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Abstract
Lead (Pb) containing alloys such as white metals and Cu-Pb-Sn (lining) with Pb-based 
overlay plating have been extensively used as materials for internal combustion engine 
bearings during the last several decades. However, owing to environmental and health 
concerns, the use of Pb containing materials in automotive engine components is being 
restricted. In view of this, attempts are under way to develop and replace Pb-containing 
materials with Pb–free bearing materials.

The tribological characteristics of these recently developed Pb-free bearing materials have,
however, not been fully investigated and only a limited results about their tribological 
performance are available in open literature. This thesis therefore focuses on investigating the 
tribological performance of some recently developed Pb-free engine bearing materials. 
Although engine bearings are designed to operate in full film lubrication conditions yet they 
also operate in mixed and boundary lubrication regimes where the material properties do 
affect their tribological performance. There is thus a need to study the tribological behaviour 
of these new Pb-free bearing materials in mixed and boundary lubrication conditions vis a vis 
that of conventional Pb-containing bearing linings and overlays. This work has therefore 
aimed at investigating the tribological characteristics such as friction and wear, seizure 
behaviour, interaction with different oil formulations and embeddability behaviour of some 
selected Pb-free engine bearing materials.  

Friction and wear properties of Pb-free bearing materials Al-Sn based lining without overlay, 
bronze lining coated with Polyamide-Imide (PAI) based overlay containing MoS2 and 
graphite, bronze lining coated with Al-Sn based and PAI based overlay containing MoS2 and 
graphite, bronze lining coated with Sn-based overlay, and bismuth (Bi) containing bronze 
lining coated with Sn-based overlay have been studied using a block-on-ring test 
configuration under unidirectional sliding conditions in mixed and boundary lubrication 
regimes. The conventional Pb-containing bearing material was also studied as a reference 
material. Al-Sn based material showed considerably higher friction compared to the other 
bearing materials. The bearing material with PAI based overlay containing MoS2 and graphite 
showed superior friction and wear properties compared to all other materials. Sn-based 
overlay coated materials resulted in comparable friction and wear properties to that of Pb-
based overlay. Wear mechanism in Al-Sn based material is mainly adhesive and abrasive in 
case of Sn based overlay. 

Seizure behaviour of the bearing materials were also studied using the block-on-ring test 
configuration in dry as well as lubricated conditions using pure base oil and a fully formulated 
engine oil. The PAI based overlay containing MoS2 and graphite showed no sign of seizure 
even at the highest test load in dry as well as lubricated conditions. Al-Sn based lining without 
overlay seizes at relatively lower load in dry condition compared to the other bearing 
materials. Adhesion or wear debris smearing onto the counter surface is the main causes of 
seizure in dry condition. In lubricated condition, seizure occurred at relatively higher load and 
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the conventional Pb-containing material was found to have better seizure performance 
compared to the Al-Sn based and Sn-based overlay plated materials. 

Tribological compatibility of Pb-free bearing materials with different oil formulations was 
studied using a ball-on-bearing specimen test configuration in boundary lubrication under 
reciprocating sliding conditions. Four different bearing materials were investigated using 
different lubricants with and without oil additives. In general, the bearing materials lubricated 
with pure PAO base oil showed higher friction compared to those lubricated with oils 
containing additives. Lubricants containing additives improved wear properties of the bearing 
materials except in the case of Al-Sn based lining without overlay. It was also observed that 
the anti-wear additive level did not significantly influence the wear performance of bearing 
overlays.

The embeddability behaviour of Pb-free bearing materials was studied using a fully 
formulated engine oil contaminated with SiC particles. Pb-free bearing materials with Sn-
based overlay, Bi-based overlay, PAI-based overlay containing MoS2 and composite overlay 
containing PAI, Al, PTFE were investigated. Tests at different rotational speeds (i.e. different 
oil film thickness) and a constant load were carried out using a journal bearing test rig. It was 
found that material removal from bearing and shaft surfaces due to abrasive wear is 
influenced by the lubricant film thickness. The steel counter surface showed lower wear in 
tests using Sn based overlay and a PAI, Al and PTFE containing composite overlay compared 
to Bi-based overlay and PAI-based overlay containing MoS2.
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Chapter 1 

Introduction

1.1 Tribology: friction, lubrication and wear
Most machine components operate under conditions that involve relative motion between two 
surfaces. Efficient operation and robust performance of these machine components are highly 
dependent on tribology which is defined as the science and technology of interacting surfaces 
in relative motion and of related subjects and practices [1]. It deals with friction, wear and 
lubrication of surfaces in relative motion under applied load [2]. Controlling friction helps to 
reduce energy loss and improve efficiency of a machines [3]. Wear of material from a surface 
can lead to severe damage and failure of the component and/or the machine [4]. The most 
common approach to reduce friction and minimize wear and catastrophic failure of machine 
components or the machine itself is by a proper selection of materials and lubricants. 

In most machine components, lubricants are used to reduce friction and prevent wear. 
Depending on the operating conditions different lubrication regimes prevail. These lubrication 
regimes are determined by the speed, load and viscosity of the lubricant as shown in Fig. 1.
For instance, various components in internal combustion engines operate in different 
lubrication regimes [5].

Figure 1. Lubrication regimes in engine components [5].

In hydrodynamic lubrication (full film lubrication) condition, the two surfaces are fully 
separated by a lubricant film and friction is determined mainly by the bulk properties of the 
lubricant [6, 7]. In the mixed lubrication regime there is an occasional metal-to-metal contact 
between the asperities of the two surfaces and the load is carried by both the lubricant film 
and through mechanical contact [8]. Boundary lubrication condition usually occurs at lower 
speed and/or higher load when there is a mechanical contact between the two surfaces as there 
is no lubricant film to separate the two surfaces. In this regimes, lubrication is mainly 
controlled by physically or chemically adsorbed tribolayers and oil additives play an 
important role in reducing friction and wear [9, 10]. The material properties are also very 
important in boundary lubrication.
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1.2 Internal combustion engines – function and recent development 
trends
Internal combustion engines (ICE) are the most important part of most transportation devices 
including automobiles, buses and trucks. It is the main component where chemical energy of a 
fuel is converted to thermal energy. There are various components in ICE. ICEs have been 
under continuous improvements and developments for different reasons. Among other factors, 
recent developments in ICE are driven by environmental, health and economic reasons. 
Because of the emission regulations that aim at reducing emission gases such as nitrogen 
oxides and carbon monoxides and increasing fuel efficiency for heavy duty engines new 
demands are placed on internal combustion engines. Accordingly, new techniques and designs 
such as start stop, hybridization, low viscosity oils, downsizing, and increasing power 
densities are being implemented by engine designers. For instance, implementation of the 
start stop and electric hybrid powertrain systems causes engine bearings to operate more 
frequently in mixed and boundary lubricated condition since the low speed of the engine is 
not sufficient to generate a full hydrodynamic film during the start stop cycle [11]. In 
addition, due to environmental and health concerns heavy metals such as lead (Pb) which is 
used for manufacturing engine bearings need to be replaced by environmentally friendly 
materials. 

1.3 Engine bearings
Engine bearings are important components of an internal combustion engine [12, 13]. These
are journal bearings in which the crankshaft rotates inside the bearing shell made of a suitable 
bearing material. There are various types of engine bearings [14] as shown in Fig. 2. For 
instance, the crankshaft main bearings carry the load and allow smooth rotation of the 
crankshaft inside the engine block and protect the crankshaft from damage. The connecting 
rod bearings enables rotating motion of the crank journal at the big end of the connecting rod 
and allow oscillating motion of the small end of the connecting rod [15].

Figure 2. Various types of bearings in ICE [14].
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Engine bearings are designed to operate under hydrodynamic lubrication condition with a 
lubricant film separating the rotating shaft and bearing surface. Operating conditions such as 
minimum lubricant film thickness, temperature, speed, load, and lubricant properties can 
influence the performance of engine bearings [16]. Under normal operating conditions, the 
rotation of the shaft drags the oil into the converging gap between the shaft and bearing 
surfaces and the interface is separated by a lubricant film. If the lubricant film thickness is 
large enough to separate the asperities on both surfaces, there will not be metal-to-metal 
contact and the engine bearings operate under hydrodynamic lubrication condition [17]. Even 
though these bearings usually operate in the hydrodynamic lubrication regime, under some 
circumstances other lubrication conditions, i.e. mixed and boundary, can also occur. 
Especially during starting and stopping, speed and load changes, the two surfaces may not be 
fully separated by a lubricant film and the system may operate in mixed and boundary 
lubrication regimes. Under these conditions, the material of the contacting surfaces as well as 
the engine oil additives play an important role in determining the tribological performance of 
the mating surfaces [9, 18, 19].

1.4 Physical structure of engine bearings 
Engine bearings are required to have good mechanical and tribological properties. It may not 
be easy to fulfil the conflicting mechanical and tribological property requirements of engine 
bearings with a single (solid) material and therefore they are usually made of two or more 
layers as illustrated in Fig. 3. Each layer has its own specific purpose and altogether they 
provide a combination of the required tribological and mechanical properties. The lining 
(bearing alloy) which is a few hundreds of micron in thickness, is cast or sintered on a steel 
backing. The purpose of the steel backing is to provide the desired structural strength. The 
lining material should be strong enough to carry the load. An interlayer between the lining 
and the overlay with a thickness of about a micron is used to act as a diffusion barrier to 
prevent diffusion of tin from lead-tin or lead-tin-copper overlay to the copper-lead lining at 
high temperature [20]. Finally, on top an overlay with a thickness of a few microns is 
electroplated or sputtered. The purpose of the overlay is to improve most of the required 
tribological properties such as friction reduction, seizure resistance, conformability and 
embeddability properties of the bearing [21–24]. It also improves the running-in behaviour 
during the initial stages of sliding. In bi-metal bearings where an overlay is absent, the 
tribological performance is determined by the lining (bearing alloy) itself. In some bearing 
materials, the interlayer may not be present.

1.5 Tribological requirements on engine bearings
The tribological requirements of engine bearing materials include low friction, good wear 
resistance, seizure resistance, embeddability, conformability and corrosion resistance [12].
They should also be compatible with engine oils that are mainly formulated for lubricating 
ferrous materials. 
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Figure 3. (a) Photograph of engine bearing, (b) schematic of the different layers in bearing 
materials and (c) SEM micrograph showing different layers in bearing materials.

Friction and wear 
When bearings operate under hydrodynamic lubrication conditions, the friction is mainly 
determined by the bulk and rheological properties of the oil. However, under mixed and 
boundary lubrication conditions, friction is affected by the choice of material and lubricant 
additives in the engine oil. In general, the engine friction loss can be as high 40% of the total 
energy loss. It is mostly due to piston and piston ring system and valve train [25]. Friction 
loss up to 30 or 40% of the total friction loss in the engine can also be attributed to engine 
bearings mainly operating at higher rotational speed [26]. In addition to optimizing the 
bearing design, proper selection of bearing material is important to minimize the energy loss 
caused by the friction involving engine bearings during their operation in mixed and boundary 
lubrication regimes.

Adequately lubricated engine bearings can operate without significant wear or damage. 
However, if the operating conditions are not optimum, it may lead to wear of the bearing
and/or shaft [5]. The rotating shaft supported by the engine bearing is much harder than the 
bearing material and wear of the bearing materials must be reduced through proper choice of 
bearing materials. In general, engine bearings could be damaged in different ways and have 
different appearances on the surface of the bearings. These damages can be caused by 
different factors such as extreme operating conditions, faulty assembly, misalignment and 
incorrect design or geometry [27]. For instance, loss of clearance due to misalignment of the 
bearing during assembly or the presence some hard particles on the back of the bearing can 
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result in wear of the overlay due to direct metal-to-metal contact between the crank shaft and 
bearing surfaces [28].

Abrasive wear is also common in engine bearings. The extent of abrasive wear on journal 
bearings is significant compared with the other wear mechanisms. For instance, Vencl and 

[29]. The causes for the damage can be presence of contaminants in the engine oil and/or 
rough shaft surface [30]. The severity of abrasive wear may depend on the concentration of 
contaminants in the engine oil, the contaminant particle sizes and the sharp asperities on the 
journal surfaces. If the abrasive wear is severe and exposes the bearing alloy, for example, it 
can give rise to corrosion in the vicinity of the exposed Cu-Pb lining and the soft Pb phase 
could be lost from the Cu matrix of the bearing lining which will deteriorate its mechanical 
properties [31].

Wear of bearing materials can also occur in the absence of direct metal-to metal-contact. The 
most common is cavitation erosion which usually occurs when there are conditions that 
results in discontinuities in the oil flow between the bearing surface and shaft. Commonly, it 
is associated with the design of engine bearings such as oil grooves and oil holes and it occurs 
on the bearing surface region that experience lower pressure [32]. Such kind of damage is
associated with the collapsing of vapour bubbles in the oil which impact the surface of the 
bearing and cause the removal of overlay material [33]. Material loss due to fatigue damage 
that causes flaking of overlay material can also occur when the bearings are run at higher load 
above its fatigue strength [30, 34].

Seizure resistance
Seizure failure can occur in engine bearings when they operate under severe operating 
conditions such as oil starvation, high loading, high speed, high temperature or a combination 
of these. Under these severe operating conditions, the lubricant film can breakdown resulting 
in direct metal-to-metal contact between the shaft and bearing surfaces. This could result in 
severe adhesion of the two surfaces followed by cessation of relative motion and result in 
damage to both the bearing and the expensive crankshaft [35]. Seizure resistance of an engine 
bearing is its ability to survive momentary contact with the counter surface when there is 
break down of the oil film separating the two surfaces [36]. By definition, seizure is the 
stopping of relative motion between the two sliding surfaces as a result of interfacial friction 
and it is usually accompanied by an increase in wear, noise and vibration. It can also be 
described as an extreme form of adhesive wear. 

The causes of failure and the mechanisms behind the onset of seizure may depend on 
lubrication states, material combinations, contact configuration and operating conditions [35].
For a given tribo-pair, seizure can be caused by poor heat dissipation leading to overheating, 
poor lubrication or the tendency of metals to form strong atomic bonds in solid state. 

For instance, in dry conditions, there are various causes for seizure. It can be caused due to 
loss of clearance which in turn can increase the temperature due to frictional heating and as 
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well as clearance changes due to different thermal expansion [37–41]. In geometrically 
constrained sliding bearings, seizure can also occur due to mechanical interlocking caused by 
formation and build-up of wear debris agglomerates that causes more wear and leads to loss 
of clearance which affects removal of wear debris. This in turn increases the contact pressure 
and the torque required to rotate the shaft and sustain the relative motion will continuously 
increase and finally seizure failure can occur [42].

In lubricated conditions, oil starvation is a direct cause of the seizure of journal bearing 
contacts [43, 44]. As a result of lubricant starvation, metal-to-metal contact occurs, causing 
high wear of the bearing surfaces due to severe ploughing and wear debris also play a role in 
initiating seizure. Wear and temperature in the contact area can also be responsible for the 
initiation of seizure [45, 46].

The material combination of the bearing surface and the counter surface is important since 
different materials differ in their tendencies to form atomic bonds in solid state. Bearing 
materials with lower tendencies to form atomic bonds in solid state with the shaft material 
have better seizure resistance. For instance, seizure of a tri-metal bearing occurs between the 
shaft and nickel barrier after the lead-tin overlay has been worn out. Seizure of an aluminium-
tin bearing occurred between the shaft and aluminium alloy as a result of tin melting [45],
while that of an aluminium-lead-silicon bearing was caused by the propagation of the micro-
seizure of hot-spots [46]. Shaft surface roughness, chemical composition, bearing materials
and their microstructures, and bearing surface roughness textures whether it is bored or 
broached bearings all affect the seizure processes. Failure due to local iron-iron contact 
caused by iron transfer can also occur, leading to localised adhesion [47].

Various materials exhibit different seizure behaviour. Historically, the seizure resistance of 
bronze based bearing alloys was improved by incorporating a Pb soft phase in the Cu matrix. 
The seizure resistance of these bearing materials was further improved by plating them with 
an overlay which is usually softer than the bearing alloy. For instance, Pathak [48]
investigated seizure resistance of copper-lead alloys with lead content from 11.5 to 50 wt % in
dry, semi dry and lubricated condition. In dry tests, Cu and Cu-Pb alloys show higher 
coefficients of friction and lower seizure loads than in semidry tests. In dry and semidry tests,
all the alloys seize, except for Cu-31.5Pb and Cu-42Pb which do not seize in semidry tests 
even under a higher load. All Cu-Pb bearing alloys operate without seizure under oil 
lubricated condition. That is why the commonly used bearing materials were Pb-containing 
materials such as a Cu-Pb based bearing alloy plated with Pb-base overlay. Cu-Pb based 
bearing materials have been used as conventional engine bearing materials also due their good 
tribological properties [31, 49].

The most common Pb-free bearing material is Al-Sn based bearing alloy. Pratt [36] compared 
the seizure resistance of various Al-based alloys and only very few of the Al-based alloys 
approach white metals in terms of their seizure resistance. Among the tested materials, Al-
20%Sn and Al-5%Zn have shown better seizure resistance compared to other Al-Sn based 
alloys with lower concentration of Sn. The Al-Zn alloys have not been widely used because of 
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their limited embeddability behaviour due to the absence of a soft phase [36]. Al-Pb based 
bearings were also reported to have good seizure resistance. Other Al-Sn-Si based alloys have
also been used for bearing applications. For instance, Kose et al. [50] studied seizure behavior 
of Al-Sn-Si alloys with different Sn content of 6, 10 and 12 wt% respectively using a high-
speed bearing seizure test machine with step-wise loading at constant speed. They reported 
that a bearing with lower Sn content is as good as the other materials containing higher 
amount of Sn due to the improved dispersion of Sn in the Al matrix. Anti-seizure properties of 
Al-Sn-Si alloys can be further improved by applying a polymer resin overlay containing solid 
lubricants [51, 52]. Other Cu-based Pb-free bearing materials have also been used for bearing 
application. Incorporating Bi and Mo2C to copper based alloys provides better anti-seizure 
performance than the conventional Cu-based bearing alloys and their anti-seizure properties 
are further improved by applying Bi overlay coating [53]. A Bi-based overlay has been
reported to have good anti-seizure properties and the surface structure can be an important 
factor in improving the seizure resistance. Bi overlay with a surface structure of pyramid like 
shape showed better seizure performance than conventional Bi overlay material [54].

Embeddability behaviour
The ability of an engine bearing surface to safely embed contaminant particles without 
causing severe damage on to the expensive crankshaft surface is referred as good 
embeddability property of a bearing material [55, 56]. Abrasive wear usually occurs when the 
lubricant film that separates the two surfaces is ruptured either by asperities larger than the 
lubricant film thickness or by contaminant particles that are circulating with the oil. Abrasive 
wear due to metal-to-metal contact usually occurs during a starting and stopping condition 
where the lubrication regime enters the mixed or boundary lubrication condition. Such 
abrasive wear is usually caused by the asperities on the rotating shaft and damage is mostly 
limited to the relatively soft bearing surface. On the other hand, third-body abrasive wear can 
occur when contaminant particles in engine oil enter the interface separated by a lubricant 
film. Abrasive wear due to such third body abrasive contaminant particles can occur while the 
engine is operating either in hydrodynamic, mixed or boundary lubrication condition [57, 58].
Generally, wear due to abrasive contaminants depends on many factors such as the nature of 
the abrasive particles including their size, shape, hardness and fracture toughness, hardness of 
the bearing and the shaft surfaces and operating conditions such as surface speeds. Depending 
on these factors various damages such as indentation, abrasion and localized thermal damage 
can occur [59]. Engine bearing surfaces are relatively softer than the rotating shaft surface and 
under sliding conditions hard abrasive particles embed on the softer bearing surface. If the 
abrasive particles are not safely embedded (i.e. partially embedded and some part of the 
abrasive particles sticks out), the embedded particles can abrade the shaft surface. Similarly, if 
the abrasive particles are not embedded and keep circulating with the oil they could also 
scratch both the bearing and the shaft surfaces. 

The lubricant film thickness profile in journal bearings varies along with the oil film pressure 
in the circumferential direction. Away from the high-pressure area, the film thickness gets 
larger. For dynamically loaded bearings it has been reported that abrasive wear greatly
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increases at locations where the film thickness is smaller [60]. In general, if the film thickness
is larger than the size of the abrasive particles circulating with the oil, the lubricant film may 
not break and hence there might not be considerable wear. However, if the film thickness is 
smaller than the size of the abrasive particles, abrasive wear can occur on both the bearing and 
the rotating shaft surfaces since the abrasive particles are dragged between the two surfaces 
and act as a third-body abrasive particles [61]. In general, wear of a journal bearing will
depend upon the lubrication regimes and the abrasive particle sizes [58].

The selection of bearing materials plays an important role in minimizing the damage caused 
by contaminant particles on both the bearing and crankshaft surfaces [62]. The most common 
way to improve embeddability of bearing materials is to incorporate soft phases in the bearing 
alloys (lining) such as Pb in Cu-Pb based alloys and Sn in Al-Sn bearing alloys. This is more 
important in bimetallic bearings where there is only a bearing alloy applied on steel backing. 
This approach relies on the assumption that embeddability is mainly related to the hardness of 
bearing surfaces. For instance, Ronen et al. [63] claimed that for steadily loaded 
hydrodynamic bearings, the shaft and liner wear due to contaminant particles depends mainly 
upon the shaft to liner hardness ratio. 

The most widely used approach to improve embeddability and other tribological properties is
by applying soft overlay material onto the bearing alloy (lining) as it is the case in most multi-
layered bearing. Most overlays are soft materials that can easily deform and embed abrasive 
particles. According to Spikes et al. [64] embeddability indices of tri-metallic bearings 
(overlay plated) are about four times better than bimetallic bearing. However, it does not 
mean that the use of overlay could avoid abrasive wear since the abrasive particles in the 
engine oil can cause wear of the entire overlay in the minimum film thickness area exposing 
the intermediate layer and lining and consequently result in severe damage to the shaft surface
[65].

Corrosion resistance
Corrosion can be caused due to chemical interaction between oil degradation products such as 
acidic compounds and bearing surfaces. The chemically active corrosive chemicals in the 
engine oil or oil degradation products react with the bearing materials and causes deterioration 
of their mechanical properties. Conditions such as high temperature in the engine and high 
sulphur fuels can increase oxidation of the oil and hence accumulation of corrosive products 
in the engine [66]. Usually in Cu-Pb based bearing materials, soft phase lead would be 
leached away from the bearing alloy and thereby corrosion damage.

Fatigue resistance
Hydrodynamically loaded engine bearings can also suffer from fatigue damage. It occurs 
when the applied dynamic load exerted by the lubricant film exceeds the fatigue strength of 
the bearing material after a certain number of load changes (load cycles). This damage is 
common in Babbitt based bearing materials [32]. Different materials have different fatigue 
strength and the way material is removed from the bearing could be different. For example, in 
Al-Sn based materials fatigue crack propagates as a plane crack towards the steel backing. In 
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white-metal bearings the fatigue damage can be critical that the crack changes to a tangential 
track resulting in removal of significant size of material from the bearing [32, 67].

Conformability
Conformability of the bearing surface is also an important property that allows smooth 
performance of engine bearings without severe damage if there is imperfect geometry or 
misalignment [24]. If there is a misalignment due to machining variation that can affect the 
small design clearances required for full film lubrication, the bearing surface should have 
good conformability property so that it can easily deform and restore the designed tolerance. 
Usually soft materials have good conformability properties.

Tribological compatibility with engine oil
Improvement in engine efficiency by decreasing the power loss associated with engine 
bearings can be achieved by proper formulation of engine oils [68, 69]. Friction modifiers are 
known to play an important role in reducing friction losses in boundary lubrication conditions
[25]. In general, oil additives that are active in boundary lubricated condition prevent a direct 
metal-to-metal contact by forming a sacrificial film on the surface [70]. Besides reducing 
friction and wear, the tribofilm can also improve seizure properties of engine components 
since it can avoid severe adhesion or welding of the interacting surfaces. In general, the 
performance of the oil additives depends on the chemical composition of the tribopair. 
Depending on the type of chemical reaction between the surface and oil additives the reaction 
product (tribofilm) can be beneficial in improving friction and wear or it can worsen it [71].
Since there are various compositions of engine bearing materials, engine oil formulation 
needs to match these bearing material [72] and due attention has also to be given to the newly 
emerging Pb-free bearing materials for internal combustion engines [73–75].

In mixed/boundary lubrication conditions, additives play an important role in reducing
friction by forming a protective tribo film that shear easily and protect the surface [76]. The 
mechanisms by which friction modifiers reduce friction includes formation of reaction layer 
or physically adsorbed layer on the surface and their performance can be affected by choice of 
base oil, presence of competing additives and their concentration [77]. There are some reports 
about the interaction of bearing materials with different friction modifiers. For example, 
Katafuchi and Kasai reported that ester type friction modifiers improve friction and load 
carrying capacity of Bi-overlay coated Cu-based and Al-based alloys in full film lubrication 
condition although the mechanisms how friction modifiers improve friction in full film 
lubrication are not described. The friction modifiers affect friction performance in boundary 
lubrication condition as well. For instance, for an uncoated Al alloy the ester type friction 
modifiers show slightly lower friction compared to that with pure PAO base oil [19].

Antiwear additives are also present in the engine oils and their purpose is to reduce wear by 
forming a wear protective layer on the contacting surfaces. The most common anti-wear 
additive is zinc dialkyldithiophosphate (ZDDP). It also acts as an anti-oxidant that inhibits 
oxidation of the lubricant [78]. Most of tribochemical studies relating ZDDP focus on ferrous 
materials and the common oil additive-surface interactions are well documented. The anti-
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wear film formation on steel surfaces by ZDDP is proposed by different authors and the most 
common approach is thermal decomposition and chemical reaction of degradation products 
which subsequently results in the formation of protective films composed of phosphate or 
sulphide [79]. For example, different types of phosphates can form on steel surface once the 
ZDDP is adsorbed on the surface and converted into long-chain polyphosphates Zn(PO3)2 by 
thermal oxidation in the presence of O2 or ROOH. With continued rubbing further reactions 
can occur as shown below.   

5Zn(PO3)2 + Fe2O3 Fe2Zn3P10O31 + 2ZnO

Zn(PO3)2 + Fe2O3 2FePO4 + ZnO

ZDDP can have limitations in boundary lubrication and factors such as temperature, 
concentration, contact load and hardness affect the anti-wear behaviour of the additive [80].

Aluminium alloys are by far the most studied non-ferrous material [81] and their interaction 
with various base oils and oil additives have been studied considerably. For instance, 
according to Montgomery the wear mechanism when an aluminium alloy sliding against steel 
is lubricated with alkanes or neutral oils is different when compared to those lubricated with 
an aliphatic ester and the reason for the difference is mainly related the reactivity of ester 
groups with the aluminium surface [82]. Nautiyal and Schey reported that the right amount of 
oil additives such as stearic acid or stearyl alcohol in paraffinic base oils can prevent material 
transfer from the aluminium alloy sliding against hardened steel [83]. The wear mechanisms 
can also be different based on the lubricant used. For instance, an aluminium-steel system 
lubricated with both alcohols and with aliphatic ethers is mainly chemical wear and higher 
wear rate was obtained when lubricated with alcohol than aliphatic ether [84]. In addition, a
liquid paraffin base oil blended with electron rich organic additive compounds such as amines 
and alcohols improves lubrication of aluminium alloys by forming a five ring stable complex 
compound with aluminium or silicon [85]. There are also reports on the interaction of
aluminium alloys with anti-wear additive such as ZDDP. The reports on the effectiveness of 
ZDDP with aluminium alloys are contradictory. For instance, according to Wan, addition of 
ZDDP additive to liquid paraffin base oil increases the wear of an aluminium alloy sliding
against steel compared to base oil alone and claimed that the mechanisms for this increase in 
wear relates to that the tribolayer formed is fragile and promotes wear. The authors argue that 
since aluminium is more reactive than steel it can react rapidly with the additives leading to 
chemical corrosive wear [86]. On the other hand, a base oil without any additive provides 
better wear protection than some of the oils containing anti-wear additives including ZDDP.
The concentration of the anti-wear additives also has significant effect on wear. The base oil 
promotes formation of Al2O3 which prevents adhesion of metallic aluminium to the counter 
surface [87]. In contrast, Kawamura and Fujita reported that ZDDP improves the wear 
resistance but the improved lubrication of the aluminium-silicon alloy is not because of a 
reaction layer. It is rather due to an adsorption effect or formation of a friction polymer [88].
Konishi et al. reported that ZDDP decreases wear compared to a plain base oil in self mated
aluminium-silicon alloy tribopairs [89]. Fuller et al. reported that there is formation of a 
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tribofilm when ZDDP is added in base oils but it requires a long duration of rubbing to 
generate the tribofilm [90]. Similarly, Nicholls et al. reported formation of tribofilms on
aluminium alloys [91].

Other non-ferrous materials such as bronze, which is a common material in bearing 
applications, are also reported to interact with anti-wear additives. For instance, Summers-
Smith reported damages caused by ZDTP on lead-bronze tilting pad journal bearing and 
suggested that the formation of ZnS is the main reason for the damage [92]. According to 
Bos, a blend of base oil and ZDTP can have a net anti-wear activity compared with the base 
oil alone as long as the concentration of ZDTP in the oil is not higher than ~ 0.4 wt%. If the 
concentration of the ZDTP in the oil is higher than ~ 0.4 wt %, it can cause chemical wear of 
bronze in a bronze-steel tribopair. The proposed wear mechanism is that the ZDTP modifies a 
very thin layer of the bronze surface and promotes plastic flow of the layer. In addition, the 
ZDTP protects the asperities on the steel counter surface and promotes abrasive wear on the 
bronze [93].

1.6 Engine bearing materials and recent developments
Various material compositions have been used for engine bearing applications over the years.
Historically, the most commonly employed material with a long history in bearing application 
is the babbitt bearing lining. It is mainly a Sn based alloy containing Sb and Cu. It is a soft 
material with good surface properties such as conformability and embeddability [31]. Other 
white-metals such as Pb-Sb-Sn alloys with comparable tribological properties of babbitt have 
also been used. However, their fatigue resistance was relatively poor. Consequently, new 
bearing materials with higher strength have emerged. The new materials that have replaced 
the white-metals were Pb containing bronze alloys, copper alloys and aluminium based alloys.

Pb containing bearing materials

Lead (Pb) containing materials such as Cu-Pb based linings and Pb based overlays have been 
extensively used due to their low friction characteristics and excellent conformability and 
embeddability behaviour [5, 31]. Al-Pb based alloys were also used as bearing alloys. 

Inclusion of soft phases such as Pb in the Cu matrix improves the tribological properties of 
these bearing alloys. According to Alexyev and Jahanmir, the performance of these materials 
involves squeezing of the soft phase due to deformation and formation of an interfacial film 
on the bearing alloy surface during sliding [94, 95]. The presence of these soft phases and 
formation of an interfacial film during sliding modifies the metallurgical compatibility of the 
bearing lining and the rotating shaft [96]. Despite their good performance, there are still some 
drawbacks with these Cu-Pb based linings. They can suffer from corrosive wear which can 
leach out the Pb due to interaction with degradation products (acidification etc.) in the
lubricating oil and thereby causing deterioration of mechanical properties of the Cu matrix. 
To avoid such problems and to further improve the other tribological properties, these linings 
were coated with Pb-based overlay.
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However, the use of Pb has negative environmental and health impact [97, 98] and there are 
environmental regulations such as the EU directive 2000/53/EC [99] that prohibit the use of 
Pb for manufacturing automobile components and, consequently, the trend shifts toward Pb-
free engine bearings. Lower mechanical strength of the conventional Pb containing alloys and 
overlays is also another factor for replacing Pb-containing bearing materials [13].

Pb-free bearing materials

The common Pb-free engine bearing materials include bronze linings without any soft phase 
[100] or bronze with soft phase such as Bi in the copper matrix [101, 102]. Bi has mechanical 
properties similar to Pb and can replace Pb soft phases in a Cu-Pb based lining materials. 
Since it can undergo a monotectic reaction with the Cu based material systems, it can improve 
metallurgical incompatibility by forming the desired interfacial film during sliding. There are 
also Al alloys such as Al-Sn based or Al-Sn-Si based alloys [103]. In most cases these 
bearings are tri-metal bearings where the bearing linings are coated with an overlay. There are 
different types of overlay materials such as Al-Sn based overlays [21], Sn-based overlays, Bi-
based overlays, and polymeric overlays containing solid lubricant particles.

Bronze based linings
There are bearing linings that do not contain a distinct soft phase. For example, Langbein et 
al. reported that tribological properties of bronze linings can be optimized by varying the 
amount of Sn in the alloy. It is reported that the seizure resistance of CuSn5Zn alloy is better 
than for CuSn4Zn1 and CuSn8Zn [100]. Further improvements in tribological properties are 
achieved by applying AlSn20Cu or synthetic layers consisting of polyamide-imide (PAI) with 
graphite and molybdenum disulphide [100].

Normally Sn is soluble in the Cu matrix and it does not form a pocket of soft phase unlike that 
in Cu-Pb alloys. Vetterick et al. reported that using a powder metallurgy processing route, a
bronze alloy with Sn soft phase (composite bearing) like that of Cu-Pb is prepared and the 
alloy has comparable friction properties and better wear resistance compared with that of 
leaded bronze alloy [104].

Other bronze based bearing alloys such as Co based Tribaloy (CoCr17Mo22Si1.2) alloy 
reinforced Sn-bronze composite coating for journal bearing applications are also reported to 
possess improved friction and wear properties compared to Pb containing Sn-bronze alloys 
[105].

Al-Sn based bearing materials
Al-Sn based materials have been used as bearing alloys for several decades. These alloys have 
a soft Sn phase distributed in the Al matrix and have been used as a bearing lining.  In recent 
years, Al-Sn based overlays are becoming an alternative to replace Pb-containing overlays. 
For instance, Al-Sn based overlay materials tested in a ring-on-disk test set up showed better 
wear resistance compared to a Pb-containing material [21]. Like in other alloys, the Sn soft 
phase distributed in the Al-matrix influences their friction and wear behaviour. 
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Grün et al. reported that the Sn soft phase content in Al-Sn based alloys affect both 
mechanical and tribological properties. As the Sn soft phase content increases (Al99.6, 
AlSn20Cu, and AlSn40), the material strength decreases. In these alloys, the Sn soft phase in 
both AlSn20Cu, and AlSn40 were softer (19 and 27 HV, respectively) than the Al matrix in 

With higher content of Sn, lower friction is observed during the 
running in process and friction increases only at higher load compared to that of the Al-Sn 
based alloy with lower Sn content. Additionally, the surface of Al-Sn based alloy with lower 
Sn content, is characterised by deformation or elongation of the soft phases, formation of 
mixed zones and oxidation of the Al matrix and transferred Fe particles. In contrast, Al-Sn 
based alloys with higher Sn content show no plastic deformation and oxidation [106].

