structure (d) and a covalent 

hybrid structure (e). 

 

Figure 2.15: Structures of monomeric ZDDP suggested by Heilwel et al.[52]. 
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Figure 2.16: Structures of monomeric ZDDP suggested by Gallopoulos et al.[52]. 

The structure of dimeric ZDDP, which corresponding to the chemical formula 

Zn2[SP(S)(OR)2]4 , was examined using crystal X-ray diffraction by Lawton and 

Kokotailo in 1969 (Figure 2.17) [53]. The result showed that when the dimeric ZDDP 

forms from two monomeric ZDDP (Zn[SP(S)(OR)2]2), shown as (a) in Figure 2.15, one 

intrachelating di-thiophosphate group (SP(S)(OR)2) is converted to a bridging group 

between two zinc di-thiophosphate units. In addition, the results obtained using NMR 

and vibrational spectroscopy by Harrison et al. in 1987 [54] and Fang et al. in 1993 [50] 

respectively showed that ZDDP exists as an equilibrium between monomer and dimer in 

solution, and also the equilibrium moves to favour the monomer with increasing 

temperature. 

 

Figure 2.17: Structures of dimeric ZDDP suggested by Lawton and Kokotailo [53]. 

The ZDDP structures in low polarity mineral oil solutions was studied using dynamic 

light scattering by Yamaguchi et al. in 1997 [55]. They found that ZDDPs exist as 

equilibrium between monomer and dimer (Figure 2.18 (a) and Figure 2.17) but there 

may also be tetrameric and even higher ZDDP structures (Figure 2.18 (b)). 
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Figure 2.18: Proposed structures of (a) a ZDDP monomer and (b) a ZDDP oligomer 

[55]. 

The basic form of ZDDP (Zn4[SP(S)(OR)2]6O (Figure 2.19)) was initially found as the 

basic salt (Zn2[SP(S)(OR)2]3OH) by Wystrach et al. in 1956 [56]. Burn and Smith et al. 

the suggested the structure Zn4[SP(S)(OR)2]6O in 1965 [57], and this was confirmed by 

Burn and Joyner et al. in 1986 [58] using the X-ray absorption spectroscopy. In this 

structure, the central oxygen atom is surrounded by four zinc atoms in tetrahedral 

geometry, and each zinc atom is coordinated to three other zinc atoms, one oxygen atom 

and three sulphur atoms. The basic ZDDP can convert to the neutral form (dimer) and 

ZnO at elevated temperature [59], and the forms show slightly different engine wear 

[60], though generally the two neutral and basis forms appear to behave similarly.  
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Figure 2.19: Structure of basic ZDDP; (DDP)6Zn4O; two of six DDP ligands shown 

[61]. 

In order to confirm the theoretical configurations and the relative stabilities of the 

monomeric, dimeric (neutral) and basic ZDDP forms, Armstrong et al. examined them 

using semi-empirical quantum chemistry calculations [52,62]. The predicted optimised 

geometries showed similar structures to the experimental results. It was also found that 

the most stable structure is the basic form, followed by the neutral form, while the 

monomeric form is the most unstable structure. 

 

2.2.2 Proposed mechanisms of ZDDP tribofilm forming on ferrous surface 

Numerous reaction mechanisms have been proposed and debated since ZDDPs began to 

be used 70 years ago. Proposed mechanisms are thermal degradation [63–68], surface 

adsorption [69–73], oxidation by hydroperoxide [74–78], radical reaction [79], 

hydrolysis [80], chemical reaction with FeO and oxygen in the air [81,82], or a 

combination of the above. However, even with these hypotheses, not all phenomena 

have yet been explained. Very recently, one proposed mechanism involving shear stress, 

which may help to solve this problem, was proposed by Zhang and Spikes [83]. In this 

section, some proposed mechanisms are summarised. 
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Thermal degradation: 

In 1960s, it was suggested that the alkyl groups bonded to oxygen transferred to sulphur 

in ZDDP molecules at the initial stage of thermal degradation of ZDDPs [63–67]. Later, 

in 1981, the suggestion was confirmed by Coy and Jones using a NMR analysis [68]. 

The thermal degradation process suggested by Dickert et al. is shown in Figure 2.20 

[66]. After the alkyl transfer, dithiophosphate and olefin are formed via the structure of 

the linkage isomers of ZDDPs, and the protonation occurs between a proton (H+) 

released from the dithiophosphate and a sulphur atom in the chemical compound created 

by the alkyl transfer, which is followed by forming thiophosphate. Finally, zinc 

polyphosphates are formed by the reaction between dithiophosphates and 

thiophosphates. 

 

Figure 2.20: The thermal degradation process suggested by Dickert et al. [66]. 
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Adsorption of ZDDPs: 

Many researchers have suggested different mechanisms, but most of them have a 

common initial step, adsorption on the ferrous metal. In 1982, Dacre and Bovington 

[71] found that the adsorption was physical and reversible below 40oC, but as the 

temperature was raised over 60oC, irreversible adsorption occurred. Willermet et al. 

[72] in 1995 suggested the following steps after the adsorption; reaction of the ZDDP 

with the metal surface to form phosphate and phosphothionic moieties bound to the 

metal surface; forming phosphate film after antioxidant reactions of ZDDPs. After the 

formation of short-chain polyphosphates, the polymerization to long-chain 

polyphosphates occurs. In contrast to this proposed mechanism, in 1997 Yin et al. [68] 

suggested that ZDDPs decomposed by thermal-oxidative processes to produce long-

chain polyphosphates, and then the long-chain polyphosphates interact with the metal 

irons to form short-chain polyphosphates at the interface. 

Stress on metal surface: 

Many kinds of driving forces for the ZDDP tribofilm formation have been suggested, 

but not all phenomena have been yet explained using these suggestions. Key questions 

are: why tribofilms can form at low temperature, why tribofilms form only on the 

sliding contact surfaces, why tribofilms can form on different types of surface? Zhang 

and Spikes [83] focused on shear stress and carried out tests under rolling sliding EHD 

conditions using a high EHD friction fluid. The results showed that ZDDP tribofilms 

can be formed by applied shear stress even though there is no solid-solid rubbing 

contact, and also that log (tribofilm formation rate) is proportional to maximum shear 

stress (Figure 2.21). They concluded that ZDDP film formation is controlled by shear 

stress according to a stress-promoted thermal activation model. 
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Figure 2.21: Plot of log (ZDDP film formation rate) versus maximum shear stress by 

Zhang and Spikes; the rate of film formation was obtained by fitting a straight line to 

the plots of ZDDP film thickness versus rubbing time [83]. 

 

2.2.3 Chemical properties of ZDDP tribofilms 

Many different surface analysis techniques have been applied to study chemical nature 

of ZDDP tribofilms. Some of the most significant are IR spectroscopy, XPS (X-ray 

Photoelectron Spectroscopy), EDX (energy dispersive X-ray analysis), AES (auger 

electron spectroscopy), EXAFS (x-ray absorption fine structure analysis) and XANES 

(x-ray adsorption near edge spectroscopy). 

From 1960s, IR has been used to study the functional groups of ZDDP tribofilms [84–

88]. Willermet et al. [86] observed the intensity of the peak around 1200 cm-1 which 

corresponds to P=O or P-O stretch, and found that ZDDP tribofilms contained 

polyphosphate and may become thicker with rubbing. In order to obtain information of 

atomic composition of the tribofilms, surface analyses such as XPS, EDX and AES with 

ion beam etching or ion spattering have been applied [82,89–97]. XANES has proved to 

be a particular useful tool for examining the growth of polyphosphate chain on the steel 

surface. Kasrai et al. [98] identified the chain lengths of polyphosphate of ZDDP 
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tribofilms by comparing the latter to synthesized zinc polyphosphates chains of different 

lengths (Figure 2.22). The results also showed that ZDDP tribofilms have a layered 

structure with short-chain polyphosphates near the bottom metal sulphide layer and 

long-chain polyphosphates near the top layer. 

 

Figure 2.22: XANES spectra of zinc polyphosphates chains of different lengths [98]. 

From these analyses, various structures have been suggested but the most likely one is 

shown in Figures 2.23 and 2.24. The bottom layer of the tribofilms is mainly metal 
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sulphide (FeS/ZnS). On the metal sulphide is a layer consisting of glassy metal 

polyphosphates (Zn/Fe phosphates), with the polyphosphates chains being longer at 

upper regions of the layer. The top surface is covered by zinc phosphate and/or intact 

ZDDP molecules.  

 

Figure 2.23: Schematic representation of the ZDDP tribofilm two-layer structure [94]. 

 

Figure 2.24: Schematic representation of the ZDDP tribofilm [82]. 
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2.2.4 Physical properties of ZDDP tribofilms 

Physical properties such as topography, thickness and hardness of ZDDP tribofilms 

have been investigated by AFM (Atomic Force Microscopy), SLIM (Spacer Layer 

Interferometry), SWLI (scanning white light interferometry) and nanoindentation. 

AFM has been widely used to investigate the topography of ZDDP tribofilms. AFM and 

SEM studies have shown that ZDDP films have pad-like structures with flat tops [99–

102] (Figure 2.25). 

 

 

Figure 2.25: AFM topography of ZDDP tribofilms; ZDDP1: n-butyl primary; ZDDP2: 

mixed C3 /C8 secondary [102]. 
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In the AFM technique, the cantilever tip scans on the surface of the solid materials to 

obtain the surface topography. This means that AFM cannot measure the actual film 

thickness since this method cannot obtain information on the interface between the 

tribofilm and the rubbed surface. Therefore the film thicknesses using AFM are 

obtained by comparing the non-rubbing surface and the results can be said to be 

estimated values. In order to observe the surface of the rubbed surface, ethylene diamine 

tetra acetic acid (EDTA) solution, which can complex with metal cations such as Zn 

cation in ZDDP tribofilm (Figure 2.26), is employed to remove ZDDP tribofilms before 

the AFM analysis [103]. 

 

Figure 2.26: EDTA structure and its complexation with Zn cation [103]. 

In 2015, a new approach using AFM to monitor ZDDP film formation process under 

pure-sliding conditions was introduced by Gosvami et al. (Figure 2.27) [104]. A DLC 

(diamond-like carbon)-coated silicon tip was adapted for an AFM sensor and used to 

track antiwear film formation in situ at the nano meter level. The growth rate increased 

with either temperature or contact pressure. In addition, the authors suggested that the 

films grow regardless of the presence of iron on either the tip or substrate, which 

indicates that iron does not play an essential role in film formation. 
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Figure 2.27: Schematic image of a new monitoring technique using AFM [104]. 

The MTM (Mini Traction Machine) is very useful way to investigate antiwear 

performance under mixed sliding-rolling conditions. SLIM (Space Layer Imaging), 

which can be attached to MTM, can monitor film thickness and film formation process 

during rubbing tests [105,106]. Fujita et al. in 2004 investigated tribofilm formation in 

various test conditions (Figure 2.28) [107–109]. They reported important drivers for 

building ZDDP tribofilms rapidly to be high test temperature, high slide roll ratio, low 

lambda value and secondary alkyl chain ZDDPs. In addition, they also reported partial 

or full removal of the tribofilm when imide additives and soot-containing oil replaced 

the ZDDP oils after building up the tribofilm. After this work, many researchers have 

studied more detailed influences of these factors on ZDDP film formation and removal 

[103,110–112]. 
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Figure 2.28: Growth of mean ZDDP tribofilm thickness and series of SLIM images 

from a wear track on the ball [107]. 

Bec et al. in 1999 used a unique version of the surface forces apparatus (SFA) to 

investigate the ZDDP tribofilms in a test fluid [113]. The results show that a viscous 

layer, mainly alkyl phosphates and several hundred nano meter thick, is present on the 

ZDDP tribofilm surfaces and its hardness is in MPa range while the hardness of the 

tribofilm is in GPa range. 

Gellman and Spencer summarized the overall structure of ZDDP tribofilms in a 

lubricant oil in Figure 2.29 [114], and Spikes proposed the most likely structure of the 
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ZDDP tribofilms as Figure 2.30 [44]; the bottom layer of the tribofilms is mainly metal 

sulphide such as FeS and ZnS; glassy Fe phosphate and Zn phosphate layers form on a 

metal sulphide layer. In these layers, the shorter polyphosphate chains forms near the 

metal sulphide layer; the top surface of the glass film is covered by organic intact 

ZDDPs and/or their decomposition compounds. 

 

Figure 2.29: Schematic of ZDDP tribofilm structure by Gellman and Spencer [114]. 

 

Figure 2.30: Schematic diagram of pad structure and composition of ZDDP film by 

Spikes [44]. 
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2.3 Previous studies of non-ZDDP antiwear additives  

As stated in 1.2.2, in order to protect after treatment devices, low-ash, low-sulphur and 

low-phosphorus engine oils are being developed. This necessitates a reduction in the 

concentration of the ZDDP additives used in engine oils or replacement of ZDDPs with 

low or zero SAPS antiwear additives. 

Many researches on the performance of low or zero SAPS antiwear additives have been 

published or been the subject of patent applications since the 1930s [115–121]. In recent 

years, research on non-ZDDP engine oil using actual engines has been reported by 

industry. In 2008, Gangopadhyay et al. studied a zero-phosphorus engine oil using Mo, 

ZDTC (zinc dithiocarbamate), and S or fatty acid ester additives. However, no additives 

passed the antiwear regulation of the Sequence IIIG engine test (ASTM D7320) [122]. 

In 2011, Shimizu et al. reported on a zero-phosphorus and non-ash containing oil which 

showed good results in JASO (Japanese automotive standards organization) M354 

diesel and M328 gasoline engine cam wear tests [123]. McGeehan et al. also confirmed 

the performance of a zero-phosphorus and non-ash containing oil under actual engine 

tests [124]; however the oil could not pass some valve-train wear tests. When a zero-

phosphorus oil with sulphated ash between 0.3-0.4% was used, the oil could pass the 

diesel and gasoline wear tests such as Cummins ISM (ASTM D7468), Cummins ISB 

(ASTM D7484), Sequence IIIG (ASTM D7320) and Sequence IVA (ASTM D6891). 

Both Shimizu et al. and McGeehan et al. reported that zero-phosphorus engine oils 

showed good antiwear performance; however there was no description of the additive 

structures used. 

Hoshino et al. studied sulphur-free antiwear additives ZDPs (zinc dialkylphosphates, 

Figure 2.31) [125]. Although some differences were observed in film formation rate and 

stabilized film thickness between ZDPs and ZDDPs, ZDPs generally showed good 

antiwear performance in HFRR (high frequency reciprocating rig) tests. Recently new 

engine oils containing ZDPs have been produced [126,127]. 
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Figure 2.31: Chemical structures of ZDPs [125]. 

 

2.4 Previous studies of ZDDPs with aluminium silicon alloys  

2.4.1 Principal studies of tribofilm formation on Al-Si alloys 

As stated in 2.1.4, aluminium alloys have been used for engine blocks in order to reduce 

the engine weight. However, since aluminium itself is too soft and low wear resistance 

to replace steel, silicon is added to aluminium to form a hypereutectic alloy and increase 

the alloy’s strength. In such an alloy, free silicon grains are formed in a eutectic 

aluminium alloy matrix. 

Studies of the tribology of Al-Si alloys against steel have been reported since the 1970s 

[128,129]. From the 2000s, many researchers have studied the antiwear and anti-seizure 

performance of Al-Si alloys with ZDDP-containing oils and investigated tribofilms 

formed on their surfaces [130–132], and two film-forming schemes have been proposed. 

The first was proposed by Nicholls et al. in 2005 [131]. They investigated ZDDP 

tribofilm formation on Al-Si alloy (A390, 16-18% Si) using a reciprocating Plint wear 

tester and reported that after rubbing, silicon grains protruded from the aluminium 

surface by up to 150-170 nm (Figure 2.32); they also found that these silicon grains 

were covered by antiwear pads of thickness between 30 and 100 nm. The imaging 

results obtained using SEM, AFM and X-ray photoelectron emission spectroscopy (X-

PEEM) showed that the ZDDP tribofilm pad-like morphology on the silicon grains and 



 
 
 

 

72 
 

was very similar to that found on steel surfaces. X-PEEM and X-ray absorption near 

edge structure (XANES) analyses showed that polyphosphate film as zinc 

polyphosphate existed on both the Al matrix and the Si grains. However, on the 

surrounding aluminium matrix, no antiwear tribofilm pads were observed though 

polyphosphate glass spectra indicative of ZDDP tribofilms were obtained. The authors 

suggested that during rubbing the top layer of aluminium is removed physically while 

silicon grains remain on the surface, and ZDDP tribofilm pads are built up on the grains 

(Figure 2.33). 