Al-Sn-Si alloys are also reported to have improved friction and wear properties for journal 
bearing applications. An Al-based alloy with the highest content of Si is found to be the 
hardest (94 HB) and has the lowest coefficient of friction and highest wear resistance. In 
general, Al-Sn and Al-Si alloys have better wear properties than Al-Pb alloys [103].
According to Kagohara et al., friction and anti-adhesive properties of Al-Sn-Si bearing 
materials are improved by coating it with MoS2 [107].

Bi containing bearing materials
Bi is becoming more common as an alternative to replace Pb in Cu-Pb bearing linings and as 
an overlay material as well. Bi is insoluble in Cu and hence it can form a soft phase inclusion 
in the Cu matrix like Pb in Cu-Pb bearing linings.  

Kerr et al. investigated a bronze based lining containing Bi (CuSn10Bi4) with a silver 
interlayer and a Bi overlay at various Stribeck number 
Sommerfeld number) by varying the sliding speed and load per unit length. The Bi overlay 
showed lower friction at higher Stribeck numbers compared to Pb-based and Sn based 
overlays and also better wear properties [101].

Polymer based bearing materials
Polymer based overlays containing solid lubricants are also being employed in replacing the 
conventional Pb-based overlays [13]. The most common polymer based material for bearing 
applications is polyamide-imide (PAI) with higher mechanical strength compared with other 
high-performance polymers. It has also greater resistance against thermal and chemical 
degradation. For instance, according Kawagoe et al., PAI based resin mixed with MoS2 has 
better seizure resistance compared to epoxy based resin mixed with MoS2. In particular for the 
epoxy resin, seizure occurred at 80 MPa, whereas for PAI based resin no seizure was seen up 
to 100 MPa [108].

Friction and wear properties of PAI are improved by incorporating solid lubricants such as 
MoS2 and graphite. According to Grün et al., a PAI based polymeric overlay containing 
graphite and MoS2 has better friction and wear performance than Pb-based overlays. Further,
harder solid lubricants such as MoS2 particles in a polymeric PAI matrix improve the load 
carrying capacity of the overlay especially at higher sliding speed [21]. Praca et al. reported 
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similar tribological performance of PAI based coating containing MoS2 and graphite on 
sputtered Al-Sn overlay. It showed higher load carrying capacity, better wear resistance and 
high anti-seizure performance compared to Al-Sn based bimetal bearing and Cu based tri-
metal bearing with sputtered Al-Sn based overlay [109]. However, the performance of the 
PAI based overlay with solid lubricants depends on the amount of MoS2 and thickness of the 
overlay [108].

Uhera et al. reported that a tri-metal bearing consisting of an Al alloy lining coated with a 
polymeric overlay containing solid lubricants and metallic (aluminium) particles has better 
friction and wear performance under marginally lubricated condition and also higher fatigue 
resistance compared to uncoated bi-metallic Al alloy based bearing [110]. In addition, such 
overlays have superior wear properties compared to Pb-containing overlays [11].

1.7 Research gaps and need for research
The criteria for selecting engine bearing materials are shifting and increasing emphasis is 
given to replacing hazardous and toxic materials as well as meeting demands of higher power 
densities and operating conditions such as start-stop. These requirements will limit or prohibit 
the use of conventional Pb-containing materials such as Cu-Pb bearing linings and Pb-based 
overlays. Consequently, new Pb-free bearing materials are emerging and their tribological 
properties need to be studied and understood vis a vis their structure and composition in order 
to enable a knowledge-based selection process to meet future demands. Even though there are 
a few studies pertaining to Pb-free bearing materials, studies about their friction and wear 
properties in mixed and boundary lubrication conditions, seizure performance in extreme 
conditions such as dry conditions that mimic extreme lubricant starvation and seizure 
performance in boundary lubrication condition, and their performance in the presence of 
abrasive particle contaminants in engine oil are not found in the open literature. This work 
aims to bridge these knowledge gaps and create new knowledge about the differences 
between tribological properties of Pb-free engine bearing materials and conventional bearing 
materials. 
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Chapter 2 

Objectives and limitations

Although engine bearing manufacturers have recently given attention to developing Pb-free 
engine bearings, there is still a need to continuously improve these bearing materials and 
understand their tribological performance on micro and macro scale. This work is aimed at 
tribological characterization of some Pb-free bearing materials under different test conditions 
in order to understand their tribological properties vis-a-vis those of the conventional Pb 
containing bearing materials. 

2.1 Specific Objectives 
The specific objectives of this research work are:

To understand the friction and wear behaviour of selected multi-layered Pb-free 
bearing materials under mixed and boundary lubrication conditions.
To understand seizure behaviour and seizure mechanisms of selected multi-layered 
Pb-free engine bearing materials under dry and lubricated conditions with plain base 
oil and fully formulated engine oils.
To understand friction and wear performance of selected multi-layered Pb-free bearing 
materials when lubricated with different lubricant formulations containing additives 
under boundary lubrication condition.
To understand embeddability behaviour of selected multi-layered Pb-free engine 
bearing materials under lubricated condition in the presence of abrasive particles.

2.2 Limitations
Within this work, the tribological studies have been carried out using standard laboratory 
tribometers instead of real engine conditions such as high speed and dynamic loading. 
Furthermore, only a limited Pb-free engine bearing materials have been studied. However, the 
work done in this thesis still provides important results and insights pertaining to the 
tribological characteristics of some of the Pb-free engine bearing materials under different 
laboratory test conditions.
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Chapter 3 

Experimental materials and techniques
This section describes the experimental materials, experimental techniques and test conditions 
used in this work. Some selected Pb-free multi-layered bearing materials have been
investigated and a conventional Pb containing material has also been studied as a reference 
material. Various experimental techniques and test configurations are used to investigate the 
tribological properties of the bearing materials.

3.1 Experimental materials 
Bearing materials

The selected bearing materials in papers A-E are given in Table 1. The test materials are 
designated as A1, A2, A3, B1, B2, C1 and C2. The bearing alloy (lining) is applied on a steel 
backing in all bearings. A1 is a bi-metal bearing with Al-Sn based lining without an overlay 
coating. The other materials are multi-layered materials consisting of lining, diffusion barrier 
(interlayer) and an overlay. A2 is bronze lining with a Ni interlayer and a PAI based overlay 
containing solid lubricants MoS2 and graphite. A3 has a bronze lining similar to that of A2 and 
a Ni interlayer, Al-Sn based overlay and on top a PAI based overlay containing MoS2 and 
graphite. C1 has a Bi containing bronze lining, Ni interlayer and Sn based overlay. C2 has a 
bronze lining, Ni interlayer and Sn based overlay. B1 and B2 has a Cu-Pb based lining, Ni 
interlayer and Pb based overlay coated with a micron thickness of Sn flash coating for 
corrosion protection of the overlay during storage and transportation. B1 and B2 are the same 
material and studied only as reference.

Table 1: Nominal compositions and thicknesses of different layers of bearing materials 
studied from papers A-E.

Sample Composition Thickness (μm)
Lining Interlayer overlay Lining Interlayer Overlay 

A1 AlSn25Cu1.5Mn0.6 n/a n/a 706 n/a n/a

A2 CuSn5Zn1 Ni (PAI, MoS2 45%, graphite 23%) 511 4.2 21.6 

A3 CuSn5Zn1 Ni AlSn20Cu1, 
(PAI, MoS2 45%, graphite 23%)

508 3.2 19 
9.2

B1 CuPb23Sn2 Ni PbSn10Cu5 270 2.25 15
C1 CuSn4Bi4Ni1 Ni Sn 322 4.75 9.75
C2 CuSn8Ni1 Ni Sn 301 2.10 9.25
B2 CuPb23Sn2 Ni PbSn10Cu5 270 2.25 15

The cross-sections of the different materials studied in papers A-E are characterized in order 
to measure the thickness of the different layers. Bearing material A1 has an Al-Sn based lining 
applied on to the steel backing. There is a pure Al rich interlayer between the lining and the 
steel backing as shown in Fig. 4 (a). Fig. 4(b) shows the distribution of the bright Sn soft 
phase in the Al matrix. 
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Fig. 5(a) shows the cross-section of bearing material A2 which consists of a Cu-based lining, 
an interlayer and overlay material on top. The overlay material is PAI containing MoS2 and 
graphite. Fig. 5(b) shows that the Ni interlayer (dark grey) between the lining and the overlay. 
The bright particles in the overlay are MoS2 particles. 

A3 has four different layers on top of the steel backing. The lining and the diffusion barrier 
are similar to that of A2. As shown in Fig. 6, on top of the interlayer there is an Al-Sn based 
overlay and on top a PAI-based overlay containing MoS2 and graphite. 

Figure 4. SEM micrographs of (a) cross-section of A1 and (b) distribution soft phase Sn in the 
Al matrix.

Figure 5. SEM micrographs of (a) cross section of A2 and (b) PAI-based overlay.

Figure 6. SEM micrographs of (a) cross-section of A3 and (b) Al-Sn based overlay and PAI-
based overlay.

Cross-sections of B1 which is a Pb-containing bearing material is shown in Fig. 7. In the Cu-
Pb based lining, the bright Pb soft phase is distributed in the Cu-matrix. On top of the 
interlayer there is a Pb based overlay. 
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Figure 7: SEM micrographs of (a) cross-section of Pb-containing material and (b) its overlay.

Morphologies of the overlay surfaces of the aforementioned materials are different as shown 
in Fig. 8. For A1, the surface of the lining material shows the distribution of the Sn soft phase 
in the Al matrix. On the other hand, overlays of A2 and A3 have similar features and their 
surfaces are microscopically uneven as reflected in their roughness values (Ra ~ 0.8 μm). For 
B2, the soft overlay has typical features of an electroplated surface. The surface roughness of 
bearing materials A1, A2, A3, and B1 are given in Table 2.

Figure 8: SEM micrographs of the original surfaces of (a) A1, (b) A2, (c) A3 and (d) B1.

Table 2. Surface roughness of bearing materials A1, A2, A3 and B1.
Sample A1 A2 A3 B1
Ra (μm) 0.36±0.01 0.80±0.05 0.78±0.04 0.65±0.06
Rq(μm) 0.46±0.01 1.03±0.05 0.99±0.05 0.84±0.08

Fig. 9(a) and (b) show SEM images of polished cross-sections of C1. It consists of lining, an 
interlayer and an overlay material on top. The lining has a Bi soft phase distributed 
throughout the Cu-matrix. When it is etched with a mixture of NH4OH and H2O2 the grain 
boundaries are clearly seen as shown in Fig. 9(c). In the microstructure of the lining material,
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Bi is seen inside the grain boundaries as a bright phase. Bi is present mainly in the grain 
boundaries since it is almost insoluble in solid copper [102]. As shown in Fig. 10(a) and (b),
C2 has lining, interlayer and overlay. Etching the cross-section of C2 with a mixture of 
NH4OH and H2O2 shows grain boundaries in the lining and it does not contain any distinctive 
phase as shown in Fig. 10(c). Compared to the previously discussed materials, C1 and C2
have a relatively smooth surfaces as shown in Fig. 11. The surface roughness of C1, C2 and 
B2 are given in Table 3.

Figure 9. SEM micrographs of C1: (a) and (b) polished cross-sections and (c) cross-section 
etched with a mixture of NH4OH and H2O2.

Figure 10. SEM micrographs of C2: (a) and (b) polished cross-section and (c) cross-section 
etched with a mixture of NH4OH and H2O2.

Figure 11: SEM micrographs of the original surfaces of (a) C1, (b) C2 and (c) B2.

Table 3: Surface roughness of bearing materials C1, C2 and B2.
Sample C1 C2 B2
Ra (nm) 169±9 134±11 599±42
Rq(nm) 216±11 194±29 831±49

In general, the linings are harder than the overlay materials. The lining of A1 which is an Al-
Sn based alloy has lower hardness compared to the other linings. A2 and A3 have identical 
lining and exhibit higher hardness compared to the other linings. For A3, the Al-Sn based 
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overlay beneath the PAI based top overlay is harder than the other overlay materials and has 
almost similar hardness value as that of A1. The lining of C2 has higher hardness than that of 
B2. The lower hardness of the linings in C1 and B2 can be associated with the presence of Bi 
in C1 and Pb in B2. The hardness of the Sn-based and Pb-based overlay materials are close to 
each other. Fig. 12 shows hardness values obtained from nanoindentation for the linings and 
overlays of the different bearing materials. The variations indicated by the error bars might be 
because of variations in roughness of the indented surface, indentation on grain boundaries 
and indentation on the soft inclusion or porosity of materials [111].
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Figure 12. Hardness values for linings and overlays of (a) A1, A2, A3 and B1 and (b) C1, C2
and B2.

For the embeddability studies, other multi-layered Pb-free bearing materials were investigated 
and their nominal composition and thicknesses of the different layers are given in Table 4.
These bearing materials are designated as D1, D2, D3, D4 and D5. D1 has a Bi containing 
bronze lining a Ni interlayer and Sn based overlay. D2 has an Al-Sn-Si based lining and a PAI 
based overlay containing solid lubricants and metallic particles. Although D3, D4 and D5
have similar Bi containing bronze based linings, their overlays are different. D3 has an 
overlay composed of PAI and MoS2 particles. D4 has a silver (Ag) interlayer and a Bi based 
overlay. D5 has a Bi based overlay. SEM images of the cross-sections of D1, D2, D3, D4 and 
D5 are shown in Fig. 13.

Table 4. Nominal compositions and thicknesses of different layers of bearing materials for 
embeddability studies from paper F.

Sample Composition Thickness (μm)

Lining Interlayer overlay Lining Interlayer Overlay 

D1 CuSn4Bi(3-5)Ni(0,7-1,3) Ni Sn   2 12
D2 AlSn(5-7)Cu1Ni1Si(1,5-

3)Mn0,3V0,15
-- PAI; Al (10-15) PTFE (5-7) 

Silane5
-- 10

D3 CuSn10Bi4   -- PAI 45 ; MoS2 55     -- 10

D4 CuSn10Bi4  Ag Bi 328 5.7
D5 CuSn10Bi4 -- Bi    -- 5.7
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Figure 13. SEM micrographs of cross-sections of (a) D1, (b) D2, (c) D3, (d) D4 and (e) D5.

Hardness values for the overlays and linings of the different materials studied in Paper F are 
shown in Fig. 14. The metallic overlays show lower hardness compared to the composite 
overlays. For the linings, nanoindentation was carried out mainly on the bronze matrix to 
avoid the soft phase Bi in D1, D3, D4 and D5. Similarly, for the lining of D2 nanoindentation 
was carried out mainly on the aluminium matrix avoiding the Sn soft phase and Si hard 
particles.
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Figure 14. Hardness values of lining and overlay of bearing materials studied in paper F.

Counter-surface materials

For the studies in the block-on-ring test configuration, a taper roller bearing outer ring made 
from high grade bearing steel AISI 52100 was used as a counter-surface (papers A-D). In the 
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ball-on-bearing specimen test configuration an AISI 52100 grade bearing steel ball was used 
as a counter-surface (paper E). For the embeddability studies using a journal bearing test rig a 
steel shaft EN 10297-1 was used as a counter surface (paper F).

Lubricating oils

For the friction and wear studies (papers A and B), a low-SAPS (low-sulphated ash, 
phosphorous and sulphur), fully formulated engine oil was used. The viscosity of the oil is 
0.146 and 0.0149 Pa.s at 25 0C and 95 0C, respectively.

In the work pertaining to seizure behaviour in lubricated conditions (paper D), two different 
oils were used. A polyalpha olefin base oil (PAO 6) and paraffin based fully formulated 
engine oil (Scania reference oil 10W-30) were employed. At 95 0C, the viscosity of the pure 
base oil and the fully formulated engine oil were 0.0089 Pa.s and 0.012 Pa.s, respectively. The 
pure base oil and the fully formulated engine oils were used to compare the seizure behaviour 
of the bearing materials in the absence and presence of oil additives. The same engine oil was
also used for the embeddability studies (paper F). Its measured viscosity at 90 0C was 0.0129 
Pa.s.

For studying tribological compatibilities of bearing materials with different oil formulations
(paper E), five different lubricants were used. The oils are designated as follows; Oil1 is PAO 
6 base oil (Group IV). For the other oils containing additives (oil2, oil3, oil4 and oil5), a
group III basestock was used and mainly viscosity and anti-wear levels have been varied. Oil2
and oil3 are a 15W-40 oil and Oil4 and Oil5 are a 5W-20 oil. The properties of the oils are 
given in Table 5. The viscosity of the oil samples measured at 25 0C and 95 0C are also given 
in Table 6.

Table 5. Oil samples used in paper E.
Oil1 Oil2 Oil3 Oil4 Oil5

Basestock PAO 6
(Group IV)

Group III Group III Group III Group III

Phosphorus level (ppm) - 400 1200 400 1200
High temperature high shear (HTHS) 
viscosity (mPas)

- 3.9 3.9 2.8 2.8

Kinematic viscosity 100 (Cst) - 13.9 13.9 8.5 8.5

Table 6. Viscosity of oil samples used in paper E at 25 0C and 95 0C.
Sample Viscosity (Pa.s) at 25 

0
C Viscosity (Pa.s) at 95 

0
C

Oil1 4,75x10
-2

8.9 10
-3

Oil2 1,7x10
-1

1,55x10
-2

Oil3 1,7x10
-1

1,55x10
-2

Oil4 8,0x10
-2

1,1x10
-2

Oil5 8,0x10
-2

1,1x10
-2
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3.2 Experimental techniques

3.2.1 Unidirectional block-on-ring test setup

Apparatus

For studies pertaining to friction and wear behaviour (papers A and B) as well as seizure 
behaviour (papers C and D), a CETR UTM-2 tribometer with a block-on-ring test 
configuration was employed. The tribometer has an upper carriage and lower rotational drive.
The upper carriage is equipped with a dual friction force and normal force sensor. The load 
sensors employed in this study can measure loads in the range of 5-500 N. A test sample 
holder is mounted directly on to the load sensor on the upper carriage. The upper carriage can 
move up and down to load/unload the test sample against the counter-steel ring specimen. It 
can also move in the horizontal direction for aligning the test sample with the counter-surface. 
The lower rotational drive has a rotating shaft on which the counter-specimen is mounted. For 
lubricated tests, an oil bath is mounted on the side of the rotational drive. The lower part of 
the steel ring is immersed and oil is picked up by the steel ring as it rotates and lubrication of 
the tribological contact occurs. The tribometer has a heating enclosure equipped with a 
heating cartridge that enables heating of the samples and lubricant up to 150 0C. The lower 
rotational drive, oil bath and the heating enclosure in the CETR UMT-2 tribometer are shown 
in Fig. 15.

Figure 15. The Lower rotational drive, oil bath and the heating enclosure in the CETR UMT-
2 tribometer.
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Geometry of test specimens

The specimens were cut out from half bearing shells using electro discharge machining 
(EDM) technique in order to minimise thermal effects during cutting and enable high 
precision. Each test sample was 5.5 mm in width and 12 mm in length. A1, A2, A3 and B1
were cut from a Ø127 mm half bearing shell and C1, C2 and B2 were cut from a Ø93.2 mm
half bearing shell. The block-on-ring test configuration and geometry of test specimens 
studied in papers A-D are shown in Fig. 16. The counter surface used for studies in the block-
on-ring test configuration is a steel ring Ø35mm made of AISI 52100 with a hardness of ~
830 HV and polished to a roughness Ra ~ 0.1 .

Figure 16. The block-on-ring test configuration and geometry of test specimens employed in 
the block-on ring test configuration (papers A-D).

Test parameters 

Friction and wear studies
For the friction and wear studies (papers A and B) two sets of test conditions were employed. 
The first set of test conditions is used to investigate the effect of rotational speed on friction 
for different materials and tests were carried out at different rotational speeds of 1, 5, 25, 100, 
150, 250 and 400 rpm under lubricated condition as shown in Fig. 17. The rotation of 1 rpm 
corresponds to about 0.002 m/s. These tests were carried out by changing rotational speed 
from higher to lower speed to minimise the surface damage and wear during the tests. At each 
step, test duration was 15 s to reduce the effect of wear on the contact area. Tests were carried 
out at different loads of 20, 30, 50 and 80 N. The results from these tests were used to select 
test parameters for studying the steady state friction behaviour of these materials.

The steady state-friction behaviour and wear characteristics of the different materials were 
investigated by carrying out tests with relatively longer test duration. These (second set) of
test conditions were carefully selected based on the results found using the previously 
discussed 1st set of test condition to ensure that the tribological studies are in mixed/boundary 
lubrication condition. Three different test conditions were selected. Test condition 1 employed 
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relatively higher sliding speed so that mixed lubrication condition is achieved and test 
condition 2 and 3 were at lower sliding speed to minimize the effect of mixed lubrication and 
ensure operation in boundary lubrication. The test conditions used to investigate steady-state 
friction and wear behaviour of test materials A1, A2, A3 and B1are shown in Table 7.

Figure 17. Test conditions for studying effect of rotational speed on friction (papers A and 
B).

Table 7. Test conditions for friction and wear measurements for A1, A2, A3 and B1 (paper A).
Condition Load [N] Speed [rpm] Duration [s] Temperature [0C]
1 50 25 120 RT and 95 
2 50 1 3000 RT and 95 
3 200 1 10800 RT and 95 

Test conditions used to investigate steady-state friction and wear behaviour of test materials
C1, C2 and B2 are shown in Table 8.

Table 8. Test conditions for friction and wear measurements for C1, C2 and B2 (paper B).
Condition Load [N] Speed [rpm] Duration [s] Temperature [0C]
1 50 25 120 95 
2 50 5 600 95 
3 200 5 2160 95 

Seizure tests
The seizure behaviour of the bearing materials were studied under dry and lubricated 
conditions (papers C and D). For these studies, the applied load was increased in a stepwise 
manner at regular interval and at constant speed. Preliminary tests were carried out to select 
test conditions by increasing load at various rotational speeds. At higher rotational speeds, 
metal-to-metal contact was not easily achieved and seizure did not occur and ranking of 
materials in terms of their seizure load was not possible in the load range employed. 
Therefore, a rotational speed that could allow ranking of the seizure behaviour of the test 
materials under both dry and lubricated condition was chosen. The rotational speed was kept 
constant at 125 rpm which corresponds to ~ 0.23 m/s. The tests were started at an initial load 
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of 50 N and increased by 25 N after every 2 minutes until seizure occurred. The maximum 
load that could be applied during the test was 475 N. Both dry and lubricated seizure tests 
were carried out at 95 0C. The test conditions used for seizure tests are listed in Table 9. For 
both dry and lubricated seizure tests, similar test parameters were used. The tests were 
manually stopped when seizure occurred and resulted in complete stopping of relative motion 
accompanied by noise and vibration. 

Table 9. Test conditions employed for seizure test (papers C and D)
Test parameter Values

Initial load 50 N
Load increment 25 N
Duration of each step 120 s
Maximum load 475 N
Speed 125 rpm
Temperature 95 0C

3.2.2 Reciprocating sliding friction and wear
Apparatus

The friction and wear properties of different Pb-free bearing materials in different oil 
formulations were studied using an Optimol SRV® high-temperature reciprocating friction 
and wear test machine. This tribometer makes use of an electromagnetic drive to oscillate the 
upper specimen against a lower stationary specimen. The lower specimen block incorporates a 
heating cartridge to heat up the specimen and the lubricant to the desired test temperature. The 
normal load is applied by means of a servomotor and a spring deflection mechanism. The 
main components in the test chamber of the Optimol SRV tribometer are shown in Fig. 18.
The applied load, temperature, stroke length and frequency of the oscillatory movement are 
controlled by a computerized data acquisition and control system. 

Figure 18. Components in the test chamber of the optimal SRV.
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Geometry of test specimens

The upper specimen is an AISI 52100 grade bearing steel ball (Ø10 mm). The lower 
stationary specimen is a bearing material specimen (5.5x12 mm) mounted on to a lower 
specimen holder as shown in Fig. 19. The lower specimen holder was made from a disk with a 
thickness of 7.9 mm. To keep the test specimens in position they were tightened using a screw 
on one side of the lower specimen holder. The lower specimen holder is mounted on the 
heating block in such a way that the upper specimen reciprocates in the axial direction 
perpendicular to the circumferential direction of the curved bearing test specimen.

Figure 19. Schematic representation and photograph of the ball-on-bearing specimen test 
configuration used in paper E.

Test parameters for oil compatibility test

For this study, the test conditions were selected in such a way that the overlays of bearing 
samples are not entirely worn out and therefore enable studies on the effect of lubricant 
additives on the overlay of the bearing. A few drops of the oil sample were added to fully 
cover the test specimen surface before heating the system and applying the normal load. The 
system was heated to 95 0C and given several minutes to achieve a stable temperature level. 
The test parameters for this study are shown in Table 10.

Table 10. Test parameters used for friction and wear test in paper E
Test parameter value

Load 10 N
Stroke length 1 mm
Frequency 20 Hz
temperature 95 

0
C

duration 5 min
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3.2.3 Journal bearing test rig for embeddability studies 

Apparatus

The embeddability behaviour of the Pb-free bearing materials were studied using a journal 
bearing test rig that operates under constant load. A simple schematic of the test rig is shown 
in Fig. 20. The test rig consists of a bearing housing where a bearing shell is mounted. The 
bearing housing is designed to be self-aligning. The half bearing shell is mounted on the 
lower section of bearing housing. The steel counter surface is mounted along with an 
expansion sleeve onto the shaft that extends from the motor drive. The load is applied by 
means of a dead weight and a lever arm. The electric motor drive has a speed range up to 
1500 rpm. The oil tank is equipped with a heater and stirrer to continuously mix the SiC 
abrasive particles in the oil. The oil is supplied into the bearing housing from the oil tank 
through a pipe and a hole on the upper section of the bearing housing. The lubricating oil is 
collected in an oil reservoir under the bearing housing and then recirculated by using a hose 
pump. 

Figure 20. Schematics of the journal bearing test rig and photograph of the bearing housing. 
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Geometry of test specimens

For the embeddability tests, Ø108 mm and 34 mm width bearing half shells were used. The 
steel counter surface had an outer diameter of Ø107.5 mm and hardness of ~ 610 HV and Ra 
value of 0.2 μm. 

Test parameters

For the embeddability tests, three different test conditions were employed. Three different 
speeds are used to generate different lubricant film thicknesses to see if there is any influence 
of the minimum film thickness on the abrasive wear and embeddability. For each speed the 
corresponding minimum film thickness is estimated using a 1-D Reynolds equation and finite 
difference method is used for discretization [112]. The surface roughness is not taken into 
account. SiC particles (#1000 grit size, largest particle size of 18 μm) were used as abrasive 
contaminant particles. In practice, these abrasive particles span a wide range of sizes and 
shapes and this was confirmed from the SEM images of the bearing surfaces after the test as 
well. The concentration of the abrasive particles is higher than that experienced in engine oil 
to induce accelerated wear. The test conditions employed for the embeddability test are shown 
in Table 11.

Table 11. Test parameters and conditions used for embeddability test in paper F.
Test Parameter Value

Test load 1800 N

Speed
30 rpm (h0 = 2.1 μm)
200 rpm (h0 = 6.5 μm) 
800 rpm (h0 = 15.6  μm)

Viscosity at 90 0C 0.0129 Pas
Oil temperature 90 °C
Flow rate 0.012 liter /sec
Concentration of contaminants 2.0 g / liter
Test duration 60 minutes

3.2.4 Surface analysis
For surface analysis and tribological experiments, the bearing test specimens and counter 
surfaces were cleaned before and after the test with industrial heptane in an ultrasonic cleaner 
and rinsed with acetone to avoid contamination of the surfaces. 

Surface characterization was carried out using a JEOL JSM 6460 scanning electron 
microscope (SEM), with incorporated energy dispersive spectroscopy (EDS) on bearing 
samples and counter surfaces before and after the tribological tests in order to get information
about the morphologies of test materials, nature of damages on worn surfaces, wear and 
seizure mechanisms and chemical composition of the worn surfaces. Cross-sections of the 
multi-layered bearing materials were also characterized. In paper E, XPS analysis was also 
carried out on selected samples using Thermo Fisher Scientific Theta Probe (East Grinstead, 
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UK) equipped with a monochromatic Al K X- = 1486.6 eV) and an Ar+ ion 
gun available at AC2T in Austria. The wear scars of bearing specimens were sputtered for 20 s 
at an accelerating voltage of 3kV to remove contaminants from the surface.

Additionally, 3D optical interferometers (Veeco Wyko 1100NT and Zygo NewView 7300) 
were used to characterize surfaces topographies of bearing samples and counter surfaces and 
to quantify wear. For embeddability tests, wear was quantified using weight change 
measurements.

The hardness of the different overlays and linings of bearing materials were carried out on 
polished cross-sections. For bearing materials studied in papers A-E a nanoindentation was 
carried out using a triboindenter in a displacement controlled manner with an indentation 
depth of 100 nm and at 5 N load. The nanoindentation on materials tested in paper F was 
carried out using a Micro Materials NanoTest Vantage system in a load controlled manner 
with a maximum load of 5 mN.
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Chapter 4

Summary of results

In this section, the salient results from the appended papers are presented and discussed. 
Results from papers A and B focuses on friction and wear performance of the different 
materials under mixed and boundary lubrication conditions. In papers C and D, the seizure 
behaviour of different materials under dry and lubricated conditions and associated seizure 
mechanisms are presented and discussed. The results from paper E discusses friction and wear 
performance of different materials lubricated with different lubricant formulation under 
boundary condition. Finally, the results from paper F pertain to the embeddability 
performance of different bearing materials in the presence of abrasive particles in the engine 
oil. 

4. 1 Friction and wear under mixed and boundary lubrication 
conditions 

The aim of the studies carried out in papers A and B was to characterise and understand the 
friction and wear behaviour of different Pb-free engine bearing materials under mixed and 
boundary lubrication conditions. 

Effect of rotational speed on friction 

Fig. 21(a) shows the effect of rotational speed on friction transition for materials A1, A2, A3
and B1 at 50 N at 95 0C. As seen, the friction decreases for all materials when the rotational 
speed increases. At higher rotational speed, the friction level for all materials converge as they 
enter the full film lubrication regime where friction is determined by the bulk property of the 
oil [113]. Differences in their friction levels are more pronounced at lower speeds where 
surface of the bearing material and the oil additives become more important factors in 
affecting the friction levels. The Al-Sn based lining with no overlay (A1) shows higher 
friction compared with the other materials. The soft Pb based overlay which can easily shear 
show lower friction than the relatively hard Al-Sn based alloy. Whereas the friction level for 
the PAI based overlay coated materials (A2 and A3) were found to be lower than that of the 
conventional Pb containing bearing material (B1). The lower friction coefficients of the PAI 
based overlays are due to the presence of solid lubricants that have lower interfacial shear 
strength. 

Similarly, as shown in Fig. 21(b), for test materials C1, C2 and B2 at 95 0C the friction 
decreases as the rotational speed increases. At lower rotational speeds, the friction levels 
increase due to increased asperity contacts as the lubrication regime changes to mixed and 
boundary lubrication as the film thickness is reduced [114]. The Sn based overlay materials 
(C1 and C2) show almost similar transition in friction with that of the Pb based overlay (B2).  
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Figure 21. Effect of sliding speed on friction at 50 N and 95 0C: (a) test materials A1, A2, A3
and B1 and (b) test materials C1, C2, and B2.

Steady-state friction behaviour

The steady-state friction behaviour of the investigated materials was studied under three 
different test conditions. Fig. 22 shows the friction behaviour of materials A1, A2, A3 and B1
at three different test conditions and 95 0C. The Al-Sn based lining has higher friction under 
both mixed and boundary lubrication conditions compared with the other test materials. Under 
mixed and boundary lubrication conditions, the PAI based overlay containing MoS2 and 
graphite (A2 and A3) have similar friction behaviour since the top overlays have similar 
composition. When the effect of mixed lubrication is minimized (lower sliding speed), the 
PAI based overlay shows the lowest friction amongst the test materials. The lower friction for 
the PAI based overlay is associated with the exposure of more MoS2 particles at the sliding 
interface. At higher load, A2 has the lowest friction due to the MoS2 particles in the PAI 
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matrix. The effect of MoS2 as a solid lubricant is well known [115]. The exposed MoS2 act as 
hard particles in polymeric matrix where they improve the load carrying capacity and due to 
the applied load there is an easy shearing within the lamellar structure of MoS2 particles that 
induces lower friction. For A3, friction increases when the thin top PAI based overlay is 
entirely worn out and the second Al-Sn based overlay is exposed and the friction value 
becomes similar to that of A1 which is an Al-Sn based bearing alloy. The Pb based overlay 
exhibits lower COF in the mixed lubrication regime compared to that of the other materials. 
However, at lower rotational speed the Pb based overlay shows a friction behaviour that is 
between that of the Al-Sn based overlay and PAI based overlay.

Figure 22. Friction behaviour of test materials A1, A2, A3 and B1 at 95 0C: (a) 50 N, 25 rpm, 
120 s, (b) 50 N, 1 rpm, 50 min and (c) 200 N, 1 rpm, 3 hrs. 

For materials C1, C2 and B2 the steady-state friction behaviour at three different test 
conditions are shown in Fig. 23. At relatively higher rotational speed, i.e., in mixed 
lubrication, C2 which is a Sn-based overlay shows slightly lower friction values than the other 
Sn-based overlay (C1) and Pb-based overlay (B2). The roughness of the original surface of C2
is slightly lower than C1 and B2. Therefore, under mixed lubrication condition, the extent of 
metal-to-metal contact between the surface of C2 and the counter surface is less compared to 
the other two materials. When the sliding speed is decreased, friction increases to higher 
levels for all three of the test materials. This is an expected behaviour since at lower rotational 
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speed the effect of the separating lubricant film is minimal and boundary lubrication regime 
prevails. At higher load and lower rotational speed, friction decreases at the early stages of the 
test and friction start to increase as the test progresses. 

Figure 23. Friction behaviour of test materials C1, C2, and B2 at 95 0C: (a) 50 N, 25 rpm, 120
s, (b) 50 N, 5 rpm, 10 min, and (c) 200 N, 5 rpm, 36 min.

Wear 

Wear of the test materials was quantified in terms of wear scar width and the results are 
shown in Fig. 24. In general, the conventional Pb based overlay (B1) shows higher wear 
compared to the Al-Sn based lining (A1) and the PAI based overlay coated materials (A2 and 
A3) as shown in Fig. 24(a). Wear of the Pb based overlay is associated with its lower hardness 
compared to the other overlays. The Al-Sn based lining of A1 and Al-Sn based overlay of A3
which have higher hardness show better wear resistance than that of the Pb based overlay. 
The PAI based overlay has better wear resistance than the other test materials especially at 
higher loads. As shown in Fig. 24(b), for test materials C1, C2 and B2, there is no significant
difference in their wear scar widths. The most noticeable difference in wear is for tests at 
relatively higher rotational speed (test condition 1) where the Pb based overlay exhibits more 
wear than that of Sn based overlay of C1 and C2.
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Figure 24. Wear scar width at 95 0C at different test conditions: (a) test materials A1, A2, A3
and B1 and (b) test materials C1, C2 and B2.

The worn surface of the Al-Sn-based lining (A1) is shown in Fig. 25. As seen, the distribution 
of Sn on the worn surface is different from that of the original surface. One main difference is 
that the original unworn surface of the Al-Sn based lining has a soft Sn phase distributed in 
the aluminium matrix. However, the worn surfaces are modified to an extent that there is no 
Sn as a separate phase distributed in the aluminium matrix. This occurs because the Sn soft 
phase is mechanically squeezed out and sheared at higher load [106]. There is also material 
removal from the worn surface due to adhesive wear which is common in aluminium and steel 
tribo-pairs. 

Figure 25. SEM micrograph of worn surface of A1-Sn based lining (A1).
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In most of the test materials, the wear scars are easy to observe. However, for the PAI based 
overlay containing MoS2 and graphite (A2), the edges of the wear scars are not as well defined 
as for the other test materials. The worn surface is a bit brighter than the original surface (Fig.
26(a)). As shown in Fig. 26(b), on the worn surface, the bright particles that are exposed are 
MoS2 particles. The overlay is intact and there are no signs of detached material on the worn 
surface. However, fracture of some of the MoS2 particles was observed at high magnification. 
This is because most of the load is carried by the MoS2 particles in the polymer matrix.  

Figure 26. (a) Overview of the worn surface of PAI based overlay (A2) and (b) exposed 
MoS2 particles on worn surface. 

When the bronze lining coated with the Al-Sn based overlay and PAI based overlay (A3) 
tested at higher load was analysed, it revealed that the thin top PAI based overlay is 
completely worn out and the intermediate overlay is exposed as shown in Fig. 27(a). The 
exposed Al-Sn based overlay is the reason for the increased friction shown previously in Fig.
22(c). The increase in friction is not sharp due to the fact that the counter surface is in contact 
with both the Al-Sn based overlay and the top PAI based overlay at the edge of the wear scar. 
The exposed Al-Sn based overlay is mechanically modified as shown in Fig. 27(b). The soft 
Sn phase is not separately seen as it is smeared over the surface.

Figure 27. (a) Overview of worn surface of bronze lining coated with Al-Sn based overlay 
and PAI based overlay (A3) and (b) the exposed Al-Sn based overlay. 

In general, for the Sn based overlay coated materials (C1 and C2), plastic deformation of the 
overlay and pile up of displaced materials are typical features of the worn surfaces. In 
addition, the worn surface is smoothened and the overlay is mostly intact as shown in Fig.
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28(a). However, the overlay material is removed and the interlayer is partly exposed in some 
of the worn surface. For instance, on the worn surface of C1, the interlayer is exposed due to 
abrasive wear. The abrasive wear is caused by some particles dragged in the sliding direction
as shown in Fig. 28(b). This damage is observed only on part of the worn surface where there 
is a slight misalignment causing more material removal. As shown in Fig. 29(a), severe 
scoring marks are observed on the Sn based overlay of C2 caused by either abrasive 
contaminants or protruding surface asperities on the counter surface. In addition, on some part 
of the worn surfaces, the interlayer is exposed as shown in Fig. 29(b).

Figure 28. (a) SEM micrographs of worn surface of Sn based overlay (C1) and (b) exposed 
interlayer due to abrasive wear.

Figure 29. (a) Severe scoring mark on Sn based overlay (C2) and (b) exposed interlayer due 
to gradual wear of the Sn-based overlay.

Similar to the Sn based overlays, plastic deformation and pile up of displaced material on the 
edge of the wear scars is seen for the Pb based overlay coated materials (B1 and B2). On the 
worn surface of B1 surface damage in the vicinity of the high load area occurs. In addition, as 
shown in Fig. 30(a), dark patches with different composition compared to the overlay appears 
in the middle region of the worn surface. EDS analysis confirms that the composition of the 
bright area is similar to that of the overlay (Fig. 30(b)) and the dark layer is mainly Ni, Cu and 
Sn as shown in Fig. 30(c). Similar type of compound layer has also been reported earlier by 
other researchers [116]. On the worn surface of Pb based overlay of B1, a feature different 
from that of B2 is seen at higher magnification. Clusters of tiny spots due to loss of material 
from the overlay can be seen as shown in Fig. 30(d). Pb being leached away from the overlay 
due to corrosion can be the cause for this material loss.
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Figure 30. (a) Dark patches on worn surfaces of Pb based overlay of B1, (b) the 
corresponding EDS spectra of the bright area and (c) dark area and (d) clusters of tiny spots of 
removed material from the Pb based overlay of B2.

4.2 Seizure behaviour under dry and lubricated conditions

The aim of the studies carried out in papers C and D was to understand the seizure behaviour 
of Pb free engine bearing materials under dry and lubricated condition. 

Friction during seizure test

The friction behaviour of materials A1, A2, A3 and B1 during seizure test under dry condition 
is shown in Fig. 31(a). The Al-Sn based lining with no overlay shows higher friction than the 
other test materials. In contrast, a bronze based lining coated with a PAI based overlay 
containing MoS2 and graphite shows lower friction throughout the seizure test and friction 
tend to decrease with increasing load. The bronze based lining coated with Al-Sn based 
overlay and PAI based overlay containing MoS2 and graphite shows lower friction during the 
early stage of the seizure test and then increases. Friction increases when the top PAI-based 
overlay is worn out and the Al-Sn based overlay is exposed. In Al-Sn based materials the 
presence of the Sn soft phase improves lubrication by forming interfacial film. However,
when the load increases Sn will be depleted from the surface and the surface will show a 
behaviour closer to that of pure aluminium [106]. The Cu-Pb based lining coated with Pb 
based overlay shows higher friction at lower load but it decreases and become constant at 
higher load after the Cu-Pb based lining is completely exposed. 
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The presence of a lubricant, whether it is plain base oil or fully formulated engine oil, 
improves the friction behaviour during the seizure test compared to dry condition. In both 
base oil and fully formulated engine oil, as shown in Fig. 31(b) and (c), the Al-Sn based lining 
with no overlay shows higher friction compared with the other overlay coated materials. On 
the other hand, the PAI based overlay containing MoS2 and graphite shows the lowest 
friction. In the bronze based lining coated with PAI based overlay and Al-Sn based overlay 
(A3), friction is low as long as the PAI coating is intact. But when it is worn out friction 
increases since the sliding occurs between the Al-Sn based overlay and the steel counter 
surface. In general, the friction levels for all materials in engine oil are lower than the friction 
values in base oil. Friction modifiers in the engine oil contribute to the reduced friction. 
Reports by other researchers also support such a behaviour. For instance, aluminium alloys 
show better friction behaviour in engine oil than in base oil [117].

Figure 31. Friction behaviour of test materials A1, A2, A3 and B1 during seizure test in (a) 
dry condition, (b) base oil and (c) fully formulated engine oil.

Fig. 32 shows the friction behaviour of the Sn based overlay coated materials (C1 and C2) and 
Pb based material (B2) during a seizure test under dry and lubricated conditions. In dry 
condition, the conventional Pb containing material (B2) shows lower friction compared with 
the other Sn based overlay coated materials. The Bi-containing Cu-based lining coated with 
Sn-based overlay (C1) shows lower friction at relatively higher load compared to the bronze 
lining coated with Sn based overlay (C2). The decrease in friction at about 125 N occurs after 
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the Bi containing lining is completely exposed. The Bi soft phase in the lining has a 
lubricating effect in dry condition by forming an interfacial film of smeared Bi similar to most 
composite bearing alloys. The presence of lubricants significantly improved friction. In base 
oil, the Pb containing material show lower friction compared to the Sn based overlay coated 
materials. In fully formulated engine oil, significant improvement in friction was observed for 
the Sn based overlay coated materials and their friction behaviour is very close to that of Pb 
based material. This is due to the fact that the soft metallic overlays are intact for most of the 
test duration and oil additives also play a role in improving friction and durability of the 
overlay. 

Figure 32. Friction behaviour of test materials C1, C2 and B2 during seizure test in (a) dry 
condition, (b) base oil and (c) fully formulated engine oil.

Seizure load

From the seizure tests under dry and lubricated conditions it was observed that there is a 
correlation between friction behaviour and the load at which seizure occurs. In general, the 
materials that show lower friction also result in higher seizure loads. 

Fig. 33 shows the load at which seizure occurs for materials A1, A2, A3 and B1. For instance, 
under dry conditions, the PAI based overlay containing MoS2 and graphite shows no sign of 
seizure in the permissible load range. However, seizure occurs for the other materials. For 
instance, for the Al-Sn based lining with no overlay, seizure occurs at lower load. The bronze 



43 

 

lining coated with Al-Sn based overlay and PAI based overlay containing MoS2 and graphite 
shows better seizure resistance compared to the Al-Sn based lining with no overlay. The 
conventional Pb based material shows better seizure behaviour when compared to the Al-Sn 
based lining and the bronze lining coated with Al-Sn based overlay coated with PAI based 
overlay. The presence of a Pb soft phase in the lining improves lubrication by forming an 
interfacial film when Pb is smeared. However, at higher load the interfacial film breaks which 
leads to higher friction, increased adhesion and seizure [95].

Under lubricated conditions, the load at which seizure occurs improves significantly. In base 
oil and fully formulated engine oil, the PAI based overlay and the Pb based material show no 
seizure in the permissible load range. The lower friction induced by the MoS2 and graphite 
particles in the PAI based overlay reduces wear of the PAI based overlay and the overlay is 
intact throughout the seizure test; and prevents the exposure of the bronze lining which is 
susceptible to seizure. For the conventional Pb based material, under lubricated condition, 
seizure does not occur and this is associated with the low shear strength of Pb overlay and the 
Pb phase in Cu-Pb based lining compared to that of the Al-Sn based materials. Interaction 
with oil additives also contributes to the improved seizure load. The Al-Sn based lining with 
no overlay exhibits lower seizure load. Seizure occurs at lower load due to severe adhesion of 
aluminium from the lining onto the counter surface. This shows that the presence of Sn as a 
separate phase in the bearing alloy is effective in preventing seizure up to a certain load and 
beyond this the smeared Sn interfacial film breaks and strong adhesion can occur. In addition, 
friction in the Al-Sn based materials is higher compared to the Pb based and PAI based 
materials and consequently frictional heating can be significant compared to the other 
overlays. Seizure also occurs in the bronze lining coated with Al-Sn based overlay and PAI 
based overlay. Under lubricated condition for this material, seizure occurs after the two 
overlays are worn out and the bronze lining is exposed. Test materials A2 and A3 have the 
same bronze lining. This implies that the superior seizure behaviour of A2 depends on the PAI 
based overlay remaining intact.   

Figure 33. Seizure load for materials A1, A2, A3 and B1 under (a) dry condition and (b) 
lubricated condition.

Fig. 34 shows the load at which seizure occurs for Sn-based overlay coated materials (C1 and 
C2) and the conventional Pb containing material (B2). Under dry condition, the Sn based 
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overlay coated materials seize at lower load compared to the Pb based material (B2). The Bi 
containing bronze lining coated with Sn based overlay (C1) exhibits higher seizure load 
compared to the bronze lining coated with Sn based overlay (C2). As reported by Pathak [48],
seizure of Cu-Pb bearing alloys in dry condition can occur and depends on the amount of Pb 
in the bearing material. The concentration of the Pb soft phase in the lining of B2 is higher 
than the concentration of Bi in the lining of C1. Regardless of the differences in their 
tendency to form interfacial film, the higher amount of Pb in the lining of B2 might be the 
reason for better seizure behaviour of B2 compared to C1. Improvement in seizure load is 
observed in the presence of lubricants. In base oil and fully formulated engine oil, the 
conventional Pb based material (B2) shows no sign of seizure. However, for both Sn based 
overlay coated materials seizure occurs. But the average load at which seizure occurs for C1
and C2 has improved when fully formulated engine oil is used.

Figure 34. Seizure load for materials C1, C2 and B2 under (a) dry condition and (b) 
lubricated condition.

Seizure mechanisms in dry conditions

Damages on test materials studied in dry condition were easy to distinguish. Fig. 35 shows 
surface topographies of the materials after seizure tests in dry condition. The Al-Sn based 
lining exhibits an uneven surface due to material removal from the surface. For the bronze 
lining coated with PAI based overlay there is no severe damage. On the bronze lining coated 
with Al-Sn based overlay and PAI based overlay, removed material from the surface can be
seen. The worn surfaces of the Pb containing materials (B1 and B2) and Bi containing lining 
coated with Sn based overlay (C1) show smeared wear debris and grooves. In contrast, the
bronze lining coated with Sn based overlay (C2) shows no smeared wear debris on the surface 
and part of the overlay is still intact. 

Similarly, the surfaces of the steel rings are also modified. The surface topographies of the 
steel ring counter surfaces used in dry condition are shown in Fig. 36. Test rings sliding 
against the Pb containing material (B1 and B2) and C1 show transferred wear debris resulting 
in significant modification of the surfaces. The presence of this transferred wear debris onto 
the test ring acts as abrasive particle that abrades and causes severe scoring on the test 
samples. Test rings sliding against the Al-Sn based lining with no overlay (A1) and the bronze 
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lining coated with Al-Sn based overlay and PAI based overlay (A3) show transferred material 
on the surface without significant modification of the surface topography. Test rings sliding 
against the PAI based overlay (A2) and Sn based overlay (C2) do not show significant 
modification of their surface topographies.

Figure 35. 3D white light interferometry images showing the surface topography of the test 
samples after seizure test in dry condition.

Figure 36. 3D white light interferometry images showing the surface topography of the 
counter surface (test ring) after seizure test in dry condition.

SEM analysis was carried out on bearing samples and steel ring counter surfaces after dry 
seizure tests to get detailed information about the seizure mechanisms. In the Al-Sn based 
lining with no overlay (A1) and a bronze based lining coated with Al-Sn based overlay and 
PAI based overlay containing MoS2 and graphite (A3), severe adhesive wear resulting in 
material removal from the surface has been observed. Fig. 37(a) shows material removed 
from the Al-Sn based lining. In the worn surface of this lining, the Sn phase distributed in the 
Al matrix does not exist anymore as a separate phase. The severity of the adhesion is reflected 
on the steel ring counter surface. Fig. 37(b) shows the transferred material onto the counter 
surface. The transferred material consists of Al, Sn, Cu and Mn, the constituents that are in 
the lining material of the test sample. 
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Figure 37. SEM micrographs showing (a) part of the worn surface of A1 and (b) transferred 
material onto test ring counter surface. 

SEM analysis on the worn surfaces of the bronze lining coated with Al-Sn based overlay and 
a PAI based overlay tested in dry condition shows that the PAI based overlay is completely 
worn out and the Al-Sn based overlay is exposed. In the middle of the worn surface there is 
material detached from the exposed Al-Sn based overlay as shown in Fig. 38(a). The 
occurrence of severe adhesion is evident from the transferred material on to the counter 
surface as shown in Fig. 38(b). The transferred material consists of elements such as Al, Cu, 
Sn, and Ni.

Figure 38. SEM micrographs showing (a) detached materials in the middle of worn surface 
and exposed lining on A3 (b) transferred material onto the test ring counter surface.

Fig. 39(a) shows the worn surfaces of the bronze based lining coated with PAI based overlay. 
The worn overlay shows a relatively smooth surface compared to those from the other test 
materials in dry condition. On some parts of the worn surface there are signs of a slightly 
exposed Ni interlayer. Investigation of the steel ring counter surface has shown that there is 
no transferred material on most part of the steel ring. However, transferred PAI based material 
was seen on the counter surface mainly in the microgrooves unintentionally left during 
polishing as shown in Fig. 39(b).
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Figure 39. SEM micrographs showing (a) part of worn surfaces of A2 and (b) transferred 
material in the microgrooves on the counter surface.

In dry condition, the worn surfaces of the conventional Cu-Pb based lining coated with Pb 
based overlay (B1 and B2) and Bi containing bronze lining coated with Sn based overlay (C1)
show similar features. These features include severe scoring on the bearing surfaces, 
formation of wear debris and adhered as well as smeared wear debris on both test samples and 
the counter surfaces. In these materials, the overlay is completely worn out and the lining is 
totally exposed. Fig. 40(a) shows the severe wear marked by grooves on the worn surface of 
C1. The wear debris that adhered on to the counter surface and wear debris dragged between 
the two surfaces are responsible for the observed damage features. Wear debris trapped in the 
contact area and agglomerated and smeared on the worn surface are shown in Fig. 40(b). The 
counter surfaces sliding against these materials have similar features as shown in Fig. 40(c).

Fig. 41 illustrates the occurrence of seizure in B1, B2 and C1. Some of the wear debris 
trapped between the two surfaces adhered on both the bearing and counter surfaces. The 
adhered debris on the counter surfaces ploughs the lining during sliding. In addition, some of 
the wear debris are smeared on the exposed lining and form agglomerated material. As a 
result, the surface roughness of both surfaces increase. As the load is increased these changes 
on the surface becomes more severe to the extent that it impedes the relative motion. A
similar phenomenon caused by wear debris generated when a soft specimen slides against 
hard counter surface has also been reported by Rapoport [118] as mechanical interlocking that 
facilitates the transition into seizure. In addition, the presence the wear debris can lead to an 
increase in temperature up to flash temperatures which promotes more adhesion.  
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Figure 40. SEM micrographs showing (a) severe scoring marks on worn surface of C1, (b) 
agglomerates of wear debris and (c) wear debris adhered on the counter surface.

Figure 41. Effect of wear debris on roughness and mechanical interlocking leading to seizure.

The worn surface of the bronze lining coated with Sn based overlay (C2) is quite different 
from that of C1. In C2, part of the overlay is worn out and the interlayer is exposed. It was 
also found that in some parts of worn surfaces the overlay is detached leaving very little Sn on 
the surface. Fig. 42(a) shows an exposed Ni interlayer in the middle of the worn area. There 
were also signs of plastic deformation in some part of the worn surface and Cu and Sn are 
detected which could be an indication that only a marginal surface of the lining is exposed. 
Most part of the test ring counter surface shows a relatively smooth surface with little 
transferred material. However, transferred material is seen on one part of the test ring as 
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shown in Fig. 42(b) and its elemental composition is mainly Cu, Sn, Zn and Ni which implies 
that there is some material transferred from the lining. 

Figure 42. SEM micrographs showing: (a) exposed interlayer of C2 and (b) transferred 
material with a composition of Cu, Sn, Zn and Ni on to the steel ring counter surface.

Seizure mechanisms in lubricated conditions

The Al-Sn based lining with no overlay shows mainly adhesive wear in both base oil and fully 
formulated engine oil. Fig. 43(a) and (b) show worn surfaces of Al-Sn based material in base 
oil and fully formulated engine oil, respectively. Under both conditions, the Sn soft phase, 
which originally exists as a separate phase in the Al-matrix, is smeared onto the surface 
resulting in mechanical mixing of Sn with the aluminium matrix and gradual removal of 
material from the surface. There is no significant difference on the worn surfaces in base oil 
and fully formulated engine oil. 

Figure 43. SEM micrographs showing worn surfaces of Al-Sn based lining with no overlay 
(A1) (a) in base oil and (b) in fully formulated engine oil.

In both base oil and fully formulated engine oil, the bronze lining coated with PAI based 
overlay (A2) show no significant wear and the overlay is intact as shown in Fig. 44. The MoS2

particles can be seen on the worn surfaces. Some of these MoS2 particles are flattened during 
sliding. These particles are responsible for the lower friction observed for this material which 
in turn results in lower frictional heating that can prevent one of the preconditions for 
occurrence of seizure. 
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Figure 44. SEM micrographs showing worn surfaces of the PAI based overlay of A2 (a) in 
base oil and (b) in fully formulated engine oil. 

For the bronze lining coated with Al-Sn based overlay and PAI based overlay, both overlays 
and the interlayer are entirely worn out before the occurrence of seizure in base oil and fully 
formulated engine oil. For example, Fig. 45 shows an overview of the worn surface after 
testing in base oil and its corresponding EDS elemental mapping. Elements such as S and Ni 
are seen on the exposed lining due to smearing of the material from the edges of the overlay 
and exposed interlayer during sliding. In both base oil and fully formulated engine oil, seizure 
occurs after the bronze lining comes into contact with the counter surface. 

Figure 45. SEM micrographs and corresponding EDS elemental mapping of worn surface of 
A3 in base oil.

Fig. 46 shows worn surfaces of the conventional Pb containing material (B1) in base oil and 
fully formulated engine oil. Detached material is observed on the sample tested in base oil. 
This is not necessarily indicative of seizure since there is no sign of seizure observed for the 
Pb containing materials. From tests using the fully formulated engine oil, the worn-out surface 
was relatively smooth with no visible detached material and there are distinctive bright and 
dark areas on the surface. EDS analysis indicates that the dark areas are rich in Cu thereby 
implying the exposure of the Cu-Pb based lining. In addition, on the worn surface of the Pb-
containing material tested using fully formulated engine oil, EDS analysis show that there are 
peaks that correspond to P, S, and Zn that indicates formation of tribochemical films.
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Figure 46. SEM micrographs of worn surfaces of Pb containing material (B1) (a) in base oil 
and (b) in fully formulated engine oil.

Test ring counter surfaces sliding against the previously discussed materials were also 
investigated using SEM. SEM micrographs of the counter surfaces sliding against materials 
A1, A2, A3 and B1 in the base oil and fully formulated engine oil are shown in Fig. 47. For 
example, in base oil, the counter surfaces sliding against the Al-Sn based lining with no 
overlay (A1) and bronze based lining coated with Al-Sn based overlay and PAI based overlay 
(A3) show dark transferred material which is mainly aluminium. For A3, in addition to 
aluminium, there is also transferred material from the bronze lining as shown by the EDS 
elemental mapping in Fig. 48. In fully formulated engine oil, there is also transferred material 
on the counter surfaces sliding against A1 and A3 although the extent of material transfer is 
not as much as that using base oil. On the counter surface sliding against the PAI based 
overlay (A2), there is no transferred material in base oil or fully formulated engine oil. This 
shows that presence of MoS2 and graphite in the PAI based overlay has prevented transfer of 
material and seizure. On the counter surfaces sliding against Pb containing material (B1), 
there are only traces of transferred material from the Pb based overlay and their appearance is 
different from those seen in the counter surfaces sliding against A1 and A3.

Figure 47. SEM micrographss of counter surfaces used in seizure test: in base oil (a) A1, (b) 
A2, (c) A3 and (d) B1 and in fully formulated engine oil (e) A1, (f) A2, (g) A3 and (h) B1.
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Figure 48. EDS elemental mapping of transferred Al from the overlay and Cu from the 
exposed lining onto the counter surface sliding against A3 in Base oil.

Surface analysis was also carried out on the other three materials, i.e., Bi containing bronze 
lining coated with Sn based overlay (C1), bronze based lining coated with Sn based overlay 
(C2) and Cu-Pb lining coated with Pb based overlay (B2) tested in base oil and fully 
formulated engine oil.   

In Sn based overlay coated materials (C1 and C2) the surface damages appear to be more or 
less similar. In both cases, the interlayers are partly worn out and the linings have been 
exposed. This occurs during tests with both the base oil and fully formulated engine oil. As 
shown in Fig. 49 in the samples tested in the fully formulated engine oil, there is detached 
material in the middle region of the worn surface compared to those studied in base oil. This 
could be due to the higher load experienced before seizure with the fully formulated engine 
oil compared to the base oil. The surface damage on worn surfaces of B2 is similar to that of 
B1 as discussed previously.

Figure 49. SEM micrographs showing detached material in the worn surfaces of (a) C1 and 
(b) C2 in fully formulated engine oil.

The counter surfaces sliding against test materials C1, C2 and B2 were also investigated using 
SEM. As shown in Fig. 50, in both base oil and fully formulated engine oil, there was 
transferred material on all counter surfaces after sliding against the respective overlays.
However, in the case of fully formulated engine oil, there are dark patches containing S and P 
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from the oil additives on the counter surfaces. There are also traces of Cu on the counter 
surfaces which confirm that part of the lining is exposed in case of these three materials. 

Figure 50. SEM micrographs of counter surfaces used in seizure test: in base oil (a) C1, (b) 
C2 and (c) B2 and in fully formulated engine oil: (d) C1, (e) C2, and (f) B2.

4.3 Influence of oil formulations on friction and wear

The studies carried out in paper E were aimed at understanding the friction and wear 
performance of different Pb-free engine bearing materials using five different lubricant
formulations. In this study, the effect of pure base oil and four oils containing additives have 
been investigated. 

Friction

All materials showed higher average friction when tested in the pure PAO base oil (oil1)
compared to the oils containing additives (oil2, oil3, oil4 and oil5) as shown in Fig. 51. For 
bearing material A3, the PAI based overlay is worn out quickly in pure base oil and for most 
of the test duration the sliding contact is between the exposed Al-Sn based overlay and the 
steel ball counter surface. Similarly, the Pb based overlay (B2) as well as the Sn based overlay 
(C2) coated materials show higher friction in pure PAO base oil compared to the other oils 
containing additives. The high friction in pure PAO base oil is due to the excessive wear of 
the overlays that lead to the exposure of the harder intermediate layer. In other words, the 
reduced friction in B2 and C2 in the oils containing additives is because of increased 
durability of the Pb based overlay and Sn based overlay, respectively. For most of the bearing 
specimens, there is no significant influence from the anti-wear additive level. However, 
friction increases slightly in oils having higher concentration of anti-wear additive. For 
example, in Al-Sn based lining oil3 shows slightly higher friction than oil2. In general, in 
additive containing oils, Pb-based overlay shows lower friction value as compared to those of
other bearing materials.
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Wear

The oils containing additives reduce wear of the bearing materials compared to the pure PAO 
base oil except for the Al-Sn based lining with no overlay (A1), Fig. 51. The Al-Sn based 
lining lubricated with pure PAO base oil shows less wear compared to those lubricated with 
oils containing additives. In pure PAO base oil, wear is caused mainly by mechanical 
deformation and adhesive wear. In oils containing additives, although the presence of these 
additives improves friction yet they have resulted in increased wear of the Al-Sn based lining. 
This increased wear could be because of reactions of oil additives and the aluminium surface 
that promote tribochemical wear of material. An increased wear of aluminium alloys in the 
presence of anti-wear additive such as ZDDP could be associated with the formation of 
tribofilm that can easily be removed from the surface during rubbing [86]. For the other test 
materials, i.e. A3, B2 and C2, relatively higher wear is measured in pure PAO base oil 
compared to the oils containing additives. When a comparison is made among the oils 
containing additives, there is no significant difference in wear. However, for example, for the 
Sn based overlay coated material there is a slight increase in wear in oil4 and oil5 as
compared to that in oil2 and oil3. These slight differences might arise due to the viscosity 
differences of the oils. In general, Al-Sn based lining (A1) shows better wear resistance than 
the other bearing materials and Pb based overlay shows higher wear. 

Figure 51.  Average friction coefficient and wear volume in different oils: (a) A1, (b) A3, (c) 
B2 and (d) C2.
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Fig. 52 shows SEM images of part of the Al-Sn based lining (A1) tested in pure PAO base oil 
and oil containing additives (oil3). The way material is removed in the presence of oil 
additives is different from that in pure base oil. In pure PAO base oil, the worn surface is 
characterised by the depletion of the bright Sn soft phase from the aluminium matrix, plastic 
deformation and pile up of displaced material on the edge of the wear scar as shown in Fig.
52(a). However, the worn surfaces in oils containing additives show smeared Sn soft phase 
and there is no pile up of material on the edges of the wear scar as shown in Fig. 52(b). In all 
oils, there is material transfer onto the steel ball counter surfaces. Fig. 52(c) shows transferred 
material on the steel ball counter surface in oil3. EDS analysis on the worn surfaces shows 
that in addition to the elements from the lining there is presence of oxygen and zinc as shown
in Table 12. Oxygen is detected on the worn surfaces of samples tested in all oil samples. As 
shown in Fig. 53, XPS analysis has further confirmed that oxygen exists as Al2O3, Al(OH)3

and oxygen binding to organic components as C-O and COO. The oxygen binding to organic 
component is most likely due to the interaction of the oxidized base oil with the aluminium 
surface or leftover of cleaning solvents. Zn is also detected mainly on wear scars of samples 
tested in oil3 and oil5. This could indicate that there might be an interaction between the Al-
Sn lining and the anti-wear additive. Further XPS analysis on wear scars of samples tested in 
oil3 shows that traces of Zn exists as ZnO (1021.9 eV). The detected ZnO may not be from 
the tribofilm itself but may be a reaction product involving decomposition of the anti-wear 
additive during rubbing. Other active elements (S and P) from the anti-wear additive have not 
been not detected on the wear scar.

Figure 52.  SEM micrographs showing worn surfaces of A1: (a) pile up of material in oil1, (b) 
absence of pile up in oil3 and (c) transferred material on steel ball counter surface in oil3.

Table 12. EDS elemental analysis on worn surfaces of A1.
Oil sample Elemental composition (wt%)

Al Sn Cu Mn O Zn 
Oil1 84.6 11.4 1.7 1.0 2.3 -
Oil2 76.6 16.1 2.0 0.7 4.6 -
Oil3 76.2 14.3 2.2 0.7 4.3 2.2
Oil4 76.5 15.6 1.9 0.9 5.1 -
Oil5 75.4 14.6 2.1 0.9 4.6 2.3
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Figure 53. XPS spectra of wear scars of Al-Sn based lining (a) Al 2p in oil1, oil2 and oil3 (b) 
O 1s in oil1, oil2 and oil3 and (c) Zn 2p in oil3.

For bearing specimen A3 the PAI based overlay is completely worn out and the Al-Sn based 
overlay is exposed after tests in all oil samples. The worn surface of the exposed Al-Sn based 
overlay lubricated in pure PAO base oil shows severe damage such as detached material and 
plastic deformation compared to those lubricated with oils containing additives as shown in 
Fig. 54(a) and (b). Transferred material is also observed on the counter surface as shown in 
Fig. 54(c). Even though there is transferred material onto the steel ball counter surface in all
oil samples, the amount of transferred material in oils containing additives is less compared to 
that in pure PAO base oil. As shown in Table 13, the chemical composition on the wear scars
of the exposed Al-Sn based overlay indicates that there is considerable amount of oxygen and 
XPS analysis indicated that the oxygen exists as Al2O3, Al(OH)3 and oxygen binding to 
organic component as was seen previously for the Al-Sn based lining of A1. In addition, 
traces of Zn which exists as ZnO and Zn(OH)2 (1022.6 eV) were detected. The Zn(OH)2

could be formed by the reaction of ZnO with moist air.

Figure 54. SEM micrographs showing worn surfaces of A3: (a) in oil1, (b) in oil3 and (c)
transferred material on steel ball counter surface in oil1.
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Table 13. EDS elemental analysis on worn surfaces of A3.
Oil sample Elemental composition (wt%)

Al Sn Cu S O Zn 
Oil1 70.9 16.4 2.2 0.5 10.0 -
Oil2 75.5 17.1 2.3 - 4.9 -
Oil3 74.5 12.9 1.9 0.5 7.4 2.7
Oil4 77.4 14.5 2.0 0.4 5.7 -
Oil5 75.2 14.2 2.3 0.4 5.3 2.5

In case of the Pb based overlay (B2), the effect of oils containing additives in improving the 
wear performance of the overlay is clearly seen from SEM images of the wear scars. Fig.
55(a) shows worn surface from tests in pure PAO base oil where the overlay is completely 
worn out. It shows detached and fragmented material during sliding. There is also plastic 
deformation on the worn surfaces. In contrast, as shown in Fig. 55(b), for tests in oils 
containing additives, the overlay is still intact and there is no severe damage except some dark 
patches in the middle of the wear scars. As shown in Fig. 55(c), in pure PAO base oil there is 
a significant amount of material transferred onto the steel ball counter surface. In contrast, 
there is no visible transferred material in the oils containing additives most likely due to a 
protective film that prevents adhesion of the overlay. Table 14 lists the elements detected 
from EDS analysis of worn surfaces. It shows only elements from the bearing materials. 
However, XPS analysis on wear scars of samples tested in Oil2 and Oil3 has shown that in 
addition to metallic oxides, there is oxygen binding to organic components. Even though Zn 
was not detected from EDS analysis on wear scar of test sample tested in oils containing 
additives, XPS analysis confirms the presence of Zn as Zn(OH)2 (1022.4 eV) as shown in Fig. 
56. It implies that a tribochemical reaction can occur at the interface.

Figure 55. SEM micrographs showing worn surfaces of B2: (a) in oil1, (b) in oil4 and (c) 
transferred material on steel ball counter surface in oil1.

Table 14. EDS elemental analysis on worn surfaces of B2.
Oil sample Elemental composition (wt%)

Pb Sn Ni Cu Fe
Oil1 14.7 9.8 21.4 53.0 1.2
Oil2 89.9 6.4 1.0 2.5 -
Oil3 85.0 11.5 1.5 2.0 -
Oil4 84.7 9.7 3.3 2.4 -
Oil5 84.1 9.9 3.7 2.2 -
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Figure 56. XPS spectra of wear scars of Pb based overlay for Zn 2p in oil2 and oil3.

The Sn based overlay (C2) after tests in the different oils show that there is an improvement in 
wear performance when lubricated with oils containing additives. Fig. 57(a) shows part of the 
worn surface in pure PAO base oil where the overlay is entirely worn out and there is 
deformation and detached fragments of the coating. However, as shown in Fig. 57(b), when 
lubricated with oils containing additives there is no severe damage. SEM images of the steel 
ball counter surface in pure PAO base oil shows significant amount of transferred material 
from all the three layers as shown in Fig. 57(c). On the steel ball counter surfaces from tests 
using oils containing additives, there is also transferred material which is mainly Sn from the 
overlay. Fig. 58 shows the EDS spectra of worn surfaces after tests in pure PAO base oil
(oil1) and oil3. There is no trace of active elements from anti-wear additive on the worn 
surfaces of Sn based overlay tested in oils containing additives. Similarly, XPS analysis 
confirms that no active elements from the oil additives were detected on wear scars of the Sn 
overlay lubricated with Oil2 and Oil3. The worn surface is composed of metallic Sn and SnO2

and SnO.  Elements such as S, P and Zn are not detected on the wear scars. This implies that a 
protective film is not formed on the Sn overlay.