 

Figure 2.32: AFM images of a silicon grain [131]. 

 

Figure 2.33: Schematic of tribofilm formation proposed by Nicholls et al. (summarised 

by Xia et al. [133]). 

Nicholls et al. in 2004 also used XANES to investigate the ZDDP antiwear tribofilm on 

the counter surface rubbed against two different Al-Si alloys. This counter-surface was 

either the same Al-Si alloy or steel [132]. The two different Al-Si alloys contains 
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significantly different silicon contents, 0.7% (A 6061) and 7% (A 319). Table 2.2 shows 

a summary of experimental results. It can be observed that chemical results in the 

A6061/A6061 couple showed the similarity to those in the A319/A319 couples, but on 

the rubbed area in the A6061/steel couple phosphides, unreacted ZDDPs and linkage 

isomers were observed as well as phosphates while in the A391/steel couple only 

phosphates were observed. The authors concluded that this may be due to different wear 

mechanisms taken place between A319 and A6061. In other words, silicon grains in 

A319 have a positive effect on the polyphosphate formation due to the fact that the rigid 

silicon grain surface can provide the higher pressure in order to form polyphosphate, 

while polyphosphate forms on the aluminium oxide forms on the surface of A6016. 

Table 2.2: a list of qualitative peak intensity of the species in XANES spectra [132]. 

 

The second scheme was proposed by Dienwiebel et al. in 2007 [134]. Surface analyses 

were carried out after an actual engine test for 250 hours over the full speed and torque 

range of the engine. In contrast to the results reported by Nicholls and coworkers, after a 

short running time silicon grains and aluminium matrix were at the same height level, 

and also no protective antiwear tribofilm was observed on the Al-Si alloy cylinder liner. 

Interestingly, on the rubbed aluminium surface, large amount of oxygen, calcium and 

carbon were observed (Figure 2.34). The authors concluded that antiwear ZDDP 

tribofilms form and become active only when in high stress conditions.  
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Figure 2.34: Schematic of the tribofilms observed by Dienwiebel et al. (summarised by 

Xia et al. [133]). 

 In 2008, Xia et al. [133] also investigated the ZDDP tribofilm formation on Al-Si alloy 

with lubricants containing both MoDTC (molybdenum dithiocarbamate) and ZDDP. 

From their research, different tribofilm formation schemes were found depending on the 

MoDTC concentration (0 wt%, 0.22 wt% and 1.2 wt% Mo) (Figure 2.35). For the 

MoDTC-free oil, ZDDP additive components (Zn, S, P) and Fe by transferring from 

counter surface (steel) were observed on the Al-Si alloy surface. For the 0.22 wt% Mo 

oil, aluminium matrix was removed by rubbing and protruding silicon grains left on the 

surface. Tribofilms containing Zn, S, P and Mo formed only on Si grains. These results 

are similar to the findings of Nicholls et al. [131]. For the 1.2 wt% Mo oil, tribofilm 

containing Zn, P, S, O and C covered the whole rubbed area. This observation showed 

similarity with that reported by Dienwiebel et al. [134]. The authors summarised their 

results showing that the three different types of Al-Si alloy wear/tribofilm formation 

schemes were occurring, depending on additive types and the MoDTC concentration. 

 

Figure 2.35: Three wear schemes of Al-Si alloys observed by Xia et al. [133]. 
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In their paper, Xia et al. also summarised previous research including the Nicholls and 

Dienwiebel’s works (table 2.3). It can be seen that tribofilm formation, characteristics 

and effectiveness of ZDDP tribofilms in friction may be changed by the lubricating 

conditions and/or additive types.  

Table 2.3: Research on Al-Si alloy lubrication. 

Tribofilm performance Observation 

Tribofilm formation on 
Al-Si alloy surface 

Yes                     
[130–132,135,136] 

No                           
[134,137] 

Tribofilms 
characteristics 

Stable [130] Fragile [138] 

Effectiveness of ZDDP 
tribofilms in reducing 

friction and wear on Al-
Si alloy 

Better tribological 
performance than base 

oil [139] 

Poor tribological 
performance than base oil 

[136] 

 

While Nicholls et al. [131] reported that silicon grains protruded from the aluminium 

matrix surface by rubbing and ZDDP tribofilm pads are built up on the grains (Figure 

2.33), Dey et al. [140] in 2009 observed the wear process of the protruded silicon grains 

when no tribofilm forms on the grains as shown in (Figure 2.36). Before the rubbing, 

silicon grains in test samples protrude up to 2 µm from the aluminium matrix. Silicon 

damage starts with abrasion accompanied by fragmentation. Small-scale damage 

accumulates until the height of silicon grains and the aluminium matrix become same. 

Aluminium surface then wears. Finally, formation of an oil-residue layer stabilises wear 

loss on the surface.  
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Figure 2.36: Schematic illustration of wear mechanisms in Al-Si alloys proposed by 

Dey et al. [140]. 

As shown in Figure 2.33 and 2.35, ZDDP tribofilms form mainly on Si grains within 

Al-Si alloys although silicon surfaces are less chemical reactive. Burkinshaw et al. 

investigated the ZDDP tribofilm formation on pure silicon substrates (Figure 2.37) 

[141]. The result showed that, since the silicon substrates were extremely hard, ferrous 

material was transferred from the counter surface to silicon surface; ZDDP tribofilm 

was then able to form on the iron-rich transferred layer.  
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Figure 2.37: Proposed model of silicon surfaces lubricated with ZDDP by Burkinshaw 

et al. [141]. 

 

2.4.2 Model tests simulating piston ring and cylinder liner contacts 

In order to use a cheaper and faster model test instead of actual engine tests, many 

model tests have been developed, and correlated with results from engine tests. Since 

the model tests aim to imitate the conditions in fired combustion engines, the 

tribological wear tests are generally carried out in pure-sliding conditions. 

In the 1990s, pin on disc type testers were designed to evaluated the antiwear 

performance of materials in unidirectional, pure-sliding conditions (Figure 2.38).  
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Figure 2.38: Schematic diagrams of pin-on-disc wear testers; (a) standard rig; (b) 

developed at MTM, K.U. Leuven [136,138]. 

Konishi et al. in 1996 investigated the influence of base oil types on wear characteristics 

of Al-Si alloys (16.8% Si) using a pin on disc wear tester (Figure 2.38 (a)) [136]. Two 

types of tests were conducted: a wear test and a scuffing test. In the wear test, at higher 

loads, polar base oils such as POE (pentaerythritol tetra 2-ethylhexanoate) or PAG (poly 

(ethylene propylene) glycol and) showed poor antiwear performance while 

hydrocarbon-based lubricants such as mineral oil and PAO (polyalphaolefin) showed 

good wear resistance (Figure 2.39). In the scuffing test, applied load was increased 

every two minutes. At low load the wear volumes with the polar base oils were lower 

than those with the hydrocarbon-based lubricants (Figure 2.40). In contrast to this result, 

at higher loads the antiwear performance of the polar base oils was poorer than that of 

the hydrocarbon-based lubricants. 

 

Figure 2.39: Wear loss of A390 disc specimens with sliding distance; (a) with mineral 

oil; (b) POE [136]. 
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Figure 2.40: Variation of wear rate with applied load in A390 pin on A390 disc tests 

[136]. 

In the 2000s, a high frequency friction tribometer (Cameron Plint, TE77) was often used 

in reciprocating, pure-sliding conditions (Figure 2.41). Using this tester, many key 

researches were carried out. For these tests a cylinder pin against a flat disc were mainly 

employed to give a line contact. More recently, actual piston rings and cylinder liners 

have been used as test specimens. In 2013, Olander et al. [142] cut specimens of 2 x 10 

x 10 mm3 from piston rings and a flat plate from cylinder liners, and carried out 

tribological tests in a surface contact (Figure 2.41). 

 

Figure 2.41: Schematic image of experimental set up [142]. 
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The SRV (abbreviation for German: ‘Schwingung, Reibung, Verschleiß’; in English: 

‘Oscillation, Friction, Wear’) has been one of most widely-used high-frequency, linear 

oscillating tester in the industrial field since it was developed in 1968 [143]. One sample 

holder designed for specimens cut from cylinder liner and piston rings has been released 

(Figure 2.42); furthermore the newest model SRV 5 machine can be rotated and/or tilted 

in order to approach the condition of oil supply in engine.  

 

Figure 2.42: Schematic image of sample holder, and the specimens cut from cylinder 

liner and piston rings [143]. 

In 2008, a working group explored the possibility that the SRV tester using the sample 

holder might be able to replace the actual engine tests [143]. The group reported that it 

was reasonable to develop different tribological tests performed outside of engines 

based on the SRV test and they would correlate the results of the SRV tests with 

experience from engine tests. Because of this background, some researches have 

continued using the piston ring/cylinder liner holder [144–151]. Obert et al. [152] from 

Daimler AG in 2016 developed a new model test for simulating the ring liner at fired 

top dead centre (Figure 2.43). The authors investigated the influence of oil supply and 

temperature on friction, wear and scuffing behaviour. The results showed that the wear 

rates of cylinder liner specimens can be comparable to the liner wear in fired 

combustion engines at low loads, with no observable influence of test temperature. The 

authors concluded that the developed test can be used as a tool for evaluating wear, 

scuffing, and friction behaviour of different combinations of ring/liner materials, 
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coatings, surface textures and engine oils, if the test parameter setup can be adjusted to 

the real engine situation at fired top dead centre. Therefore the test can be used as a 

screening test. 

 

Figure 2.43: Illustration of the test sequence developed by Obert et al. [152]. 

 

2.5 Summary of literature review  

In order to improve fuel economy of automobiles, the materials and coatings of piston 

rings and cylinder liners have been improved. For example, the material for piston rings 

has been changed from cast iron to steel, and surface treatment has also been changed 

from chrome plating to CrN coating. The cylinder material is being converted from steel 

to aluminium alloy. In addition, at the laboratory level, DLC coating and surface 

treatment at TDC have been studied for the reduction of friction. 

Regarding to the changes on the engine material side, the required performances for 

engine oils have been also changed. For ZDDP, which is an antiwear additive in engine 
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oils, many research on wear resistance have been indicated over 50 years. In recent 

years, researches on aluminium alloys have been also focused. 

Some research on evaluating antiwear performance of ZDDP on the rubbing between 

aluminium alloys and coating materials have been carried out mainly using actual 

engine parts (piston rings and liners). However, the mechanisms have been rarely 

investigated systematically. Therefore the author studied to improve understandings of 

the tribofilm-forming mechanisms of ZDDP on both ferrous and non-ferrous materials 

in sliding and high sliding-rolling conditions. 
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Chapter 3  

 

Experimental Methods 

 

3.1 Equipment 

In this study, one tribometer and three types of surface analysis were used. MTM-SLIM 

SLIM (Mini Traction Machine - Spacer Layer Imaging) is a ball-on-disc type tribo-

tester and for this study was mainly employed to capture the film-forming processes of 

ZDDP on the ball track under mixed sliding-rolling conditions. In addition, a novel 

method using pure-sliding conditions was developed. AFM (Atomic Force Microscopy) 

was used in order to observe the topography of the ZDDP tribofilms formed on the balls 

as well as on the discs after MTM-SLIM rubbing tests. A Wyko scanning white light 

optical profiler was used to measure wear scars. SEM-EDX was used to detect the 

chemical composition of ZDDP tribofilm on the balls and the discs. 

 

3.1.1 Mini Traction Machine - Spacer Layer Image Mapping 

Mini Traction Machine 

The MTM can measure frictional properties between a ball and a disc under a wide 

range of sliding-rolling ratio conditions (SRR) by controlling the specimens’ speeds 

independently using two motors. The SRR can be controlled within the range 0% to 

400% and is defined as the ratio of the sliding speed to the mean rolling speed. 
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𝑆𝑅𝑅 = |𝑢 − 𝑢 |/𝑈   (1) 

 where uB and uD are the speeds of the ball and disc surfaces relative to the 

contact and U is the entrainment or mean speed,   / 2B Du u . When ball and disc rotate at 

the same surface speed in the same direction, contact conditions are “pure rolling” and 

when one of the surfaces is stationary, SRR is 200% and this situation is generally 

termed “pure-sliding”. This is something of a misnomer since “pure-sliding” should 

actually be the case when the mean rolling speed is zero i.e. the surfaces move at equal 

and opposite speeds with respect to the contact. When the SRR is less than 200%, tests 

are performed under mixed sliding-rolling conditions with the ball and the disc rotating 

in the same direction (co-rotating mixed sliding-rolling). For more than the 200% SRR, 

mixed sliding-rolling conditions are reached again. As opposed to SRRs lower than 

200%, above 200% the ball and the disc are rotating in opposite directions (contra-

rotating mixed sliding-rolling). 

The MTM operates under computer control of speed, load and temperature. Friction is 

monitored using a load cell attached to the ball holder 

Spacer Layer Image Mapping 

SLIM (spacer layer image mapping) is attached to MTM in order to capture interference 

images of the rubbed track on the ball so that ZDDP film formation on the ball can be 

followed during tests without removing test specimens from the MTM machine. SLIM 

is based on optical interferometry and the principle of spacer layer image mapping is 

shown in Figure 3.1. The flat surface of a glass disc is coated with a thin semi-reflective 

layer of chromium on top of which is a space layer of transparent silicon oxide. The 

reflective MTM steel ball is loaded against this coated surface. White light is shone into 

the contact through the glass disc. Some of this is reflected at the semi-reflective 

chromium layer on the glass, while the remainder goes through the chromium and silica 

layer and reflects from the surface of the MTM ball surface. The latter beam thus travels 

further than the former beam by a distance twice the spacer layer thickness and twice 

that of any transparent film on the ball. Thus the two beams have a phase difference and 
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so interfere constructively and destructively at different wavelengths to produce a 

coloured interference image. The interference image is captured by a digital colour 

camera, and, based on a calibration, the film thickness can be calculated from the 

colour; the red, green and blue (RGB) colour of each pixel in the image can be 

converted. 

 

Figure 3.1: Principle of Spacer Layer Image Mapping. 

Mixed sliding-rolling test conditions 

A 19.05 mm diameter steel ball is loaded against the flat surface of a steel disc which is 

immersed in the oil sample (Figure 3.2) and the ball is continuously rotated against the 

disc. In order to take SLIM images, at set intervals the test stops and ball is raised and 

loaded against the glass lens of the camera so that rubbed track on the ball is in contact 

with the coated glass disc surface (Figure 3.3). The SLIM, which uses a RGB colour 

camera attached to MTM, records an image and the film thickness can be measured 

from the interference colours present using software. The ball is then lowered back and 

the test continues. 
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Figure 3.2: Schematic image of MTM-SLIM during a friction test [153]. 

  

Figure 3.3: Schematic image of MTM-SLIM while capturing an image [153]. 

Pure-sliding test conditions (new MTM-SLIM technique) 

In mixed sliding-rolling conditions, a ball and a disc are simultaneously rotated. Since 

tribofilm forms around the ball, in order to capture the tribofilm images, the ball is 

loaded against the SLIM disk (Figure 3.4 (a)). However, in pure-sliding conditions, 

tribofilm forms only on the point contact area because the ball shaft is fixed (Figure 

3.4 (b)). Therefore, in order to measure the tribofilm formed on the ball it is necessary 

to manually rotate the ball shaft by 180o prior to image capture. This is shown 

schematically in Fig. 3-4 and is a new technique developed by the author. 
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Figure 3.4: Difference in the test methods between mixed sliding-rolling and pure-

sliding conditions. 

The MTM test conditions were selected to be representative those present in engine 

piston/liner contacts. In engine piston components, temperatures can vary between 90 

and 280°C along the stroke length [154]. Taylor et al. [155] has discussed the shear 

rates prevalent in engine components, and noted that shear rate at piston/liner contacts 

can be as high as 2 x 10^7 s-1. Contact pressures are relatively low and typically 30 to 

50 MPa [152], has suggested the following test conditions to estimate the wear and 

scuffing behaviour of piston ring/cylinder liner contacts of an engine: 130oC, stroke 

frequency 20 Hz, stroke length 3 mm, load 50 N on a 10 mm line contact 

(approximately Pmax=0.3 GPa). Based on this, the main test conditions used in this 

research were selected to be 130oC, 20 Hz, 4 mm, 20 N, point contact (Pmean=0.5 GPa). 

This provides realistic temperature and shear rate conditions. The calculated central 

EHD film thickness at a sliding speed of 0.16 m/s using Dowson and Hamrock [157-

159], with a viscosity of 2 mm2/s at 130°C and pressure viscosity coefficient 10 GPa-1, 

was 8 nm, implying a mean shear rate of approximately 2 x 10^7 s-1. The contact 
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pressure is higher than present in an engine but not greatly larger than suggested by 

Obert. 

 

3.1.2 AFM 

Scanning probe microscopy (SPM) is a general name of various microscopies having a 

common device configuration and principle as follow. The basic components common 

to the apparatus are a sample stage scanner, a probe, and a detector. By the movement 

of the scanner in the Z direction, the sample and the probe come close to or contact with 

each other. At the time the detector captures a physical change of the probe. When the 

substrate is run on the X-Y plane by the scanner, the amount of changes of the probe at 

each point on the sample is measured; and when the observed change amounts are 

plotted in the Z axis at each scanning point in the X-Y axis, the topography of the 

sample are reproduced as an 3D image. Various types of SPM have been developed 

since suitable probes must be selected depending on the sample properties. As a 

representative example and the one used in this study, atomic force microscope (AFM), 

which obtains an image based on the force acting between a probe and a sample surface 

is well known. Since AFM utilizes the interatomic force, it can analyse the surface of 

insulators such as ceramics, macromolecules and biological substances as well as the 

one of conductors such as metals. 

For the AFM, the probe is called a cantilever, and it has a pointed needle attached to the 

tip of a soft lever. When a needle tip comes into contact with the sample surface, a 

repulsive or attractive force results and the cantilever bends upward or downward in 

proportion to this force. The deflection displacement of the cantilever caused by the 

force is detected by utilizing reflection of the laser beam (Figure 3.5). The cantilever is 

immediately moved up or down along the Z axis at high speed to maintain constant 

cantilever deflection and thus normal force. The variations in the Z-axis control voltages 

at each scanning point on X-Y plane are analysed and imaging processes performed in 

order to draw a 3D image of the sample surface. Features of AFM are as follows. 
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(1) AFM has a nanometre scale resolution, and can provide 3D topography images. 

(2) AFM can measure samples in air, liquid, or vacuum conditions without a 

special operating environment. 

(3) AFM can measure on a wide variety of materials such as conductors and 

insulators. 

(4) AFM can detect various forces (Van der Waals force, repulsive force, 

adhesion force etc.). 

 

Figure 3.5: Schematic image of AFM. 

In this study, AFM is used to measure the tribofilm thickness on MTM steel balls and 

discs. The apparatus was a WITec alpha300A and the cantilever was a WITec AFM 

Arrow Cantilever Reflex-Coated. 

 

3.1.3 SEM-EDX 

Scanning electron microscope (SEM) is one type of electron microscope. An electron 

microscope can obtain the enlarged surface image of samples using an electron beam. 

Since electron beam is a very short wavelength, SEM can observe the surface of 

material in a much higher magnification than an optical microscope. In addition, SEM 

can observe stereoscopic morphology in a very deep focal depth with higher 



 
 
 

 

90 
 

magnification from ten times to tens thousands times. Therefore, SEM is often used in 

many research fields. 

SEM is an electron microscope that scans the surface of the sample with a focussed 

electron beam in vacuum conditions, and then detects signals coming out of the sample 

and displays a magnified image of the sample surface on a monitor. During scanning, a 

vacuum state in 10-2 to 10-3 Pa is required to ensure electrons from the source reach the 

sample surface without hitting gas molecules. For this reason, the main chamber in the 

SEM is kept under a vacuum condition using a vacuum pump, and the observation 

sample is also pre-treated to as removing moisture and lubricants that would volatilise 

and break down in the vacuum. When the electron beam is irradiated on the sample in 

vacuum, secondary electrons, backscattered electrons, X-rays, fluorescence and 

absorbed electrons etc. are emitted from the sample. In the SEM, images are mainly 

displayed using signals of secondary electrons which are generated from the top layer of 

the sample surface. The resulting image (called a secondary electron image) obtained by 

detecting the secondary electrons represents the high magnification topography of the 

sample. In addition, by attaching an X-ray detector to the SEM, elemental information 

can be also analysed. Therefore, SEM can be used not only for observation of specimen 

shape but also as an X-ray analyser for investigating what elements exists on the sample 

surface (Figure 3.6). 

 

Figure 3.6: Schematic image of SEM-EDX. 

In this study, the SEM, HITACHI S-3400N, was used to capture high resolution images 

of tribofilm surface topography on MTM steel balls and discs and an EDX (Energy 
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Dispersive X-ray spectroscopy), Oxford X-ray System INCA, to analyse the chemical 

properties of tribofilms.  

 

3.2 Materials 

3.2.1 Additives 

All lubricant test samples were solutions of a ZDDP in polyalphaolefin base oil at a 

concentration that corresponded to 0.08 wt% of phosphorus. No other additives were 

present. The ZDDP employed was a C8 primary type (Figure 3.7) and the base oil had a 

kinetic viscosity of 4.1 mm2/s at 100°C, 2.6 mm2/s at 130°C and a viscosity index of 

124. 

R = 2-ethylhexyl 

Figure 3.7: Chemical structure of ZDDP. 

In Chapter 4, a sulphur-based additive (with no phosphorus) and a phosphorus-based 

additive (containing no sulphur) were also used for further investigate on ZDDP 

tribofilm formation under pure-sliding condition. The sulphur-based additive, which has 

a polysulphide group, was solved in polyalphaolefin base oil at a concentration that 

corresponded to 0.10 wt% of sulphur. The phosphorus-based additive, which has a 

phosphate group, was solved in polyalphaolefin base oil at a concentration that 

corresponded to 0.08 wt% of phosphorus. 
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3.2.2 Specimens 

In MTM-SLIM, the test specimens used were a 19.05-mm-diameter ball and 46-mm-

diameter disc. The main specimens in this study ware made of AISI 52100 bearing steel 

(1% Cr). The surface roughnesses of the balls and discs were <0.02 µm and <0.01 µm 

respectively; and the hardnesses of the steel ball and disc were 750-770 HV and 800-

920 HV respectively (Table 3.1). They were provided by PCS Instruments. 

Table 3.1: Properties of AISI 52100 specimens. 

 

Al-Si discs (Ra = 0.05 μm) were also used in this study. These discs were A390 alloy 

consisting of 16.0–18.0% silicon, 4.0–5.0% copper and 0.45–0.65% magnesium etc., 

with the hypereutectoid silicon distributed as individual Si particles (Figure 3.8). 

Hardness measurements on the Al matrix and Si grains indicated 170 and 190 HV, 

respectively (measured with Mitutoyo Autovick). The former is somewhat higher than 

the hardness value of the Al matrix measured by Chen and Alpas of about 85 HV for Si 

18.5% alloy [140,160,161]. It is recognised that this value for Si grains is not the latter’s 

intrinsic hardness and reflects the supporting matrix. To support this, it was noted that 

measurements on grains in regions of high grain density gave rather higher values than 

those of isolated grains. Nanoindentation measurements in the literature suggest 

hardness values for individual silicon particles in Al–Si alloys of around 1000 HV 

[162,163], which is similar to the value for bulk silicon. 
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Figure 3.8: SEM-EDX results from an unrubbed Al-Si disc. 

The specimens of AISI steel balls were coated with DLC (hydrogenated; 50% Sp3 

structure), CrN, Ni and Cr (Table 3.2). The thickness of the coating is about 2 µm. The 

hardness of DLC, CrN, Ni and Cr were 1400 HV, 2000 HV, 400-500 HV and 800-900 

HV respectively. They were also provided by PCS Instruments. 

Table 3.2: Properties of coated specimens. 
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Chapter 4  

 

The Influence of Slide-Roll Ratio on ZDDP 

tribofilm formation 

 

The antiwear performance and action mechanisms of zinc dithiophosphate (ZDDP) have 

been investigated under various test conditions. The MTM-SLIM (Mini Traction 

Machine – Space Layer Imaging) is a widely used and useful method for monitoring 

tribofilm formation by ZDDPs. However, tests are generally carried out in mixed 

sliding-rolling conditions, typically between 50% SRR (slide roll ratio) and 100% SRR. 

In this chapter, the influence of slide-roll ratio on ZDDP tribofilm formation was 

investigated at SRRs much higher than 100% SRR, including pure-sliding conditions 

using a novel MTM-SLM technique described in Section 3.1.1.  

It is found that even at high SRR conditions, ZDDP tribofilms form and there is 

negligible damage to the ball surfaces so long as both surfaces move above a threshold 

speed with respect to the contact, regardless of whether the two surfaces move in the 

same or opposing directions. In pure-sliding conditions however, considerable damage 

is seen and the worn area expands with time showing that wear takes place. Even so, 

tribofilms are still built up throughout a test and the ZDDP has a beneficial effect on 

wear rate. The very early stages of film formation are studied to show that a tribofilm 

with a high concentration of S is formed initially and then replaced with a film having a 

high concentration of Zn and P. 

A summary of this study has been published in [164]. 
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4.1 Tribofilm formation results under mixed sliding and rolling conditions 

Table 4.1 shows the main test conditions used for mixed sliding-rolling tests in this 

study. The load, the mean speed and the oil temperature were kept constant during all 

tests, at 20 N (Maximum Hertzian pressure Pmax = 0.82 GPa), 160 mm/s and 130oC 

respectively. The SRR conditions were varied from 50% SRR to 230% SRR (Table 4.1 

and 4.2), where SRR is defined by Eqn. 1 in Chapter 3. 

Table 4.1: Main test conditions under mixed sliding-rolling conditions. 

 

Table 4.2: Main test conditions under pure-sliding conditions. 

 

 

4.1.1 Co-rotating mixed sliding-rolling (less than 200% SRR) 

The film-forming properties of ZDDP were studied at the different SRRs. Figure 4.1 

shows interference images captured by MTM-SLIM at up to 199% SRR. At 50% and 

100% SRR, which are conditions used in most previous studies, it can be seen that the 

colour of the images gradually changes with rubbing time. This indicates that ZDDP 
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tribofilms are formed on the rubbed tracks on the MTM balls and that they build up 

during rubbing. The mean ZDDP film thickness rapidly reaches 100 nm (Figure 4.2). At 

198% SRR, a thick ZDDP tribofilm forms rapidly on the ball surfaces to reach a 

thickness of ca 100 nm. No wear scars, as evidenced by irregularities in the circular 

interference image of the ball pressed against the glass window or changes in its 

diameter, were observed on the surface. No significant differences in the colour of these 

images were detected even though the sliding distances were different.  

 

Figure 4.1: Series of interference images of the wear scar on the ball during growth of 

tribofilm under co-rotating mixed sliding-rolling conditions. 
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Figure 4.2: Mean film thickness on the ball at different SRRs. 

At 199% SRR, some wear occurs but tribofilms are still built up in the proximity of the 

worn area, preventing the wear from progressing further (Figure 4.3). More importantly, 

the images indicate that no tribofilm is observable inside the worn area – the central 

strip of the images at 199% SRR in Figure 4.3. 

 

Figure 4.3: Series of SLIM images of the balls at 199%SRR (two tests). 
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4.1.2 Contra-rotating mixed sliding-rolling (more than 200% SRR) 

SRR values above 200% (contra-rotating mixed sliding-rolling) would appear to be 

more severe test conditions than those below 200% SRR (co-rotating mixed sliding-

rolling) due to the fact that the ball and the disc are rotating in opposite directions. 

However, although some brown particles were observed on the surface after 15 min at 

202% SRR and some light wear scars were observed from 10 to 15 min at 205% SRR, 

no significant damage was recorded from 201 to 230% SRR (Figure 4.4) and the growth 

rates of the tribofilm recorded for these test conditions were similar to that observed at 

100% SRR (Figure 4.5). 

 

Figure 4.4: Series of SLIM images of the ball contra-rotating conditions. 
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Figure 4.5: Film thickness on the ball during contra-rotating conditions. 

For all test conditions where tribofilm was able to form on the ball surface, the rate of 

film formation was similar, irrespective of SRR. The fact that the rate of film build up is 

independent of the sliding distance and only dependent on the test time (or the fraction 

of the test time during which any part of the ball track is in contact) is consistent with a 

recently proposal that ZDDP film formation is controlled by shear stress according to a 

stress-promoted thermal activation model [83]. In this model, when a shear stress is 

present the activation energy controlling ZDDP reaction is reduced by a factor 

proportional to this stress so the rate of reaction increases exponentially with applied 

shear stress. Since the shear stress at asperity contact is only very weakly dependent on 

sliding speed, the ZDDP tribofilm film build up is independent of the SRR and depends 

only on how long the surface is subject to the shear stress. 

 

4.2 Tribofilm formation results under pure-sliding conditions 

In pure-sliding conditions, the disc is rotating and the ball is stationary. Therefore 

tribofilm forms only within an area around the contact point of the ball with the disc. 

The novel method of monitoring this region by rotating the ball developed and used in 

this study was described in Section 3.1.1. In the SLIM images shown in this chapter, 
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lubricant enters the contact area from left side and leaves from the right side (Figure 

4.6). 

 

Figure 4.6: Flow direction of oil lubricant. 

Contrary to the results in mixed sliding and rolling conditions, in pure-sliding (200% 

SRR) the worn area expands with test time (Figure 4.7). At the beginning of the tests the 

diameter of the contact between ball and disc flat is 216 µm while the diameter of 

rubbed track post-test is approximately 220 µm, which corresponds closely to the 

theoretically calculated Hertz diameter. However, 60 min after starting the test, the 

diameter of the contact between ball and glass window expands to 350 µm in diameter. 

This is due to wear of the ball which results in an increase in its local radius and thus a 

larger area of contact between ball and glass window. However polyalphaolefin base oil 

with no ZDDP gives much larger contact diameters as illustrated in Figure 4.8, showing 

that ZDDP is still providing some antiwear performance by limiting the growth of the 

scar. Despite this wear, ZDDP tribofilm is built up over the entire contact area and is 

created immediately after the start of the test and then remains constant. 

 

Figure 4.7: Series of SLIM images of the ball in pure-sliding conditions (ZDDP oil). 

The difference between pure sliding and mixed sliding rolling conditions is striking. 

The main reason of the difference is likely to be that at 200% SRR, the ball surface is 

stationary with respect to the contact whereas at 198% and 202% SRR it rotates through 
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the contact. This means that the part of the ball in contact with the disc is always in 

contact at 200% SRR while at other conditions a track forms on the ball. This may have 

two effects at 200% SRR. It will result in a single region of the ball surface 

experiencing very severe and continuous rubbing. Also transport of oil onto the ball 

rubbing surface will be limited as compared to when the ball rotates. 

 

Figure 4.8: Series of SLIM images of the ball in pure-sliding conditions (Base oil). 

In order to confirm the size of wear scar on the ball surface, ZDDP films were removed 

using a solution of ethylene diamine tetra acetic acid (EDTA) (and its disodium salt) 

[103,165]. A droplet of EDTA sodium salt solution in distilled water was dropped on 

the ball wear track or scar using a micropipette and wiped away with a paper tissue after 

a set time. Figure 4.9 shows the SLIM images captured before and after ZDDP film 

removal using the EDTA technique. At 100% SRR, the area where ZDDP film was 

removed is clearly seen within the rubbed track and indicates negligible wear. In the 

pure-sliding condition, after the ZDDP film is removed from the whole contact area, 

many grooves can be observed on the removal area.  

 

Figure 4.9: SLIM images of the antiwear films removed with EDTA. 
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Since this method of studying pure-sliding conditions was newly developed and also the 

behaviour of tribofilm formation under pure-sliding showed differences from mixed 

sliding-rolling conditions, the influence of load, speed and temperature in pure-sliding 

conditions were investigated as follows. 

 

4.2.1 Effect of Load 

Figure 4.10 shows the results for tests performed under 5, 10 and 20 N (Pmax= 0.52, 0.65, 

0.82 GPa). Under this pure-sliding condition the ball shows that the damaged surface 

and the worn area expand with test time. As observed, the wear scar width is wider than 

the one recorded for the 100% SRR condition at 20 N (Section 4.1).  

 

Figure 4.10: Series of SLIM images of the balls under unidirectional conditions. 

Figure 4.11 shows the friction coefficient results during the tests. At the beginning of 

the tests, the friction coefficient for the test performed under 20 N shows higher values 

when compared to the ones under 5 and 10 N; however, all of them show similar 

values after approximately 400 seconds (7 min). One explanation for this behaviour 

can be that the contact pressures decreases and converges as a consequence of the 

expanding contact area during the 20 N test.  
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Figure 4.11: Friction coefficient under different load. 