Figure 57. SEM micrographs showing worn surface of C2 (a) in oil1, (b) in oil4 and (c) 
transferred material on steel ball counter surface in oil1.
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Figure 58. EDS spectra on worn surfaces of C2 in (a) oil1 and  (b) oil3.

4.4 Embeddability in the presence of abrasive particles
The aim of the studies carried out in paper F has been to understand the embeddability 
characteristics of Pb-free engine bearing materials in the presence of abrasive particles in 
engine oil.  

Effect of the minimum film thickness

The lubricant film thickness was found to influence the severity of abrasive wear on both 
bearing and shaft surfaces. Damage due to abrasive wear on the bearing surfaces is found to 
be higher at 200 rpm (h0=6.5μm) compared to those at 30 rpm (h0=2.1μm) and 800 rpm
(h0=15.6μm). Fig. 59 shows photographs of surfaces of bearing material D4 at three different 
rotational speeds. Fig. 60 shows white light interferometry images of part of the counter 
surface sliding against bearing material D4.

In general, at 800 rpm damage on both bearing and shaft surfaces is reduced compared to the 
tests at 200 rpm. At 800 rpm, the minimum film thickness is large enough to allow free 
circulation of most of the abrasive particles without causing severe damage. At 200 rpm, there 
is more damage on the bearing surface since most of the abrasive particles cannot freely pass 
through the interface. When the abrasive particles are dragged between the two surfaces the 
overlay material is worn and subsequently exposes the intermediate layers. The abrasive 
particles abrade the shaft surface as well. At lower rotational speed of 30 rpm the damage on 
both bearing and shaft surfaces is much lower than the damage observed at 200 rpm. This 
occurs due to the fact that the number of particles that are fed to the interface are much less 
since the rotational speed is low and the speed at which the abrasive particles pass through the 
contact is less compared to that at 200 rpm for similar test duration of 60 min. 
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Figure 59. Photograph of worn surfaces of bearing material D4 after tests at three different 
test conditions.

Figure 60. 3D white light interferometry images of part of counter surfaces sliding against 
bearing material D4.

Weight loss of bearing materials and shaft specimen

Fig. 61(a) shows the weight loss due to abrasive wear of the bearing materials tested at three 
different speeds. Significant weight loss is observed at 200 rpm for the reasons discussed 
previously. Three of the bearing materials, namely PAI based overlay coated bearing (D3), Bi 
based overlay coated bearings (D4 and D5) show higher weight loss than the Sn based overlay 
coated material (D1) and PAI based overlay coated material (D2). The hardness of the Bi 
based overlay of D4 and D5 are not significantly different from that of the Sn based overlay 
of D1. However, their thickness differs significantly. Thickness of the Sn based overlay is 
about 12 μm and the Bi overlays are around 5.7 μm. Considering the size of the abrasive 
particles, the main reason for higher abrasive wear in D4 and D5 is mainly associated with the 
thickness of the overlays which can easily be ploughed through by the larger abrasive 
particles and causes exposure of the harder intermediate layers that may not embed abrasive 
particles. The Sn based overlay is thick enough to embed the abrasive particles without 
causing severe removal of material and subsequent exposure of the intermediate layer. The 
weight loss is also found to be higher for D3 which has a PAI based overlay containing MoS2

particles. The MoS2 particles removal from the polymer matrix by the sharp abrasive particles 
could contribute to a high wear of D3. Once the overlay is removed, the relatively harder Bi 
containing bronze lining is exposed. The harder lining may not be able to fully embed 
abrasive particles and suffer more from abrasive wear. 

@200 rpm @800 rpm@30 rpm
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Fig. 61(b) shows weight loss of the shaft specimens at the three test conditions. It can be 
noticed that more wear on the bearings results in more wear on the shaft surface. This trend is 
most pronounced at 200 rpm. The steel counter surfaces sliding against D3, D4 and D5 show 
higher wear than those sliding against D1 and D2. This is directly related with the ability of 
the bearing overlays to embed abrasive particles. In the bearing materials D3, D4 and D5,
their overlays are entirely worn out and the relatively harder lining is exposed resulting in less 
number of abrasive particles to be safely embedded. The materials that tend to embed and 
reduce the number of abrasive particles circulating with the oil reduce the abrasive wear on 
the counter surface. In this regard, D1 and D2 which show the lowest wear also reduce wear 
on the shaft surface. 
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Figure 61. Weight loss of (a) bearing materials and (b) shaft specimens.

Fig. 62 shows SEM images of the worn surfaces of shaft specimen. There are mainly two 
types of damages on the shaft surfaces. Fig. 62(a) shows a shaft surface worn due to polishing 
and accompanied by microgrooves. This is seen mainly in the counter surfaces sliding against 
the bearings run at 200 rpm. Similar damage is also observed on the shaft surface run at 30 
rpm. According to Williams [61] such damage occurs when the dimension of particle to film 
thickness ratio is above a certain critical value and the particle get embedded on the soft 
bearing surface and spend some time between the two surfaces causing grooving wear on the 
shaft. In addition, abrasive wear due to indentation and micro-scratches have also been
observed on the counter surface as shown in Fig. 62(b). These scratches and the indent marks 
result in a pitted shaft surface. This kind of wear was mainly observed in the shaft surfaces 
used at 800 rpm and occurs when the abrasive particles tumble/roll through the lubricant film 
that separates the bearing and the shaft surface. Detailed SEM micrographs of the micro-
scratches and indent marks and materials removed due to micro-cutting are shown in Fig.
62(c) and (d).

Surface analysis was carried out on bearing materials and they show different features on the 
surfaces. In all bearings, abrasive wear is higher in the minimum film thickness zone. Fig. 63
shows the severity of indents and micro-scratches at different locations on bearing material 
D1 tested at 200 rpm. Fig. 63(a) shows the original overlay surface of D1. Fig. 63(b) shows 
smaller number of indent and micro-scratches caused by the sharp edges of the abrasive 
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particles at location far away from the minimum film thickness zone. As shown in Fig. 63(c)
the number of indents and severity of abrasion increase as the gap between the bearing and 
the shaft surface decreases. The scratches even become more severe at the location very close 
to the minimum film thickness zone as shown in Fig. 63(d). In this region, the surface is 
severely abraded. 

Figure 62. SEM micrographs of steel shaft surface: (a) polished surface accompanied with 
micro-grooves, (b) micro-scratches and indents, (c) high magnification images of micro-
scratches and (d) indents and removed material. 

Figure 63. Severity of abrasion on bearing surface along the circumferential direction in 
bearing material D1: (a) original surface, (b) far away, (c) closer and (d) very close to the 
minimum film thickness area. 
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Embedded particles were observed on most bearing surfaces. For example, Fig. 64 shows 
embedded SiC particles on the Sn based overlay coated bearing at 30 rpm and corresponding 
elemental mapping. These embedded particles were seen on most of the bearing surfaces 
except the overlay of D3. In general, the number of embedded particles is higher at 30 rpm 
than at 200 and 800 rpm.

Figure 64. SEM images showing embedded abrasive particles at 30 rpm on Sn based overlay 
and corresponding elemental mapping.

In addition, there are also larger particles that are partly embedded on the exposed linings. It 
should be noted that D3, D4 and D5 are composed of similar lining material and therefore 
once their overlays are worn out, they will behave in a similar way. There were embedded 
particles on the exposed lining as shown in Fig. 65 but these are not fully embedded onto the 
surface. The abrasive particles are protruding out of the surface and can act as hard asperities
and causes more damage on to the counter surface if the lubricant film breaks down. The 
partly embedded abrasive particles on the lining have been seen on D3, D4 and D5. This 
contributes to the high wear observed on the steel counter surface used against D3, D4 and 
D5.

Figure 65. Partially embedded abrasive particles on the exposed lining of D3.
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Chapter 5 

Conclusions
The tribological characteristics of different Pb-free engine bearing materials have been 
investigated under various test conditions. Aspects such as friction and wear behaviour under 
mixed and boundary lubrication conditions, seizure characteristics under dry and lubricated 
conditions, effect of oil formulation on friction and wear and wear performance in the 
presence of abrasive particles in the engine oil have been studied. Wear mechanisms in the 
Pb-free bearing materials and counter surfaces have also been investigated.  

The main conclusions based on this work can be summarised as follows:

The transition from mixed to boundary lubrication is affected by the bearing material. A 
PAI based overlay coating has shown reduced overall friction level and faster transition 
from boundary to mixed lubrication compared to Pb containing materials and other Pb-
free metal alloys. The main wear mechanisms for all bearing materials were adhesive 
wear and abrasive wear. In addition, plastic deformation is common on soft metallic 
overlays.

The seizure characteristics of Pb-free engine bearing materials are influenced by the state 
of lubrication (i.e dry, lubricated). In general, the presence of a lubricant greatly 
improves the seizure performance of Pb-free bearing materials. The best seizure 
performance has been found for a PAI based overlay with solid lubricants as compared 
to the other materials. In contrast, Al-Sn based bearing lining with no overlay is highly
susceptible to seizure in compariosn to the other materials. 

The seizure mechanisms were found to be influenced by the state of lubrication. In dry 
conditions, severe adhesion initiates seizure for the Al-Sn based materials. In Sn based 
overlay coated Bi containing lining and the conventional Pb containing material seizure 
occurs due to mechanical interlocking caused by roughening of surfaces by wear debris. 

Oil formulation is found to affect friction and wear performance of the bearing materials 
in boundary lubrication condition. In general, oils containing additives improve wear 
protection in all bearing materials except for Al-Sn based lining. In the Al-Sn based 
lining, the presence of anti-wear additives promotes wear. In general, Al-Sn based lining
has better wear resistance and Pb based overlay shows lower friction.

Abrasive wear of the bearing materials and shaft surfaces due to the presence of 
contaminants in oil is influenced by the lubricant film thickness. There is also a 
correlation between the wear of the bearing surface and the wear of the shaft surface. 
Higher wear on the overlay of the bearing results in higher wear on the shaft. In addition 
to mechanical properties of the overlay, thickness of the overlay plays an important role 
in safely embedding abrasive particles. The main wear mechanisms on both the bearing 
and the counter surface involve micro-scratches, ploughing, micro-cutting and indents. 
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Chapter 6 

Future work

The work done in this thesis has given some insights about the tribological
performance of the different Pb free bearing materials and compared their performance 
with that of the conventional Pb containing bearing material. Other tribological 
properties that have not been covered during this thesis work could be further 
investigated to get a broad understanding of these materials. 

The effect of oil formulations has been found to affect the friction and wear 
performance of the Pb free bearing materials. However, detailed studies on 
tribochemical interaction of Pb-free bearing materials and oil additives need to be 
investigated further in order to optimise engine oil formulations for enhanced friction 
and wear performance. 

The presence of abrasive particles in the engine oil is found to affect abrasive wear of 
the bearing materials and the counter surface. Further studies on the effect of abrasive 
particle size, shapes and composition on abrasive wear and embeddability of the new 
materials are also needed.

Furthermore, studies on seizure mechanisms for the early onset of seizure need to be 
carried out to understand what actually triggers seizure of bearing materials when run 
using conditions prevalent in an actual engine, e.g., such as dynamic loads, high speed 
etc. so as to optimise seizure characteristics of the Pb-free bearing materials.  
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Abstract
Traditional bearing materials contain different amounts of lead (Pb) because of its friction 
reducing properties. However, in view of the negative health and environmental impact of Pb, 
there is growing emphasis on restricting the usage of Pb in engine bearings. Owing to this, 
new bearing materials that provide at least comparable tribological performance to that of Pb 
containing alloys are being developed and some new Pb-free materials are being already used 
in engine bearing applications. It is, however, still unclear how these new engine bearing 
materials would perform in mixed and boundary lubricated conditions. In this study, a block-
on-ring test setup was employed to investigate the tribological performance of several bimetal 
and multi-layer Pb-free bearing materials with different compositions of bearing lining and 
overlay plating. Pb-containing bearing material was also studied as a reference material. 
Friction and wear properties of these bearing materials were investigated and their wear 
mechanisms under lubricated conditions have been analysed. Bearing material with 
Polyamide-Imide based overlay containing graphite and MoS2 exhibited better friction and 
wear properties than Pb-based and Al-Sn based materials. Pb-containing bearing material 
shows higher wear of material and Al-Sn based material has shown higher friction compared 
with the other test materials.

Keywords: Lead-free; Bearing materials; Friction and wear

1. Introduction

In internal combustion engines, main bearings enable smooth rotation of the crankshaft and 
protect the crankshaft from damage. Engine bearings are designed to operate in the 
hydrodynamic lubrication regime with a thick lubricant film separating the crankshaft and 
bearing surface [1, 2]. Although they usually operate in the hydrodynamic lubrication regime, 
at times other conditions of lubrication, i.e. boundary and mixed lubrication also prevail. 
Especially during starting and stopping, speed and load changes, the two surfaces may not be 
fully separated by a lubricant film and bearings may operate in boundary and mixed 
lubrication regimes. Under these conditions, the contacting material surfaces as well as the 
engine oil additives play an important role in determining the friction and wear [3].

Engine bearings are required to possess desirable tribological properties such as low friction, 
wear resistance, good embeddability, conformability and seizure resistance [4]. The friction 
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between bearings and crankshaft has to be as low as possible in order to improve efficiency of 
the engine.

Bearings consist of different layers as shown later in section 2.1 in Table 1. Each layer has its 
own specific function and all together provides the combination of required bearing 
properties. Commonly the bearing lining, which is a few hundred micrometres in thickness, is 
applied on a steel backing. An intermediate layer as a diffusion barrier with a thickness of 
about 1 ~ 4 microns is deposited on top of the lining. Finally, an overlay with a thickness of 
some tens of microns is electroplated or sputtered on the top. The purpose of the overlay is to 
improve most of the required tribological properties such as friction, seizure resistance,
conformability and embeddabity properties [5]. However, in bi-metal bearings where an 
overlay is absent, tribological performance is determined by the bearing lining itself. 

Various materials have been investigated and used as engine bearings. Lead (Pb) containing 
materials such as Cu-Pb based linings and overlays have been extensively used due to their 
low friction characteristics and excellent conformability and embeddability behaviour of lead 
[6]. However, due to environmental issues and its lower strength the use of Pb for 
manufacturing crankshaft bearings is being restricted [7, 8]. Various Pb-free bearing materials 
are suggested by bearing manufacturers. For instance, Al-Sn based overlay materials tested in 
a ring-on-disk test set up showed better wear resistance compared with Pb-based material [5]. 
The Tin (Sn) soft phase distributed in the Al-matrix determines friction and wear behaviour 
[9]. Polymeric overlays such as polyamide-Imide containing graphite and MoS2, has also 
shown better friction and wear properties than Pb-based overlays and its lower friction is 
mainly due to the presence of graphite and MoS2 in the overlay [5]. Polyamide-Imide (PAI) is 
an amorphous thermoplastic with higher mechanical strength compared with other high-
performance polymers. It is highly resistant against diesel fuel and chemical components in 
the engine oil. It has also greater resistance against thermal degradation. Friction and wear 
properties of PAI can further be improved by incorporating solid lubricants. Due to its 
outstanding mechanical strength, resistance to thermal degradation and resistance to chemical 
degradation, a PAI based overlay material containing solid lubricants is becoming an 
alternative overlay material for engine bearings.

As is evident that only a very few studies pertaining to Pb-free bearing materials have been 
conducted so far. Thus the main objective of this study is to compare and understand the 
friction and wear behaviour of selected Pb-free bearing materials under mixed and boundary 
lubrication conditions vis a vis the Pb-containing bearing materials.  

2. Materials and Methods

2.1 Materials

Four bearing materials listed in Table 1 were investigated. A1 was a bi-metal bearing material 
with no overlay and it has Al-Sn based bearing lining. However, materials designated as A2,
A3 and B1 contain lining, diffusion barrier and an overlay. A2 has an overlay composed of 
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polyamide-imide (PAI) containing graphite and MoS2. A3 has an Al-Sn based overlay 
material on top of which a material similar to the overlay of A2 is sputtered. The overlay of 
B1 is Pb-based material and studied as a reference.

For this study, test samples were cut out from the bearing shells using a spark erosion cutting 
machine. Each test sample was 5.5 mm in width and 12 mm in length. A bearing outer ring 
made from high grade bearing steel AISI 52100 with diameter of 35mm and polished to a 
roughness (Ra) of about 0.1 μm was used as a counter surface. A low-SAPS (low-sulphated 
ash, phosphorous and sulphur), fully formulated engine oil was used. The viscosity of the oil 
is 0.146 and 0.0149 Pas at 25 0C and 95 0C, respectively.

Table 1. Nominal composition and thickness values of lining, interlayer and overlay of 
bearing samples. 

Sample Composition Thickness (μm)
Lining Interlayer overlay Lining Interlayer Overlay 

A1 AlSn25Cu1.5Mn0.6 n/a n/a 706 n/a n/a
A2 CuSn5Zn1 Ni (PAI, MoS2 45%, graphite 23%) 511 4.2 21.6 
A3 CuSn5Zn1 Ni AlSn20Cu1, 

(PAI, MoS2 45%, graphite 23%)
508 3.2 19

9.2
B1 CuPb23Sn2 Ni PbSn10Cu5 270 2.25 15

2.2 Test methods and parameters

For hardness measurements a triboindenter was used and measurements were carried out on 
cross-sections of lining and overlay of test materials. Measurements were carried out in a 
displacement controlled manner with indentation depth of 100 nm and at 5 N load. Surface 
topography of test materials were investigated using Wyko 1100NT 3D optical surface 
profiler. Worn surfaces were also investigated using optical microscopy and scanning electron 
microscopy (SEM) incorporated with EDS. 

For the friction and wear studies, a CETR UMT-2 tribometer with a block-on-ring test 
configuration was used as shown in Fig. 1. The upper carriage consists of a block with dual 
friction and normal load sensor. A test sample holder carrying on the bearing test sample is 
mounted on the block. The carriage is lowered for loading the bearing test sample against the 
steel ring. It can also be moved in x-direction for aligning the test sample with the counter 
surface. The lower ring drive has a rotating shaft on which the steel ring counter surface 
specimen is mounted. There is an oil bath in which the lower part of the test ring is immersed 
for lubrication of the interface. There is a heating cartridge for the oil bath for conducting tests 
at elevated temperatures. 

To investigate how rotational speed influences running-in friction in mixed and boundary 
lubrication regimes tribological tests were carried out at different rotational speeds of 1, 5, 25, 
100, 150 and 250 rpm. The rotation of 1 rpm corresponds to about 0.002 m/s. These tests were 
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carried out by changing rotational speed from higher to lower speed to minimise the surface 
damage and wear during the tests. At each step, test duration was 15s to reduce effect of wear 
on contact area. Tests were carried out at three different loads 30, 50 and 80 N at room 
temperature and 95 0C, respectively.

Figure 1. Schematics of block-on-ring test configuration used for friction and wear studies.

To investigate the steady state-friction behaviour and wear characteristics, tests with relatively 
longer test duration were also carried out. Test conditions listed in Table 2 were carefully 
selected so as to ensure operation in mixed/boundary lubrication regimes. Test condition 1 is 
with relatively higher sliding speed so that mixed lubrication condition is achieved and test 
condition 2 and 3 were at lower sliding speed to completely avoid the effect of mixed 
lubrication and ensure operation in boundary lubrication. 

Table 2. Test conditions for steady state-friction behaviour and wear measurements.
Condition Load Speed Duration Temperature
1 50 N 25 rpm 120 s Room temperature and 95 0C
2 50 N 1 rpm 50 min Room temperature and 95 0C
3 200 N 1 rpm 3 h Room temperature and 95 0C

3. Results and discussion

3.1 Hardness
Fig. 2 shows hardness values for bearing test materials. The lining of A1 has lower hardness 
than the other linings. A2 and A3 have identical lining and exhibit higher hardness values. For 
A3, the Al-Sn based overlay beneath the PAI based top overlay is harder than the other 
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overlay materials and has almost similar hardness value as that of A1. The variations shown 
with the error bar might be because of variations in roughness of indented surface, indentation 
on grain boundaries, indentation on the soft inclusion or porosity of materials. 
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Figure 2. Hardness values for linings and overlays of test materials (overlay of A2 and top 
overlay of A3 have similar composition).

3.2 Surface topography of test samples

Test materials exhibit different surface features as shown in Fig. 3. For instance, A1 has 
machining marks on the lining. A2 and A3 show no machining marks as the top overlays are 
prepared by sputtering technique and these surfaces have irregularly distributed spots with 
slightly longer height that their surroundings. B1 has distinctive microgroove patterns which 
are intended to improve lubrication [10]. Roughness values of original surfaces are shown in 
Table 3. 

Figure 3. Surface topography of test materials A1, A2, A3 and B1.
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Table 3. Roughness of original bearing surfaces.
Sample A1 A2 A3 B1
Ra (μm) 0.36 0.80 0.78 0.65
Rq (μm) 0.46 1.03 0.99 0.84

Fig. 4 shows SEM micrographs of original surfaces of test materials. For A1, the surface of 
the lining material shows the distribution of Sn soft phase (bright) in the Al matrix. On the 
other hand, overlays of A2 and A3 have similar features and their surfaces are uneven. For B2
the soft overlay has typical features of an electroplated surface. 

Figure 4. SEM micrographs of the original surfaces of test materials: a) A1, b) A2, c) A3 and 
d) B1.

3.3 Effect of rotational speed on friction 

Effect of rotational speed on running-in friction for different test materials is shown in Fig. 5. 
Coefficient of friction (COF) values are average values from each test step for the duration of 
15 s [11]. At both room temperature and 95 0C, COF decreases for all test materials when the 
rotational speed increases. At higher rotational speed, COF values for all materials become 
close to each other as they enter the full film lubrication regime where friction is determined 
by the viscosity of oil [12].
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Figure 5. Effect of rotational speed on running-in friction behaviour at RT: a) 30 N, b) 50 N, 
c) 80 N & at 95 0C: d) 30 N, e) 50 N, f) 80 N. Test duration 15 s.

At lower speed, A1 shows higher friction value. At room temperature and lower speeds, COF 
values for A2, A3 and B1 were close to each other and lower than that of A1. However, at 95 
0C and lower speed and load, friction values for A2 and A3 were found to be lower than that 
of B1. At room temperature and 95 0C, for the metallic materials A1 and B1, the decrease in 
COF is sharp when rotational speed increases. For A2, the decrease in COF as rotational speed 
increases are significantly different at room temperature and 95 0C. At 95 0C, the decrease in 
COF as a function of rotational speed is slow and this might be related with decrease in 
lubricant viscosity and higher roughness of A2 [13].

3.4 Steady-state friction behaviour

Steady-state friction behaviour of the test materials were investigated under three different 
test conditions. Rotational speeds for each test conditions were selected based on results 
presented in section 3.3.
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Test condition 1: Tests were carried out at 50N, 25 rpm and 120s on each test materials. 
Friction behaviours are shown in Fig. 6. It can be seen that in the mixed lubrication regime, 
A1 has higher COF compared with the other test materials. B1 exhibits lower COF. However, 
A2 and A3 have similar friction behaviour as the top overlay has similar PAI based overlay 
containing graphite and MoS2.

Figure 6. Steady-state friction behaviour in mixed lubrication condition at test condition 1: 50
N, 25 rpm and 120 s a) RT and b) 95 

0
C

Test condition 2: Fig. 7 shows the friction behaviour of test materials in boundary lubrication 
regime (50N, 1 rpm and 50 min). A1 shows higher friction values. In contrast to the mixed 
lubrication condition, B1 has higher friction value than A2 and A3. The lower friction values 
for A2 and A3 can be attributed to the exposure of more MoS2 in the contact surface. 

Figure 7. Steady-state friction behaviour in boundary lubrication condition at test condition 2: 
50 N, 1 rpm and 50 min a) RT and b) 95 

0
C

Test Condition 3: Tests at higher load and longer test duration were also carried out (200N, 
1rpm, and 3hrs). Higher load was chosen so that for some of the test samples (especially A3)
the thin top overlay is worn and the second overlay is exposed. As shown in Fig. 8 A1 has 
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higher COF. At room temperature, stick-slip phenomenon occurs on the Al-Sn based lining.
However, at 95 0C, stick-slip was observed only at early stage of the test. Tin has lower 
hardness than Aluminium and it becomes softer as temperature increases [14]. Softer Sn can 
easily be squeezed out of the Al matrix and modifies the layer.

However, A2 possesses the lowest COF which might be attributed to the MoS2 particles which 
are exposed under the applied load. MoS2 is well known for its lubricity [15]. For A3, an 
increase in friction shows that after some time the PAI based overlay is worn out. Once the 
PAI based top overlay is worn, COF becomes similar to that of A1 which is also an Al-Sn 
based bearing alloy. At room temperature, stick-slip phenomenon occurs once the Al-Sn 
overlay of A3 is exposed. B1 exhibits intermediate friction behaviour.

Figure 8. Steady-state friction behaviour in boundary lubrication condition at test condition 3: 
200 N, 1 rpm and 3 h a) RT and b) 95 

0
C.

3.5 Wear behaviour

Wear of the test samples was quantified in terms of wear scar width and the results are shown 
in Fig. 9. B1 which has a Pb-based overlay exhibited the highest wear among the tested 
samples. Wear resistance the Pb-based overlay is associated with its lower hardness. 
Compared with B1, Al-Sn based overlay materials of A1 and A3 with higher hardness show 
better wear resistance. However, A2 which has a PAI overlay containing graphite and MoS2

has better wear resistance than the other test materials.

Wear scar of test sample B1 is shown in Fig. 10(a). It is characterised by a pattern of dark 
patches. The appearance of microgrooves and non-uniform wear becomes visible after the soft 
overlay is worn. There is pile up of mechanically deformed material in the sliding direction as 
shown in Fig. 10(b). This pile up of displaced material is attributed to the lower hardness of 
the Pb-based overlay. There is also material removal in the vicinity of the highly loaded area. 
Some flaked materials and surface damage can also be seen in Fig. 10(c) and (d). 
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Figure 9. Wear scar width for tests at (a) RT and (b) 95 0C.

Figure 10. SEM images of sample B1 a) full wear scar b) pile ups on the edge of wear scars 
c) and d) materials removed due to surface fatigue.

Backscattered images of the worn surface show that the composition of the dark patches is 
different from that of the original surface as shown in Fig. 11(a) and (b). EDS analysis of the 
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dark areas has shown that the composition of the dark compound layer is mainly Ni, Cu and 
Sn which is different from the original Pb-based overlay as shown in Fig.11(c) and (d).
Similar type of compound layers was also reported earlier by other researchers [16]. The 
formation of a dark compound layer initiates at the highly loaded peaks of the microgrooves. 

Figure 11. SEM images of B1: a) dark material in highly loaded peaks of microgrooves b) 
higher magnification of dark materials and EDS spectra of c) bright area (1) and d) dark area 
(2).

SEM images of worn surfaces of test sample A1 are shown in Fig. 12(a) and (b). The 
distribution of Sn on the worn surface is different from that on the original surface. The 
surface is modified and a mixed layer is formed. This occurs because the Sn soft phase can be 
mechanically squeezed out and sheared at higher load [9]. There is also material removal from 
the worn surface as shown in the SEM images in Fig. 12(c). This usually occurs when Al 
based materials slide against steel. However, the extent of material transfer is reduced due to 
the mixing of Al with the soft Sn. There was no trace of transferred Fe from the counter 
surface. EDS analysis at different points on the worn surface shows that there is considerable 
amount of Sn mixed with the Al matrix all over the worn surface as shown in Fig. 12(d).
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Figure 12. SEM images of sample A1 a) full wear scar b) middle of worn surface and c)
material removed on worn surface and d) EDS spectra of the worn surface.

For A2, the boundary between the original and worn surfaces is not as obvious as the other 
test samples. However, the worn surface is a bit brighter than the original surface as shown in 
Fig. 13(a). As shown in Fig. 13(b), on the worn surface, the MoS2 particles are exposed. 
There are no signs of detached material on the worn surface. There is damage on the MoS2

particles in the form of cracking as shown in Fig. 13(c). Unlike the other metallic materials, 
the worn surface consists of coarse feature and granular structures. These surface features can 
act as oil reservoir and improve lubrication. Fig. 13(d) shows EDS spectra on the bright 
exposed particle.

For sample A3, SEM images in Fig. 14(a) and (b) show that the top overlay is worn and the 
intermediate overlay is exposed. This resulted in an increase in friction as shown previously in 
section 3.4. The initial friction coefficient value of 0.07 was observed when the original PAI-
based overlay was intact. However, when this overlay is worn the intermediate Al-Sn based 
overlay is exposed and leads to an increase in friction. This increase in friction is not sharp. 
Even though the Al-Sn overlay is exposed, the counter surface is in contact with both the Al-
Sn based overlay and the top PAI-based overlay since test samples are curved. 

Once the Al-Sn overlay is exposed there is a mechanically modified surface which resulted in 
mixed layer formation as shown in Fig. 14(c). The soft Sn phase is not separately seen as it is 
smeared over the surface. EDS analysis at different points on worn surface of A3 confirmed 
that there is mixing of Al and Sn as shown in the EDS spectra in Fig. 14(d) and there was no 
material transferred from the counter surface.
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Figure 13. SEM images of A2 (a) full wear scar (b) exposed MoS2 particles on worn surface 
(c) cracks on MoS2 particle and d) EDS spectra on the bright exposed particle.

Figure 14. SEM images of sample A3 a) full wear scar b) boundary between the original and 
worn surfaces c) middle of worn surfaces showing mixed layer formation and d) EDS spectra 
of the worn surface.
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4. Conclusions

At both RT and 95 0C, for Al-Sn based lining (A1) and Pb-based overlay materials (B1), 
the decrease in COF is sharp as rotational speed increases. For PAI based overlay (A2), 
the decrease in COF as rotational speed increases is slow and are significantly different at 
RT and 95 0C.  
Al-Sn based lining (A1) with no overlay has higher friction but better wear resistance than 
Pb-containing bearing material (B1). Similar friction behaviour was also observed for Al-
Sn based overlay (A3) after the top PAI based material is worn. 
At higher load, friction behaviour of Al-Sn based lining (A1) and intermediate overlay 
(A3) is affected by temperature. The degree of stick-slip is higher at RT than at 95 0C. 
At lower sliding speed, PAI based overlay containing MoS2 and graphite shows lowest 
friction and has better wear resistance than Pb-based and Al-Sn based materials. 
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Tribological performance of tin-based overlay plated engine 
bearing materials 
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Abstract
A block-on-ring test setup is employed to investigate tribological performance of Sn-based 
overlay plated bearing materials under mixed and boundary lubrication condition. Pb-
containing bearing material is also studied as a reference. Sn-based and Pb-based overlays 
have shown similar transition in friction when rotational speed is varied. Under relatively 
longer test duration, Sn-based overlays exhibit comparable friction and wear properties with 
that of Pb-based overlay. It takes longer time to obtain steady-state friction for Sn-based 
overlay than Pb-based overlay. Wear behavior of tested samples are also similar except for 
tests in the mixed lubrication regime where Sn-based overlays show better wear resistance. In 
the Sn-based overlays main wear mechanisms are adhesive and abrasive wear leading to 
exposure of the Ni interlayer.

Keywords: Tin; overlay; bearing materials; friction and wear

1. Introduction

Like other engine components, bearings are important components in internal combustion 
engines [1]. Common type of engine bearings include crankshaft (main) bearings which 
supports the rotation of the crankshaft on the engine block and connecting-rod bearings which 
enable in smooth rotation of the connecting rod that connects the crankshaft and the piston 
[2].

Bearings have to fulfill certain tribological and mechanical requirements so that performance 
of an engine is satisfactory. These tribological requirements include low friction, better wear 
resistance, embeddability, conformability and corrosion resistance. The engine friction loss 
associated with bearings could be considerable [3] and hence proper selection of bearing 
material is one approach to minimize energy loss. Bearings should also have good wear 
resistance so that material removal from the bearing surface under mixed and boundary 
lubrication conditions are minimized. Better embeddability behavior of bearings helps to 
safely embed foreign particles and contaminants onto the surface without damaging the 
bearing or the counter surface. Conformability of bearing surface is also an important 
property since it allows smooth performance of bearings without sever damage if there is 
imperfect geometry on the rotating shaft [4]. Corrosion can be caused due to chemical 
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interactions between oil degradation products and bearing surfaces that can lead to loss of 
material properties.

It may not be possible to fulfill the contradicting mechanical and tribological requirements 
with a single material of choice. Therefore, engine bearings are usually composed of various 
layers. The lining material should be strong enough to carry the load. On the other hand, the 
top overlay material is a soft material with lower friction property, better embeddability and 
conformability properties [4]. An interlayer between the lining and the overlay is used to 
either improve adhesion and/or act as diffusion barrier [5].  

Traditional engine bearings include white metal bearing alloys such as Sn-Sb-Cu or Pb-Sb-Sn,
Pb-containing copper alloys or Al-based materials such as Al-Sn or Al-Pb alloys. Pb 
containing materials such as Cu-Pb based linings and Pb-based overlays have been 
extensively used in view of their low friction characteristics and the excellent conformability 
and embeddability behavior of Pb [6, 7]. The Pb-based overlay also improves seizure
resistance of the bearing alloy and also protects the lining from corrosive attack due to the 
degradation (acidification etc.) of lubricating oil. 

In view of the growing concerns for environmental and health hazardous, the commonly used 
Pb-based bearing materials are being replaced by Pb-free bearing materials. Various 
alternative Pb-free bearing materials are being developed to replace Pb-containing bearing 
materials. The new engine bearings are being manufactured either from Cu-Sn based linings 
[8] or Cu alloys with soft phase such as bismuth (Bi) [9, 10]. Bi has melting point of 271 0C
and mechanical properties similar to Pb and can replace soft phases in a Cu based material 
since it can undergo a monotectic reaction with Cu-based system. Pb-free overlay can be 
applied onto these alloys to improve their tribological performance further. An alternative to 
replace Pb-based overlay is tin (Sn) plating. Sn with a melting point of 232 0C has mechanical 
properties similar to that of Pb. Kerr et al. reported that Sn-based (Sn 3% Cu) overlay  applied 
on Pb containing lining (Cu 23% Pb 3% Sn) has inferior friction and wear properties than that 
of a metallic Bi overlay and Pb-based overlay. They attributed the poor wear performance of 
the Sn-based (Sn 3% Cu) overlay to surface melting caused by frictional heating [9].