 

4.2.2 Effect of Speed 

Figure 4.12 shows the results of tests performed at 160, 225, 252, 320 and 453 mm/s 

disc speed and 130oC. At the beginning of all tests, some particles are observed in the 

contact region and also in the inlet of the contact area. During the tests these are then 

removed from the surface and after that the ball surface becomes damaged and the worn 

area expands with test time. From these results, there is no significant influence of disc 

speed on antiwear performance and ZDDP film formation. 

 

Figure 4.12: Series of SLIM images of the balls under unidirectional conditions - 2. 
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4.2.3 Effect of Temperature 

Figure 4.13 shows the results of tests performed at lubricant temperatures of 40, 80, 100 

and 130oC. After 30 seconds from the beginning of the tests at 100oC and 130oC, some 

particles are observed in the contact area (Figure 4.14). In contrast to this, very few 

particles are observed at 40 and 80oC. For all test conditions, the ball surfaces become 

damaged and the worn area expands with test time. However, after 60 min at 80 and 

100oC, the worn areas are smaller than those observed at 130oC. It can be concluded 

that the test temperature affects both the ZDDP tribofilm formation and the antiwear 

performance. 

 

Figure 4.13: Series of SLIM images of the ball in pure-sliding at various temperatures. 
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Figure 4.14: Particles on the ball after 0.5 minutes. 

 

4.2.4 SEM-EDX results 

Some particles present just after the beginning of the tests in pure-sliding conditions, 

and also the contact area after 60 min, were analysed using SEM-EDX (Scanning 

Electron Microscopy and Energy Dispersive X-ray spectroscopy) (Figure 4.15). An 

SEM, HITACHI S-3400N, was used to capture high resolution images of tribofilm 

surface topography and EDX, Oxford X-ray System INCA, was used to analyse the 

chemical properties of tribofilms. In this study, an accelerating voltage was 15 keV and 

a working distance was 10 mm ± 1 mm.  

At 30 seconds after the tests started at 80, 100 and 130oC, solid particles were observed 

on the ball surfaces. EDX analysis shows the presence of S in these solid particles and 

the S intensity is stronger than those of P and Zn. In addition, the chemical intensities 

are stronger as the test temperature increases. However, after 60 min at 130oC, a paste-

like substance is observed, and the ratio of intensities changes; the P and Zn now show 

the stronger intensities. From these results, it can be concluded that two different types 
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of tribofilm are created sequentially, displaying different properties depending on the 

time of rubbing (early and later stage). In other words, a S rich tribofilm is created 

initially on the steel ball surface and this is then replaced and/or covered with a P and 

Zn rich tribofilm. 

 

Figure 4.15: Intensity results of elements using SEM –EDX. 

 

4.2.5 AFM results 

In order to measure the thickness of ZDDP tribofilm, AFM was used to study the same 

area of MTM ball surface as that analysed chemically using SEM-EDX. In this study, 

the apparatus was a WITec alpha 300A and the cantilever was a WITec AFM Arrow 

Cantilever Reflex-Coated. Figure 4.16 shows an AFM image of the tribofilm formed 

after 30 seconds. rubbing at 130oC. The two solid particles shown are more than 300 nm 

thick and 15 µm and 20 µm in width. Since the two particles showed strong S intensity 

in figure 4.15, it can be inferred that the two particles are predominantly S-containing 

material (as opposed to Zn and/or P). These particles are not seen after 60 minutes 
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rubbing so they must have been removed or comminuted. They are also not seen in 

mixed sliding-rolling where the film does not exceed ca. 200 nm regardless of the 

rubbing time [107,111]. 

One possible reason for the different behaviour in pure-sliding may be that S rich 

tribofilm can form before a P rich tribofilm develops because of the continuous severe 

sliding that the small ball contact area experiences initially in the absence of a 

phosphorus-based film. 

 

Figure 4.16: Initial film thicknesses measured using AFM. 

4.2.6 Tribofilm formation using non-ZDDP additives 

The results using ZDDP in pure-sliding suggest that a S rich tribofilm is built up very 

rapidly on the surface in continuous contact during the initial stage of rubbing, and then 

a P and Zn-containing tribofilm is formed much more slowly. In this study, tribofilm 

formation was further investigated using a sulphur-based additive (with no phosphorus) 

and a phosphorus-based additive (containing no sulphur). 

Figure 4.17 and 4.18 show the results under a pure-sliding condition using the sulphur-

based additive. From the MTM-SLIM result, some solid particles are observed at the 
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beginning of the test, and S was detected on the particles by EDX analysis. However, 

the S tribofilm was removed after 5 min and the worn area expanded with test time. At 

90 min, S was not detected on the surfaces. This initial behaviour is similar to the 

ZDDP results. 

 

Figure 4.17: Series of SLIM images of the balls, S-based additive. 

 

Figure 4.18: Intensity results of elements using SEM –EDX, S-based additive. 

Figure 4.19 and 4.20 show the results using a phosphorus-based additive. From the 

MTM-SLIM result, some solid particles are observed at the beginning of the test, and 

also the worn area expands with time similar to the sulphur additive. However, in 

contrast to the sulphur additive, the phosphorus tribofilm builds up throughout the test, 

as indicated by phosphorus being detected at both the 30 seconds and 90 min stages. 
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Figure 4.19: Series of SLIM images of the balls, P-based additive. 

 

Figure 4.20: Intensity results of elements using SEM-EDX, P-based additive. 

 

4.3 Conclusions 

A new approach to study ZDDP tribofilm formation in pure-sliding conditions based on 

the MTM-SLIM method was developed and applied to study tribofilm formation in 

unidirectional pure-sliding. Key conclusions from this chapter are as follows. 

 

1. In mixed sliding-rolling conditions tribofilm formation occurs at a similar rate 

over a very wide range of SRR conditions. This suggests that the film formation 

rate depends on the rubbing time experienced by the surfaces rather than the 

rubbing distance. 
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2.  In order to build up ZDDP tribofilms without any damage to the surfaces, it is 

essential to avoid pure-sliding conditions; i.e. to move both surfaces with respect 

to the contact with a minimum speed, even if the two surfaces move in opposite 

directions (contra-rotating mixed sliding-rolling). 

3.  In pure-sliding conditions using ZDDP, even though the worn area on the 

stationary surface expands with time, tribofilms are still built up during rubbing. 

These tribofilms initially have a high concentration of S but after further rubbing a 

film with a high concentration of Zn and P is formed. 

4.  In the results using a sulphur-based additive under pure-sliding conditions, a S-

based tribofilm forms almost immediately, similar to ZDDP. This S tribofilm is 

then removed during the test as it was with ZDDP. 

5.  In the results using the phosphorus-based additive under pure-sliding condition, 

the worn area expands with time. However, tribofilms are built up throughout the 

test, showing similarity to the results using ZDDP. 
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Chapter 5  

 

Tribofilm formation of ZDDP under 

reciprocating pure-sliding conditions 

 

The antiwear and anti-seizure performance and action mechanisms of zinc 

dithiophosphate (ZDDP) have been investigated under reciprocating pure-sliding 

conditions to approximately simulate a piston ring and cylinder liner assembly. As 

described in Chapter 4, the MTM-SLIM is a useful method for monitoring tribofilm 

formation by ZDDPs, but tests are generally carried out in mixed sliding-rolling 

conditions; and a novel technique described in Section 3.1.1 was developed in order to 

monitor ZDDP tribofilm formation in unidirectional pure-sliding conditions. 

In this chapter, ZDDP tribofilm formation on a stationary ball loaded against a 

reciprocating disc in pure-sliding conditions is described and the results compared to 

those obtained in unidirectional pure-sliding conditions as presented in Chapter 4. While 

in unidirectional pure-sliding conditions the worn area on the ball expands with test 

time, in reciprocating pure-sliding conditions, tribofilm forms on the stationary ball and 

no significant damage occurs. In the initial tribofilm formation under reciprocating 

pure-sliding conditions, solid particulate tribofilm with a high concentration of S forms 

initially in the contact area and subsequently breaks up. During further rubbing, a Zn 

and P rich tribofilm forms on the comminuted sulphur-rich tribofilm and also the area 

where the initial tribofilm was removed. 

A summary of this study has been published in [166]. 
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5.1 Tribofilm formation under reciprocating pure-sliding conditions 

In Section 4.2 results were shown in which the disc was rotated continuously against a 

stationary ball to give unidirectional pure-sliding conditions. In this section, the 

behaviour of ZDDP tribofilm formation in reciprocating pure-sliding is investigated and 

compared with the behaviour in unidirectional pure-sliding. Table 5.1 shows the main 

test condition used. For most work the load, disc frequency, stroke length, mean speed 

and the lubricant temperature were kept constant at 20 N (maximum Hertzian pressure 

Pmax = 0.82 GPa), 20 Hz, 4 mm, 160 mm/s and 130oC respectively. However the 

influence of load, disc frequency, stroke length and temperature were also investigated. 

Table 5.1: Standard test condition under pure-sliding reciprocating condition. 

 

 

5.1.1 Influence of disc movement 

In pure-sliding reciprocating conditions, the disc is reciprocating and the ball is 

stationary. Therefore tribofilm forms only on a point area on the ball as shown in the 

SLIM image in Figure 5.1. In this and subsequent images, the reciprocating direction is 

horizontal (Figure 5.1). In this figure the diameter of the rubbing contact region on the 

ball (ca. 216 μm) is considerably smaller than the diameter of the Hertzian contact 

formed between the steel ball and the glass window (ca. 272 μm) so the rubbed region 

lies fully within the SLIM image. 
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Figure 5.1: Reciprocating direction in SLIM images. 

Figure 5.2 compares the results for tests performed under unidirectional and pure-

sliding reciprocating conditions. The load and temperature were as listed in table 5.1 

while in unidirectional sliding the continuous disc speed was 160 mm/s and thus the 

same as the mean reciprocating disc speed. It can be seen that the contact behaviour is 

very different in the two types of rubbing. In continuous sliding the contact region grew 

rapidly, indicating a large amount of wear (although, as shown in Figure 4.17 some 

ZDDP tribofilm still formed). By contrast, in reciprocating conditions the rubbed area 

remains almost constant indicating no significant wear of the ball. After one minute of 

sliding, initial tribofilm forms near the edges of the contact but less tribofilm forms in 

the central region. Later in the test tribofilm develops to cover the whole rubbing area. 

It is not clear why there is such a big difference between unidirectional and 

reciprocating sliding. One possibility is that the contact temperatures are different in the 

two cases. The heat generation rate is only 0.35 W (friction coefficient x load x sliding 

speed) and this amount of heat should be easily removed from the ball and disc by the 

surrounding oil and the shafts. Also the heat generation will be almost identical in the 

two sliding conditions. The possibility of a difference in flash temperature was 

considered. From Jaeger’s flash temperature theory [167], using the speed interpolation 

suggested by Greenwood [168], maximum flash temperature △Tmax in unidirectional 

conditions was calculated to be approximately 9oC for the sliding speed of 0.16 m/s. In 

reciprocating conditions at 20 Hz and 4 mm, since the maximum speed is about 0.25 
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m/s, △Tmax is approximately 13oC. Therefore there is no significant different between 

unidirectional and reciprocating conditions. 

Another possibility was that the two conditions provided different EHD film thicknesses 

and thus different contact severities. The reciprocating contact had a higher maximum 

speed than the unidirectional one, producing a predicted maximum film thickness of 

10.8 nm versus 8 nm for the unidirectional case. Thus the two are quite similar and 

unlikely to produce the large difference in response seen.  

A more likely explanation is that the different responses result from differences in the 

time to build up the tribofilms on the disc in the two sliding conditions. In unidirectional 

sliding the ball traverses a given region on the disc surface only once every disc rotation. 

However in reciprocated sliding it traverses a given region much more often. Thus the 

accumulation of sliding distance and sliding time of a given region on the disc is much 

faster in reciprocated than in unidirectional pure sliding. This may enable a protective 

ZDDP film to form rapidly enough on the disc to prevent significant wear on the ball. 

This suggestion is consistent with the observation of no wear of the ball surface in tests 

using used discs and new balls. Further work to explore this is outlined in Chapter 8. 

 

Figure 5.2: Comparison of SLIM images of the wear scar on the ball under different 

disc movements. 

Polyalphaolefin base oil with no ZDDP additive gives wear on the steel ball as 

illustrated in Figure 5.3, and the wear width of the scar become larger with rubbing time. 

By using SLIM around the actual contact region, wear particles were observed to be 

present surrounding the contact area (Figure 5.4). 
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Figure 5.3: Series of SLIM images of the ball in pure-sliding reciprocating conditions 

(Base oil). 

 

Figure 5.4: SLIM images around the contact area in pure-sliding reciprocating 

conditions (Base oil). 

 

5.1.2 Influence of load 

Pure-sliding reciprocating tests were carried at the conditions listed in table 5.1 but at 

four different applied loads (5, 10, 15, 20 N, corresponding to Pmax = 0.52, 0.65, 0.75, 

0.82 GPa). Figure 5.5 shows the resultant SLIM images of the ball contact. Tribofilms 

start forming within 30 seconds from the beginning of the test over a set area that 

depends on the load. The film then thickens to cover this area. There appears to be no 

significant influence of load on the tribofilm forming process and no surface damage is 

observed on the balls under any of these conditions. The areas of tribofilms are different 

at various load conditions because the theoretically calculated Hertz diameter areas are 

different. However, in each load condition, the diameter of tribofilms is close to the 

theoretically calculated Hertz diameter (134, 170, 194, 216 µm for the four loads 

respectively). For the results at 60 min under 20 N, the diameter of worn area is 
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approximately 220 μm, which corresponds closely to the theoretically calculated Hertz 

diameter.  

For the results after 60 min rubbing, the tribofilm regions have elliptical shape; being 

slightly longer in the reciprocating direction than transverse to this. One possible reason 

for this may be that the tribofilms are swept to the front and rear of the reciprocating 

directions, and accumulate in these locations. 

 

Figure 5.5: Series of SLIM images of the ball in pure-sliding reciprocating at various 

loads. 

Figure 5.6 shows the friction coefficients results during the tests. Under all test 

conditions, the friction coefficients slightly decrease with test time. Contrary to this 

behaviour, under the mixed sliding rolling conditions the friction coefficient increased 

as the tribofilm built up. One explanation for this difference is expansion of the contact 

area due to wear; another is change of tribofilm properties.  

In addition, the friction coefficients show no simple dependence on load, giving lower 

values in the order 15, 20, 10 and 5 N. This order may be related to the real contact area; 

however there is no supporting data for this at the moment. 
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Figure 5.6: Friction coefficient under different load. 

 

5.1.3 Influence of test duration 

In the results in Figure 5.5, it can be seen that separate regions of tribofilm are formed 

initially near the front and rear of the contact area. In order to investigate this initial 

tribofilm formation further, SLIM images were captured every 5 seconds up to 100 

seconds for two repeat tests at 20 N load (Figure 5.7). The speeds of tribofilm growth 

are somewhat different but both tests show the same tribofilm formation process. In the 

first five seconds, an initial tribofilm is created in the centre of the contact, having 

elliptical shape oriented with the long axis transverse to the sliding direction. After 10 

seconds rubbing the tribofilm patch becomes practically circular. On further rubbing 

this tribofilm then separates into two regions near the front and rear of the contact, 

before eventually reforming from the top and bottom between these two regions to form 

a complete film. 
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Figure 5.7: Series of SLIM images of the ball at the initial stage. 

 

5.1.4 Influence of speed 

Figure 5.8 shows the results for reciprocating tests performed at 5, 10, 15 and 20 Hz and 

thus at different mean rubbing speeds (Table 5.2). The rate of tribofilm formation is 

slower when the frequency is decreased, but the overall process of tribofilm growth is 

the same. After 30 seconds at 5 and 10 Hz, initial tribofilms are created in the centre of 

the contact area. After 1 min at 5 and 10 Hz, but after 30 seconds at 15 and 20 Hz, two 

tribofilms form near the edges of the contact area. These film regions join together after 

a time that decreases with increasing reciprocating frequency. After 60 min, the 

tribofilms are continuous and elliptical at all frequencies. 
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Table 5.2: Test conditions for disc frequency effect. 

 

 

Figure 5.8: Series of SLIM images of the ball at various disc frequencies. 

Figure 5.9 shows friction coefficient results during these tests. The friction coefficient at 

20 Hz is much higher than the ones at other stroke frequencies. It is approximately 0.32 

at the beginning and then drops down to 0.25. However the friction coefficient in the 5, 

20, 15 Hz tests is initially about 0.15 and then stabilizes at 0.10. This behaviour 

suggests that two tribofilm types are formed on the ball surface. The surface analysis 

data to support this suggestion will be shown in section 5.2.1. 
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Figure 5.9: Friction coefficient at different speed and repeatability at 20 Hz. 