The main objective of this study is to understand the friction and wear properties of bronze 
and Bi-containing bronze materials with Sn overlay under mixed and boundary lubrication 
conditions using low-SAPS engine oils. It may however be noted that the composition of the 
Sn overlay used in this work is different from that studied previously. Identical studies have 
also been conducted on a Pb-containing bearing material for comparison. Although engine
bearings are designed to operate under full film hydrodynamic lubrication yet bearings do 
operate in mixed and/or boundary lubrication conditions owing to changes in loads, speeds, 
temperature etc. In full-film lubrication regime, the tribological performance of bearings is 
mainly governed by lubricant properties and material properties are relatively unimportant. 
Therefore, tribological studies in this work have been carried out in mixed and boundary
lubrication conditions in order to understand their performance in the absence of full film 
lubrication.
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2. Experimental

2.1 Materials
Three different connecting rod bearing materials were investigated. List of investigated test 
samples are shown in Table 1. All tested materials are tri-metal bearings. C1 has a Bi 
containing bronze lining and C2 has a bronze lining material. In both C1 and C2, the overlay 
is Sn. On the other hand, B2 which is studied as a reference has Pb-containing bronze lining 
and Pb-based overlay material with Sn flash coating. The Sn flash coating with a thickness of 
a micron is intended to prevent corrosion (oxidation) of the bearing during storage. All three 
test samples have a Ni diffusion barrier.

Table 1. Composition and nominal thickness of lining, interlayer and overlays of investigated 
bearing samples.

Sample Composition Thickness (μm)

Lining interlayer overlay Lining Interlayer Overlay 

C1 CuSn4Bi4Ni1 Ni Sn 322 4.75 9.75

C2 CuSn8Ni1 Ni Sn 301 2.1 9.25

B2 CuPb23Sn2 Ni PbSn10Cu5 270.5 2.25 15

Test samples were cut out from connecting-rod bearing shells with a diameter of 93.2 mm 
using a spark erosion cutting machine. Each test specimen was 5.5 mm in width and 12 mm in 
length. A taper roller bearing outer ring made from high grade bearing steel with diameter of 
35 mm and polished to a roughness (Ra) of about 0.1 μm was used as a counter surface. Low-
SAPS (low-sulphated ash, phosphorous and sulfur), fully formulated engine oil was used as 
the test lubricant. The viscosity of the oil is 0.0149 Pas at 95 0C.

2.2 Methods
Hardness of test materials was measured using a nanoindenter. Surface features of test 
materials before and after tests were investigated using Wyko 1100NT 3D optical surface 
profiler. Cross-sections, microstructures and worn surfaces of test samples were also 
investigated using scanning electron microscopy (SEM) with incorporated EDS.  

For the friction and wear studies a CETR UTM-2 tribometer with the block-on-ring test 
configuration was used as shown in Fig. 1. The upper carriage consists of a mounting block 
with dual friction force and normal force sensor to which the test specimen holder is fixed. 
The carriage moves down to apply the load and disengages and moves up when the test is 
complete. It can also move in x-direction so that better alignment between the test specimen 
and the counter surface is achieved. The lower block-on-ring drive has a rotating shaft on to 
which a steel ring as a counter surface is mounted.
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On the side of the lower block-on-ring drive an oil bath is provided in which the lower part of 
the test ring is immersed and during tests oil is picked up by the ring as it rotates. The oil bath 
can also be heated using a heating cartridge in order to enable tests at elevated temperatures.

Figure 1. Schematics of block-on-ring test configuration used for tribological measurements.

2.3 Test conditions
To investigate the effect of speed on friction and transitions in lubrication regimes, tests were 
carried out at different rotational speeds of 1, 5, 25, 100, 150, 250 and 400 rpm. Rotation of 1 
rpm corresponds to ~0.002 m/s. These tests were carried out by reducing rotational speed 
from higher to lower speed as shown in Fig. 2. At each step the test duration was 15s. Tests 
were carried out at different loads of 20, 30, 50 and 80N and the test temperature was 95 0C. 

Figure 2. Test condition: effect of speed on friction.

To investigate the steady state friction and wear characteristics of the test materials, tests with 
relatively longer duration were carried out. The test conditions were carefully selected so that 
mixed and boundary lubrication conditions are obtained. The test conditions are shown in 
Table 2. These conditions were selected mainly based on friction values obtained from the test 
on effect of rotational speed on friction. Generally, it is difficult to clearly demarcate mixed 
and boundary lubrication regimes. In this work, the test load was kept constant and a
rotational speed that gave a friction value of ~0.08 or lower was considered to indicate 
operation in mixed lubrication regime and that gave a friction value of ~0.1 was considered to 
indicate operation in boundary lubrication conditions. Test condition 1 is with relatively 
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higher rotational speed so that mixed lubrication condition is achieved and test condition 2 
and 3 were at lower rotational speed to minimize the effect of mixed lubrication. 

Table 2. Test conditions for friction and wear measurements.
Test condition Load (N) Rotational speed (rpm) Test duration Temperature (

0
C)

1 50 25 120 s 95
2 50 5 10 min 95
3 200 5 36 min 95

3. Results and discussion

3.1 Bearing cross-sections and microstructures
Fig. 3(a) and (b) show SEM images of polished cross-section of C1. It consists of lining, an 
interlayer and an overlay material on top. At higher magnification, the overlay and interlayer 
can be seen clearly. The lining has a soft phase (Bi) distributed throughout the Cu-based 
matrix. Fig. 3(c) shows the elemental mapping of the Ni interlayer. When it is etched with a 
mixture of NH4OH and H2O2 the grain boundaries are clearly seen as shown in Fig. 3(d). In 
the microstructure of the lining material Bi is seen inside the grain boundaries as a bright 
phase. Bi is present mainly in the grain boundaries since it is almost insoluble in solid copper 
[10].

Figure 3. SEM images of C1: (a) and (b) polished cross-sections (c) elemental mapping of Ni 
interlayer and (d) cross-section etched with a mixture of NH4OH and H2O2.

Similarly, polished cross-section of C2 has the same sequence of lining, interlayer and overlay 
as that of C1 as shown in Fig. 4(a) and (b). However, x-ray mapping of the Ni interlayer 
shown in Fig. 4(c) indicates that the interlayer in C2 is thinner than that of C1. When a cross-
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section of C2 is etched with a mixture of NH4OH and H2O2, grain boundaries are seen clearly
as shown in Fig. 4(d) and the lining material does not contain any soft phase in the grain 
boundary.

Fig. 5 shows the polished cross-sections of Pb-containing bearing material. In the lining, there 
are white soft phase (Pb) distributed in the Cu-matrix. The thin interlayer between the overlay 
and the lining is seen at higher magnification.

Figure 4. SEM images of C2: (a) and (b) polished cross-section (c) elemental mapping of Ni 
interlayer and d) cross-section etched with a mixture of NH4OH and H2O2.

Figure 5. SEM images of polished cross-sections of Pb-Containing bearing material (B2) at 
different magnifications

3.2 Hardness
Hardness measurements were carried out on the cross-sections of lining and overlays of test 
samples. For the linings, hardness values are 2.85±1.0, 3.41±0.37 and 2.53±0.57 GPa for C1,
C2 and B2, respectively. For the overlays, hardness values are 0.42±0.19, 0.49±0.19 and 
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0.47±0.26 for C1, C2, and B2 respectively. The lining of B2 which is a Pb-containing bearing 
alloy has lower hardness than the other two Pb-free linings. The lining of C2 has higher 
hardness than that of C1 and the difference in hardness of these linings can be associated 
mainly with Sn content in the Cu matrix. Hardness increases with increase in Sn content due 
to solution hardening effect [11]. In addition, the presence of Bi in C1 and Pb in B2 can also 
contribute to lower hardness of these linings. The hardness of Sn-based and Pb-based overlay 
materials are close to each other. 

3.3 Surface features of test specimens
Roughness values of original surfaces of the test samples were measured using a 3D optical 
surface profiler and the surface images and roughness of the surfaces of test samples before 
and after tests is shown in Fig. 6. B2 has higher roughness values (Ra and Rq) than C1 and 
C2. C1 has slightly higher roughness values than C2. There are machining marks on the 
original surface of C1. Worn surfaces of test samples show similar roughness values. This is 
mainly because of the similarity in the hardness of the Sn-based and Pb-containing overlays 
which resulted in comparable surface deformation.

Figure 6. (a) Surface features of unworn test samples and roughness values: (b) Ra and (c) Rq 
of test samples before and after test.

3.4 Frictional behavior
As shown in Fig. 7, for all test samples coefficient of friction decreases as rotational speed 
increases. This is an expected behaviour for such lubricated contacts since the lubricant is 
dragged in between the two surfaces as the test ring rotates at higher speed and separates the 
two surfaces to the extent that friction is determined by the bulk property of the lubricant. 
However, at lower rotational speeds, coefficient of friction values increased as the lubrication 
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condition changes to mixed and boundary lubrication due to metal-to-metal contact [12]. Sn-
based overlay materials (C1 and C2) show almost similar transition in friction with that of Pb-
containing (B2) overlay. Tests were carried out on the original surfaces with no pre-wear test
starting with the lowest load of 20 N and then increasing it according to description given in 
Fig. 2. At 20 N, the friction value for B2 is slightly greater than that of C1 and C2 due to the 
fact that the initial surface roughness of B2 is greater than C1 and C2. The friction test at 20N 
leads to the deformation of the asperities on the surface. Consequently, when the load is 
increased to higher load, the contact surface is already modified. In general, at lower load 
there is scatter in the friction values since the surface is not completely modified and the 
contact between the two surfaces may not be uniform. However, at higher load the asperities 
are already modified and results in less scattered friction as shown at 80N.

Figure 7. Friction behavior as a function of rotational speed at 95 0C: (a) 20 N, (b) 30 N, (c) 
50 N, and (d) 80N; test duration 15s.

Fig. 8 shows the steady state friction behaviour of C1, C2 and B2, respectively, at three test 
conditions. These tests were carried out for longer test durations. 

At test condition 1, in mixed lubrication, C2 shows slightly lower friction values than the 
other two test samples. This might be associated with the roughness of the original surfaces of 
test samples. The roughness of the original surface of C2 is slightly lower than C1 and B2 and 
hence under mixed-lubrication condition, the metal-to metal-contact between the surface of 
C2 and the counter surface is low. This is regardless of the similarity in roughness of worn 
surfaces of all three test samples at test condition 1 since the contact is affected by the
roughness of the original surface at the edge of the wear scar since test samples are curved 
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and hence when material is removed due to wear the ring test specimen touches part of the 
original surface. 

At test condition 2, where the effect of mixed lubrication condition is minimized, the average 
friction values for all test samples are higher than at test condition 1. There is also an increase 
in friction as the test progresses. C1 and C2 show similar friction behaviour. 

At test condition 3, under higher load, the behaviour is characterized by a decrease in friction 
at the early stages of the test and an increase in friction as the test progress. C1 and C2 have 
almost similar friction behaviour. B2 has a slightly lower friction level. For B2, the friction 
increases and becomes relatively stable faster than that in C1 and C2.

Figure 8. Steady state friction behavior of C1, C2, and B2: (a) test condition 1 (b) test 

condition 2 and (c) test condition 3.

Summary of the average friction values for all test samples at the three test conditions are 
shown in Fig. 9. These friction values only show the average values of at least three 
measurements on each test material for the whole test duration and give little information 
about the trend. The average friction values shown for the test condition 3 are for the stable 
region of the friction curve. At test condition 2, the average friction values for C1 and C2 are 
more scattered and this could be due to non-uniform metal-to-metal contact at lower load. In 
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addition, the average friction is lower at test condition 3 than at test condition 2 which might 
be due to the fact that at higher load in addition to the boundary lubrication there could be 
shear of the soft overlay. 

Figure 9. Average friction values for all test samples at: (a) test condition 1 (b) test condition 
2 and (c) test condition 3.

3.5 Wear behavior
Wear of the test materials are shown in terms of wear scar width in Fig. 10. There is no large 
difference among the tested materials. The only noticeable difference in wear is for tests at 
relatively higher rotational speed (test condition 1) where the Pb-containing overlays of B2 
with higher roughness of the original surface exhibits more wear than that of Sn-based 
overlay of C1 and C2.

Figure 10. Wear scar width of tested samples at three different test conditions.

Worn surfaces were studied using SEM to investigate the surface damage on test samples. 
Even though the friction level and wear scar width of the Pb-containing and Sn-based 
overlays are close to each other, the surface damages are different as discussed below.  

3.5.1 B2 (Pb-containing overlay)

Fig. 11(a-c) show the wear scar of Pb-containing test sample. Compared with the original 
surface, the worn surface is smoother and its roughness values are reduced to a greater extent. 
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There is also smearing of the Sn flash coating on the worn surface. A compositional change 
on parts of the worn surface was observed. As shown in Fig. 11(d) the bright area has similar 
composition to the original overlay and the dark area is mainly composed of Cu and Sn which 
is different from the original surface and Pb is absent or exists in very little amount as 
confirmed by EDS analysis. There are also clusters of tiny spots of material removed from the 
overlay.  

Figure 11. SEM images of wear scars of Pb-containing overlay of B2: (a) boundary between 
the unworn and worn surface, (b) very tiny spots of material removed from the overlay, (c)
surface with modified elemental composition and (d) EDS spectra on the bright and dark 
areas on wear scar of Pb-containing overlay (B2).

3.5.2 C1 (Sn-based overlay)

SEM images of wear scars of C1 are shown in Fig. 12(a-c). Most part of the worn surface has 
lower roughness than the original surface and the machining marks are modified. This is 
expected for overlay materials with lower hardness as they can easily be mechanically 
deformed. The overlay is smeared in the highly loaded region. On some parts of the worn 
surface the overlay material is removed and the interlayer was exposed. This might be caused 
by the Sn oxide particles trapped and dragged between the two surfaces or it could be due to 
slight misalignment of the test sample and the test ring. 

On one side of the wear scar on C1 there are particles dragged and dispersed on one edge of 
the wear scar. EDS analysis of these particles has shown that they contain considerable 
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amount of oxygen as shown in Fig. 12 (d). This might be due to formation of Sn oxide on the 
original surface due to thermal oxidation of Sn. Sn usually forms amorphous Sn oxide at a 
temperature of 130 to 140 0C [13]. This formation of Sn oxide may not occur during the test. 
It could be formed during cutting test samples from bearing shells in the presence of water.

Figure 12. SEM images of wear scars of Sn based overlay (C1): (a) boundary between the 
unworn and worn surface, (b) surface with modified roughness, (c) exposed interlayer and (d)
EDS spectra, spectrum1: Sn oxide and Spectrum 2: fresh Sn surface.

3.5.3 C2 (Sn-based overlay)

The wear scar of C2 is shown in Fig. 13. There is pile up of material on one edge of the wear 
scar. There is mechanical deformation of the overlay material and worn surfaces are smoother 
than the original surfaces. Some scoring marks on the worn surface of C2 have also been 
seen. These might be due to abrasive contaminants or some rough counter test specimen ring. 
On some parts of the wear scar, the interlayer is exposed but there is no sign of detachment of 
overlay material which indicates that the bonding between the overlay and interlayer is good.



Paper B 

111 
 

Figure 13. SEM images of wear scars of Sn based overlay (C2): (a) pile up of material on 
side of the wear scar in the sliding direction, (b) scoring mark and (c) exposed interlayer.

4. Conclusions

Tribological studies on Sn-based overlay plated bearing materials were carried out under 
mixed and boundary lubrication conditions using a block-on-ring test set up and the following 
conclusions are drawn from the experimental results

As rotational speed increases, COF decreases. Both Sn-based materials (C1 and C2) show 
a friction transition similar to that of B2 (Pb-containing) material. Steady–state friction 
behaviour of all tested samples is similar and follows the same trend. The average friction 
values are close to each other.

The roughness of the test samples before and after the tests is modified and worn surfaces 
of test samples have almost similar roughness values. 

The wear resistance of Sn-based overlays (C1 and C2) are more or less similar to that of 
Pb-containing overlay (B2). However, at relatively higher rotational speed (test condition 
1), Pb-containing (B2) overlay shows slightly higher wear. 

Parts of the worn surface of Pb-containing overlay (B2) exhibit compositional changes 
and clusters of tiny spots of material removed from the overlay. Parts of the Sn-based 
overlays (C1 and C2) shows abrasive wear and exposed interlayer due to adhesive wear.
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Abstract
Due to new environmental regulations, Pb-free engine bearing materials are becoming more 
common and there is a need for studying their tribological performance. Under severe 
operating conditions, failure due to seizure can occur in engine bearings. In this work, seizure 
behaviour of different multi-layered engine bearing materials has been studied by using a 
block-on-ring test set up under dry condition. These materials included Al-Sn based lining 
with no overlay, bronze lining with Polyamide-imide (PAI) based overlay containing MoS2

and graphite, bronze lining with two overlays of Al-Sn based and PAI based material, bronze 
based lining with Sn-based overlay and bismuth (Bi) containing bronze with Sn-based 
overlay. The tests were performed by gradually increasing the load at a specific time interval 
and in a stepwise manner and at a constant speed under unidirectional dry sliding conditions. 
The test materials, counter surfaces and the wear debris were analysed using SEM with a view 
to understand the seizure mechanisms. Bronze based lining with a PAI based overlay 
containing MoS2 and graphite does not exhibit seizure up to a load of 475 N. For Al-Sn based 
lining without overlay, seizure occurs at a relatively lower load of 125 N. The Al-Sn based 
lining with no overlay shows higher friction and the PAI-based overlay containing MoS2 and 
graphite shows lower friction during the seizure test. In most cases, there is material transfer 
onto the test ring counter surface. Material transfer on to the counter surface either due to 
severe adhesion or wear debris adhered and smeared on it. Al-Sn based lining and an exposed 
Al-Sn based overlay show severe adhesion that causes seizure. On the other hand, exposed Pb 
containing lining and Bi containing lining seize due to mechanical interlocking caused by the 
adhered wear debris on both surfaces.

Keywords 

Seizure, Journal bearing, Dry sliding wear, Coatings, Pb-free materials

1. Introduction

Engine bearings are important components of internal combustion engines. They are designed 
to operate under full film lubricated condition in which the bearing and shaft surface are 
separated by a lubricant film. However, under severe operating conditions such as oil 
starvation, high loading or high temperature, the bearing surface may not be fully separated 
from the journal surface which could lead to metal-to-metal contact.
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Under severe operating conditions, engine bearings need to possess good seizure resistance or 
metallurgical incompatibility with the rotating shaft. In general, bearing materials should be 
less susceptible to seizure so that both the expensive crankshaft and the bearing itself are not 
severely damaged. Seizure resistance of an engine bearing is its ability to survive momentary 
contact with the counter surface when there is not enough oil film to fully separate the two 
surfaces [1]. By definition, seizure is the stopping of relative motion between the two sliding 
surfaces as a result of interfacial friction and it is usually accompanied by an increase in wear, 
noise and vibration. It can also be described as an extreme form of adhesive wear. The causes 
of the failure and the mechanisms of the onset of seizure may depend on lubrication states, 
material combinations, contact configuration and operating conditions [2]. For a given 
tribopair, seizure can be caused by poor heat dissipation leading to overheating, poor 
lubrication or the tendency of metals to form strong bond in solid state. 

For instance, in dry conditions, there are various causes for seizure. It can be caused due to 
loss of clearance leading to increase in temperature due to frictional heating and clearance 
change due to different thermal expansion [3–7]. In geometrically constrained sliding 
bearings, seizure can also occur due to mechanical interlocking caused by formation and 
build-up of wear debris agglomerates that causes more wear and leads to loss of clearance
which affects further transport of wear debris. This in turn increases the contact pressure and 
the torque required to turn the shaft and sustain the relative motion continuously increases and 
finally seizure failure can occur [8].

In lubricated condition, oil starvation is found to be a direct cause of the seizure of journal 
bearing contacts [9]. As a result of lubricant starvation, metal-to-metal contact would occur, 
causing high wear of the bearing surfaces due to sever ploughing and wear debris play a role 
in initiating seizure failure. Under normal supply of lubricants seizure could also occur, for 
instance in thermoplastic bearings where the limiting product of pressure and velocity 
controls the onset of seizure [3].

Material combination could also affect the occurrence of severe adhesion and subsequent 
seizure [10]. Seizure of a tri-metal bearing occurs between the shaft and nickel barrier after 
the lead-tin overlay has been worn out [11]. Seizure of a aluminum-tin bearing occurs
between the shaft and aluminum as a result of tin melting, while that of a aluminum-lead-
silicon bearing was caused by the propagation of the micro-seizure of hot-spots. In these 
bearing materials, wear and temperature in the contact area are responsible for the onset of 
seizure [12]. Shaft surface roughness, chemical composition, bearing materials and their 
microstructures, and bearing surface roughness textures whether it is bored or broached 
bearings all affect the seizure processes. Failure due to local iron-iron contact caused by iron 
transfer can occur, leading to iron transfer and local adhesion [13]. Seizure could also occur 
due to overheating caused by friction that could result in micro welding of the asperities on 
the two surfaces. It could also occur due to loss of clearance leading to direct metal-to-metal 
contact. 

Various materials exhibit different seizure behaviour. Historically, the seizure resistance of 
bronze based bearing alloys was improved by incorporating Pb soft phase in the Cu matrix. 
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The seizure resistance of these bearing materials was further improved by coating them with 
an overlay which is usually softer than the bearing alloy. For instance, Pathak investigated 
seizure resistance of copper-lead alloys with lead content from 11.5 to 50 wt % in dry, semi 
dry and lubricated condition. Semi-dry tests were carried out by initially running the test in 
fully lubricated condition and interrupting the test after some time and removing the oil and 
cleaning both the bearing and the shaft surface and continuing the test. In dry tests, Cu and 
Cu-Pb alloys show higher coefficients of friction and lower seizure loads than in semidry 
tests. In dry and semidry tests all the alloys seize, except for Cu-31.5Pb and Cu-42Pb, which 
do not seize in semidry tests even under a higher load. In addition, all Cu-Pb bearing alloys 
operate without seizure under oil lubricated condition [14]. The most common Pb-free bearing 
material is Al-Sn based bearing alloy. Prat compared the seizure resistance of various Al-
based alloys and only very few of Al-based alloys approach whitemetals in terms of seizure 
resistance. Among the tested materials, Al-20%Sn and Al-5%Zn have better seizure 
resistance. However, the Al-Zn alloy has not been widely used because of its limited 
embeddability behaviour due to the absence of a soft phase. Al/Pb bearing was also reported 
to have good seizure resistance [1].

Technical reports by bearing manufacturers show that there is major interest in improving 
seizure performance of Pb-free bearing materials in lubricated conditions. For example, 
studies on anti-seizure properties of Al-Sn-Si alloys using a high speed bearing seizure test 
machine has shown that Al-Sn-Si alloys with 6% of Sn can have comparable anti-seizure 
properties with that of 10 and 12% Sn content because of improved dispersion of Sn in the Al 
matrix [15]. Seizure performance of these alloys can be further improved by applying a 
polymer resin overlay containing solid lubricants such as MoS2 [16, 17]. Copper based alloys 
are also improved by incorporating Bi and Mo2C. Further improvement in their seizure 
performance by applying a Bi overlay coating has also been reported [18].

Pb-free bearing alloys with Pb-free overlays are becoming more common due to new 
environmental regulations. Therefore, studying the seizure behaviour of overlay plated Pb-
free bearing materials will be essential in understanding their tribological performance.
Furthermore, investigating their seizure behaviour under dry condition could give us 
important idea about their seizure behaviour during sever operating conditions in the engine.
This work focuses mainly on seizure behaviour of various multi-layered Pb-free engine 
bearing materials under dry condition. A test under dry condition was chosen to mimic 
extreme lubricant starvation that could occur in the engine due to improper lubrication. The 
seizure behaviour of these materials under dry condition in terms of seizure load is compared 
and seizure mechanisms are investigated. 

2. Experimental 

2.1 Test materials
The test materials investigated in this work are listed in Table 1. Among the tested materials 
only A1 is a bi-metal bearing material with no overlay. A1 has Al-Sn based bearing alloy
applied on steel backing. A2 consists of a Cu-based lining material, an interlayer and overlay 
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material composed of a polyamide-imide (PAI) containing MoS2 and graphite. A3 has similar 
lining and diffusion barrier to that of A2. However, an Al-Sn based overlay is applied and on 
top there is a thinner overlay with composition similar to that of overlay of A2. B1 and B2
have Cu-Pb based lining and a Pb based overlay and they are studied as a reference. Both C1
and C2 are tin (Sn)-based overlay plated bearings. C1 has a bronze lining containing bismuth 
(Bi) soft phase distributed in the grain boundaries and C2 has a bronze lining. A schematic 
representation of different layers in the test specimens is shown in Fig. 1(a).

Figure 1. (a) Schematic representation showing the different layers in bearing materials and 
(b) block-on-ring test configuration and geometry of test samples.

A spark wire cutting machine was used to cut out test samples from bearing shells. Each test 
sample was 5.5 mm in width and 12 mm in length. Test materials are grouped into two based 
on the diameter of the bearing shell they are cut from. A1, A2, A3 and B1 were cut from a
Ø127 mm bearing shell and C1, C2 and B2 were cut from a Ø93.2 mm bearing shell.

The counter surface is a taper roller bearing outer ring made from high grade bearing steel 
AISI 52100 with a diameter of ø35mm which was polished to a roughness (Ra) of about 0.1 
μm. Roughness of the original surfaces of bearing samples is shown in Table 1. 

Table 1. Nominal composition of bearing materials and thickness of different layers
Sample Composition Thickness (μm) Roughness 

(Ra)
Lining Interlayer overlay Lining Interlayer Overlay 

A1 AlSn25Cu1.5Mn0.6 - - 706 - - 0.36

A2 CuSn5Zn1 Ni (PAI, MoS2 45%, graphite 23%) 511 4.2 21.6 0.80

A3 CuSn5Zn1 Ni AlSn20Cu1, 
(PAI, MoS2 45%, graphite 23%)

508 3.2 19 
9.2

0.78

B1 CuPb23Sn2 Ni PbSn10Cu5 270 2.25 15 0.65
C1 CuSn4Bi4Ni1 Ni Sn 322 4.75 9.75 0.17
C2 CuSn8Ni1 Ni Sn 301 2.10 9.25 0.14
B2 CuPb23Sn2 Ni PbSn10Cu5 270 2.25 15 0.60

2.2 Test methods
A CETR UMT-2 tribometer with a block-on-ring test setup was used for seizure tests. It
consists of an upper carriage with a dual friction and load sensor. The bearing sample is 
mounted on to the sample holder and fit to the upper carriage. The upper carriage can move 
up and down to load/unload the test sample against the steel ring counter surface which is 
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fixed onto the rotating shaft of the lower ring drive. The upper carriage can also move in the
horizontal direction for aligning the test sample with the counter surface before the test is 
started. The test sample and test ring counter surface are covered with a heating cartridge 
mounted onto the side of the lower drive to carry out tests at 95 0C. Detailed schematic of the 
test setup can be found in the literature [19]. The block-on-ring test configuration and 
geometry of test samples used in the present study are shown in Figure 1(b).

In addition, a 3D white light optical interferometer (Veeco Wyko 1100NT 3D) was used to 
investigate surface topography of test samples and test ring counter surface. Optical 
microscopy and scanning electron microscopy (SEM), JEOL JSM 6460, with incorporated 
EDS was employed to characterize worn surfaces of test samples and test ring counter 
surface.

2.3 Test conditions
In the present study tests were carried out in dry condition which is not the same as the 
normal engine operating condition. However, testing their seizure characteristics in dry 
condition could give additional information on metallurgical incompatiblty of these materials 
with the steel counter surface in the absence of lubricant. In addition, it allows us to 
understand what could happen if there is no oil supply or if they operate under severe 
operating condition where the lubricant is absent at the interface at microscopic scale. To 
investigate the seizure behaviour of the different bearing materials, applied load was increased
in a stepwise manner at a regular interval as shown in Fig. 2. Preliminary tests were carried 
out to select test conditions by increasing load at various rotational speeds. Although this 
paper focuses mainly on dry condition, rotational speed that could allow ranking of seizure 
behaviour of the test materials under lubricated condition was taken into consideration.
Accordingly, for this study, the rotational speed was kept constant at 125 rpm which 
corresponds to ~ 0.23 m/s. Test was started at 50 N and increased by 25 N every 2 minutes 
until seizure occurs. The maximum load that could be applied during the test was 475 N. The 
test samples and the test rings were cleaned before the test with industrial benzene in an 
ultrasonic cleaner and rinsed with acetone to avoid the presence of any contaminant on the 
surfaces. All tests were carried out at 95 0C to make it similar with that of an actual engine.
Tests were manually stopped when seizure occurs and resulted in stopping of relative motion
accompanied by noise and vibration. To ensure repeatability of the seizure tests at least three 
measurements were carried out for each material and the average value is reported.

3. Results and discussion

Test materials show different friction behaviour during the seizure test as shown in Fig. 2.
Since A1, A2, A3 and B1 are cut from Ø127mm and C1, C2 and B2 are cut from Ø93.2mm
bearing shell, test materials are discussed in two groups. A1 which is an Al-Sn based bearing 
alloy with no overlay shows higher friction than the other test materials at relatively lower 
load and the friction increases with load. On the contrary, A2 which is a Cu-based lining with 
a PAI based overlay containing MoS2 and graphite shows lower friction value and no sign of 
seizure even at the maximum load applied during the test and friction tend to decrease with 
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increasing load. A3 which has two overlays of Al-Sn and PAI containing MoS2 and graphite 
shows lower friction at lower load and increases with load until seizure occurs. The increase 
in friction is mainly due to wear of the top PAI-based overlay and the exposure of the Al-Sn 
based overlay as confirmed by SEM analysis. According to Grün et al., in Al-Sn based 
materials the presence of Sn soft phase improves lubrication. However when load increases 
Sn will be depleted from the surface and the surface will behave like pure Aluminium [20].
B1 which is Pb-containing test material shows higher friction at lower load but it decreases 
and become constant at higher load after the Cu-Pb based lining is completely exposed. On 
the other hand, C1 and C2 which are Sn-based overlay plated materials show a difference in 
friction behaviour. C1 which has a Bi-containing Cu-based lining shows a decrease in friction 
when compared with C2. The decrease in friction at 125 N occurs after the Bi containing 
lining is completely exposed. The soft Bi may have a lubricating effect in dry condition. This 
trend was not observed for C2. B2 which is Pb-containing material shows lower friction 
values compared with C1 and C2.

Figure 2. Friction behaviour of test materials during seizure test in dry condition: (a) A1, A2,
A3 and B1 and (b) C1, C2 and B2.

There is a correlation between friction values before the occurrence of seizure and the load at 
which seizure occurs. In general, test samples that have lower friction value before seizure 
show higher seizure load. Under the employed test condition, seizure occurs on all test 
materials except A2. A2 which has a PAI based overlay containing MoS2 and graphite shows 
no sign of seizure up to the maximum applied load of 475 N. For the rest of the test materials 
seizure occurs and the load at which seizure occurs for these materials are shown in Fig. 3.
For instance, A1 which is an Al-Sn based lining with no overlay exhibited lower seizure load 
than the other test materials. In contrast, A3 which has an Al-Sn based overlay onto which a
thin PAI based overlay is applied shows better seizure resistance than A1. This could be due 
to the presence of the solid lubricants MoS2 and graphite at the edge of the contact which are 
continuously transferred into the contact between the exposed Al-Sn based overlay and the 
counter surface during sliding. Mario et al., have also reported that sputtered Al-Sn based 
overlay coated with PAI based overlay containing solid lubricants has better seizure 
performance compared to Al-Sn based overlays without the polymer coating when tested in 
an intermittent lubricated condition [21]. B1 which is the conventional Pb-containing bearing 
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material shows better seizure behaviour than the other test materials except the PAI based 
overlay coated material. The presence of Pb soft phase improves lubrication since there is 
formation of interfacial film when Pb is smeared. However, this interfacial film breaks at 
higher load and friction increases and adhesion or seizure occurs [22]. As reported by Pathak, 
seizure of Cu-Pb bearing alloys in dry condition shows dependence on the amount of the Pb 
content [14]. From the Sn-based overlay plated materials, C1 which has a Bi-containing Cu-
based lining exhibits higher seizure load than C2 which has Cu-based lining with no soft 
phase. Sn based overlay plated materials C1and C2 seizes at lower load compared to B2
which has Pb-based overlay and Cu-Pb based lining. The repeatability of test results was 
found to be very consistent for most test materials. However, the load at which seizure occurs 
for test material A3 was found to be considerably scattered as shown by the error bar. This 
scatter might have resulted from the difference on how fast the Al-Sn based overlay is 
exposed after the very thin top PAI based overlay is completely worn out in the individual 
measurements.

Figure 3. Seizure load for test samples in dry condition: (a) A1, A2, A3 and B1 and (b) C1, C2
and B2.

The surface topography of test materials after seizure test was investigated using 3D optical 
interferometry and show different features on the worn surfaces as shown in Fig. 4. A1 exhibit 
an uneven surface characterised by shallow spots that resulted from material removal from the 
surface. A2 shows a surface characterised by gradual wear of material with no severe damage
limited only to the overlay. On A3 the wear scar shows no sever damage but the removed
material from the surface are clearly seen. Worn surface of B1 is characterised by a gradual 
wear of material that goes deep into the lining and smeared wear debris are also present on the 
worn surface. C1 shows severe scoring marks on the exposed lining and clusters of smeared 
wear debris are also observed on the worn surface. B1 and B2 which have similar composition 
but different diameter and C1 have large amount of worn material from the lining and the 
worn area is considerably larger than the other test materials. In contrast, in C2 there is no 
smeared wear debris on the surface and part of the overlay is still intact.
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Figure 4. White light interferometry 3D images showing the surface topography of the test 
samples after seizure test in dry condition.

The surface topography of the test ring counter surface was also investigated as shown in Fig.
5. Test rings used for B1, B2 and C1 show a transferred material resulting in a significant 
modification of the surface. The presence of this transferred material onto the test ring acts as 
abrasive particle that could abrade and causes severe scoring on the test samples. The test 
rings used for A1 and A3 shows a transferred material on the surface without significant 
modification of the surface topography. The test rings used for A2 and C2 do not show 
significant modification of the surface topography. 

Figure 5. White light interferometry 3D images showing the surface topography of the 
counter surface (test ring) after test in dry condition.

Detailed information about the seizure mechanisms is obtained from the SEM analysis on 
both bearing samples and steel ring counter surfaces. In some of test materials the seizure 
process and mechanisms are similar.  