 

5.1.5 Influence of stroke length 

Figure 5.10 shows the results of tests performed using 4, 8 and 16 mm stroke length, all 

at 10 Hz, as well as one 4 mm stroke length test performed at 20 Hz (Table 5.3). The 

latter has the same average speed as the 8 mm/10 Hz test. For the 4 mm stroke length/10 

Hz test, the sizes of the two regions near the edges at 1 min are similar to the ones 

obtained at 30 seconds at 4 mm/20 Hz conditions. For the tests carried out using 8 and 

16 mm stroke lengths, the sizes of the edge regions are smaller than the ones obtained 

employing a 4 mm stroke length. In addition, there is no significant influence of stroke 

length on the rate of tribofilm formation although the sliding distance is increased by 

changing the length. One explanation may be that the lubrication regime shifts to higher 

lambda ratio conditions, less effective for building up ZDDP tribofilm, as the average 

and maximum speeds increases. However, although the sliding speeds at 10 Hz and 8 

mm stroke are the same as at 20 Hz and 4 mm stroke, the tribofilm formation shows 

different processes under these two sets of conditions. This suggests that not only the 

speed but also stroke length affects tribofilm formation. 
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Table 5.3: Test conditions for stroke length effect. 

 

 

Figure 5.10: Series of SLIM images of the ball at various stroke lengths. 

Figure 5.11 shows friction coefficients during the tests. There is no clear relationship 

between friction coefficient and the SLIM images. 

 

Figure 5.11: Friction coefficients under different Stroke length. 
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5.2 Tribofilm formation under reciprocating pure-sliding conditions 

In this study, first of all images were captured using SEM and then chemical properties 

of the tribofilm were analysed using EDX. Finally, the tribofilm size was determined 

using AFM.  

5.2.1 SEM-EDX results 

SEM-EDX was used to study some of the tribofilms formed on the ball in pure-sliding 

reciprocating tests. An SEM, HITACHI S-3400N, was used to capture high resolution 

images of tribofilm surface topography and EDX, an Oxford X-ray System INCA, was 

used to analyse the chemical properties of the tribofilms. In this study, the working 

distance was 10 mm ± 1 mm and the accelerating voltage was 10 or 15 keV. Based on 

the user manual, the beam will penetrate and enable the detection of chemical 

information about 1 micron deep into the sample at 10keV and 1.3 micron into the 

sample at 15 keV.   

Six test specimens were prepared under different test conditions. All rubbing tests 

except image (d) were carried out at the conditions listed in table 5.1 but at different test 

durations in order to obtain the samples at the different stages of tribofilm formation. 

The image (d) was tested under 4 mm stroke length/ 10 Hz. For the images (a) and (b) 

in Figure 5.12, the test was stopped after 5 seconds and 20 seconds, before the initial 

film separated into front and rear film regions. For the images (c) and (d), the test was 

halted after this separation (30 seconds, 60 seconds under 10 Hz). For (e) and (f) images, 

tests were stopped after the separate regions of the tribofilm in the front and rear started 

to join together (60 seconds, 30 min). 
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Figure 5.12: SEM images obtained under various test conditions. 

From the SEM images, individual solid particles can be seen clearly in the images (a) to 

(d), which were captured before the tribofilm reformation started. In images (e) and (f), 

a pasty substance is observed. From the SEM-EDX analysis in Figure 5.13 it can be 

seen that for the first four images S intensity is stronger than those of P and Zn. 

However, when analysing the remaining two images it is observed that the ratio of 

intensities changes and the Zn show the strongest intensity. 
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Figure 5.13: Intensity results of elements using SEM-EDX. 

Supporting evidence of these changes of intensities was obtained using the EDX 

mapping technique (Figure 5.14). In the first 4 images when the tests were stopped 

before the tribofilm reformed, the S intensity was stronger than the others and S, P and 

Zn were observed only where there were solid particles. After the film started to reform, 

the Zn signal was strongest and the darker area in the SEM image showed Zn most 

strongly.  

From these results, it can be concluded that two different types of tribofilm are created, 

displaying different properties depending on whether they are examined before and after 

the occurrence of film reformation. In other word, S rich tribofilm is mainly created on 

the steel ball surface initially and then P and Zn rich tribofilm replaces and/or covers the 

S rich tribofilm. 
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Figure 5.14: Mapping results of elements as obtained using SEM-EDX. 

 

5.2.2 AFM results 

In order to study the tribofilm thickness of ZDDP films, AFM was used to analyse the 

MTM ball surface over the same area as the chemical analysis using SEM-EDX. In this 

study, the apparatus was a WITec alpha 300A and the cantilever was a WITec AFM 

Arrow Cantilever Reflex-Coated. Results are shown in Figure 5.15. At 5 seconds after 

the test started at 130oC, the tribofilm regions are up to 700 nm in height and 16 µm in 

width. Before tribofilm separates (20 seconds), its height does not change significantly; 

however, the tribofilm area expands to 60 µm. Shortly before separation into front and 
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rear regions (30 seconds), the tribofilm particles break up into smaller-sized ones; 350 

nm in height and 10 µm in width. After the onset of reformation, the height of tribofilm 

reaches 130 nm. 

Since the initial particles before the separation showed strong S intensity and also the 

reformed tribofilms showed strong Zn and P intensity in Figure 5.13, it can be 

concluded that the particles are sulphur-rich while the final film formed is ZDDP 

tribofilm. This sequence of sulphide followed by phosphate is in accord with the HSAB 

principle [169,170]; however, the morphological changes are characteristic of pure-

sliding reciprocating conditions; the particulate tribofilm grows very rapidly but then 

breaks up and is swept to the front and rear of the reciprocating directions. During 

further rubbing, a Zn and P rich tribofilm forms on the comminuted sulphur-rich 

tribofilm and also the area where the initial tribofilm was removed.  

 

Figure 5.15: Film thicknesses as obtained using AFM. 

 

5.3 Comparison with results in unidirectional pure-sliding conditions 

It is of interest to compare the behaviour seen in reciprocating sliding with that seen and 

reported previously in unidirectional sliding conditions (Chapter 4). As shown in Figure 
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5.2, in unidirectional conditions, the worn area on the stationary ball surface expands 

with time whereas no significant damage is observed in pure-sliding reciprocating 

conditions. From Figure 5.16 and 5.17, in the unidirectional pure-sliding conditions 

shown in Figure 5.2, after 30 seconds from the beginning of the test, 550 nm thick 

particles were observed on the ball with strong S intensity in EDX analysis, but after 

further rubbing a film with a high concentration of Zn and P was formed. The sequence 

of tribofilm formation thus shows similarities between unidirectional and reciprocating 

conditions, even though wear is observed only in unidirectional pure-sliding conditions. 

 

Figure 5.16: Mapping results of elements as obtained using SEM-EDX under 

unidirectional pure-sliding condition; representation partly from Figure 4.15. 

 

Figure 5.17: Initial film thicknesses under unidirectional pure-sliding condition; 

representation of Figure 4.16. 

It is not clear why the wear behaviour is so different in unidirectional and reciprocating 

conditions but this may relate to whether and to what extent a tribofilm forms on the 

moving disc surface, which may depend on the proportion of time that any part of the 
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disc is in contact. In explore this, tribofilms on the disc were also analysed using SEM-

EDX. Five discs were prepared under different test conditions; two discs after 30 

seconds and 60 seconds rubbing in unidirectional tests with the same test conditions as 

those in Figure 5.16, two discs from reciprocating tests after 5 seconds and 30 seconds 

rubbing, as in Figure 5.12 and the last disc from a 10 Hz, 16 mm stroke length 120 

seconds test as in Figure 5.10. 

From SEM results at 30 seconds in unidirectional conditions and 5 seconds and 30 

seconds in reciprocating condition, unlike on the ball, no particles are found on the disc 

(Figure 5.18). Therefore it can be said that the very thick sulphur-rich particulate 

tribofilm forms only on the stationary surface. From the EDX results, the intensities of 

Z, P and S are compared to that of carbon in the disc material AISI 52100. After 30 

seconds in unidirectional pure-sliding Zn, P and S are observed, but after 60 seconds the 

intensity of all three of these peaks diminish. This indicates that in unidirectional sliding, 

some tribofilm forms on the disc surface initially but this is removed as further wear 

occurs. By contrast, in reciprocating tests after 5 and 30 seconds the intensities of Zn, P 

and S become stronger with rubbing time although the initial sulphur rich tribofilms on 

the ball is removed. The film present after 120 seconds at 16 mm/10 Hz was similar and 

comparison of the 4 mm and 16 mm tests indicate no significant influence of stroke 

length on tribofilm on the disc. Since the sliding length per one cycle in unidirectional 

sliding is about 132 mm, this length is still much longer than the 16 mm stroke length 

and it is possible that this limits the ability of a tribofilm to form on the disc surface. 
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Figure 5.18: Intensity results of elements using SEM-EDX on the disc. 

As a final confirmation of the importance of a tribofilm forming on the disc surface, one 

additional unidirectional test was carried out using a new ball and a used disc covered 

with ca. 45 nm of ZDDP tribofilm. In order to prepare this used disc a mixed sliding-

rolling test was carried out under the following conditions; 20 N load, 50 % slide roll 

ratio (125 mm/s in disc speed and 75 mm/s in ball speed), 130oC and 45 min. The used 

disc was then left in place but the used ball was replaced by a new ball, the used 

lubricant changed for a fresh sample, and a unidirectional pure-sliding test was then 

carried out at 10 N load, 160 mm/s disc speed and 130oC. The succession of SLIM 

images obtained is shown in Figure 5.19. At the beginning of the test a build-up of 

tribofilm was observed in left side of the contact area on the ball. Since, in the SLIM 

images shown, lubricant enters the contact area from left side and leaves from the right 

side. This suggests that tribofilm from the used disc is transferred into the inlet of the 

contact area on the ball. From Figure 5.19 it can be seen that there is no significant wear 

of the ball during the test, unlike what was observed when a fresh disc is used as in 

Figure 5.2. 
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Figure 5.19: Series of SLIM images of the ball in unidirectional pure-sliding using a 

new ball and a disc covered by Zn and P tribofilms. 

This shows that tribofilm formed on a disc can protect the counter surface even if a new 

ball is used. In order to understand the influence of tribofilm thickness on discs on the 

behaviour of protection for new steel balls, five discs which have different thickness of 

tribofilm were studied. The tribofilm-covered discs were prepared using a MTM rig 

under different rubbing times, and the tribofilm thicknesses on discs were estimated to 

be similar the thickness on the balls obtained using SLIM. Figure 5.20 shows the results 

of the rubbing conditions and the test using a new ball and a disc covered by Zn and P 

tribofilms. When tribofilm on a disc is more than about 40 nm, similar behaviour to that 

shown in Figure 5.19 is observed, with no significant wear on the new balls, tribofilm 

formation from left side of the contact area and tribofilm transferred from the used disc 

to the ball. In contrast to these results, when the tribofilm thickness on the disc is only 

17 nm, some wear occurs on the new ball although tribofilm transfer is also observed.  
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Figure 5.20: Series of SLIM images of the ball after mixed sliding-rolling rubbing tests 

and unidirectional pure-sliding tests. 

It can be concluded that when a disc already covered by Zn and P tribofilm is used, no 

significant damage on the ball occurs even in unidirectional pure-sliding condition. 

Therefore Zn and P tribofilms can show good antiwear performance in unidirectional 

pure-sliding conditions only if enough tribofilm is built up before initial wear takes 

place. Thus in unidirectional sliding wear takes place initially because the ZDDP film 

does not form fast enough on the ball. This suggests that initial S tribofilm has 

important role for protecting the steel surface from initial wear because Zn and P 

tribofilm takes a longer time to be built up than S tribofilm. 
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5.4 Hypothesis of how tribofilms build up on the ball in pure-sliding reciprocating 

conditions 

From this study, the following hypothesis of how tribofilms build up on the ball in pure-

sliding reciprocating conditions is suggested (Figure 5.21). Firstly, high sulphur-content 

tribofilm material is built up in certain areas. Secondly, the size of the high sulphur-

content tribofilm particles increases. Thirdly, these tribofilm particles break up into 

smaller fragments and move to the front and rear to form two distinct regions. Finally, 

Zn and P tribofilms are created, mainly between the two regions and on top of the initial 

sulphur particles. If insufficient tribofilm forms on the moving counter surface, possibly 

because this spends too high a proportion of the test time out of contact, then the high 

sulphur contest still forms on the ball but the second, Zn/P tribofilm formation on the 

ball is very slow and unable to prevent wear. 

 

Figure 5.21: Hypothesis of how tribofilms build up on the ball in pure-sliding 

reciprocating conditions. 
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5.5 Conclusions 

A new approach to study ZDDP tribofilm formation in pure-sliding reciprocating 

conditions based on the MTM-SLIM method has been employed. Key conclusions are 

as follows. 

 

1. In unidirectional pure-sliding condition, the worn area on the ball expands with 

test time, indicating considerable wear. By contrast to this, in reciprocating pure-

sliding conditions, tribofilm forms on the ball and no significant damage occurs. 

In addition, there is no significant influence of load, disc frequency and stroke 

length on the tribofilm forming process and no surface damage occurs on the 

balls under any conditions tested. 

2. In the initial tribofilm formation on the ball under reciprocating pure-sliding 

conditions, solid particulate tribofilms with a high concentration of S form 

initially in the centre of the contact area. Subsequently, the tribofilm separates 

into two regions near the front and rear of the contact, before reforming a pasty 

tribofilm between these regions with a high concentration of Zn and P. 

3. In order to avoid any damage to the ball surface, it is essential to build up a 

ZDDP tribofilm on the disc; once tribofilm forms on the disc surface, no further 

significant damage on the ball surface occurs even if a new ball is employed. 

 

In most previous research on ZDDP tribofilm formation, attention has focussed on the 

thick glassy Fe phosphate and Zn phosphate layers after rubbing test. This study has 

shown that in pure-sliding reciprocating conditions, a sulphur-rich thicker tribofilm is 

initially formed and partially removed from the steel surface, and then the phosphate-

based layer develops.   
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Chapter 6  

 

The influence of aluminium–silicon alloy on 

ZDDP tribofilm formation on the counter-surface 

 

As described in Chapter 1 and 2 in order to reduce vehicle weight and thus improve fuel 

economy, aluminium (Al) alloys have been increasingly adopted as contact surfaces 

such as piston skirts and cylinder liners in current engines. For these parts, hypereutectic 

Al–Si alloys are generally used, in which hard silicon grains are embedded in a softer 

Al–Si single phase matrix. It is reported that after rubbing, the matrix is removed to 

leave silicon grains protruding from the surface. However, the response of the counter-

surface by these silicon grains has been little investigated.  

In this study, MTM–SLIM has been used to monitor tribofilm formation in situ and 

investigate the evolution of both surfaces in the contact of a steel ball on an Al–Si disc 

lubricated by ZDDP solution. In mixed sliding-rolling at low-load conditions, the top 

layer of aluminium on the Al–Si disc is removed physically to leave silicon grains 

protruding from the surface, while ZDDP tribofilm pads are formed mainly on the 

grains. On the counter-surface (steel ball), ZDDP tribofilms are formed and build up 

with no wear of the surface. In high-load conditions, deep gaps are observed to form 

initially round the silicon grains on the disc. During rubbing, these become shallower, 

while the silicon grains start to protrude. On the counter-surface (steel ball), ZDDP 

tribofilm is generated initially over the whole rubbing track, but then, as the silicon 

grains protrude the tribofilm in the middle of the track is almost completely removed by 

rubbing against the grains and significant wear of the counter-surface occurs. 
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In pure-sliding unidirectional rolling conditions, the worn area expands with time, as 

seen using steel discs (Section 4.2), but the size of the wear scar when Al-Si discs are 

used is much larger than the one observed using steel discs. In pure-sliding, 

reciprocating conditions, the process of tribofilm formations is different from the one 

observed using steel discs; the tribofilm formation process shown in Section 5.4 is not 

observed when Al-Si discs are used. 

The results in pure-sliding unidirectional rolling conditions have been published in 

[171]. 

 

6.1 Tribofilm formation results under mixed sliding-rolling conditions 

Table 6.1 shows the main test conditions in this study. The mean speed and the oil 

temperature were kept constant during all tests, at 160 mm/s and 130 °C, respectively. 