A1 which is an Al-Sn based material with no overlay and A3 which has a PAI based overlay 
containing MoS2 and graphite on top of an Al-Sn based overlay show severe adhesive wear 
resulting in material removal from the surface. In A1, the surface in the contact area is worn
and resulted in an uneven surface where material has been detached. Fig. 6(a) shows the 
region where material is pulled away in the sliding direction and there is a difference in the 
morphology of the newly exposed surface and an already modified surface. From previous 
studies it was observed that in fresh Al-Sn based lining the soft Sn is distributed as a bright 
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phase in the Al matrix. In most of the worn surface, the Sn phase distributed in the Al matrix 
is no longer seen as a separate phase since there is a mechanical mixing of the Al and Sn. 
However, the fresh exposed surface close to the detached and displaced material has the
original appearance where the Sn soft phase is distributed in the Al matrix. In A3 which has a 
PAI based overlay containing MoS2 and graphite on top of an Al-Sn based overlay shows that 
the PAI based overlay is completely worn and the Al-Sn based overlay is entirely exposed. 
SEM images away from the edges of the wear scar and in the middle of the worn surface 
show that there is material detached from the exposed Al-Sn based overlay surface and there 
is also fragmented material on some part of the overlay due to mechanical damage caused by 
overloading as shown in Fig. 6(b). EDS analysis on the detached area has elemental 
composition of mainly Cu and Sn indicating that the lining is exposed. However, the adjacent 
area is composed of Al and Sn and some Mo. 

The test ring counter surface used against A1 and A3 shows similar feature. The transferred 
material on the counter surface used against A1 is shown in Fig. 6(c). Transferred material on 
the counter surface varies in size and some of these transferred materials might have been 
fragmented during sliding. It is confirmed by EDS analysis that the transferred material 
consists of Al, Sn, Cu and Mn similar with that of the composition of the lining material in the 
test sample. This transferred material indicates that severe adhesion between the counter 
surface and the Al-Sn based lining is the main reason for the occurrence of seizure. The 
counter surface used against A3 is shown in Fig. 6(d). The transferred material consists of 
elements such as Al, Cu, Sn, and Ni. This is due to the progressive transfer of material from 
the second overlay and the partly exposed lining. The severe adhesion between the second 
overlay of A3 is the cause for the occurrence of seizure. But compared with A1 which has also 
an Al-Sn based lining with no overlay, A3 shows better seizure behaviour in terms of the load 
at which seizure occurs. This is due to the presence of the thin PAI based overlay on top 
which provides lubrication and prevents adhesion of the Al-Sn based overlay of A3 at early 
stage of the test. However, after the gradual wear of the PAI based overlay containing MoS2

and graphite, there is a direct contact between the Al-Sn and steel counter surface which leads 
to severe adhesion at higher load.     
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Figure 6. SEM micrographs showing: (a) part of the worn surface on A1, (b) detached 
materials in the middle of worn surface and exposed lining on A3, c) transferred material on to 
test ring counter surface used against A1 and (d) transferred material on to test ring counter 
surface used against A3.

As shown in Fig. 7(a), A2 which has a PAI based overlay containing MoS2 and graphite 
shows a relatively smooth surface compared with the other tested materials in dry condition.
The bright area is the exposed Ni interlayer as confirmed by EDS analysis and the dark area is 
the PAI based overlay still intact on the surface. For this material, seizure does not occur 
under the employed test condition and this could be due to the presence of the solid lubricants
which can continuously lubricate the interface. As shown in Fig. 7(b) there is material 
removed from areas adjacent to the exposed Ni interlayer and transferred onto the test ring 
counter surface. 

When the test ring counter surface is investigated there is no significant material transferred
on to the plateau section of the ring. However, transferred material is seen mainly in the 
valleys (microgrooves) unintentionally left during polishing as shown in Fig. 7(c). This
transferred material that fill the microgrooves are the overlay material of A2 as confirmed by 
EDS analysis. On the flat part of the surface there is no significant transferred material even 
though a trace of Mo was detected. In one location on the ring there was local transferred 
material as shown in Fig. 7(d). Even though there is material transferred from the PAI based
overlay on to the test ring counter surface, the solid lubricants MoS2 and graphite from the 
overlay improves lubrication and prevents the occurrence of seizure.
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Figure 7. SEM micrographs showing A2: (a) part of worn area, (b) material removed from the 
overlay close to the exposed interlayer, (c) transferred material in the valleys on the counter 
surface and (d) overlay material picked by the counter surface.

The worn surfaces of B1 and B2 which are Pb-based overlay plated Cu-Pb based lining and 
C1 which is Sn overlay plated material with a Bi containing Cu-based lining show similar 
features on the worn surface including severe scoring, formation of wear debris and adhered 
and smeared wear debris on both test samples and the counter surfaces. In B1, B2 and C1
severe wear is observed and the overlay is completely worn out and the lining is totally 
exposed. The severe wear marked by grooves on the worn surface of C1 is shown in Fig. 8(a).
This is caused by the presence of wear debris adhered onto the test ring and/or by the debris 
trapped between the two surfaces during sliding which acts as third-body abrasives. Fig. 8(b)
shows the wear debris formed during sliding and collected during the test. Since the test ring 
is not confined inside a full bearing shell most of the wear debris does not stay in the 
interface. The wear debris are irregular in size and shapes. Wear debris formed in C1 are 
smaller in size than the wear debris seen in B1 and B2. Adhered wear debris onto the test 
sample and the test ring counter surface are relatively smaller in size and differ in shape 
compared with the collected wear debris. Their shape is also more round than the collected 
wear debris. It could be due to mechanical modification and/or breaking of the wear debris 
into smaller pieces. As shown in Fig. 8(c), wear debris are trapped in the contact area and 
agglomerated and smeared on the worn surface of the test sample. The worn surface and the 
wear debris smeared on the worn surface have elemental compositions similar with that of the 
exposed lining.

The test ring counter surface used against B1, B2 and C1 show wear debris transferred onto 
the ring as shown in Fig. 8(d). This transferred material has different features compared with 
those seen in A1 and A3. The transferred material is mainly wear debris trapped on to the ring 
surface during sliding. The wear debris adhered onto the counter surface are similar in 
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composition with that of the exposed lining. There is also very thin smeared material on the 
ring with a composition of mainly the lining material. The main reason for the initiation of 
seizure for B1, B2 and C1 is the presence of wear debris strongly adhered on the both surfaces 
of the test ring counter surface and the test samples. During sliding these adhered wear debris 
causes ploughing of Cu-Pb based lining in B1 and B2 and the Cu-Bi based lining in C1 and as 
the load is increased the adhered wear debris goes deeper into the lining resulting in 
mechanical interlocking between the two surfaces which leads to the stopping of the relative 
motion. The presence of wear debris adhered on both the test samples and the counter 
surfaces and the severe scorings on the test samples shows that the linings of B1, B2 and C1
show similar seizure mechanism under dry condition even though their seizure load is 
different.

Figure 8. SEM micrographs showing C1: (a) severe scoring marks on worn surface, (b) wear 
debris collected during the test, (c) agglomerates of wear debris on the surface of test sample 
and (d) wear debris adhered on the test ring counter surface.

The occurrence of seizure in B1, B2 and C1 can be illustrated as shown in Fig. 9. Most of the 
wear debris formed during sliding is transported away from the interface. However, some of 
the wear debris are trapped between the two surfaces and attached on both the bearing surface 
and the test ring counter surface. The presence of wear debris adhered onto the surfaces 
increases roughness of both surfaces. The increased roughness could be the reason for the 
vibration and noise observed before the occurrence of seizure. The wear debris on the bearing 
surface exists mainly as agglomerates. The wear debris adhered onto the test ring are sharp 
enough to cause severe scoring on the bearing surface. As the applied load is increased, the 
transferred wear debris on the test ring penetrate deep into an already exposed lining and 
causing severe ploughing of the surface. However, as the size of the wear debris agglomerates 
increase, the test ring could not slide any more since the wear debris agglomerates impede the 
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relative motion. In another word, the change in the roughness causes mechanical interlocking 
that leads to the occurrence of seizure. L. Rapoport reported that wear debris generated when 
a soft specimen slides against hard counter surface do cause mechanical interlocking that 
facilitates the transition into seizure. In addition, the presence of wear debris can cause 
mechanical instability and an increase in temperature up to the flash temperature causing 
adhesion [23].

Figure 9. Effect of wear debris on roughness and mechanical interlocking leading to seizure.

Besides the seizure load, the easily observed difference between the worn surfaces of B1and
B2 and C1 is the amount of deformation in the contact area. In B1and B2, there is extruded 
material on both edges of the test sample due to plastic deformation caused due to overloading 
as shown in Fig. 10.

Figure 10. SEM micrograph showing extruded material on the edge of test sample B1 due to 
overloading. 

Even though C1 and C2 have Sn-based overlay the composition and hardness of their lining is 
different. In C2 the damage is limited only to the overlay and exposed interlayer. C2 shows 
less wear of material compared with C1. Part of the overlay is worn out and in some parts of 
the worn surface the interlayer is exposed. On the other parts of the worn surface, the overlay 
is detached leaving very little Sn on the surface as shown in Fig. 11(a). EDS analysis shows 
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that these areas have a very thin Sn layer left on the interlayer. The overlay adjacent to the 
detached surface is deformed leaving cracks on the overlay. Fig. 11(b) shows an exposed Ni 
interlayer overlay in the middle of the worn area. EDS analysis on this area also show the 
presence of both Ni and Sn. The presence of Sn could be due to smearing of Sn on the 
interlayer during sliding. In some part of the worn surface there is plastic deformation on the 
worn surface that Cu and Sn are detected which could be an indication that very limited
portion of the lining is exposed. 

The test ring counter surface used for C2 shows a relatively smooth surface with little
transferred material on most part of the test ring. However, on one part of the test ring, a 
distinctive transferred material is seen. There is a transfer of pure Sn in the counter surface as 
shown in Fig. 11(c). In addition, as shown in Fig. 11(d) there was a transferred material with 
elemental composition of Cu, Sn, Zn and Ni and it indicates that there is some material 
transferred from the lining. For C1 it is adhesion of material either from the Sn overlay or the 
interlayer that leads to seizure.

Figure 11. SEM micrographs showing C1: (a) detached overlay leaving thin Sn on the 
interlayer, (b) exposed interlayer, (c) pure Sn transferred on to the ring and (d) transferred 
material with a composition of Cu, Sn, Zn and Ni. 

4. Conclusions

Seizure behaviour of various Pb-free engine bearing materials was investigated under dry 
condition using a block-on-ring set up. Friction behaviour during seizure test and seizure load 
was measured. 
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Among the first group of tested materials, a PAI based overlay coated material shows the 
lowest friction value during seizure test and an Al-Sn based lining with no overlay shows 
highest friction value. Among the second group of tested materials, Pb-containing material 
studied as a reference has lower friction value than the Sn-based overlay plated materials. 
However, the Sn-overlay plated material with Bi containing bronze lining shows lower 
friction than the other Sn based overlay plated material with bronze lining.

Seizure load for the test materials differ considerably. Among the first group of tested 
materials, for bearing material with a PAI based overlay seizure has not occurred under the 
employed load range. However, the Al-Sn-based material without overlay seizes at lower 
load. Among the second group of tested materials, The Pb containing bearing material seizes 
at higher load than the other two Sn-based overlay plated materials.

In dry condition, the extent of damage on the test materials was reflected on the surface 
topography of the test ring counter surface. Counter surfaces used against the Pb-containing 
materials and the Sn-based overlay plated Bi-containing bronze lining shows a very 
considerable surface modification due to adhered wear debris. The Al-Sn based material 
without overlay and bearing material with Al-Sn based second overlay show some 
modification on the topography of the test ring counter surface due to transferred materials. 
On the other hand, counter surfaces used against the PAI base overlay and the Sn-based 
overlay plated bronze lining show the lowest modification in the topography.

Seizure mechanisms vary from material to material. Al-Sn based lining without overlay and 
bearing material with Al-Sn based second overlay shows severe adhesion. Pb-containing 
materials and Sn-based overlay plated material with Bi containing lining shows similar 
features on the damaged surface and seizure occurred due to mechanical interlocking caused 
by the wear debris adhered in both the test samples and the counter surface. The other Sn 
based overlay plated material with bronze lining shows less wear of material but there was 
some material removed from the overlay and transferred onto the ring.
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Abstract
Under severe operating conditions seizure can occur in engine bearings. Therefore it is 
important to study seizure behaviour of selected Pb-free bearing materials that may replace 
the conventional Pb-based materials. Seizure tests were carried out using a block-on-ring test 
configuration by stepwise increasing applied load at a constant rotational speed using base oil 
and also fully formulated engine oil respectively. The bearing materials are ranked in terms of 
friction and seizure load. Al-Sn based lining without overlay shows higher friction and lower 
seizure load in both oils. Polyamide-imide based overlay containing MoS2 and graphite and 
Pb-based material show no sign of seizure. For Sn-based overlay plated materials seizure load 
is higher in fully formulated engine oil than in base oil. 

Keywords: Seizure; Friction; Bearing materials; Pb-free

1. Introduction

One of the important tribological requirements on engine bearing materials is their seizure 
resistance. Engine bearing materials with superior seizure properties prevents severe adhesion 
or welding between the expensive crankshaft and the bearing surface when they are subjected 
to severe operating conditions such as high loading, high temperature, inappropriate surface 
roughness and waviness or insufficient lubrication [1, 2]. Under normal operating conditions, 
the shaft and engine bearings surfaces are fully separated by a lubricant film that prevents 
direct metal-to-metal contact between the contacting surfaces. Under severe operating 
conditions, lubricant film can breakdown due to high temperature, low speed, oil 
contamination, excessive loading and lubricant starvation at the interface resulting in metal-
to-metal contact and consequently seizure.

Lubrication states, material combinations, contact and operating conditions determine causes 
of failure and seizure mechanisms [2]. In general, lubricant starvation is found to be a direct 
cause of seizure in lubricated engine bearings. In addition, the material combination of the 
bearing surface and the counter surface is also important since different materials differ in 
their tendencies to form bonds in solid state. Bearing materials with lower tendencies to form 
bonds in solid state with the shaft material will have better seizure resistance and in general 
they should be metallurgically incompatible with the steel shaft [3].

So far, the commonly used engine bearings are Pb-containing materials such as a Cu-Pb based 
bearing alloy plated with Pb-base overlay. These have been used as conventional engine 
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bearing materials in view of their good tribological properties [4, 5]. For instance, Pathak 
reported that the seizure behaviour of the conventional Cu-Pb based bearing alloy depends on 
the lubrication conditions. In this work, seizure did occur in most of the tested Cu-Pb based 
bearing alloys in dry and semi-dry conditions except those with very high Pb content but no
seizure occurred in the Cu-Pb based bearing alloys under lubricated conditions [6]. The 
tribological performance of bearing alloys containing soft phase such as Cu-Pb and Al-Sn 
based materials depends on the extent of formation of interfacial (smeared) film. According to 
Alexyev and Jahanmir, the performance of these materials involves squeezing of the soft 
phase due to deformation and formation of an interfacial film on the bearing alloy surface.
The formation of a lubricating film depends on the size of the soft phase in the microstructure,
the ratio of the shear yield limit of the matrix to that of the soft phase, the local coefficient of 
friction between asperities on the contacting surfaces [7]. Interfacial film formation also
depends on the applied load that ensures flow of the soft phase material towards the surface to 
form a lubricating film [8]. 

Because of the negative environmental and health issues associated with Pb [9,10], the 
traditional Pb-containing bearing materials are being replaced by new Pb-free bearing alloys 
such as bronze [11], bronze containing soft elements such as bismuth [12] and different types 
of overlay materials such as Al-Sn based overlays [13], Sn-based overlays [14], and 
polymeric overlays containing MoS2 and graphite [15]. Anti-seizure properties of only some 
of the Pb-free bearing materials have been reported in the open literature. Kose et al. studied 
seizure behaviour of Al-Sn-Si alloys with different Sn content of 6, 10 and 12 wt% using a 
high speed bearing seizure test machine with step-wise loading at constant speed. They 
reported that the seizure performance of the bearing with smaller Sn content is as good as the 
other materials containing higher amount of Sn due to the improved dispersion of Sn in the Al 
matrix [16]. Anti-seizure properties of Al-Sn-Si alloys are further improved by applying a 
polymer resin overlay containing solid lubricants [17, 18]. Seizure performance of copper 
based alloys that contain Bi and Mo2C were reported to be better than conventional bearing 
alloys and their anti-seizure properties are further improved by applying Bi overlay coating 
[19]. Bismuth based overlay is reported to have anti-seizure properties and the surface 
structure can be an important factor in improving the seizure resistance. Bismuth overlay with 
a surface structure of pyramid like shape shows better seizure property than conventional 
overlay material and this improvement is associated with the surface structure that improves 
wettability [20]. 

Fully formulated engine oil that is a blend of base oil and oil additives such as friction 
modifiers and anti-wear additives is used for internal combustion engines. These oil additives 
are expected to improve friction and wear performance of engine components such as
bearings and crankshaft. The effectiveness of additives will depend on the nature of the 
tribocouples [21]. Additives that are active in boundary lubricated condition prevent a direct 
metal-to-metal contact by forming a sacrificial film on the surface [22]. The protective film 
improves seizure behaviour of engine components since it can avoid severe adhesion or 
welding of tribocouples. There are only a few reports in the open literature that compare 
seizure behaviour of non-ferrous bearing alloys in base oil and fully formulated engine oil. 
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Most reports focus mainly on the effect of oil additives on friction and wear of bearing alloys. 
Wan et al reported about tribological behaviour of aluminium alloys lubricated in base oil and 
base oil blended with oil additives [23]. It was shown that base oil without any additive 
provides better wear resistance than some of the oils containing ZDTP additives. The base oil 
promotes formation of Al2O3 which prevents adhesion of aluminium.

Seizure behaviour of the newly developed Pb-free bearing materials has not been studied in 
detail and there is hardly any information in the open literature about seizure behaviour of 
these Pb-free overlay plated bearing materials under lubricated conditions. This study is thus 
aimed at investigating the seizure behaviour of various multi-layered Pb-free engine bearing 
materials under lubricated condition with a base oil and a fully formulated engine oil. The 
seizure behaviour of these materials under lubricated conditions in terms of seizure load has 
been compared and mechanisms of seizure have also been investigated.

2. Experimental

2.1 Materials

Test materials investigated in this work are listed in Table 1. Two categories of test materials 
were investigated. Test materials in category 1 are designated as A1, A2, A3 and B1. Test 
materials in category 2 are designated as C1, C2 and B2. A1, A2, A3 and B1 were cut from a 
Ø127mm diameter bearing shell and C1, C2 and B2 were cut from a Ø93.2mm diameter 
bearing shell. A spark wire cutting machine was used to cut out test samples from bearing 
shells. Each test sample was 5.5 mm in width and 12 mm in length. 

A1 is a bi-metal bearing material with no overlay and it has Al-Sn based bearing alloy applied 
on steel backing. A2 consists of a Cu-based lining material, an interlayer and overlay material 
composed of a polyamide-imide (PAI) containing MoS2 and graphite. A3 has similar lining 
and diffusion barrier to that of A2. However, an Al-Sn based overlay is applied and on top 
there is a thin overlay with composition similar to that of overlay of A2. B1 has Cu-Pb based 
lining and a Pb based overlay and it is studied as a reference. Both C1 and C2 are tin (Sn)-
based overlay plated bearings. The difference between C1 and C2 is in their lining material. 
B2 has similar composition of B1. In B1 and B2 the overlay is coated with a micron thickness 
Sn flash coating. Its purpose is to protect the Pb-based overlay from oxidation/corrosion 
during storage.

The counter surface for this test is a taper roller bearing outer ring made from high grade 
bearing steel AISI 52100 with a diameter of ø35mm which was polished to a roughness Ra ~
0.1 μm; Rq ~ 0.12 μm; Rk ~ 0.22 μm; Rpk ~ 0.13 μm and Rvk ~ 0.20 μm.

Seizure test was carried out in two different oils. A polyalpha olefin synthetic base oil (PAO 
6) and paraffin based fully formulated engine oil (Scania reference oil 10W-30) were selected 
so that the seizure behaviour of the bearing materials in the absence and presence of oil 
additives can be compared. At 95 0C, the viscosity of the base oil and the fully formulated 
engine oil were 0.0089 Pas and 0.012 Pas, respectively. 
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Table 1. Nominal composition of test materials and thickness of each layer.
Sample Composition Thickness (μm)

Lining Interlayer overlay Lining Interlayer Overlay
A1 AlSn25Cu1.5Mn0.6 n/a n/a 706 n/a n/a
A2 CuSn5Zn1 Ni (PAI, MoS2 45%, graphite 23%) 511 4.2 21.6 
A3 CuSn5Zn1 Ni AlSn20Cu1, 

(PAI, MoS2 45%, graphite 23%)
508 3.2 19

9.2
B1 CuPb23Sn2 Ni PbSn10Cu5 270 2.25 15
C1 CuSn4Bi4Ni1 Ni Sn 322 4.75 9.75
C2 CuSn8Ni1 Ni Sn 301 2.10 9.25
B2 CuPb23Sn2 Ni PbSn10Cu5 270 2.25 15

2.2 Methods

A CETR UMT-2 tribotester with a block-on-ring test setup was used for lubricated seizure 
tests [15]. Fig. 1 shows schematic representation of the block-on ring test set up used for 
seizure test. It consists of an upper carriage with a dual friction and load sensor. The bearing 
sample is mounted on to the sample holder and fit to the upper carriage. The carriage can 
move up and down to load/unload the test sample against the steel ring counter surface which 
is fixed onto the rotating shaft of the lower ring drive. The upper carriage can also move in the 
horizontal direction for aligning the test sample with the counter surface before the test is 
started. An oil bath is mounted on the side of the lower drive so that the lower part of the test 
ring is immersed in the lubricating oil. The oil is picked and supplied to the interface when the 
ring is rotated. To make sure that the test starts in lubricated condition, the ring was allowed 
to rotate and get lubricated before load is applied. The test sample and test ring counter 
surface and the oil bath are covered with a heating cartridge mounted onto the side of the 
lower drive to carry out tests at 95 0C. 

Fig. 1. Schematics of block-on-ring test configuration used for seizure test.
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Scanning electron microscopy (SEM) with integrated EDS was employed to characterize 
worn surfaces of test samples and test ring counter surfaces.

2.3 Test conditions

To investigate the seizure behaviour of the different bearing materials, the load was increased 
in a stepwise manner up to a maximum load of 475N. The rotational speed was kept constant 
at 125 rpm which corresponds to ~ 0.23 m/s. From trial tests, before choosing the final test 
conditions, it was found that at higher rotational speed the lubrication is in the hydrodynamic 
regime in which there is no metal-to metal contact between the bearing and the test ring 
surface. Therefore, the chosen speed was used in order to run tests in the mixed/boundary 
lubrication regime wherein it is possible to rank the bearing materials in terms of seizure load.
The test was started at 50 N and increased by 25N every 2 min until seizure occurs. The test 
samples and the test rings were cleaned before the test with industrial heptane in an ultrasonic 
cleaner and rinsed with acetone to avoid the presence of any contaminant on the surfaces. All 
tests were carried out at 95 0C. Tests were manually stopped when there was no relative 
motion between the surfaces. Tests were manually stopped when seizure occurs and resulted 
in stopping of relative motion accompanied by noise and vibration. At least three individual 
measurements were carried out for each test sample. To show the variation among individual 
measurements standard deviation is used as an error bar. 

3. Results and discussion

Friction during the seizure test, load at which seizure occurs and seizure mechanisms for test 
materials under category 1(A1, A2, A3, B1) and category 2(C1, C2 and B2) are discussed in 
separate sections.

3.1 Friction and seizure behaviour of bearing materials A1, A2, A3 and B1

In the base oil, as shown in Fig. 2(a), A1 which is an Al-Sn based lining with no overlay 
shows higher friction compared with the other overlay plated materials. On the other hand, A2
which is a PAI based overlay containing MoS2 and graphite shows the lowest friction. In A2
and the Pb-containing material B1, as load increases friction tends to decrease. In A3, the 
change in friction clearly shows how the thin PAI based overlay initially reduces friction but 
once it is completely worn out the friction increases with load as the second Al-Sn based 
overlay is in contact with the counter surface and subsequent exposure of the bronze lining.

For measurements carried out in fully formulated engine oil, the friction values for the studied 
materials follow the same trend i.e A1, the Al-Sn based lining resulted in higher friction and 
A2 with PAI based overlay containing MoS2 and graphite shows lower friction as shown in 
Fig. 2(b). For A3, the increase in friction due to wear of the overlay is also seen in fully 
formulated engine oil. However, the durability of the thin PAI based overlay of A3 is 
improved in fully formulated engine oil. Pb-based material, B1 shows lower friction than A1
and A3. In general, friction values of each test material in fully formulated engine oil are 
lower than the friction values in base oil. For instance, aluminium alloys show better friction 
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behaviour in engine oil than in base oil [24]. The improvement in friction is due to the friction 
modifiers present in the fully formulated engine oil. The difference in viscosity of base oil and 
fully formulated engine oil could also have some effect at an early stage of the test condition 
where the applied load is low. The friction trend in fully formulated engine oil and base oil is 
opposite for B1. This difference arises from the fact that the time at which the layers beneath 
the overlay are exposed is different in the two oils. For instance, in a fully formulated engine
oil the subsequent layer is exposed at a later stage of the test (at higher load) and the nature of 
the mating surfaces also changes. In addition to this, the action of friction modifiers in the oil 
might change and as a result the friction starts to increase but not higher than the friction 
values observed in case of the base oil.

Fig. 2(c) shows the average seizure load for bearing materials A1, A2, A3 and B1 in base oil 
and fully formulated engine oil. For tests in base oil, A2, the PAI based overlay containing 
MoS2 and graphite, and B1, Pb-based material show no seizure. In A2, the lower friction 
induced by the MoS2 and graphite particles in the PAI based overlay reduces wear of the PAI 
based overlay and throughout the employed test condition the contact is between the PAI 
based overlay and the counter surface and prevents the exposure of the bronze lining and 
hence there is no occurrence of seizure. In the conventional Pb-containing material B1,
seizure does not occur. This good seizure behaviour in lubricated condition is associated with 
the low shear strength of Pb overlay and the Pb phase in Cu-Pb based lining. On the other 
hand, A1 which is Al-Sn based material with no overlay exhibits lower seizure load. In the Al-
Sn based lining, seizure occurs at lower load due to adhesion of the aluminium matrix of the 
bearing alloy onto the steel counter surface. This lower seizure load indicates that the 
presence of Sn as a separate phase in the bearing alloy is effective in preventing seizure until 
certain load is reached and after that strong adhesion occurs between aluminium and the steel 
counter surface. Aluminium forms strong adhesion at lower load compared with the other 
tested materials under category 1. Seizure also occurs in A3 which has two overlays of thin 
PAI based overlay with MoS2 and graphite and Al-Sn based overlay. Seizure occurs after the 
two overlays are worn out and the bronze lining is exposed. A2 and A3 have the same bronze 
lining. This implies that the superior seizure behaviour of A2 exists as long as the PAI based 
overlay is intact.

In fully formulated engine oil, as shown in Fig. 2(c), a similar trend to that of the tests in base 
oil is observed. Both A2 and B1 show no sign of seizure. However, seizure occurs in both A1
and A3. For A1, there is no improvement in seizure load when the fully formulated engine oil 
is used. 
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Fig.2. Friction behaviour of test materials A1, A2, A3 and B1 (a) in base oil, (b) in fully 
formulated engine oil and (c) comparison of seizure load in base oil and fully formulated 
engine oil.

3.2 Friction and seizure behaviour of bearing materials C1, C2 and B2

Fig. 3(a) shows the friction behaviour of bearing materials C1, C2, and B2 in base oil during 
seizure test. Both C1 and C2 which have Sn based overlay show higher friction values than
B2 which is the conventional Pb-containing material. It is observed that in C1 and C2 as the 
seizure test progresses friction tends to increase with load. In all the three test materials, there 
is a noticeable increase in the average friction values between the first step and second step of 
the load increment. This could be associated with the reorientation of the surface during 
running-in. 

In fully formulated engine oil, the friction values are very similar for the Sn based overlay 
plated materials and the conventional Pb-containing material as shown in Fig. 3(b). Friction 
values are lower in fully formulated engine oil than in base oil as the friction modifiers in the 
fully formulated engine oil improve the friction behaviour of the sliding interface. Viscosity 
difference between the two oils might have also contributed to the observed difference in 
friction values.

B2 shows lower friction when compared with that of B1 discussed in section 3.1 although 
they have the same composition. This difference arises due to the fact that B2 has smaller 
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diameter than B1. For the samples cut from the bearing shells with smaller diameter the 
contact area will be larger and the contact pressure will be smaller.  

The average seizure load values are compared for C1, C2 and B2 in base oil and fully 
formulated engine oil as shown in Fig. 3(c). In the base oil, seizure occurs in both Sn-overlay 
plated materials C1 and C2. However, the conventional Pb-based material, B2 shows no sign 
of seizure under the employed test condition. The average seizure loads for C1 and C2 are 
close to each other even though there is a difference in chemical composition of the lining. 
This indicates that for most of the test duration the overlay is intact at least before the 
occurrence of seizure.  

Similarly, in fully formulated engine oil, seizure occurs in both C1 and C2. B2 does not show 
any sign of seizure. One interesting feature observed was that for both C1 and C2 the average 
load at which seizure occurs has improved when fully formulated engine oil is used as shown 
in Fig. 3(c). For each material, more than three individual measurements were carried out and 
the error bars indicate the standard deviation among measured values. The difference between 
the base oil and the fully formulated oil can be seen from the average seizure load values 
although there are more discrepancies in case of the base oil compared to the fully formulated 
engine oil as indicated by the error bars.

Fig. 3. Friction behaviour of test materials C1, C2 and B2 (a) in base oil, (b) in fully 
formulated engine oil and (c) comparison of seizure load in base oil and fully formulated 
engine oil.
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3.3 Surface analysis of bearing materials A1, A2, A3 and B2

Damages that lead to seizure were investigated based on surface analysis after the seizure test. 
Fig. 4(a)-(d) show the original surfaces of test materials A1, A2, A3 and B1 before the seizure 
test. In A1, there is no overlay and the bright phases are distinctively distributed Sn in the Al 
matrix. For the other test materials A2, A3, and B1, these surfaces correspond to the top 
overlay material. 

Fig. 4. Original surfaces of bearing test samples: (a) A1, (b) A2, (c) A3 and (d) B1.

In case of the bearing materials A1, A2, A3 and B1 in both base oil and fully formulated 
engine oil, there is a significant difference in the appearance of the worn surfaces. In some of 
them, the overlay is still intact and on others the lining is exposed. In addition, there were also 
differences on the surface features of the counter surface test rings. There is also a difference 
that arises from the use of base oil and fully formulated engine oil as confirmed by EDS 
analysis. Detailed information on damages that lead to seizure is discussed in the following 
paragraphs.

A1 which is an Al-Sn based lining with no overlay shows mainly adhesive wear in both base 
oil and fully formulated engine oil. Fig. 5(a) and (b) show worn surfaces of Al-Sn based 
material in base oil and fully formulated engine oil, respectively. In both cases the main 
feature on the worn surface is that Sn which was originally a separate phase in the Al-matrix 
does not exist as a separate phase after the seizure test. The presence of the bright Sn phase is 
reduced in the contact area. The difference is clearly seen when the original (unworn) surface 
is compared with the worn surface that is in contact with the counter surface. The amount of 
Sn also becomes depleted in the middle of the worn surface which is the highly loaded area. 
The depletion of Sn from the surface becomes more visible when the original surface (Fig. 
4(a)) is compared with the worn surface (Fig. 5(a)). The causes for the absence of the Sn 
phase as a distinctive phase is smearing of the Sn soft phase, mechanical mixing of Sn with 
the aluminum matrix and gradual removal of material from the surface. The separate Sn phase 
on the surface is known to lubricate the counter surface during sliding as it is squeezed out 
and modify the contact between the Al-matrix and the steel counter surface [25]. However, as
load increases there will be mechanical mixing at the surface and more aluminium will be 
exposed which leads to adhesion of aluminium onto the steel counter surface and seizure.
There was no significant difference on the worn surfaces in base oil and fully formulated 
engine oil. EDS analysis on the worn surface after a test with fully formulated engine oil 
shows that traces of Zn are found on the worn surface which implies that ZDDP might have 
reacted with the surface. The common element in engine oil such as S is not found on the 
surface unlike the other Cu-based alloys. However, in some pockets of the wear scar which 
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are slightly dark areas as shown in Fig. 5(c), there are elements such as Zn, S, Ca and P due to 
residues from the lubricant.

Fig. 5. SEM micrographs showing worn surfaces of A1: (a) in base oil, (b) in fully formulated 
engine oil and (c) oil residues on worn surface in fully formulated engine oil.

In A2 which has a PAI based overlay containing MoS2 and graphite there is not much wear 
and the overlay is still intact. There was no sign of seizure in both base oil and fully 
formulated engine oil. Overview of the wear scar of A2 tested in base oil is shown in Fig. 6(a). 
There is no significant damage on the surface in both base oil and fully formulated engine oil. 
The main reason for its better seizure performance is attributed mainly to the MoS2 and
graphite particles in the overlay. As shown in Fig. 6(b) and (c) the PAI based overlay is still 
intact and the MoS2 particles can be seen on the worn surface. Some of these MoS2 particles 
are flattened during sliding. The lower friction value of A2 mainly arises due to these 
lubricating particles at the interface and the frictional heating would be low and it prevents the 
preconditions for seizure. EDS analysis on the worn surface after test in fully formulated 
engine oil shows no indication of other elements from the oil additives except S which is not 
enough to indicate the formation of tribochemical layers. The origin of S peak in the EDS 
spectra is most probably from the MoS2 particles in the PAI based overlay. 

Fig. 6. SEM micrographs showing surfaces of A2: (a) overview of worn surface in base oil, 
(b) middle of wear scar in base oil and (c) middle of wear scar in fully formulated engine oil.

The damage in A3 which has two overlays of PAI based and Al-Sn based overlay is 
significantly different from the other test materials in terms of the number of layers worn out 
before the occurrence of seizure. In both base oil and fully formulated engine oil tests, both 
the thin PAI based overlay and the Al-Sn based overlay are completely worn out and the 
bronze lining is exposed. For example, Fig. 7(a) shows an overview of worn surface of A3
tested in base oil and the corresponding EDS elemental mapping. It is clearly seen that in the 
middle of worn area there is no aluminium which confirms the wear of the Al-Sn based 
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overlay. Elements such as S and Ni are seen on the exposed lining. This could be due to 
smearing of materials from the edges of part of the exposed overlay and interlayer, which are 
brought into the exposed lining as the counter surface slides. 

In both base oil and fully formulated engine oil, seizure occurs after the bronze lining is in 
contact with counter surface. SEM images taken from the exposed lining at higher 
magnifications show that there are detached materials as shown in Fig. 7(b) and (c) in base oil 
and fully formulated engine oil, respectively. For tests carried out in fully formulated engine 
oil, phosphorous is detected on the exposed bronze lining which confirms that there could be
tribochemical film formation.