Three loads were studied, 5 N, 10 N and 20 N. The maximum contact pressure at 5 N 

between a steel ball and a steel disc is almost same as the one at 20 N between a steel 

ball and an Al–Si disc. Various SRR conditions were studied, between 100% SRR and 

201% SRR, where SRR is defined by Eq. 1 in Chapter 3. 
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6.1.1 MTM-SLIM results under mixed sliding-rolling conditions 

The ZDDP tribofilms formed on steel balls after rubbing in ZDDP solution against Al–

Si alloy discs and steel discs were compared. (Some steel/steel results were also shown 

in Chapter 4). Tests were also carried out using PAO base oil. Figures 6.1, 6.2 and 6.3 

show interference images on the MTM steel balls at 5, 10 and 20 N, respectively, while 

Figure 6.4 shows mean film thicknesses at the middle of the rubbed area on the balls at 

5 N and 20 N, calculated from these interference images. 

 

Figure 6.1: Comparison of SLIM images of the ball under 5 N between different disc 

materials. 
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Figure 6.2: Comparison of SLIM images of the ball under 10 N between different disc 

materials. 

 

Figure 6.3: Comparison of SLIM images of the ball under 20 N between different disc 

materials. 
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Figure 6.4: Mean film thickness at the middle of the worn area on the ball at a 5 N and b 

20 N. 

At 5 N using both steel discs and Al–Si discs, it can be seen that the colour of the 

images gradually changes with rubbing time (Figures 6.1, 6.4 (a)). This indicates that 

ZDDP tribofilms are formed and build up progressively on the rubbed tracks on the 

steel balls during rubbing, although tribofilm formation speeds are different. This 

tribofilm-forming process is also observed at 20 N using steel discs in Figure 6.3. 

However, when using an Al–Si disc at 20 N, the tribofilm develops over the first 15 min 

of rubbing but then diminishes. This is clearly seen in Figure 6.4 (b) where the mean 
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tribofilm thickness over the central region of the track is plotted against rubbing time 

and also in the images in Figure 6.5 at the end of test. In the latter it is clear that the film 

is no longer present in the middle region of the rubbed track on the ball.  

In tests using PAO4 base oil at 5 N (Figure 6.1), some particles were observed near the 

middle of worn track and these were deposited and removed since the deposit area 

changed with rubbing time. At 201% SRR and 20 N (Figure 6.3), these particles were 

observed at the beginning of rubbing and the amount of the deposit was much more than 

that observed under milder conditions (5 N). In addition, from EDX-mapping results at 

1 min at 201% SRR and 20 N, aluminium element is clearly detected on the rubbing 

track on the ball (Figure 6.6). Therefore it can be inferred that aluminium from the Al-Si 

disc transfers to the counter steel ball surface.  

 

Figure 6.5: Microscope image on the ball rubbed against an Al-Si disc for 90 min in 

ZDDP solution. Load is 20 N, SRR is 201%. 
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Figure 6.6: EDX-mapping image on the ball rubbed against an Al–Si disc at 1 min in 

PAO4 base oil. Load is 20 N, SRR is 201%. 

At 5 N load after rubbing in ZDDP solution for 90 min, the width of the track on the 

ball for the steel/steel combination (Figure 6.1) was 126 μm, while at 20 N as shown in 

Figure 6.3, it was 199 μm. These compare with the theoretical Hertz diameters based on 

supplied elastic modulus data of 134 and 214 μm respectively. The results confirm that 

negligible wear occurs on the ball and disc surfaces since the track widths were slightly 

below these theoretical Hertz values. For the Al–Si disc on steel ball, the width of the 

track on the ball at 5 N after rubbing for 90 min was 168 μm, and it was also almost the 

same as the theoretical diameter 167 μm. However, at 20 N, it exceeded the width of the 

SLIM image and reached 360 μm, which is about 1.4 times larger than the theoretical 

diameter of 264 µm (Figure 6.6), indicative of wear on one or both of the surfaces. 

Figure 6.7 shows 2D profiles obtained using SWLI (scanning white-light interferometry, 

Wyko NT9100) of the steel balls rubbed against Al–Si and steel discs after tribofilm 

removal by EDTA at the end of 90 min rubbing tests at 20 N. For the ball rubbed 

against the steel disc, no wear is observed on the track, but for the ball rubbed against 

the Al–Si disc, although the contact pressure was lower than the one between a steel ball 

and a steel disc, a 1.8 µm deep wear track is observed in the central rubbed region. This 

corresponds to the region where tribofilm has been removed from the steel ball during 

rubbing. 

Rubbing track 

Non-rubbed area 
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Figure 6.7: Profiles of steel balls rubbed against a steel disc and an Al–Si disc for 90 

min at 20 N, 201% SRR. 

As mentioned earlier (and also indicated by the similar track widths in Figures 6.1, and 

6.3), the maximum contact pressure at 5 N between a steel ball and a steel disc is similar 

to the one at 20 N between a steel ball and an Al–Si disc. However, since tribofilm 

removal was observed only when Al–Si discs were used, this suggests that silicon 

grains are responsible for the tribofilm removal from the steel ball and also wear of the 

steel. 

 

6.1.2 Surface analysis of steel balls 

Figure 6.8 shows the results of SEM–EDX of steel balls after 1 and 15 min tests in 

which the ball was rubbed against an Al–Si disc at 201% SRR and 20 N in ZDDP 

solution. For the spectra obtained using EDX, Zn and P, which are key elements of 

ZDDP tribofilms, are observed across the whole rubbed track in both tests. Interestingly, 

Al is also detected. Figure 6.9 shows the results of SEM–EDX after a 90-min test. This 

is from the ball whose optical image is shown in Figure 6.6 and compares EDX 
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intensities (a) near the edge where SLIM shows the presence of a tribofilm with (b) the 

middle of the worn track where the film is largely removed. From the darker area at the 

edge, Al is observed as well as Zn, P and S. In contrast to the results in Figure 6.8, no 

elements from ZDDP or Al–Si alloy are observed in the middle of the track. 

 

Figure 6.8: SEM-EDX results of the steel ball rubbed with Al-Si disc for 1 and 15 min 

in 20 N, 201% SRR. (a) at edge of track, (b) at middle of track. 
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Figure 6.9: SEM-EDX results of the steel ball rubbed with Al-Si disc for 90 min at 20 N, 

201% SRR. (a) at edge of track, (b) at middle of track. 

From the results obtained using MTM–SLIM and SEM–EDX, it can be concluded that 

when a steel ball is rubbed against an Al–Si disc at 20 N load, ZDDP tribofilm is 

created on the whole rubbing track on the steel ball at the beginning of the test, but the 

tribofilm in the middle of the track is then removed, although the tribofilm near the 

edges remains during further rubbing. In addition, aluminium is transferred from the 

Al–Si disc to the steel ball during the test. 
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6.1.3 Surface analysis of Al–Si discs 

Figure 6.10 shows a microscope image and EDX analysis of the Al–Si disc after 90 min 

rubbing at 5 N and 100% SRR, a condition that showed tribofilm build-up (Figure 6.1). 

An AFM topography image is also shown in Figure 6.11 from a grain inside the rubbed 

track. It is observed that the ZDDP tribofilm pads exist on the silicon grains, as reported 

by Nicholls et al.[131]. From 2D line profiles before and after tribofilm removal by 

EDTA solution (Figure 6.12), the ZDDP film thickness on the Si grain shown can be 

determined to be a maximum of about 150 nm (Figure 6.13). Also, after the tribofilm 

removal it can be seen that the surface of the silicon grain protrudes 90 nm above the 

aluminium surface. 

 

Figure 6.10: Optical and EDX results from the Al–Si disc at the end of test. Test 

duration: 90 min; Load: 5 N; SRR: 100%: on the worn track. 
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Figure 6.11: Optical and AFM results from the Al-Si disc at end of test. Test duration: 

90 min; Load: 5 N; SRR: 100%: on the worn track. 

 

Figure 6.12: AFM results on the worn track from the Al–Si disc after tribofilm removal 

by EDTA. Test duration: 90 min; Load: 5 N; SRR: 100%. 
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Figure 6.13: Comparison of AFM results before (Figure 6.11) and after (Figure 6.12) 

tribofilm removal by EDTA. Test duration: 90 min; Load: 5 N; SRR: 100%. 

No significant difference in the topography on the Al matrix between before and after 

tribofilm removed by EDTA solution was observed, suggesting that little if any ZDDP 

tribofilm is formed on the Al matrix. In order to confirm this, the rubbed and non-

rubbed areas were compared (Figure 6.14). Tribofilm up to 80 nm thickness is present 

on the rubbed Si grain, but no clear film was observed on the Al matrix within the 

rubbed track. Figure 6.15 shows a microscope image and EDX and AFM results after 90 

min rubbing at 20 N. The surface of the silicon grain including ZDDP tribofilm 

protrudes 150 nm from the aluminium surface (Figure 6.16). No significant change of 

the grain surface was observed after tribofilm was removed by EDTA solution (Figure 

6.17, 6.18), suggesting that although Zn was detected in EDX, very little if any of this 

film was present on the protruding silicon grains and Al matrix after testing at high load. 
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Figure 6.14: Optical and AFM results across the edge of the worn track from the Al–Si 

disc at the end of test. Test duration: 90 min; Load: 5 N; SRR: 100%. 
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Figure 6.15: Optical, EDX and AFM results from the Al–Si disc at the end of test. Test 

duration: 90 min; Load: 20 N; SRR: 100%. 

 

Figure 6.16: AFM results on the worn track from the Al-Si disc at end of test. Test 

duration: 90 min; Load: 20 N; SRR: 100%. 
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Figure 6.17: AFM results on the worn track from the Al-Si disc after tribofilm removal 

by EDTA. Test duration: 90 min; Load: 20 N; SRR: 100%. 

 

Figure 6.18: Comparison AFM results between before (Figure 6.16) and after (Figure 

6.17) tribofilm removal by EDTA. Test duration: 90 min; Load: 20 N; SRR: 100%. 

Figure 6.19 compares AFM images of Al–Si discs after different rubbing times at 20 N 

and 201% SRR, which condition showed tribofilm build-up and then removal with 

rubbing time (Figure 6.1). No tribofilm pads are observed on the silicon grains. This 

suggests that the test conditions are too severe to build up tribofilm. 
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Figure 6.19: AFM results of Al–Si disc at 1, 15 and 90 min in 20 N, 201% SRR. 

Figure 6.19 also shows 2D profiles across an individual Si grain. After only 1 min 

rubbing at 201% SRR, deep gaps develop between the aluminium matrix and the silicon 

grains. These have maximum depth 600 nm below the surfaces of the aluminium, which, 

after this short rubbing time, is almost level with the top of the silicon grains. After 15 

min rubbing, these grooves are shallower, at 190 nm, while the silicon grain protrudes 

210 nm above the aluminium surface. After 90 min rubbing, the grooves have 

disappeared and the grains stand ca. 230 nm above the Al matrix. At 15 min and 90 min, 

the microscope images show some cracks on the silicon grains. From the changes of 

groove depth, it is suggested that aluminium matrix near the silicon grain may be 

transferred and fill the gaps developed between grain and matrix during initial sliding. 

Figure 6.20 shows EDX results at different test times at 20 N and 201% SRR from the 

same specimens as shown in Figure 6.19. After 1 min of rubbing, MTM–SLIM shows 

that ZDDP antiwear tribofilm is formed on the steel ball. However, no tribofilm is 

observed on the silicon grains and little on the surrounding aluminium matrix. However, 

after 15 min, ZDDP tribofilm is observed on the silicon grains as well as on aluminium 

matrix and the steel ball. After 90 min rubbing, Zn is still detected on both silicon and 
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aluminium, but the intensity of Zn on silicon is weaker than that on aluminium although 

the intensities on both silicon and aluminium are almost equal to the ones at 15 min. 

 

Figure 6.20: EDX results of Al–Si disc at 1, 15 and 90 min in 20 N, 201% SRR. 

In order to support these results, the AFM–EDTA method was employed. Figures 6.21 

and 6.21 show the AFM topography measurements of the Al–Si disc after 15 and 90 

min rubbing, respectively. After 15 min, the ZDDP tribofilm thickness on the silicon 

grain is about 40 nm based on comparison of the 2D line results before and after 

tribofilm removal by EDTA. After 90 min, it is about 10 nm on the worn track (Figure 

6.22a) and shows similarity to the result at 90 min in 20 N, 100% SRR (Figure 6.8). For 

the result on the Al matrix near the edge of the worn area (Figure 6.22b), no significant 

change of the surface is observed after tribofilm removal by EDTA. Less ZDDP 

tribofilm builds up on both Si grains and Al matrix although Zn is detected in EDX. It 

can be inferred that the ZDDP tribofilms on both silicon grain and steel ball are 
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removed during further rubbing. It should be noted that this and the previously 

described AFM measurements are based on individual Si grains so the actual film 

thicknesses obtained are representative rather than statistical averages. Many grains 

would have to be analysed to derive accurate mean values. 

 

Figure 6.21: AFM results of Al–Si disc at 15 min in 20 N, 201% SRR. 
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Figure 6.22: AFM results of Al–Si disc at 90 min in 20 N, 201% SRR; a) on the worn 

track, b) across the edge of the worn track. 

From the results of the surface analysis of tests using Al–Si discs, it can be concluded 

that ZDDP tribofilm pads form only on silicon grains under low-load condition; on the 

other hand, under high-load conditions, tribofilms are formed on the disc at the 

beginning of the test but these are removed during the further rubbing. Over the same 

period, ZDDP tribofilms on the steel ball are also removed by rubbing against the 

protruded silicon grains. 
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6.1.4 Proposed model of tribofilm build up on the Al–Si alloy and the Counter-

Surface 

The theoretical minimum EHD film thickness can be estimated from the Dowson-

Hamrock elastohydrodynamic lubrication (EHL) equation to be ca 25 nm at 20 N load 

and an entrainment speed of 160 mm/s. This implies an initial lambda ratio of ca 0.35. 

During the rubbing test, the surfaces become rougher, because of both the formation of 

a ZDDP film and, for Al-Si, the removal of Al matrix. Therefore, the tests conducted in 

this study were always carried out under boundary lubrication conditions. 

Based on the results, the following two hypotheses of how tribofilms build up can be 

suggested in different test conditions (Figures 6.23 and 6.24). 

 

Figure 6.23: Hypothesis of how tribofilms build up in low-load conditions. 
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Figure 6.24: Hypothesis of how tribofilms build up in high-load conditions. 

At low-load conditions (Figure 6.23), the top layer of aluminium on the Al–Si disc is 

removed physically while silicon grains remain in the surface. ZDDP tribofilm pads are 

built up on the resulting, protruding silicon grains; this finding is similar to that reported 

by Nicholls et al. [131]. On steel balls which are counter-surfaces to the Al–Si material, 

ZDDP tribofilms are formed and build up during rubbing. No wear scars are observed 

on the surface. 

At high loads, at the beginning of the test (Figure 6.24-2), ZDDP tribofilms are mainly 

built up on aluminium on the Al–Si disc, and some gaps appear around the silicon 

grains, presumably due to lateral forces on the grains causing their displacement and 
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consequent deformation of the surrounding Al matrix. Initially, the surface of the 

aluminium matrix is almost level with the top of the silicon grains and while this is the 

case, the ZDDP tribofilms are also built up on the counter-surface (steel ball) and there 

is also transfer of aluminium from the Al-Si disc to the steel ball. During further rubbing 

(Figure 6.24-3), ZDDP tribofilms form on both the silicon and aluminium surface; 

however the aluminium is removed by rubbing and also some cracks appear on silicon 

grains. On the steel ball, the ZDDP tribofilm becomes thicker. Finally, after further 

rubbing test (Figure 6.24-4), silicon grains protrude from the aluminium surface because 

of physical removal of the aluminium and these protruding silicon grains remove the 

tribofilm from the opposing steel ball, presumably by abrasion. Once the protective 

tribofilm is removed, wear of the steel ball ensues. 

 

6.1.5 Conclusion from sliding-rolling tests 

The influence of Al–Si alloy on ZDDP tribofilm formation in a steel ball on 

hypereutectic Al–Si alloy disc sliding–rolling contact has been investigated using the 

MTM–SLIM method and surface analysis. Key conclusions are as follows. 

 

1. In low-load conditions, the top layer of aluminium on the Al–Si disc is removed 

physically during rubbing so that silicon grains protrude the surface, and ZDDP 

tribofilm pads are mainly formed on these grains; this result is consistent with 

the previous research [131]. On the steel ball counter-surface, ZDDP tribofilms 

are formed and build up with the rubbing time and appear to fully protect the 

steel surface against wear. 