Fig. 7. (a) Overview of worn surface of A3 tested in base oil and the corresponding EDS 
elemental mapping, (b) exposed lining in base oil at higher magnification and (c) exposed 
lining in fully formulated engine oil at higher magnification.

The conventional Pb-containing test material B1 shows no sign of seizure even though the 
overlay is worn out in both base oil and fully formulated engine oil. Fig. 8(a) shows elemental 
mapping on part of the worn surface after test in base oil. The mapping that corresponds to Cu 
is from the Cu-Pb based lining and the Sn mapping refers to the Sn flash coating on top of the 
Pb-based overlay. The Ni interlayer is also adjacent to the worn overlay. There are damages 
on the worn surface in both base oil and fully formulated engine oil. The damage on test 
samples in base oil is more obvious as shown in Fig. 8(b). There is detached material but this 
damage is not necessarily indicative of seizure since there is no sign of seizure observed 
during friction measurement. As shown in Fig. 8(c), in fully formulated engine oil the worn 
out surface was relatively smooth with no visible detached material. The main difference is 
that in fully formulated engine oil damage on the worn surface is not severe and there are 
distinctive bright and dark areas on the surface. EDS analysis indicates that the dark areas are 
rich in Cu that implies the exposure of the Cu-Pb based lining. In addition, EDS analysis 
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show that there are peaks that correspond to P, S, and Zn that indicates in the Pb-containing 
material tribochemical films are formed during the seizure test.

Fig. 8. (a) EDS elemental mapping of part of worn surface of B1 in base oil, (b) exposed 
bronze lining in base oil and (c) exposed bronze lining in fully formulated engine oil.

Fig. 9(a)–(d) show SEM images of the counter surface steel rings used in base oil. In base oil, 
the counter surface steel ring used against A1 which has Al-Sn based material shows 
transferred material as a dark patch, as shown in Fig. 9(a), which is mainly aluminium and 
this indicates adhesion of aluminium onto steel counter surface. Only trace of Sn was detected 
on the counter surface and is not found as a separate phase. On the counter surface sliding 
against A2, there is no transferred material and there is no change in surface topography of the 
counter surface as shown in Fig. 9(b). This confirms that MoS2 and graphite in the overlay 
inhibits seizure by preventing adhesion of the overlay. In A3, there is transferred material on 
the counter surface. There is Aluminium transferred from the second Al-Sn based overlay of 
A3 on to the steel counter surface and as the seizure test progresses the Al-Sn based overlay is 
completely worn out and the bronze based lining is exposed. The bronze based lining
transferred on to the steel ring is shown in Fig. 9(c). EDS elemental mapping of transferred Al 
from the overlay and Cu from the exposed lining onto the counter surface are shown in Fig. 
10(a). On the other hand, there is transferred material on the counter surface used against B1
as shown in Fig. 9(d). It is mainly from the Pb overlay. This transferred material is quite 
different from that seen in A1 and A3. A relatively uniform transfer layer is formed. Even 
though it is mainly Pb, results from EDS analysis confirms that there is also Cu, which 
indicates that part of the Cu-Pb lining is exposed. 

Fig. 9(e)-(h) show SEM images of counter surfaces used in fully formulated engine oils. 
When lubricated with fully formulated engine oil, the surface features on the counter surface 
are slightly different from those used in base oil except for A2. For instance, as shown in Fig.
9(e), the amount of transferred material onto the counter surface used against A1 is not as 
much as the transferred material observed on the counter surface used in base oil. Nonetheless 
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the transferred material is mainly aluminium as shown in the EDS elemental mapping in Fig. 
10(b). There is no transferred material onto the counter surface used against A2 as shown in 
Fig. 9(f). The presence of MoS2 and graphite in the polyamide imide polymer has prevented 
transfer of material. In A3, there is transferred Al from the second overlay to the counter 
surface; however, there is no visible detached and transferred Cu based material from the 
bronze lining as shown in Fig. 9(g) in contrast to the one seen in base oil. In B1, the counter 
surface is more or less the same with the one used in base oil in terms of the presence of Pb 
except that there are dark patches on the surface as shown in Fig. 9(h) and from EDS analysis 
it is confirmed that there are elements such as S, P, and Zn which confirms the formation of 
tribochemical film.

Fig. 9. SEM images of counter surfaces used in seizure test: in base oil (a) A1, (b) A2, (c) A3
and (d) B1 and in fully formulated engine oil (e) A1, (f) A2, (g) A3 and (h) B1.

Fig. 10. EDS elemental mapping: (a) transferred Al from the overlay and Cu from the exposed 
lining onto the counter surface run against A3 in Base oil and (b) transferred Al onto the 
counter surface run against A1 in fully formulated engine oil.

3.4 Surface analysis of bearing materials C1, C2 and B2

Surface analysis was carried out for bearing samples tested in base oil and fully formulated 
engine oils. There are noticeable changes on the test sample surfaces in comparison to the 
original unworn surfaces. Fig. 11(a)–(c) show the original surfaces of the bearing samples C1,
C2 and B2. Both C1 and C2 have Sn based overlay. B2 has a Pb-based overlay with a Sn flash 
coating similar with that of B1.
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Fig. 11. Original surfaces of bearing test samples: (a) C1, (b) C2, and (c) B2.

In C1, the Sn-based overlay is partly worn out and part of the interlayer is intact. There was 
smearing of the Sn overlay and pile up of displaced material in the sliding direction in both 
tests with base oil and fully formulated engine oil as shown in Fig. 12(a) and (b). The damage 
observed on the worn surface is more or less similar in both oil conditions. However, in fully
formulated engine oil, there is detached material, as shown in Fig. 12(c). The severity of the 
damage in fully formulated engine oil could be because of the higher load before the 
occurrence of seizure. EDS analysis on the worn surface shows elements such as S and P are 
present and that shows tribochemical film is formed. The improvement in seizure load with 
fully formulated engine oil is directly linked to the formation of tribochemical layer formation 
due to the engine oil additives.

Fig. 12. SEM images showing worn surfaces of C1 (a) in base oil, (b) in fully formulated 
engine oil and (c) detached materials on worn surface in fully formulated engine oil.

The surface damage observed in C2 is similar to that of C1. As shown in Fig. 13(a), in base 
oil, the Sn-based overlay is partly worn and the Ni interlayer and part of the lining is exposed. 
In fully formulated engine oil, as shown in Fig. 13(b) and (c), there is material detached from 
the surface on the worn surface due to adhesion. Similar to that of C1, EDS analysis confirms 
the presence of elements such as S and P which implies that there is formation of 
tribochemical film on the surface.
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Fig. 13. SEM images showing worn surfaces of C2 (a) in base oil, (b) in fully formulated 
engine oil and (c) detached material on worn surface in fully formulated engine oil.

For the Pb-containing bearing material B2, in both base oil and fully formulated engine oil 
tests, the overlay is worn out. The worn surface of B2 is similar with that of B1 discussed in 
section 3.3. Fig. 14(a) shows the worn surface of B2 after seizure test in full formulated 
engine oil. The lining is partly exposed and there is also displaced material in the entrainment 
direction. Elemental mapping in the middle of the wear scar where more material is removed 
has shown the presence of elements such as S and P that constitute a tribochemical film 
formation. Although the signal is not strong it was possible to detect the presence of S and P. 
The elemental mapping of S in the middle of the wear scar is shown in Fig. 14(b).  

Fig. 14. SEM image showing worn surfaces of B2: (a) in fully formulated engine oil and (b)
elemental mapping corresponding to S in the middle of the worn surface.

Fig. 15(a)-(c) show SEM images of counter surfaces used against C1, C2 and B2,
respectively, in base oil. They show transferred materials from the overlay in all the three 
samples. Similar features are observed in the counter surfaces used in fully formulated engine 
oil. However, the counter surfaces used in fully formulated engine oil show the presence of 
dark patches on the surface as shown in Fig. 15(d)-(f). EDS analysis on these dark patches has 
shown the presence of S and P when analysed with EDS. In addition, from surface analysis on 
the counter surface Cu is found and that confirms the exposure of the Cu-based lining. 
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Fig. 15. SEM images of counter surfaces used in seizure test: in base oil (a) C1, (b) C2, (c) B2
and in fully formulated engine oil: (d) C1, (e) C2, and (f) B2.

4. Concluding remarks

The seizure behaviour of Pb-free bearing materials (A1, A2, A3 and B1) and (C1, C2 and B2)
were investigated under lubricated conditions using base oil and fully formulated engine oil 
using a block-on-ring set up. Friction and (seizure) load during seizure test were measured
and surface analysis was carried out to investigate the seizure mechanisms.

Al-Sn based lining (A1) shows highest friction value compared to all other test materials 
whereas PAI based overlay results in the lowest friction value during seizure tests. The 
conventional Pb-containing material (B1) has lower friction values compared to A1 and A3.
Friction values are lower when the bearings are lubricated using fully formulated engine oil 
than with base oil

For PAI based overlay (A2), and Pb-based overlay (B1), seizure does not occur in any 
lubricated conditions. Al-Sn-based lining (A1) seizes faster than the other materials. In terms 
of seizure load at which seizure occurs, the order is A1 < A3 < B1 A2.

In Al-Sn based lining (A1) adhesion between Al and the counter surface occurs whereas in A3
seizure occurs after both the thin PAI based overlay and Al-Sn based overlay are worn out 
and the bronze lining is exposed.

Pb-based material (B2) shows lower friction values compared to Sn-based overlay plated 
materials C1 and C2 in base oil. In fully formulated engine oil, C1, C2 and B2 show similar 
friction behaviour. 

In both base oil and fully formulated engine oil tests, B2 shows no sign of seizure but seizure 
occurs in C1 and C2. For C1 and C2, seizure occurs at higher load in fully formulated engine 



Paper D 
 

151 
 

oil than in base oil. Seizure occurs in C1 and C2 when part of the overlay is worn out and the 
interlayer is exposed.
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Abstract
Pb-free engine bearing materials are being introduced to replace the conventional Pb-
containing bearing materials in view of environmental and health concerns. Engine bearings 
are designed to operate under full film lubrication conditions. However, occasionally they 
operate in mixed/boundary lubrication condition where the oil additives play an important 
role in reducing friction and wear. Therefore, it is important to study as to how Pb-free 
bearing materials perform in boundary lubrication condition when lubricated with different 
engine oil formulations. In this study, Al-Sn based bearing alloy with no overlay, bronze 
based lining coated with Al-Sn overlay and PAI-based overlay, and bronze lining coated with 
Sn based overlay have been investigated. A Pb-containing bearing material was also studied 
as a reference. Friction and wear properties of these bearing materials have been investigated 
using five different engine oil formulations including pure PAO 6 base oil and different 
viscosity grade oils containing additives. Tribological tests were carried out using an Optimol 
SRV® high-temperature reciprocating friction and wear test machine. SEM incorporating
EDS was employed to characterize the worn surfaces. From the results of this experimental
study, it has been possible to distinguish the effect of additives on friction and wear properties 
of Pb-free bearing materials. For instance, when Al-Sn based lining is lubricated with pure 
PAO 6 base oil, the friction values are higher compared to those with oils containing 
additives. However, wear was lower in pure base oil compared to those obtained using oils
containing additives. For the other bearing materials, oils containing additives have shown 
superior friction and wear performance compared with that of the pure base oil.

Key words: base oil; boundary lubrication; ZDDP; engine bearings; Pb-free

1. Introduction

Engine bearings are important components in internal combustion engines and are designed to 
operate in full film lubrication conditions. However, when they operate at high load and/or 
low speed there could be a metal-to-metal contact between the rotating crank shaft and 
bearing surface. Under such conditions the lubrication regimes shifts to mixed/boundary
lubrication where both bearing material selection and choice of lubricants affect the 
tribological performance. 
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Proper selection and formulation of engine oils is vital in improving engine efficiency by 
decreasing friction losses associated with engine bearings [1, 2] and also for enhancing
durability of bearings and other engine components. Therefore, the engine oil formulation 
should be compatible and optimised in conjunction with the bearing materials [3]. This aspect 
has becomes even more important today when the new Pb-free materials are being developed 
to replace the hazardous Pb-containing engine bearing materials [4–6].

Under boundary lubrication conditions, the lubricant additives play an important role in 
decreasing friction and wear by forming a protective film that shear easily and protect the 
surfaces [7]. Anti-wear additives are present in the engine oil to reduce wear by forming a 
protective layer. The most common anti-wear additive is zinc dialkyldithiophosphate (ZDDP).
It acts as anti-wear/extreme pressure additive and sometimes it can be also an anti-oxidant 
that inhibits oxidation of lubricants [8]. The anti-wear film formation on steel surfaces by 
ZDDP has been studied by many researchers and the mechanisms are well documented for 
steel-steel tribopairs. For instance, one of the protective film formation mechanism involves
thermal decomposition and chemical reaction of degradation products which subsequently
results in the formation of protective films composed of phosphate or sulphide [9]. There can 
be some limitations of the ZDDP antiwear additive in boundary lubrication and factors such 
as temperature, concentration, contact load and hardness of the interacting surfaces could 
affect the anti-wear performance of the additive [10]. Most tribochemical studies on ZDDP 
focus on ferrous materials. There are only a few publications on non-ferrous materials that are 
commonly used for bearing applications.

Aluminium alloys are the most studied non-ferrous material [11] and interactions of 
aluminium alloys and different lubricating oils/additives have been studied. For instance, 
according to Montgomery, the wear mechanism of aluminium alloy sliding against steel 
lubricated with alkanes or neutral oils is different when compared to those lubricated with an 
aliphatic ester. The reason for the difference is due to the reactivity of ester groups with the 
aluminium surface [12]. Liquid paraffin base oil containing electron rich organic additive 
compounds such as amines and alcohols improves lubrication of aluminium-silicon alloys by 
forming a five ring stable complex compound with aluminium or silicon [13]. There are also 
reports on the interaction of aluminium alloys with anti-wear additives such as ZDDP. Some 
of the reports on the effectiveness of ZDDP in aluminium alloys are contradictory. According 
to Wan et al., compared to base oil, addition of ZDDP additive increases the wear of an 
aluminium alloy sliding against steel since the tribolayer formed is fragile and promotes wear.
In addition, aluminium is more reactive than steel and its interaction with ZDDP increases 
tribochemical (corrosive) wear [14]. In contrast, Kawamura and Fujita reported that ZDTPs 
improve wear resistance but the improved lubrication of aluminium-silicon alloy is not 
because of a reaction layer. It is rather due to an adsorption effect or formation of a friction 
polymer [15]. Konishi et al. reported that ZDDP decreases wear compared to a plain base oil 
in aluminium alloy tribopairs [16]. Fuller et al. reported that there is formation of a tribofilm 
when ZDDP is added in base oils but it requires a long duration of rubbing to generate 
tribofilms [17]. Similarly, Nicholls et al. reported formation tribofilm on aluminium alloys 
[18].
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Other non-ferrous materials such as bronze, which is a common material in bearing 
applications, are also reported to interact with anti-wear additives. For instance, Summers-
Smith reported damage caused by ZDTP on lead-bronze tilting pad journal bearing and 
opined that the formation of ZnS is the main reason for the observed damage [19]. According 
to Bos, a blend of base oil and ZDTP can have a net antiwear activity compared with the base 
oil alone as long as the concentration of ZDTP in the oil is not higher than ~ 0.4 wt%. If the 
concentration of the ZDTP in the oil is higher than ~ 0.4 wt %, it can cause chemical wear of 
bronze in a bronze-steel tribopair. The proposed wear mechanism is that the ZDTP modifies a 
very thin layer of the bronze surface and promotes plastic flow of the layer. In addition, the 
ZDTP protects the asperities on the steel counter surface and promotes abrasive wear on the 
bronze [20].

Engine bearings are commonly made of multi-layers consisting of steel backing, lining 
(bearing alloy), intermediate layer and an overlay. There is only limited information available 
in the open literature about the friction and wear performance of multi-layered Pb-free bearing 
materials lubricated with additive containing engine oils. This study is therefore aimed at
studying the tribological performance of Pb-free bearing materials in boundary condition 
when lubricated with different lubricant formulations.

2. Experimental

2.1 Materials

The bearing materials investigated in this work are listed in Table 1. The test materials are 
designated as A1, A3, B2 and C2. A1 has an Al-Sn based lining (bearing alloy) applied on 
steel backing. It does not have an overlay coating. A3 consists of a bronze based lining, an 
interlayer and Al-Sn based overlay and on top there is a thin polyamide-imide (PAI) based 
overlay containing MoS2 and graphite. B2 has Cu-Pb based lining, interlayer and a Pb-based 
overlay and it has been studied as a reference material. C2 has a bronze lining, interlayer and 
Sn overlay. The test specimens were cut from bearing shells using a spark wire cutting 
machine in order to minimise any effect on the microstructure and mechanical properties of 
the materials. Test specimens of A1and A3 were cut from a Ø127 mm bearing shell and B2 
and C2 were cut from a Ø93.2 mm bearing shell. Each test specimen was 5.5 mm in width 
and 12 mm in length. The counter surface used in this study is an AISI 52100 grade bearing 
steel ball (Ø10 mm).

Table 1. Nominal composition of test materials.
Sample Composition Thickness (μm)

Lining Interlayer overlay Lining Interlayer Overlay 

A1 AlSn25Cu1.5Mn0.6 n/a n/a 706 n/a n/a

A3 CuSn5Zn1 Ni AlSn20Cu1, 
(PAI, MoS2 45%, graphite 23%)

508 3.2 19 
9.2

B2 CuPb23Sn2 Ni PbSn10Cu5 270 2.25 15
C2 CuSn8Ni1 Ni Sn 301 2.10 9.25
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Five different lubricants were used in this study. These are designated as Oil1~ Oil5. Oil1 is 
PAO 6 base oil (Group IV). The basestock for the other four oil samples is group III oil and in 
this mainly viscosity and anti-wear levels are varied. Oil2 and oil3 are a 15W-40 oil and Oil4 
and Oil5 are a 5W-20 oil. Properties of the oils are given in Table 2. The viscosity of the oil 
samples measured at 25 0C and 95 0C are given in Table 3.

Table 2. Properties of oil samples.
Oil1 Oil2 Oil3 Oil4 Oil5

Basestock PAO 6 Group III Group III Group III Group III
Phosphorus level (ppm) - 400 1200 400 1200
High temperature high shear (HTHS) 
viscosity (mPas)

- 3.9 3.9 2.8 2.8

Kinematic viscosity 100 (Cst) - 13.9 13.9 8.5 8.5

Table 3. Viscosity of test oils at 25 and 95 0C.
Sample Viscosity (Pas) at 25 

0
C Viscosity (Pas) at 95 

0
C

Oil1 4,75x10
-2

8.9 10
-3

Oil2 1,7x10
-1

1,55x10
-2

Oil3 1,7x10
-1

1,55x10
-2

Oil4 8,0x10
-2

1,1x10
-2

Oil5 8,0x10
-2

1,1x10
-2

2.2 Test methods and conditions

Tribological studies were carried out using an Optimol SRV® high-temperature reciprocating 
friction and wear test machine. The machine makes use of an electromagnetic drive to 
oscillate the upper specimen (steel ball Ø10 mm) against a lower stationary specimen (bearing 
material specimen mounted on lower specimen holder). The lower specimen holder was made 
from a disc with a thickness of 7.9 mm. Test configuration used for this study is shown in Fig. 
1. The lower specimen block incorporates a heating cartridge to heat up the specimen and the 
lubricant to the desired test temperature. The normal load is applied by means of a servomotor 
and a spring deflection mechanism. The applied load, temperature, stroke length and 
frequency of the oscillatory movement are controlled by a computerized control system. The 
test parameters are given in Table 4. These test conditions were selected so that the overlays 
of bearing samples are not entirely worn out enabling the study of the effect of lubricant 
additives on the overlay of the bearing.

Table 4. Test parameters used for friction and wear test
Test parameter value

Load 10N

Stroke length 1mm
Frequency 20Hz

temperature 95 
0
C

duration 5 min
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Before and after the tests, all specimens and specimen holders were cleaned with industrial 
heptane to remove any contaminants, rinsed with acetone and dried. Test samples (5.5mm x 
12 mm) cut from bearing shell were mounted on the lower specimen holder customized for 
the shell geometry. To keep the test specimen in position, it was tightened using a screw on 
one side of lower specimen holder. The lower specimen holder is mounted on the lower 
specimen block in such a way that the upper specimen reciprocates in the axial direction 
perpendicular to the circumferential direction of the curved bearing test specimen. Drops of 
the lubricants were added to cover the test specimen surface before applying the normal load 
and heating the system. The system was heated to 95 0C for seven minutes in order to obtain a
stable temperature before the commencement of tests.

Figure 1. The ball-on-bearing specimen test configuration used in the study.

The worn surfaces of the test specimens were analysed using scanning electron microscopy 
(SEM) (JEOL JSM 6460 ) incorporating energy dispersive spectroscopy (EDS). EDS analysis 
to qualitatively identify the presence of active elements from oil additives was carried out by 
scanning an area of 200 μm x 250 μm on the middle of the wear scar. Furthermore, XPS 
analysis was carried out using Thermo Fisher Scientific Theta Probe (East Grinstead, UK) 
equipped with a monochromatic Al K X- = 1486.6 eV) and an Ar+ ion gun.
The wear scars of bearing specimens were sputtered for 20 s at an accelerating voltage of 3kV
to remove contaminants from the surface. In addition, Zygo NewView 7300 optical 
interferometer was used to quantify wear. 

3. Results and discussion

The friction and wear behaviour of each bearing material in different oils are discussed 
separately in the following sections.

3.1 Al-Sn based lining without overlay (A1)

As shown in Fig. 2, Al-Sn based lining shows higher friction in pure PAO base oil (oil1)
compared to those using oils containing additives. There is no significant difference in friction 
among oil2, oil3, oil4 and oil5. However, there is a slight increase in friction when the anti-
wear additive level is high as seen between oil2 and oil3. The Al-Sn based lining lubricated 
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with pure PAO base oil shows less wear compared to that lubricated with oils containing
additives. Since there is no reactive chemical in pure base oil that can promote chemical wear, 
the wear in pure base oil is mainly due to mechanical deformation and adhesive action. In 
additive containing oils, although friction is reduced there is an increase in wear of the Al-Sn 
based lining. The higher wear could be caused by the interaction of oil additives and the 
aluminium surface that promote tribochemical wear. In another word, the increased wear in 
the presence of anti-wear additive might be associated with the formation of tribofilm that can 
easily be removed from the surface during rubbing [14]. When a comparison is made among 
the oils containing anti-wear additive there is no significant difference in wear. Even though 
there are slight differences, they are within the measurement errors.
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Figure 2. Average friction coefficient and wear volume of A1 (Al-Sn based lining with no 
overlay).

SEM analysis was carried out on worn surfaces of the test samples. A significant difference 
was observed between worn surfaces of bearing samples tested in pure PAO base oil and 
those with other oils (oil2, oil3, oil4 and oil5). The material removal mechanism in the 
presence of oil additive is different from that in pure base oil. Fig. 3(a) shows the original 
surface of Al-Sn based lining where the Sn soft phase is distributed in the aluminium matrix.
For specimens tested in pure base oil, there is less amount of Sn as a separate phase on the 
surface as shown in Fig. 3(b). In addition, samples tested in pure base oil have microgrooves 
due to plastic deformation. The wear scars of samples tested in the oils containing additive are
characterised by the presence of smeared Sn on the aluminium surface as shown in Fig. 3(c).
Another difference between samples tested in pure base oil and oils containing additives is the
pile up of displaced material on the edges of the wear scar of samples tested in pure base oil 
as shown in Fig. 3(d). In contrast, there is no such feature on samples tested in the oils 
containing additives as shown in Fig. 3(e). In all oils there is material transfer from the Al-Sn 
based lining to the steel ball counter surface. Fig. 3(f) shows transferred aluminium to the ball 
counter surface in oil3 and the corresponding EDS spectra taken from the highlighted area is 
shown in Fig. 3(g).
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Figure 3. SEM images of A1 (a) original surface (b) in oil1, (c) in oil3, (d) pile up of material 
in oil1, (e) absence of pile up in oil3, (f) transferred material on counter surface in oil3 and (g) 
corresponding EDS spectra on the transferred material.

Elemental composition from EDS analysis on the worn surface of the Al-Sn based lining from 
tests using different oils is given in Table 5. Detected elements include Al, Sn, Cu and O. 
Except oxygen and Zinc these elements are the main constituents of the Al-Sn based bearing 
lining. Wear scar of samples tested in pure base oil (oil1) contain lower amount of Sn 
compared to those tested in additive containing oils. The source of oxygen is further analysed 
using XPS analysis and as shown in Fig. 4(a) and (b) it is confirmed that oxygen exists as 
Al2O3, Al(OH)3 and oxygen binding to organic components. The presence of oxygen binding 
to organic component is most likely due to interaction of oxidised base oil and aluminium 
surface or remnants of cleaning solvent. From EDS analysis, Zn was also detected mainly in 
samples tested in oil3 and oil5. This could indicate that there might be an interaction between 
the Al-Sn lining and the anti-wear additive. As shown in Fig. 4 (c), further XPS analysis 
shows that trace of Zn exists as ZnO (1021.9 eV) was detected on wear scar from test using
oil3. The detected ZnO may not be a tribofilm by itself but a reaction product involving 
decomposition of the anti-wear additive. Other possible decomposition products containing P 
or S are not detected and it is therefore difficult to ascertain the type of the tribochemical 
reaction that occurs at the interface. 
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Table 5. EDS elemental analysis on worn surfaces of A1
Oil sample Elemental composition (wt%)

Al Sn Cu Mn O Zn 
Oil1 84.6 11.4 1.7 1.0 2.3 -
Oil2 76.6 16.1 2.0 0.7 4.6 -
Oil3 76.2 14.3 2.2 0.7 4.3 2.2
Oil4 76.5 15.6 1.9 0.9 5.1 -
Oil5 75.4 14.6 2.1 0.9 4.6 2.3

Figure 4. XPS spectra of wear scars of Al-Sn based lining (a) Al 2p in oil1, oil2 and oil3 (b) 
O 1s in oil1, oil2 and oil3 and (c) Zn 2p in oil3.

3.2 Al-Sn based overlay with PAI based coating (A3)

Bearing material A3 has a bronze lining coated with an Al-Sn based overlay and a thin PAI 
based overlay. At the beginning of the test, the friction values are below 0.1 due to the PAI 
based overlay containing MoS2 and graphite. However as the test progress, the friction 
increases when the PAI based overlay is worn out and the Al-Sn overlay is exposed. It is 
reasonable to assume that for most of the test duration the sliding occurred between the Al-Sn 
based overlay and the steel ball counter surface since the thin PAI based overlay is worn out 
very quickly. In general, the Al-Sn based overlay of A3 has higher friction in pure PAO base 
oil compared to the oils containing additives as shown in Fig. 5. There is a slight difference in
the friction values between the oils containing different anti-wear level. For example, oil3
shows slightly higher friction value compared to oil2. Similarly oil5 shows slightly higher 
friction than oil4.
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The wear volume reported here is a contribution of both the PAI based and Al-Sn based 
overlays. Wear volumes measured for A3 are higher in pure PAO base oil than in oils 
containing additives. The total wear volume is affected by the durability of the PAI based 
overlay. In PAO base oil, after a sharp increase the friction becomes stable after about 30 
seconds when the Al-Sn overlay is exposed, whereas in oils containing additives there is no 
sharp increase in friction and once the overlay is worn out friction becomes stable after about 
100 seconds when the Al-Sn overlay is exposed. If the durability of the PAI based overlay is 
longer and protects the subsequent overlay then the total wear volume will be lower because 
the duration where the pure Al-Sn based overlay slides against the steel ball counter surface is 
shorter. This could be the reason why higher wear is observed when A3 is lubricated with pure 
PAO base oil. Some of the trends observed for the previously discussed Al-Sn based lining
(A1) such as formation of oxides or interaction between the Al-Sn surface and anti-wear 
additive also apply for A3. There is no significant difference in the wear volume of samples 
tested in the oils containing additives (oil2, oil3, oil4 and oil5).
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Figure 5. Average friction coefficient and wear volume of A3 (Al-Sn based overlay + PAI 
based overlay).

The original surface of the top PAI based overlay containing MoS2 and graphite is shown in 
Fig. 6(a). Under the employed test conditions, this overlay is worn out and the Al-Sn based 
overlay is entirely exposed during sliding. The wear scar of A3 tested in pure PAO base oil is 
shown in Fig. 6(b). It shows severe damage on the exposed Al-Sn based overlay. Evidently, 
plastic deformation of the overlay and severe adhesion occur that resulted in material 
detachment. Worn surfaces of test samples lubricated with oils containing additives are more 
or less similar. Fig. 6(c) shows worn surface in oil3. There is no severe adhesion or detached 
material from the Al-Sn based overlay. However, there are micro grooves caused by plastic
deformation of the overlay. SEM analysis on the steel ball counter surfaces has shown that 
there is a significant amount of transferred material in pure PAO base oil as shown in Fig.
6(d). As shown in Fig. 6(e), in samples lubricated with oils containing additives there is 
transferred material but it is not as significant as in the pure base oil. There is no significant 
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difference in the amount of transferred material when the steel ball counter surfaces in the oils 
containing additives are compared.

EDS analysis on the worn surfaces of A3 has shown the elements listed in Table 6. Al, Sn and 
Cu are mainly from the Al-Sn based overlay. There is sulphur which comes from MoS2 in the 
PAI based overlay. Oxygen is also detected on all worn surfaces. Further XPS analysis 
indicated that the oxygen exists as Al2O3, Al(OH)3 and oxygen binding to organic component 
as was seen previously for the Al-Sn based lining of A1. In addition, Zn was also detected 
mainly in wear scars of samples tested in oil3 and oil5. Further XPS analysis on the worn 
surface of A3 tested in ZDDP containing oil Oil3 shows trace of Zn as ZnO (1021.8 eV) and 
Zn(OH)2 (1022.6 eV). The presence of ZnO can be explained in a similar way as that of Al-Sn 
based lining of A1 discussed previously. The Zn(OH)2 could be formed by the reaction of
ZnO with water.  

Figure 6. SEM images of A3 (a) original surface (b) in oil1, (c) in oil3, (d) transferred 
material in oil1 and (e) transferred material in oil3.

Table 6. EDS elemental analysis on worn surfaces of A3
Oil sample Elemental composition (wt%)

Al Sn Cu S O Zn 
Oil1 70.9 16.4 2.2 0.5 10.0 -
Oil2 75.5 17.1 2.3 - 4.9 -
Oil3 74.5 12.9 1.9 0.5 7.4 2.7
Oil4 77.4 14.5 2.0 0.4 5.7 -
Oil5 75.2 14.2 2.3 0.4 5.3 2.5

3.3 Pb-based overlay (B2)

The friction and wear results of the Pb-based overlay coated material in different lubricants 
are shown in Fig. 7. The average friction value for the whole test duration is very high when 
lubricated with pure PAO base oil compared to those lubricated with the oils containing 
additives. The very high friction value in base oil is the average friction for the whole test 
duration. It was found that the overlay was completely worn out and the intermediate layers
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were exposed when lubricated in pure PAO base oil. The initial friction value in the case of
oil1 is comparable to that of the oils containing additives. However, the overlay is quickly 
worn out and consequently the steel counter surface comes into contact with the intermediate 
layers. From the friction values alone it is possible to realise that the oils containing additives 
increase the durability of the soft Pb-based overlay. Therefore, indirectly the improved 
friction performance in case of oil2, oil3, oil4 and oil5 is related to the reduced wear of the 
Pb-based overlay. Friction values are slightly lower in oil2 and oil3 compared to oil4 and oil5.
This slight difference may be due to the differences in their viscosity. Even though it is not 
significant, there is a slight increase in friction at higher concentration of anti-wear additive 
when comparison is made between oil2 and oil3. The same can be said for oil4 and oil5.

Higher wear volume was measured when the Pb-based overlay coated material is lubricated 
with plain PAO base oil compared to oils containing additives. As mentioned previously, the
durability of the overlay is shorter in pure PAO base oil. The measured wear volume in pure 
base oil is not only material loss from the overlay but also from the exposed intermediate 
layers. When comparison is made on the wear volume of samples tested using oils containing
additive, the differences are within the measurement errors. However, oil5 shows slightly 
higher wear.
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Figure 7. Average friction coefficient and wear volume of B2 (Pb-based overlay).

Fig. 8(a) shows the original surface of B2 before tests. After tests using plain PAO base oil,
there is severe wear of the overlay and the Ni intermediate layer as shown in Fig. 8(b). The
wear scars of test samples lubricated with oils containing additives do not show any severe 
damage. The overlay is still intact and smooth as shown in Fig. 8(c). It implies that the oils 
containing additives provide a protective film and therefore the durability of the overlay is 
improved compared to that with pure PAO base oil. The severe damage in sample tested in 
pure PAO base oil is shown in Fig. 8(d). On the samples tested in oils containing additives,
there are dark patches on the smoothened overlay as shown in Fig. 8(e). The number of these 
dark patches in oil4 and oil5 is greater than in oil2 and oil3. The severity of wear in pure PAO 
base oil is reflected on the steel ball counter surface. As shown in Fig. 8(f), there is significant 
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amount of transferred material and there is also material that is detached and fragmented 
during sliding. In contrast, in the oils containing additives there is no visible transferred 
material on to the counter surfaces.

Figure 8. SEM images of B2: (a) original surface (b) in oil1, (c) in oil4, (d) middle of wear 
scar in oil1 (e) middle of wear scar in oil3 and (f) transferred material on counter surface in 
oil1.

Table 7 shows the elements detected using EDS analysis on the worn surfaces of the test 
samples using the different oils. On the wear scar of test sample lubricated with pure base oil
(oil1) the amount of Pb on the surface is smaller than those lubricated with the oils containing 
additives. In addition, large amount of Cu and Ni are detected. This implies that most of the 
overlay is worn out and the intermediate layers are exposed. In addition, small amount of iron 
is also detected. This indicates that after the soft overlay is worn out the Ni intermediate layer 
caused wear of the steel ball counter surface. In the case of samples lubricated with oils
containing additives, a high amount of Pb is detected and thereby indicating that the Pb-based 
overlay is still intact. The active elements from the lubricant additives are not detected using 
EDS analysis. However, as shown in Fig 9, XPS analysis on samples tested in Oil2 and Oil3
has shown that in addition to metallic oxides, there is oxygen binding to organic components. 
Even though Zn was not detected from EDS analysis, XPS analysis confirms the presence of 
Zn as Zn(OH)2 (1022.4 eV) which implies that the anti-wear additive might have interacted 
with either the Pb based overlay or the counter surface.

Table 7. EDS elemental analysis on worn surfaces of B2
Oil sample Elemental composition (wt%)

Pb Sn Ni Cu Fe
Oil1 14.7 9.8 21.4 53.0 1.2
Oil2 89.9 6.4 1.0 2.5 -
Oil3 85.0 11.5 1.5 2.0 -
Oil4 84.7 9.7 3.3 2.4 -
Oil5 84.1 9.9 3.7 2.2 -
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Figure 9. XPS spectra of wear scars of Pb based overlay (a) O 1s in oil2 and oil3 (b) Zn 2p in 
oil2 and oil3.

EDS analysis was also carried out to detect chemical composition of the dark patches in the 
middle of the wear scar on samples lubricated with the oils containing additives. These dark
patches contain a significantly lower amount of Pb compared to the brighter surrounding area.
There is no visible mechanical damage or delamination of the coating. Therefore, this might 
be caused by corrosion that leaches away Pb or that some part of the Ni interlayer is exposed 
due to gradual wear of the overlay. These dark patches occurred in all the oils containing
additives. On these dark patches, traces of S are detected. Typical EDS spectra of the dark
patches and the bright surrounding area on sample tested in Oil3 are shown in Fig. 10.

Figure 10. EDS spectra of dark patches and bright surrounding area on Pb-based overlay (B2)
tested in oil3.
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3.4 Sn-based overlay (C2)

The Sn-based overlay coated material shows higher average friction values when lubricated 
with plain PAO base oil compared to those with oils containing additives as shown in Fig. 11.
The high friction in the pure base oil is not only due to sliding of steel ball counter surface 
against the Sn overlay. It is rather associated with the high wear of the Sn based overlay that 
resulted in exposure of the intermediate layers. This behaviour is similar with the previously 
discussed Pb-containing material lubricated in pure PAO base oil. The oils containing 
additives increased durability of the Sn-based overlay. The improved friction in the oils 
containing additives is due to the enhanced durability of the Sn based overlay. The average 
friction values in the low viscosity oils oil4 and oil5 were found to be slightly higher than in 
oil2 and oil3. The difference in anti-wear additive levels does not affect friction when 
comparison is made between oil2 and oil3 or oil4 and oil5.

Wear of the Sn-based overlay in pure PAO base oil (oil1) is higher than in the oils containing 
additives. The wear in pure base oil is not only from the overlay but also from the 
intermediate layers. On the other hand, the oils containing additives improve the wear 
properties of the overlay. Although there is no significant difference, wear of the Sn based 
overlay in oil2 and oil3 is slightly lower than in oil4 and oil5. Concentration of the anti-wear 
additive does not seem to have any significant effect on wear of the Sn based overlay when 
comparison is made between oil2 and oil3 or oil4 and oil5.
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Figure 11. Average friction coefficient and wear volume in C2 (Sn-based overlay).

Fig. 12(a) shows the original surface of the Sn-based overlay. The worn surface of Sn-based 
overlay in plain base oil exhibits severe wear and the exposed intermediate layers is clearly 
seen in Fig. 12(b). There is sign of abrasive wear and delamination of material from the 
overlay. On the other hand, on the samples tested in the oils containing additives the overlay 
is intact and no severe damage is seen. The wear scar of the Sn-based overlay tested in oil3 is 
shown in Fig. 12(c). The only visible features on the worn surface are microgrooves that 
resulted from plastic deformation of the Sn overlay as seen at higher magnification. In 
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addition, there is plastic deformation of materials accompanied by displaced material to the 
edges of the wear scar creating pile up of material. The severe damage observed for the 
samples tested in plain base oil (oil1) is reflected on the steel ball counter surface as shown in 
Fig. 12(d). The transferred material is detached and fragmented. EDS analysis on the
transferred material has shown that it is composed of Sn from the overlay, Ni from the 
intermediate layer and trace of Cu from the lining material. On the other hand, for samples 
tested in oils that contain additives, there was only a very thin transferred layer that can be 
seen at higher magnification. Fig. 12(e) shows transferred material onto the steel ball counter 
surface from tests in oil3. The amount of transferred material is larger in pure PAO base oil 
than in the oils containing additive.

Figure 12. SEM images of C2 (a) original surface (b) in oil1, (c) in oil4 (d) transferred 
material on counter surface in oil1 and (e) transferred material on counter surface in oil3.

EDS analysis on worn surfaces of bearing samples tested in different oils was carried out but
no active elements from the oil additives are detected. As shown in Fig. 13(a), EDS spectra 
from the middle of the wear scar in samples tested in pure PAO base oil confirms the 
exposure of the intermediate layers. In addition, there are traces of Fe that comes from the 
steel ball counter surface. In the case of samples tested in the additive containing oils, the 
EDS spectra shows peaks mainly from the Sn overlay. Fig. 13(b) shows EDS spectra from the 
worn surface of bearing sample tested in oil3. Similarly, no active elements from the anti-
wear additive were found when wear scars of Sn-based overlay lubricated with Oil2 and Oil3
were analysed using XPS analysis. The worn surface is mainly composed of metallic Sn 
(484.9 eV) and SnO2 and SnO (486.1 eV) as shown in Fig 14. Active elements (S, P and Zn) 
from anti-wear additive are not detected.
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Figure 13. EDS spectra on worn surfaces of Sn overlay coated material (C2) in (a) oil1 and  
(b) oil 3.

Figure 14. XPS spectra (Sn 3d) on wear scars of Sn overlay in oil2 and oil3.

4. Concluding remarks

In this work, effect of oil formulation on friction and wear properties of Pb-free engine 
bearing materials has been studied. Friction and wear properties of four different bearing 
materials have been investigated by using five different lubricant formulations under 
boundary lubrication reciprocating sliding conditions.

It was revealed that when the bearing materials are lubricated with a plain PAO base oil, 
higher friction values have been obtained for all bearing materials compared to those with oils 
containing additives.

Wear was found to be higher in case of the pure base oil compared to the oils containing 
additives except in case of the Al-Sn based lining material. The increased wear could be due 
to interaction between anti-wear additive and the aluminium surface.

In Pb based and Sn based overlays, increased durability of the overlay and lower friction in 
oils containing additives as compared to that in pure base oil have been seen. However, Sn 
based overlay coating shows high friction compared to Pb based overlay.

This study highlights the significance and need for further research for optimal engine oil 
formulations for effective lubrication of Pb-free engine bearing materials.
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Abstract
One of the tribological requirements on engine bearing material is its ability to safely embed 
contaminant particles onto its surface and minimize damage to both bearing and the expensive 
crankshaft surfaces. This property is usually achieved by incorporating a soft phase into the 
bearing alloy or by applying a soft overlay onto the lining. In this work, a journal bearing test 
rig that operates under constant load has been employed to investigate the embeddability 
behaviour of selected multi-layered Pb-free engine bearing materials using engine oil 
contaminated with SiC particles. Pb-free bearing materials with overlay compositions of Sn, 
Bi, PAI containing MoS2 and composite overlay containing PAI, Al, PTFE were investigated.
For most of the test materials, the lining is mainly Bi containing bronze based alloy except 
one material that has a Al-Sn based lining. The embeddability behaviour of these materials 
was investigated at three different rotational speeds. Material removal due to abrasive wear 
depends on the lubricant film thickness. Higher wear was found at 200 rpm (h0=6.5μm)
compared to 30 rpm (h0=2.1μm) and 800 rpm (h0=15.6μm). In general, Bi based overlay and 
MoS2 containing PAI based overlay coated materials show higher wear compared to Sn based 
overlay and a PAI, Al and PTFE containing composite overlay coated material. Thickness of 
the Bi based overlay influenced its embeddability behaviour. Abrasive wear on the steel 
counter surface follow the same trend as that of the bearing materials. Higher wear was found 
at 200 rpm compared to 30 rpm and 800 rpm. In addition, steel counter surfaces sliding
against Bi based overlay and MoS2 containing PAI based overlay materials exhibited higher 
wear than those used against Sn-based overlay and PAI, Al and PTFE based composite 
overlay. Most of the damages on both the bearing and the counter surface involve plastic 
deformation, indents by sharp abrasive particles, micro-scratches and micro-cutting.
Embedded abrasive particles are observed on most of the overlay surfaces. Large number of
embedded particles are observed on bearing surfaces run at lower rotational speed of 30 rpm 
than at higher rotational speeds of 200 rpm and 800 rpm.

Keywords: Embeddability; Third-body abrasive wear; Hydrodynamic lubrication; Engine
bearings

1. Introduction

Engine bearings are important components in an internal combustion engine that allow
transmission of load and smooth rotation of the crankshaft [1]. They are designed to operate 
in hydrodynamic lubrication condition where the bearing and the counter surfaces are 
separated by a lubricant film except the occasional metal-to-metal contact during start/stop or 
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severe operating conditions [2]. If the lubricant film thickness is large enough to separate the 
asperities on both surfaces, there will not be metal-to-metal contact. 

During engine operation the lubricant film that separates the two surfaces can be ruptured,
either by asperities larger than the lubricant film thickness, or by contaminant particles in the
engine oil. Abrasive wear due to metal-to-metal contact usually occurs during starting and 
stopping where the lubrication regime enters mixed or boundary lubrication. Such abrasive 
wear is usually caused by the asperities on the rotating shaft and damage is mostly limited to
the relatively soft bearing surface. On the other hand, third-body abrasive wear can occur due 
to the presence of contaminant particles in the engine oil. Abrasive wear due to such third 
body abrasive contaminant particles can occur while the engine is operating either in 
hydrodynamic, mixed or boundary lubrication condition [3, 4]. The extent of abrasive wear on 
journal bearings is significant compared with the other wear mechanisms. For instance, Vencl 
and Rac reported that abrasive wear is the most dominant
bearings [5]. Generally, wear due to abrasive contaminants depends on many factors such as 
the nature of the abrasive particles including their size, shape, hardness and fracture 
toughness, hardness of the bearing and the shaft surfaces and operating conditions such as 
surface speeds. Depending on these factors, various damages such as indentation and abrasion
can occur [6]. Engine bearing surfaces are relatively softer compared to the rotating shaft 
surface and under sliding conditions, hard abrasive particles embed on the softer bearing 
surface. If the abrasive particles are not safely embedded, the embedded particles can scratch 
the shaft surface. Similarly, if the abrasive particles are not embedded and keep circulating 
with the oil they could also scratch both the bearing and the shaft surfaces.

The lubricant film thickness profile in journal bearings varies along the circumference 
depending on the oil film pressure. Away from the high pressure area, the film thickness 
increases. For dynamically loaded bearings, it has been reported that abrasive wear increases 
significantly at locations where the film thickness is smaller [7]. In general, if the film 
thickness is larger than the size of the abrasive particles circulating with the oil, the lubricant 
film may not break and hence there might not be any wear. However, if the film thickness is 
smaller than the size of the abrasive particles, abrasive wear can occur on both the bearing and 
the rotating shaft surface since the abrasive particles are dragged between the two surfaces 
and act as a third-body abrasive particles [8]. In general, wear of a journal bearing may 
depend upon the lubrication regimes and the abrasive particle size [4]. 

The ability of engine bearing surface to safely embed contaminant particles without causing 
severe damage on the expensive crankshaft is referred to as embeddability property [9, 10]. 
The selection of bearing materials plays an important role in minimizing the damage caused 
by contaminant particles on both the bearing and crankshaft surfaces. The most common way 
to improve embeddability of bearing materials is to incorporate soft phases in the bearing 
alloys (lining) such as Pb in Cu-Pb based bearing alloys and Sn in Al-Sn bearing alloys. This 
is more important in bimetallic bearings where there is only a bearing alloy applied on steel 
backing. This approach relies on the assumption that embeddability is mainly related to the 
hardness of bearing surfaces. For instance, Ronen et al. claimed that for steady loaded 
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hydrodynamic bearings, the shaft and bearing liner wear due to contaminant particles depends 
mainly upon the shaft to liner hardness ratio [11].

The most widely used approach to improve embeddability and other tribological properties is 
to apply a soft overlay material onto the bearing alloy (lining). Most overlays are soft 
materials that can easily deform and embed abrasive particles. According to Spikes et al.,
embeddability indices of tri-metallic bearings (overlay plated) are about four times better than 
bimetallic bearing [12]. However, it does not mean that the use of an overlay will avoid 
abrasive wear since the abrasive particles in the engine oil can cause wear of the entire 
overlay in the minimum film thickness region exposing the intermediate layer and lining and 
consequently resulting in severe shaft damage [13].

The most conventional engine bearing material is Cu-Pb based alloys coated with Pb based 
overlay material due to its suitable tribological properties for bearing applications. However, 
the use of Pb-containing materials for vehicle components is prohibited due to environmental 
concern. Thus new Pb-free bearing materials are becoming more common. The tribological 
performance of these Pb-free bearing materials in the presence of contaminant particles in the 
engine oil is not available in the open literature and hence investigation into their 
embeddability behaviour is important in terms of developing Pb-free engine bearings. This 
work thus focuses on experimental studies pertaining to the embeddability behviour of some 
multi-layered Pb-free engine bearing materials under lubricated condition in the presence of 
SiC abrasive particles. Wear on both the bearing and counter surface and damage mechanisms 
have also been analysed.

2. Experimental

2.1 Experimental materials

Elemental composition of the bearing materials are given in Table 1. Bearing samples are 
designated as D1, D2, D3, D4 and D5. D1, D3, D4 and D5 have bronze based lining with 
some amount of bismuth (Bi) and D2 has Al-Sn based lining. All bearing materials are 
overlay coated. D1 has Sn based overlay. D2 has a composite overlay composed of polyamide 
imide (PAI), Al, PTFE and silane. D3 has an overlay composed of PAI and MoS2. D4 and D5
have Bi based overlay. D4 has a silver (Ag) interlayer. The cross-sections of the bearing 
materials are shown in Fig. 1. For these tests, a steel shaft (EN 10297-1) is used as a counter 
surface. SiC particles (#1000 grit size, corresponding to the larger particle size of ~18 μm) 
were used as abrasive contaminant particles. In practice, these abrasive particles span wide 
range of sizes and shapes and they are mainly smaller than 18 μm. Engine oil (Scania 
reference oil 10W-30) was used as a lubricant.
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Table 1. Nominal composition of bearing materials and thickness of the different layers.
Sample Composition Thickness (μm)

Lining Interlayer overlay Lining Interlayer Overlay 

D1 CuSn4Bi(3-5)Ni(0,7-1,3) Ni Sn 2

D2 AlSn(5-7)Cu1Ni1Si(1,5-3)Mn0,3V0,15 -- PAI; Al (10-15) PTFE (5-7) Silane5 -- 10

D3 CuSn10Bi4   -- PAI 45 ; MoS
2

55   -- 10

D4 CuSn10Bi4  Ag Bi 328 5.7

D5 CuSn10Bi4 -- Bi  -- 5.7

Figure 1. SEM images of cross-sections of bearing materials (a) D1, (b) D2, (c) D3, (d) D4
and (e) D5.

Hardness values for the overlays and linings of the different materials are shown in Fig. 2. In 
general, hardness of the overlay is lower than the lining materials. The metallic overlays show 
lower hardness compared to the composite overlays. The nanoindentation measurements were
carried out on the polished cross-sections of the bearing materials. The hardness values are 
not absolute hardness values especially for the overlays since there is some influence from the 
adjacent layers. In addition, for the composite overlays the scatter in the hardness is related to 
the fact that the indentation could be on the metallic particles or the polymer matrix. For the 
linings, nanoindentation was carried mainly on the bronze matrix to avoid the Bi soft phase in 
D1, D3, D4 and D5. For the lining of D2 nanoindentation was carried out mainly on the 
aluminium matrix. But there could be some influence from the soft phase Sn and hard Si 
particles in the lining. The nanoindentation was carried out using a Micro Materials NanoTest 
Vantage system in a load controlled manner with a maximum load of 5mN.
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Figure 2. Hardness values of linings and overlays of bearing materials.

2.2 Experimental techniques

A journal bearing test rig that operates under constant load condition has been employed to 
investigate the embeddability behaviour of the bearing samples. A simple schematic of the 
test rig is given in Fig. 3. A half bearing shell (Ø108 mm and 34mm width) is mounted in the 
lower section of the bearing housing. The steel counter surface, which is a sleeve with outer 
diameter Ø107.5 mm and hardness value of 61 2 μm, is mounted 
onto the shaft that is coupled to the drive motor. The load is applied by placing a dead weight 
at the end of a lever arm. The bearing housing has freedom of movement to compensate for 
misalignment. The rotational speed of the shaft has a range from 0 to 1500 rpm. There is an 
oil tank equipped with a heater and stirrer to continuously mix the SiC abrasive particles in 
the oil. The oil is supplied into the bearing housing from the oil tank through a pipe. Once the 
oil lubricates the system it is collected in an oil reservoir located beneath the bearing housing. 
The oil is then recirculated using a hose pump. 

Figure 3. Schematic of the embeddability test rig and a front view of the bearing housing.

Weight loss due to abrasive wear was measured on both the bearing and shaft samples using a 
weighing balance that reads two decimal places to the right of the decimal point. Two
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measurements were carried out for each bearing material and the average weight loss values 
are reported. Surface analysis was carried out to investigate damages on both bearing and 
shaft surfaces. Scanning electron microscopy (SEM) with integrated energy dispersive 
spectroscopy (EDS) was used for studying the abrasive wear on bearing materials and counter 
surfaces. White light interferometry (Veeco Wyko 1100NT) was also used to study 
topography changes on the counter surface. 

2.3 Test conditions

The test conditions employed for the embeddability tests are shown in Table 2. Three 
different speeds are employed to generate different lubricant film thickness to see if there is 
any correlation between the abrasive wear and the minimum film thickness. For each speed 
the corresponding minimum film thickness (ho) is calculated using 1-D Reynolds equation
and finite difference method is used for discretization [14]. The surface roughness is not taken 
into consideration for the calculation. The concentration of the abrasive particles used in this 
study is higher than the amount of abrasive particles experienced in engine oil in order to 
increase the severity of tests.

Table 2. Test conditions and parameters used for embeddability test.
Test Parameter Value

Test load 1800 N

Speed
30 rpm (h0 = 2.1 μm)
200 rpm (h0 = 6.5 μm) 
800 rpm (h0 = 15.6  μm)

Viscosity at 90 0C 0.0129 Pas
Oil temperature 90 °C
Flow rate 0.012 liter /sec
Concentration of contaminants 2.0 g / liter
Test duration 60 minutes

3. Results and Discussion

Embeddability behaviour of five different bearing materials were investigated at different 
minimum film thickness conditions. In this section effect of the minimum film thickness on 
abrasive wear, weight loss of the bearing and counter surfaces due to abrasive wear and 
abrasive wear mechanisms are presented and discussed.

3.1 Effect of minimum film thickness

Damage due to abrasive wear on the bearing surfaces was found to be high at 200 rpm 
(h0=6.5μm) compared to those at 30 rpm (h0=2.1μm) and 800 rpm (h0=15.6μm). Fig. 4 shows 
photographs of surfaces of bearing material D4 after tests carried out at 30, 200 and 800 rpm. 
The damage on bearing materials tested at 800 rpm is considerably lower compared to those 
tested at 200 rpm. This can be explained by the fact that at 800 rpm the minimum film 
thickness is large enough to allow free circulation of most of the abrasive particles without 
causing severe abrasion on the surface. There are scratches on the overlay caused by some 
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particles larger than the minimum film thickness. However, at 200 rpm the overlay is worn 
out around the middle of the bearing shell which corresponds to the location where the 
minimum film thickness occurs. At 200 rpm, most of the abrasive particles cannot pass 
through the interface and hence when the abrasive particles are dragged between the two 
surfaces the overlay material is gradually worn out and subsequently exposes the intermediate 
layers. At lower rotational speed of 30 rpm the weight loss from bearing materials is much 
lower than that observed at 200 rpm. The numbers of particles that are fed into the interface 
are less in number since the rotational speed is low and the speed at which the abrasive 
particles pass through the contact is less compared with that at 200 rpm. This can be 
visualised by considering the abrasive particles as asperities on the counter surface. At lower 
rotational speed the numbers of asperities that abrade the bearing surface per unit time are 
lower than at higher speed.

In general, the severity of the abrasive wear varies along the circumferential direction of the 
bearing surfaces. This is a direct implication of the lubricant film thickness distribution. Away 
from the minimum film thickness area in the entrainment direction, the film thickness is larger
and therefore the numbers of abrasive particles that pass through without causing severe 
damage are higher. However, as the abrasive particles continue moving forward with the oil 
in the sliding direction, the gap between the bearing and shaft surfaces becomes smaller to the 
point where the gap becomes equal with the particle size and hence they cause more scratches
and removal of material. Once, the abrasive particles left the minimum film thickness area, 
the film thickness become larger and hence the number of abrasive particles that can scratch 
the bearing surface becomes less and less as they move out of the interface.

Figure 4. Photograph of worn surfaces of bearing material D4 after tests at three different test 
conditions.

Fig. 5 shows white light interferometry images of part of the counter surfaces sliding against 
bearing material D4 tested at 30, 200 and 800 rpm. More material was removed from the 
counter surface sliding at 200 rpm than those sliding at 30 rpm and 800 rpm. At 800 rpm the 
minimum film thickness is large enough to allow most particles to circulate without causing 
severe damage on the shaft surface. At 200 rpm, however, the film thickness becomes smaller 
and the abrasive particles that circulate with the oil can cause abrasion as they are dragged 
between the two surfaces. In addition, abrasive particles that are partially embedded on the 

@200 rpm @800 rpm@30 rpm
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bearing surface abrade the counter surface. At the lower rotational speed of 30 rpm the 
number of abrasive particles that enter the interface are small and also large numbers of these 
particles are trapped by the overlay before entering the minimum film thickness. The trapped 
abrasive particles cause damage on the shaft. There is more damage in the shafts sliding at 
200 rpm than at 30 rpm. 

Figure 5. White light interferometry images of counter surfaces used against bearing material 
D4.

3.2 Weight loss of bearing materials and shaft specimen

The weight loss due to abrasive wear of the bearing materials tested at three different speeds
is shown in Fig. 6(a). The difference in abrasive wear among bearing materials is more visible 
and easy to compare at 200 rpm than the other two test conditions. This is associated with the 
differences in the film thicknesses at different speeds as discussed in section 3.1. D1 which is 
Sn based overlay coated material and D2 which is composite PAI based overlay containing 
PTFE and metallic (Al) particles shows lower weight loss than D3 with PAI based overlay 
containing MoS2, and D4 and D5 which are Bi based overlay coated materials. The Sn based 
overlay has slightly lower hardness compared to the Bi based overlay but both of them can be 
considered as soft metals. In soft metals, abrasive particles tend to embed without causing 
severe abrasive wear of the overlay. However, the Bi based overlay shows significantly higher 
wear compared to the Sn based overlay. The main reason for this difference is that the Bi 
overlay of D4 and D5 are significantly thinner than the Sn based overlay of D1. The thickness 
of the Sn based overlay is about 12 μm but the Bi based overlay is about 5.7 μm. Considering 
the size of the abrasive particles which spans wide range (up to 18 μm) the soft thin Bi 
overlay can easily be abraded exposing the intermediate layer. However, the thick Sn based 
overlay can safely embed the particles and reduce the abrasive wear. On the other hand, the 
PAI based overlay coated materials D2 and D3 show significant difference in their weight 
loss. The weight loss is found to be higher for D3 compared to D2. Regardless of the PAI 
polymeric matrix there is a difference in their structure. For example, overlay of D2 contains 
PTFE and metallic particles in very small amount in the PAI polymer matrix. In contrast,
overlay of D3 has large amount of MoS2 particles in the polymer matrix. In such composite 
materials in addition to the wear resistance of the polymer matrix, other factors such as the 
interfacial bonding between polymer matrix and the reinforcement can influence abrasive 
wear. The volume fraction of the reinforcement in the polymer matrix can also affect abrasive 
wear [15]. Abrasive wear due to particle removal by the sharp abrasive particles is also 
possible. The observed high abrasive wear of the PAI based overlay containing MoS2

particles could be because of these factors. In D3, D4 and D5, once the overlay is entirely 
worn out the intermediate layers which are harder materials with less tendency of embedding 
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abrasive particles are exposed. These exposed harder layers are then abraded by the SiC 
abrasive particles. At 30 rpm and 800 rpm, the differences in weight loss among the tested 
bearing materials are not very significant considering the error associated with the weight 
measurement. However, the Bi based overlay plated materials still show slightly higher 
weight loss compared with the other tested bearing materials.  

The weight loss of the bearing materials may not be enough to describe the embeddability 
behaviour since, by definition, embeddability is the ability of bearing materials to minimise 
damage on the crankshaft by the abrasive particles circulating with the oil. Hence, the severity 
of abrasive wear on the counter surface is also important in characterizing the embeddability 
behaviour of the bearing materials. Fig. 6(b) shows weight loss of the shaft specimens at the 
three test conditions. At 200 rpm, it is easy to compare the weight loss caused by abrasive 
wear on the counter surfaces sliding against the different bearing materials. The shaft 
specimens sliding against D3, D4 and D5 shows higher wear than those sliding against D1
and D2. This is mainly related with the ability of the bearing materials to embed abrasive 
particles. Those materials that tend to safely (fully) embed and reduce the number of abrasive 
particles circulating with the oil reduce the abrasive wear on the counter surface. In this 
regard, D1 and D2 which show the lowest wear also reduce wear on the mating surface. 
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Figure 6. Weight loss of (a) bearing materials and (b) shaft specimens.

Mainly two types of damages were observed on the steel counter surfaces. There is polishing 
of the shaft surface accompanied by microgrooves as shown in Fig. 7(a). This occurs mainly 
in the counter surfaces sliding against the bearings run at 200 rpm. Similar damage was also 
observed on the shaft surface run at 30 rpm. According to Williams [8] such damages occur 
when the dimension of particles to film thickness ratio is above a certain critical value which 
results in the abrasive particles getting embedded on the softer material (bearing surface) and 
will spend some time sliding against the harder surface (shaft). In addition, abrasive wear due 
to indentation and micro-scratches is observed on the counter surface as shown in Fig. 7(b).
These scratches and the indent marks result in a pitted surface. This kind of wear was mainly 
observed in the shaft surfaces used at 800 rpm where the minimum film thickness is larger 
than those used at 30 rpm and 200 rpm. Such kind of abrasive wear occurs when the abrasive 
particles roll or tumble through the lubricant film that separates the bearing and the shaft 
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surface. Detailed image of the micro-scratches and indent marks and materials removed due 
to micro-cutting are shown in Fig. 7(c) and (d).

Figure 7. SEM images of steel counter surface: (a) shiny surface due to polishing 
accompanied with micro-grooves, (b) micro-scratches and indents, (c) high magnification 
images of micro-scratches and (d) indents and removed material. 

3.3 Damages on bearing surfaces

Surface analysis carried out on the tested bearing materials shows different features. In 
general, abrasive wear increases in severity from the beginning of the entrainment direction 
towards the location where the minimum film thickness occurs. Fig. 8(a)-(d) shows the 
differences in the severity of indents and micro-scratches at different locations on bearing 
material D1 tested at 200 rpm. Fig. 8(a) shows the original surface of D1 which is Sn based 
overlay. Fig. 8(b) shows smaller number of indents marks and micro-scratches at location far 
away from the minimum film thickness area. The abrasion is caused by the sharp edges of the 
abrasive particles. As shown in Fig. 8(c) the number of indents and abrasion increases as the 
gap between the bearing and the shaft surface decreases. The scratches become more severe at 
the location very close to the minimum film thickness area as shown in Fig. 8(d). In this 
region the surface is severely abraded and the features observed in the original surface 
disappear since the space between the two surfaces is smaller and the abrasive particles 
remove more material from the overlay. This trend was observed in all tested bearing 
materials in all the three test conditions, however, the extent of severity was highest at 200 
rpm where in most cases the lining, which was originally protected by the overlay, was
exposed. 
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Figure 8. Severity of abrasion on bearing surface along the circumferential direction in Sn 
overlay coated bearing material D1: (a) original surface, (b) far away, (c) closer and (d) very 
close to the minimum film thickness area. 

Various forms of damage are observed on the bearing surfaces. Some of the features observed 
on the bearing surfaces indirectly show the causes of damages on the counter surfaces. The 
typical damages caused by abrasive particles on bearing materials are discussed in the 
following section. 

In most of the bearing materials, grooves caused by abrasive particles are common on the 
overlays. For example, as shown in Fig. 9(a), in D1 these grooves are deeper and wider than 
the micro-scratches observed on most of the overlays and exposed linings. They are also 
relatively long and extend in the sliding direction. This indicates that the abrasive particles 
that cause these grooves are dragged along the circumferential direction when they are forced 
to circulate with the oil. Based on the width of these grooves it is possible to say that they are 
caused by larger abrasive particles and can also cause abrasive wear on the counter surface. 
Deep and long grooves caused by abrasive particles are also observed on the composite 
overlay of D2 as shown in Fig. 9(b). The grooves are characterized by displaced material on 
both sides of the groove. In addition, there are also other patterns associated with the way 
abrasive particles remove material from the bearing surface while they circulate with the oil. 
Fig. 9(c) shows abrasive wear track on the overlay of D5 left by abrasive particle rolling 
between the interfaces. Although most of the grooves are observed on the overlays of most 
materials, there are also grooves caused by abrasive particles on the exposed linings. For 
example, the grooves on the exposed lining of D3 are shown in Fig. 9(d).
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Figure 9. SEM micrographs showing (a) grooves along the circumferential direction on Sn 
based overlay of D1, (b) deep groove on the composite overlay of D2, (c) wear track left by 
rolling abrasive particle on Bi overlay of D5 and (d) micro-scratches and grooves on the 
exposed lining of D3.

There are also micro-scratches and indents on both the overlay and the exposed linings of 
most of the bearing materials. Even though the size of the micro-scratches and indents looks 
small, there is significant amount of material removed from the surface. In addition to the 
micro-scratches, there is wear of material as metallic chips by micro-cutting as shown in Fig. 
10(a). In general, the micro-scratches and indents are less pronounced in locations away from 
the minimum film thickness area. However, along the circumferential direction more micro-
scratches and indents become visible at the minimum film thickness area as shown in Fig. 
10(b). In most of the bearing materials, especially at 200 rpm, the overlay is entirely worn out 
and the lining is exposed. The exposed linings also suffer damages due to micro-scratches and 
indents as shown in Fig. 10(c).

Embedded particles are observed mainly on the overlays of most of the bearing materials. 
Abrasive particles are embedded on the overlay in two different ways. As shown in Fig. 11(a) 
and (b), some abrasive particles first scratch the surface and then get embedded. This is 
confirmed by the grooves they leave behind them. Other abrasive particles get embedded 
without scratching the surface as shown in Fig. 11(c). These abrasive particles are pressed 
deep into the overlay. This might happen as soon as the abrasive particles enter the area with a 
gap comparable to their size they are pressed against the overlay by the counter surface. In the 
metallic overlays, there is pile up of material around the embedded particles due to displace 
material. Both types of embedded abrasive particles are seen in all bearing materials except in 
D3. In addition, embedded particles are also crushed as shown in Fig 11(d) and are observed 
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mainly in D4 and D5. This happens when an abrasive particle with lower fracture toughness is
pressed between the shaft surface and the intermediate layer beneath the overlay.  

Figure 10. SEM micrographs showing (a) micro-scratches and chip formation on the overlay 
of D1, (b) abraded overlay of D2 and (c) severe scratches on the exposed lining of D4.

Figure 11. SEM micrographs showing (a) abrasive particle embedded after scratching 
composite overlay of D2, (b) abrasive particle embedded after scratching Bi overlay of D4 (c) 
(c) embedded abrasive particle without scratching Bi overlay of D4 and (d) crushed embedded 
particle.
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In general, in most of the bearing materials, the number of embedded particles at 30 rpm is 
higher than those at 200 rpm. Safely embedded abrasive particles on the Sn based overlay at 
30 rpm and corresponding elemental mapping of the embedded SiC particles are shown in 
Fig. 12(a). Such embedded particles are also observed on, the composite overlay of D2 (Fig. 
12 (b)) and Bi overlay of D4 and D5. SiC Particles embedded on the Bi overlay are shown in 
Fig. 12(c). This is an indication that as expected from its low hardness, the Bi overlay can 
embed abrasive particles; however, its effectiveness depends on both the size of the abrasive 
particles and the thickness of the overlay since if the abrasive particles are bigger, part of the 
abrasive particles protrudes from the surface and causes more damage on the shaft specimen. 

Figure 12. Embedded particles at 30 rpm and corresponding elemental mapping (a) on Sn 
overlay of D1 (b) on composite overlay of D2 and (c) on Bi overlay of D5.

There were no visible SiC particles embedded on the overlay of D3. However, there were 
partially embedded particles on the exposed lining as shown in Fig. 13(a). This is quite 
different from the embedded particles seen on most of the overlays. The abrasive particles are 
not fully embedded since the lining is relatively harder than the overlays. Most part of the 
abrasive particle is protruding out of the surface and can act as hard asperity and causes more 
damage on the counter surface. Similar features are seen on the exposed lining of D4 and D5.
Fig. 13(b) shows an abrasive particle that is not fully embedded on the exposed lining of D5.
These particles can be big enough to rupture the lubricant film and cause more damage on the 
rotating shaft. This may contribute to the high wear observed on the steel counter surface 
sliding against D3, D4 and D5.
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Figure 13. SEM micrographs showing partially embedded abrasive particle (a) on the 
exposed lining of D3 (b) on exposed lining of D5.

4. Concluding remarks

Embeddability characteristics of some Pb-free engine bearing materials has been investigated 
in the presence of SiC abrasive particles in engine oil and abrasive wear mechanisms were 
studied.

Third-body abrasive wear of the bearing surfaces and steel counter surfaces is influenced by
the minimum film thickness. Higher wear was found at 200 rpm (h0=6.5μm) than 30 rpm 
(h0=2.1μm) and 800 rpm (h0=15.6μm). Abrasive wear was found to be higher on Bi based 
overlay and MoS2 containing PAI based overlay coated materials compared to the Sn based 
overlay and a PAI, Al and PTFE containing composite overlay coated material. 

There is a direct relationship between the wear of bearing materials and the wear of shaft 
specimens tested at 200 rpm. Shaft specimens sliding against bearing specimens that exhibited 
lower wear shows lower wear and vice versa.  

Most of the damages on both the bearing and the counter surface involve micro-scratches, 
ploughing, micro cutting and indents. 

Abrasive particles are embedded on most of the overlay surfaces except the PAI based 
overlay containing MoS2 particles. There are no embedded abrasive particles on the counter 
surface. 
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