 2. In high-load conditions, deep gaps form initially around the silicon grains of the 

Al–Si disc due to rubbing. After further rubbing time, the depths of these 

grooves become shallower and the silicon grains start to protrude from the 

surrounding matrix. On the steel ball, a ZDDP tribofilm is created initially over 
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the whole rubbing track, but as the silicon grains protrude from the counter-

surface, they remove the ZDDP film on the steel ball in the middle of the 

rubbing track where the pressure is highest. Wear of the steel ball is then 

observed in this region. 

 

6.2 Tribofilm formation results under pure-sliding conditions 

Table 6.2 shows the main test conditions in this part of the study. The load and the oil 

temperature were kept constant during the test, at 20 N and 130°C, respectively. For the 

unidirectional condition, the mean speed was 160 mm/s. For the reciprocating condition, 

the disc frequency, stroke length and mean speed were 20 Hz, 4 mm and 160 mm/s 

respectively. 

Table 6.2: Main test conditions under pure-sliding conditions. 
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6.2.1 MTM-SLIM results under pure-sliding unidirectional conditions 

The ZDDP tribofilms formed on stationary steel balls after rubbing against rotating Al–

Si alloy discs and steel discs are compared in Figure 6.25. The interference images on 

MTM steel balls show that a much larger wear scar forms on the ball when using Al-Si 

disc as compared to a steel disc even though the maximum contact pressure at 20 N 

between a steel ball and a steel disc is larger than that at 10 N or 20 N between a steel 

ball and an Al–Si disc. Figure 6.26 shows SEM–EDX of steel balls and Al-Si discs after 

at a 30 min test in which the ball was rubbed against an Al–Si disc at 200% SRR and 20 

N. Zn, P and S is observed on the rubbed area on both the steel ball and the Al-Si disc 

although the intensities were very weak. Interestingly, Al is also detected on the counter 

steel ball similar to the results observed in Figure 6.9. Therefore it can be concluded that 

the steel/Al-Si contact can build up ZDDP tribofilms as well as the steel/steel contact 

but the tribofilms are less able to protect the counter steel ball surface. 

 

Figure 6.25: Series of SLIM images of the ball rubbed against steel and Al-Si discs in 

pure-sliding conditions. 
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Figure 6.26: SEM–EDX results of the steel ball rubbed with Al–Si disc for 30 min in 20 

N, 200% SRR; red rectangles show the areas of EDX analyses. 

 

6.2.2 MTM-SLIM results under pure-sliding reciprocating conditions 

Pure-sliding reciprocating tests were carried at the conditions listed in table 6.2, with a 

reciprocating disc and a stationary ball, at two different applied loads (10 and 20 N). 

Figure 6.27 shows SLIM images of the ball contacts rubbed against Al-Si discs and 

compares results of steel/steel and steel/Al-Si contacts. For the steel/Al-Si contact, after 

30 seconds at 20 and 10 N, some particles were observed in the middle of the contact 

area where the pressure is highest. After 1 min, the particles were removed on the steel 

ball surfaces. After that no such particles were observed and the contact area expanded 

with rubbing time.  

 



 
 
 

 

161 
 

 

Figure 6.27: Series of SLIM images of the ball rubbing against steel and Al-Si discs in 

pure-sliding conditions. 

In order to investigate the initial behaviour of the particles, SLIM images were captured 

every 10 seconds until 60 seconds (Figure 6.28). However, no initial particle formation 

was observed under this test condition. There is a possibility that halting the rubbing 

motion influences the formation of particles but no supporting data was observed. For 

the further investigation on the particle, SEM-EDX analysis was carried out on the ball 

after 30 seconds rubbing under 10 N, and Al was strongly detected on the particles 

(Figure 6.29). Therefore it can be concluded that aluminium in Al-Si discs is transferred 

to the counter steel ball surface; this initial behaviour is similar to that observed under 

mixed sliding-rolling conditions (Figure 6.24).  

 

Figure 6.28: Series of SLIM images of the ball rubbing against steel and Al-Si discs in 

pure-sliding conditions. 



 
 
 

 

162 
 

 

Figure 6.29: SEM-EDX results of the ball rubbing against Al-Si discs in pure-sliding 

reciprocating conditions. 

Figure 6.30 shows SEM-EDX results from the steel ball surface after aluminium 

particle removal. At 60 seconds after a rubbing test, aluminium was detected on the 

rubbing area as well as the elements of ZDDP tribofilms such as Zn, P and S. In contrast 

to this result, after further rubbing for 60 min, no aluminium was observed on the 

rubbing area, and this suggest that aluminium particles were removed by rubbing 

against Si particles in Al-Si alloys as the results showed in mixed sliding-rolling 

conditions (Figure 6.24). 

 

Figure 6.30: Series of SLIM images of the ball rubbing against steel and Al-Si discs in 

pure-sliding conditions. 
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For the growth of ZDDP tribofilms with rubbing time, the EDX mapping results in 

Figure 6.31 show clearly the change over time between 60 seconds and 60 min; the 

intensity of Zn at 60 min is stronger than the one at 60 seconds.  

 

Figure 6.31: Series of SLIM images of the ball rubbing against steel and Al-Si discs in 

pure-sliding conditions. 

 

6.2.3 Conclusions from pure-sliding tests 

The influence of Al–Si alloy on ZDDP tribofilm formation in steel ball against 

hypereutectic Al–Si alloy disc contacts in pure-sliding conditions has been investigated 

using the MTM–SLIM method and surface analysis. Key conclusions are as follows. 
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1. For pure-sliding unidirectional conditions, Al-Si discs give much larger worn 

areas on a counter steel ball compared to steel/steel contacts, even though the 

maximum contact pressure at 20 N between a steel ball and a steel disc is 

larger than at 20 N between a steel ball and an Al–Si disc. In EDX spectra, Zn, 

P and S were observed on the rubbed area on the counter steel ball surface. 

Therefore it can be concluded that the steel/Al-Si contact can build up ZDDP 

tribofilms just like a steel/steel contact but the tribofilms have less ability to 

protect the counter steel ball surface from wear. 

2. In pure-sliding reciprocating conditions, at the initial stage of the rubbing test, 

aluminium from Al-Si alloy is transferred to the counter steel surface in the 

form of particles. Then these Al particles are removed with further rubbing 

time as a ZDDP tribofilm builds up. The speed of tribofilm formation on the 

ball when rubbing against Al-Si discs is much faster than that against steel 

discs.  
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Chapter 7  

 

ZDDP tribofilm formation when coated materials 

are rubbed against aluminium–silicon alloy 

 

As described in Chapter 2, aluminium alloys have been adopted as contact surfaces such 

as cylinder liners, and also many coatings have been applied to the counter, piston ring 

surfaces. From the results in Chapter 6, it was observed that a steel counter surface can 

be worn by Si grains in Al-Si alloys under high load conditions even though ZDDP is 

present in the lubricant. The question that arises is how coated counter surfaces perform 

when rubbed against Al-Si alloy in the presence of ZDDP. This has been investigated 

using MTM–SLIM. 

Under mixed sliding-rolling conditions, it is found that ZDDP tribofilms form on a 

CrN-coated ball rubbing against an Al-Si alloy disc as well as on a steel ball. However, 

on a DLC-, Cr- or Ni-coated ball, it is observed that ZDDP tribofilm formation on the 

coated balls is different from that on an uncoated steel ball. In addition, the influence of 

the amount of silicon in Al-Si alloy discs on the ZDDP tribofilm formations was 

investigated. For a pure silicon disc, ZDDP tribofilms forms on the counter steel ball 

surface in low load conditions, and for glass discs ZDDP tribofilms build up on the 

counter steel ball as well as when using steel discs. 

Under pure-sliding conditions it is difficult to form a ZDDP tribofilm on steel balls 

rubbing against steel discs. However CrN-coated balls can form ZDDP tribofilms in 

such conditions. While less ZDDP tribofilms forms, on DLC-coated balls and WC balls, 

wear is not observed. Tribofilms are observed on Cr-coated balls, but the appearance of 
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the tribofilm is different from the ZDDP tribofilms observed on steel balls and CrN-

coated balls. 

From the results described above, it can be concluded that the type of coating affects 

ZDDP tribofilm formations. 

 

7.1 Tribofilm formation results under mixed sliding-rolling conditions 

Table 7.1 shows the main test conditions used in this study. The load, the mean speed 

and the oil temperature were kept constant during all tests, at 5 or 20 N, 160 mm/s and 

130°C, respectively. SRR conditions were studied at 100% SRR and 201% SRR, where 

SRR is defined by Eq. 1 in Chapter 3. 

Table 7.1: Main test conditions under mixed sliding-rolling conditions. 

 

ZDDP tribofilms formed on CrN-coated balls after rubbing against Al–Si alloy discs 

with ZDDP-containing lubricant. Figures 7.1 shows interference images from the MTM 

steel balls at 5 and 20 N and 100% and 201 % SRR. While Figure 6.3 showed tribofilm 

removal at 20 N in the central region of the track for the steel balls rubbing against Al–

Si discs, no such removal is observed with the CrN balls during rubbing. In terms of 

speed of tribofilm formation, 201% SRR gives a faster rate than 100% SRR, which is 

similar behaviour to that using steel balls. ZDDP tribofilms are formed faster on CrN 

coating than on steel ball surface. 
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Figure 7.1: Comparison of SLIM images of CrN balls under different test conditions. 

Since different behaviour was observed when CrN balls were used, the influence of the 

other coatings was investigated. Two test conditions were selected from those shown in 

Figure 7.1, 5 N and 100% SRR which showed the lowest rate of tribofilm formation, 

and 20 N and 201% SRR which showed the highest rate of film formation.  

Figure 7.2 shows the MTM-SLIM images of Cr-, Ni- and DLC-coated balls. For the Cr-

coated balls, dark brown particles are observed and grow up with rubbing time. For the 

Ni coating, wear scars occur easily at the high load condition. For the DLC, although no 

tribofilms is formed on the balls, no serious wear scar is observed presumably because 

of the ball hardness and tribofilm on the disc.  
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Figure 7.2: Comparison of SLIM images of different coated balls rubbing with Al-Si 

discs under mixed sliding-rolling conditions. 

In order to understand the influence of Si grains on tribofilm formation, pure aluminium 

discs (Ra = 0.1 μm), pure silicon discs (Ra = 0.9 μm), single phase aluminium-silicon 

(Si 1%) discs (Ra = 0.05 μm) and glass discs (Ra = < 0.01 μm) were prepared (Figure 

7.3). For the results observed using pure aluminium discs, aluminium transfers on the 

steel ball surface as the disc material is very soft. For silicon discs, growth of ZDDP 

tribofilm is observed on the steel ball at the 100% SRR condition, but less tribofilm is 

formed at the 201% SRR condition. This was observed only with Si discs; for steel balls 

against steel discs there was no difference between 100% SRR and the 201% SRR 

conditions. For glass discs, which do not contain aluminium, tribofilms on the steel ball 

surfaces are built up at both 100% and 201% SRR.  

For aluminium silicon alloy (Si 1%), at the beginning of the test transfer of aluminium 

material transfers to the counter steel ball surface can be observed, but at a later stage 

the transferred aluminium is removed. It can be concluded that this process showed 

similarity with the test outcome using the 18% Si-Al alloy. For all Al-containing 

materials Al adheres to the steel ball and is transferred. However the extent and effect of 



 
 
 

 

169 
 

this is strongly dependent on the effective hardness of the Al material. For pure Al, 

which is very soft, uncontrolled transfer takes place and, probably due the low contact 

pressure, no ZDDP reaction occurs. 1% Si in Al is considerably harder; considerable 

transfer takes place initially but then the system stabilises. 18% Si in Al is effectively 

very hard because of the embedded Si particles. Some Al transfer takes place from the 

inter-particles regions but this is then replaced by a ZDDP film. 

 

 

Figure 7.3: Comparison of SLIM images of different discs rubbing with pure Al, pure Si, 

Al-Si (Si 1%) or Glass discs. 

 

7.2 Tribofilm formation results under pure-sliding conditions 

In this section, the behaviour of ZDDP tribofilm formation on various coated balls in 

unidirectional and reciprocating pure-sliding is investigated. Table 7.2 shows the main 

test condition used. For most work the load, disc frequency, stroke length, mean speed 
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and the lubricant temperature were kept constant at 20 N, 20 Hz, 4 mm, 160 mm/s and 

130oC respectively.  

Table 7.2: Standard test condition under pure-sliding unidirectional or 

reciprocating condition. 

 

Figure 7.4 shows the results using coated balls and steel discs under pure-sliding, 

reciprocating conditions. For CrN-coated balls, the ZDDP tribofilm builds up with the 

rubbing time just as well as when using steel balls. For DLC balls, while wears on the 

ball do not occur, less ZDDP tribofilm formation is observed. For WC balls, some 

particles suspected to be sulphur-rich tribofilm, are observed at 0.5 minutes after 

starting a rubbing test, but there is less tribofilm formation after 1 minute; no wear 

occurred. Unlike the results observed on other coating results, Cr-coated balls form a 

dark brown substance on their surface. For Ni-coated balls, ZDDP tribofilms form on it 

after wear progresses and occurs in the central region of the contact where the base 

metal (steel) appears due to wearing away of the Ni coating. This is probably because 

the Ni is softer than the other coatings, 
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Figure 7.4: Comparison of SLIM images of different coated balls rubbing with steel 

discs under reciprocating conditions at 20 N. 

Figure 7.5 shows results using coated balls against Al-Si discs in pure-sliding, 

reciprocating conditions. While some particles exist on the steel ball immediately after 

the start of the test, the particles are removed with the rubbing time, and wear 

progresses on the steel ball surface. From the results of SEM-EDX shown in Figure 7.6, 

it is confirmed that these particle were aluminium transferred from the Al-Si disc. As in 

the initial stage of the test, CrN-coated and WC balls show similar behaviour to steel 

balls and it can be concluded that aluminium transfer occurs on steel, CrN and WC balls. 

However, since CrN-coated balls and WC balls are harder than steel balls, severe wear 

does not occur. For DLC-coated balls, as in the study using a steel disc (Figure 7.4), 

neither growth of ZDDP tribofilms nor wear of the coating occurs. A very thin ZDDP 

tribofilm is reported to form on DLC surfaces but this is not thick enough to be 

observed using MTM-SLIM and is probably limited by poor adhesion to the DLC 

surface [172]. For Cr-coated balls, while dark brown particles are observed, wear 

progresses with test time. Therefore, it can be said that the brown particles have little 

wear resistance. Wear of the Ni ball proceeds with rubbing time. 

Under pure-sliding reciprocating conditions at 20 N, no ZDDP tribofilm is observed on 

the coated balls when using MTM-SLIM. This result, like the results under sliding-

rolling conditions reported in Chapter 6, can suggest the aluminium removal form the 
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Al-Si discs, protrusion of the silicon particles form the disc surface and wear on the 

counter surface under the high load conditions. 

 

Figure 7.5: Comparison of SLIM images of different coated balls rubbing with Al-Si 

discs under pure-sliding, reciprocating condition at 20 N. 

 

Figure 7.6: SEM, EDX results of the steel ball rubbing with an Al-Si disc for 0.5 min. 

As shown in Figure 7.6, since it was suggested that wear of the counter ball surface is 

promoted by protruded silicon grains on Al-Si discs, the influence of a glass disc, which 



 
 
 

 

173 
 

retains a smooth surface during rubbing by avoiding removing aluminium from disc 

surface, on ZDDP tribofilm formation and wear was investigated (Figure 7.7). With 

such a disc, less wear occurs on the steel balls and all of the coated balls. However, the 

shapes of ZDDP tribofilms on the steel and Cr coated balls are no longer in the form of 

a circular contact; instead the tribofilms show distorted shapes such that large particles 

gather. In contrast to these shapes, the shape of tribofilms on CrN-coated balls are 

similar to those on steel balls. 

 

Figure 7.7: Comparison of SLIM images of different coated balls rubbing with glass 

discs under pure-sliding, unidirectional condition. 

Figure 7.8 shows tests with a load of 5 N for comparison with the 20 N results in Figure 

7.5. Under low load conditions, a film is formed on both the steel balls and CrN-coated 

balls although the formation speed of the ZDDP tribofilms is different. Since aluminium 

particles cannot be observed immediately after the start of a rubbing test, it can be said 

that no aluminium transfer from the disk occurs. In other words, as found in Chapter 6 

for steel ball on Al-Si disc at low load, it is considered that in pure-sliding, under low 

load conditions, that ZDDP tribofilms are also formed on CrN- coated balls rubbed 

against Al-Si discs and protect the balls from wear. Less tribofilm is formed on DLC-

coated balls and WC balls, and this behaviour is similar to the case of a steel disc 
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(Figure 7.2). Cr- and Ni-coated balls show similarity with the results of studies using 

steel discs in high load conditions; formation of brown particles, progressing wear and 

tribofilm formation on the base material (steel). 

 

Figure 7.8: Comparison of SLIM images of different coated balls rubbing with Al-Si 

discs under pure-sliding, reciprocating condition at 5 N. 

Figures 7.9 (a) - (f) show surface analysis results of the specimens examined in Figure 

7.8. For all of the test pieces, three locations, one out of the contact region and two 

within the contact region, were analysed. From the MTM-SLIM images, it appears that 

the ZDDP tribofilms form uniformly on the CrN-coated ball, but EDX analysis shows 

the tribofilms to be non-uniform and thin (Figure 7.9 (b)). While less ZDDP tribofilm is 

observed using SEM-EDX on DLC-coated balls as was seen in the MTM-SLIM images, 

for WC balls the elements derived from ZDDP tribofilms are detected along the outer 

circumference of the contact area, and also detected slightly away from the centre of the 

contact point (Figure 7.9 (c), (d)). For Cr- and Ni-coated balls, the SEM-EDX results 

are greatly different from MTM-SLIM and microscope images, but the elements of 

ZDDP tribofilms are still observed on both surfaces. 
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Figure 7.9: Optical, SEM and EDX results of coated balls rubbing with an Al-Si disc 

under pure-sliding, reciprocating condition: (a) Steel; (b) CrN; (c) DLC; (d) WC; (e) Ni; 

(f) Cr. 
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In the study using steel balls and steel discs, the unidirectional condition was more 

severe than the reciprocating condition (Chapter 4). In the results shown in Figure 7.8, 

under reciprocating conditions, the ZDDP tribofilm formation was observed on coated 

balls and Al-Si discs. The tribofilm formation on coated balls under unidirectional 

conditions was therefore investigated. The results are shown in Figure 7.10. When steel 

balls are employed in unidirectional conditions, wear progresses without forming a 

visible ZDDP tribofilms. However when CrN-coated balls are used, a tribofilm is built 

up on CrN to prevent wear. For DLC-coated balls, less tribofilm formation takes place 

and abrasion of the ball surface is observed. For Cr coated balls, the formation of brown 

based film that protects the ball surfaces from wear is observed. From these results, it is 

possible that the reason why CrN coating forms ZDDP tribofilms and prevents wear is 

that CrN coating has higher hardness than steel ball. Alternatively or as well, the Cr 

element might react easily with ZDDP additive. 

 

Figure 7.10: Comparison of SLIM images of different coated balls rubbing with Al-Si 

discs under pure-sliding, unidirectional condition at 5 N. 
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From the results shown in this chapter, the appearance of tribofilms formed on Cr-

coated balls is quite different from that formed on the other coatings. Therefore results 

using Cr-coated balls are summarized in Figure 7.11. ZDDP tribofilms formed on Cr-

coated balls are observed as dark brown substance on MTM-SLIM images. When a 

glass disc is used for the MTM-SLIM test, it seems that large particles gather together 

and form tribofilms. The results of the surface analysis of the Cr-coated balls rubbing 

with glass discs are shown in Figures 7.12 and 7.13. From EDX, the intensity of Zn on a 

Cr-coated ball is strong compared with ZDDP tribofilms on other coated balls (Figure 

7.9). In addition, it is found that the particle size measured by AFM is about 2700 nm, 

which is much thicker than a general ZDDP tribofilm. Therefore, it can be suggested 

that tribofilms on Cr-coated balls forms through a different reaction scheme from the 

mechanism on steel balls. 

 

Figure 7.11: Comparison of SLIM images of Cr balls rubbing with various discs. 
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Figure 7.12: SEM, EDX and AFM results of a Cr ball rubbing with an Al-Si disc under 

pure-sliding reciprocating condition. 
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7.3 Conclusions  

In order to investigate the influence of surface coatings on ZDDP tribofilm formation, 

various coated balls (CrN, DLC, Cr and Ni) as well as WC balls have been rubbed 

against Al-Si alloy discs. Key conclusions obtained this chapter are as follows. 

 

1. In mixed sliding-rolling conditions, ZDDP tribofilms form on CrN-coated balls 

rubbing against Al-Si alloy discs just as well as on steel balls. However no 

such films form on DLC-, Cr- or Ni-coated balls.  

2. The influence of the amount of silicon in Al-Si alloy discs on the ZDDP 

tribofilm formations on the counter steel ball surface was investigated. For a 

pure silicon disc, ZDDP tribofilms forms on the counter surface only at low 

load conditions, but for glass discs, ZDDP tribofilms build up on the counter 

surface just as well as when using steel discs. 

3. In unidirectional, pure-sliding conditions in which it is difficult for ZDDP 

tribofilms to form on steel balls rubbing against steel discs, CrN-coated balls 

can form ZDDP tribofilms when rubbed against steel. On DLC-coated balls 

and WC balls, while less ZDDP tribofilms forms, less wear is observed. 

Tribofilms are observed on Cr-coated balls, but the appearance of the tribofilm 

is very different from that observed on steel balls and CrN-coated balls. 

 

From the results obtained in this chapter, it can be concluded that the type of coating 

strongly affects ZDDP tribofilm formation. 
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Chapter 8  

 

Main Conclusions and Suggestions for Future 

Work 

 

8.1 Main Conclusions 

A new MTM-SLIM method has been developed by the author to study tribofilm 

formation on surfaces operating in pure-sliding conditions. It has been used to observe 

and investigate ZDDP tribofilm formation under pure-sliding, including unidirectional 

sliding and reciprocating sliding, the latter to simulate the piston ring and cylinder liner 

assembly. It has been found that although ZDDP forms tribofilms in mixed sliding-

rolling conditions up to high slide-roll ratios very close to pure-sliding, in pure 

unidirectional sliding conditions when one surface is stationary and the sliding action of 

the counter surface against it is continuous, no tribofilm forms. However, in 

reciprocating conditions where the counter-surface moves backwards and forwards 

against the stationary surface, tribofilms are formed on the stationary surface. This has 

important implications in terms of the wear of machine components operating in pure-

sliding conditions. 
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8.1.1 ZDDP tribofilm formation on stationary steel balls surface rubbing against 

steel discs 

In previous work using mixed sliding-rolling conditions, it has been found that ZDDP 

forms a tribofilm on steel consisting primarily of zinc phosphates, with some sulphur 

present as sulphide in the lowest region of the film, next to the metal substrate [44]. It 

has generally been supposed that the latter reflects the high reactivity of sulphur with 

the steel material.  

The current research using reciprocating pure-sliding broadly confirms this but has 

provided a deeper understanding of the role of the sulphur in ZDDP. It has been shown 

that in pure-sliding conditions, ZDDP very quickly forms thick sulphur-rich regions (up 

to 500 nm within 30 seconds as shown in Figure 4.16) on the stationary surface and that 

these are subsequently broken down and/or displaced to be overlaid with a phosphorus-

rich film during extended rubbing. Sulphur-based tribofilm thus appears to have 

important role in protecting the steel surface from initial wear before the Zn/P tribofilm 

forms.  

Investigations using new balls and used discs (Section 5.3) suggest that sulphur-rich 

tribofilm formation does not take place once a phosphorus-based tribofilm is formed. In 

Figure 5.19, it was observed that ZDDP tribofilm on the discs was immediately 

transferred on to the new counter ball surface after the start of rubbing tests. Surface 

analysis has not been carried out, but it may be considered that the main components of 

the ZDDP tribofilm transferred from the disc is phosphorus-based tribofilm, because 

polyphosphate exists in the top layer of ZDDP tribofilms and the sulphur particles 

observed in Figure 4.16 are not observed in Figure 5.19.  

Most previous research on ZDDP tribofilm formation has focussed on the thick Fe 

phosphate and Zn phosphate layers present after rubbing test. This study has shown 

however that, at least in pure-sliding conditions, the sulphur tribofilm also plays an 

important role. This aspect of ZDDP can be considered as part of its extreme pressure 

additive capability; the ability to react to form a sulphide on rubbed ferrous material 

very rapidly under severe conditions 
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8.1.2 ZDDP tribofilm formation on stationary steel ball surfaces rubbing with Al-

Si discs 

In mixed sliding-rolling, low load conditions, as in previous reports, the aluminium in 

Al-Si discs wears and ZDDP tribofilm forms on Si particles, with a thickness up to 150 

nm. ZDDP tribofilm also forms on the counter steel ball surface. In high load conditions, 

less ZDDP tribofilm forms on the silicon particles, and wear of the counter surface is 

observed. This result shows that tribofilms formed on a disc can protect the counter 

surface, similar to the role of phosphate in Section 8.1.1 above. 

In pure-sliding conditions, transfer of aluminium from the Al-Si disc onto the counter 

steel ball and its subsequent removal is observed (Figure 6.25 and 6.27). In 

unidirectional sliding conditions, negligible ZDDP tribofilm is formed on the ball 

counter surface rubbing against both steel and Al-Si discs and wear of wear of the ball 

occurs (Figure 6.25). In reciprocating pure-sliding conditions, whereas a film is formed 

on the ball rubbing against steel, negligible film is formed when it rubs against Al/Si 

discs. Despite this, at low loads there is no significant wear of the ball. This is because a 

ZDDP film forms on the Si grains of the Al/Si to protect the counter surface. However 

at high loads this film is not present and wear of the ball occurs. 

In this study, the silicon content of Al-Si alloy is about 18%. Therefore, if only the 

silicon grains carry the load from the counter surface after aluminium removed from the 

discs, the contact pressure can be estimated to be approximately 5 times higher than the 

initial test condition, and this increase of the contact pressure causes wear when no 

protective film is present. 

 

8.1.3 ZDDP tribofilm formation on stationary coated ball surfaces rubbing against 

Al-Si discs 

As described in Section 8.1.2, under high load test conditions in which negligible ZDDP 

tribofilm forms on the silicon grains, considerable wear of the counter surface occurs. In 
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Chapter 7, various coated balls (CrN-, DLC-, Cr- and Ni-coatings) were used as the 

counter material against Al/Si. At high load conditions in mixed sliding-rolling, little 

tribofilm was observed on Cr-, Ni- and DLC-coated balls, while tribofilm was formed 

on CrNi coated balls just as with steel balls. However, in pure-sliding reciprocating 

conditions, as with steel balls, very little tribofilm formed on the coated balls. Despite 

this, CrN and DLC coatings showed minimal wear. Therefore, it can be concluded that 

wear can be suppressed in sliding contacts between a counter-surface and A;/Si so long 

as the hardness of the counter surface material is high enough. 

 

8.2 Suggestions for Future Work 

Although the research described in this thesis has advanced our understanding of the 

behaviour of ZDDP in pure-sliding steel/steel, steel/Al/Si and coating/Al/Si lubricated 

contacts, further investigations would still improve this understanding in several areas.  

 

8.2.1 The different tribofilm formation in unidirectional versus reciprocating 

sliding 

In Chapters 4 and 5, ZDDP tribofilms were seen to form in reciprocating pure-sliding 

conditions while almost no tribofilm, and consequent wear was observed under 

unidirectional pure-sliding, conditions. The difference in this behaviour is intriguing and 

would benefit from further study, especially in the context of the behaviour of ZDDP on 

piston liner and cam surfaces. It may originate from differences in the time to build up 

the tribofilms on the disc in the two sliding conditions. In unidirectional sliding the ball 

traverses a given region on the disc surface only once every disc rotation. However in 

reciprocated sliding it traverses a given region much more often. Thus the accumulation 

of sliding distance and sliding time of a given region on the disc is much faster in 

reciprocated than in unidirectional pure-sliding. This may enable a protective ZDDP 

film to form rapidly enough to prevent significant wear on the ball. This suggestion is 
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consistent with the observation of no wear of the ball surface in tests using used discs 

and new balls. 

In this study, stroke length was set to 16 mm (Table 5.3 in Section 5.1.4), but this length 

is still much shorter than the track diameter in unidirectional conditions (about 135 mm). 

In order to prove this proposed mechanism, the effect of longer reciprocation lengths 

needs to be investigated. In addition, in a real engine, the length between top dead 

centre and bottom dead centre is much longer than the sliding distance per one rotation 

of the MTM disc. It is necessary to confirm which test condition can simulate a 

lubricating condition between piston rings and cylinder liner assembly. 

The reason why the tribofilm growth in pure-sliding and mixed sliding-rolling 

conditions are so different is also of interest and may well be different from the reason 

described above. It is possible that in thin film conditions, lubricant additive access to 

the contact may be controlled by the amount carried into the contact as adsorbed species 

rather than by convection. If so, less additive would be entrained if one surface was 

always in contact. In order to answer this question, further research focusing on the 

contact is necessary: for example, to calculate shear stress and oil flow, and measure 

EHD/mixed film thickness etc. 

 

8.2.2 The initial sulphur tribofilm formed in pure-sliding conditions 

The results in this study suggest that in pure-sliding conditions phosphorus-containing 

tribofilms may take longer time to form than sulphur-based ones. Based on this fact, it 

can be suggested that the reason why the sulphur-rich tribofilms in pure-sliding 

conditions form much faster and thicker than in mixed sliding-rolling conditions may 

relate to the rubbing areas on the balls; the rubbing area on the ball in conditions when 

the ball rotates is much larger than that when the ball is stationary. In other words, 

sulphur-rich tribofilms can continue to build up thickly before phosphorus-type 

tribofilms start forming. In order to prove this suggestion, as described above, chemical 

reactivity studies is required. 
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The process of breaking up the sulphur-rich tribofilms may relate to the fragility and/or 

elasticity of this tribofilm; the sulphur-rich tribofilms may have different properties of 

the phosphorus-type tribofilms although there is no evidence now. In order to support 

this suggestion, surface analysis is required; for example nanoindentation and/or AFM 

is useful to investigate the physical properties of both tribofilms. 

In view of the very rapid build-up of sulphur-rich tribofilm it appears likely that the 

chemical reaction that causes this involves reaction of ZDDP or its products with iron 

oxides rather than iron itself. This would also explain why the reaction ceases, allowing 

the phosphorus-type film to develop. This conjecture would benefit from further 

research. 

 

8.2.3 The impact of steel wear against Al/Si in a real engine 

In this study, steel balls were mainly used. However, as mentioned in Chapter 2, steel 

piston rings are rarely used because of wear problems; instead coating treatments are 

employed on piston rings in order to improve wear resistance. Furthermore, in current 

engines using CrN- or DLC-coated rings there are no reports of similar problems. The 

work carried out in the study suggests why. However in future, as combustion pressures 

increase to improve thermal efficiencies of engines, concern of wear of the piston ring 

by silicon grains in the Al/Si alloy may increase. Thus more research should be carried 

out on CrN- coated and DLC-coated surfaces against Al/Si in pure-sliding conditions. 

 

8.2.4 Surface analyses 

The ZDDP tribofilm formation on Al-Si alloys and the counter surface including coated 

materials were investigated on the viewpoints of chemical elements and film thickness 

using EDX and AFM. In order to understand the chemical structure of the tribofilms 

formed in pure-sliding, further surface analyses such as XANES, XPS and FIB-TEM 

measurements would be useful. For example, XANES can analyse chemical states of 
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phosphorus atoms, possibly to observe differences in chain lengths of polyphosphate 

between steel and Al-Si surface. FIB milling in combination with SEM or TEM can 

provide detailed information about the structure and composition of tribofilms and 

would enable the thickness of the sulphur-based component of the film to be studied in 

more detail and compared in pure siding versus rolling-sliding conditions.  

 

8.2.5 Effects of non-ZDDP additives  

In this study, it is suggested that sulphur-rich tribofilms and phosphorus-rich tribofilms 

originate from different reactivity with the steel surface; ZDDP has a time lag to form 

phosphorus-rich tribofilms. In addition, due to the fact that engine oils are required to 

reduce chemical elements such as metals, phosphorus and sulphur, alternative additives 

to ZDDP will be required to show good antiwear performance with Al-Si alloy. 

Therefore, it is important to investigate the antiwear performance of such additives on 

Al-Si alloy and analyse the resulting tribofilms using surface analyses.  

 

8.2.6 Study of extreme pressure (ep) additives 

The method developed in this research to study the very fast formation of sulphur-based 

tribofilms may have relevance to the study of the extreme pressure additives such as the 

polysulphides and P-S ep additives and it would be of interest to explore and compare 

ep additive behaviour under different contact conditions using the techniques applied in 

this study. 
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