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Abstract

Engine bearings are amongst the most critical components of an internal combustion 
engine that support and allow smooth rotation of the crankshaft. They are designed to 
operate under hydrodynamic lubrication condition where the bearing and shaft surface 
are separated by a thick lubricant film. However, they also occasionally operate under 
mixed and boundary lubrication conditions particularly during starting, stopping and 
load, speed and temperature variations. Under these conditions, tribological 
performance of bearing materials is crucial for the satisfactory performance of the 
engine. 
 
Traditionally, the most extensively used engine bearing materials have been Copper-
Lead (Cu-Pb) based linings and Pb based overlays because of the friction reducing 
properties of Pb. However, due to the adverse health and environmental impact of Pb, 
there is growing emphasis on restricting the usage of Pb in engine bearings. Owing to 
this, new Pb-free bearing materials that provide at least comparable or superior 
tribological performance to that of Pb containing materials are being developed. Some 
of these materials have already been introduced in engine bearing applications. There 
are, however, only few research results in the open literature as to how these new 
engine bearing materials would perform in mixed and boundary lubricated conditions.  
 
The objective of this work is to evaluate and understand the tribological performance 
of selected Pb-free engine bearing materials and compare their performance with that 
of the traditional Pb-containing material. To understand the damage mechanisms in the 
traditional Pb-containing bearings, a full set of main and connecting rod bearings from 
field test run in Euro V truck engines in long haulage application with European diesel 
fuel and with slightly longer oil drainage interval were investigated. Furthermore, 
laboratory tests on Pb-free engine bearings with different compositions of lining and 
overlay materials were carried out with a block-on-ring test set up in order to evaluate 
their tribological performance. For this study, aluminum-tin (Al-Sn) based lining with 
no overlay; Cu-based linings with overlay of polyamide-imide (PAI) containing MoS2 
and graphite, Al-Sn based overlay and Sn based overlay were studied. Cu-Pb lining 
with Pb-based overlay was also studied as a reference.  
 
Investigations on a full set of main bearings and connecting rod bearings from field 
test revealed that the major damage mechanisms were 3-body abrasive wear leading to 
exposure of lining material, flaking of overlay material due to surface fatigue, 
formation of compound layer composed of Sn, Cu and Ni and cavitation damage. 
Laboratory tests on Pb-free bearing materials have shown that Al-Sn based lining with 
no overlay shows higher friction than the other materials at lower rotational speed. For 
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Al-Sn based lining and Pb-based overlay materials, the decrease in friction is relatively 
sharp as rotational speed increases compared with the PAI based overlay. Test samples 
with overlay of PAI containing graphite and MoS2 exhibited better friction and wear 
properties than Al-Sn based and Pb-based materials. Under steady-state conditions, 
Pb-containing bearing material shows higher wear and Al-Sn based material has 
shown higher friction. In addition, Sn-based and Pb-based overlays have shown 
similar friction behaviour when rotational speed is varied. For relatively longer test 
durations, samples with Sn overlay exhibited comparable friction and wear with that of 
Pb-based overlay material. 
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Chapter 1

Introduction

1.1.  Tribology: Friction, lubrication and wear 

Most machine components involve a relative motion of two surfaces. Operation and 

performance of these components can be well described in terms of Tribology which is

defined as a science and technology of interacting surfaces in relative motion and of 

related subjects and practices [1]. It deals with the control of friction, technology of 

lubrication and prevention of wear of surfaces having relative motion under applied 

load [2]. Friction control is important in reducing energy loss and improving efficiency 

of a machine [3]. Wear is considered as gradual removal of material from a surface 

and 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 is by a proper 

selection of materials and lubricants.  

When lubricants are used, 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 Figure 1. For instance, various components in 

internal combustion engines operate in different lubrication regimes [5].  

 
Figure 1. Lubrication regimes [5].

Boundary lubrication regime 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. Lubrication is due to tribochemical layer formation and 
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additives in the oil play an important role [6, 7]. In mixed lubrication regime there is 

an occasional metal-to-metal contact between two surfaces [8]. In full film lubrication 

(hydrodynamic lubrication) condition, the two surfaces are separated by a lubricant 

film and friction is determined mainly by the bulk properties of the lubricant [9, 10].  

1.2.  Engine bearings 

Engine bearings are important components of an internal combustion engine. They are 

journal bearing types in which the journal (crankshaft) rotates inside the cylindrical 

bushing made of suitable material. There are various types of engine bearings [11] as 

shown in Figure 2. For instance, main bearings allow smooth rotation of the crankshaft 

inside the engine block and protect the crankshaft from damage. Connecting rod 

bearings also enable in smooth reciprocating motion of the connecting rod that 

connects the crankshaft and the piston. In general, these bearings are used to improve 

the friction and wear properties of mating surfaces.  

 
Figure 2. Various types of engine bearings in ICE [11].

Engine bearings are designed to operate in the hydrodynamic lubrication regime with a 

thick lubricant film separating the crankshaft and bearing surface [12]. Under ideal 

operation conditions, the rotation of the crankshaft drags the oil into the converging 

gap and the bearing surface is separated from the crankshaft’s surface by a thick 

lubricant film and this allows engine bearings to operate under hydrodynamic 
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lubrication regime [13]. Even though they usually operate in the hydrodynamic 

lubrication regime, at times other conditions of lubrication, i.e. boundary and mixed 

lubrication also occur. 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 [14, 15]. 

1.3.  Engine bearing materials property requirement 

Bearings are required to fulfil several tribological requirements for the satisfactory 

engine performance. These requirements include low friction, good wear resistance, 

seizure resistance, embeddability, conformability and good corrosion resistance. The 

friction between engine bearing and the crankshaft should be minimum so that the 

crankshaft will rotate smoothly and ensure high efficiency of the engine. The power 

loss associated with bearings could be considerable [16] and hence proper selection of 

bearing material is important to minimize energy loss due to friction in engines. The 

bearings should also have good wear resistance so that material removal from the 

bearing surface under mixed and boundary lubrication conditions are minimized. The 

rotating crankshaft supported by the engine bearing is much harder than the bearing 

material and wear must be reduced through proper choice of bearing materials [5]. 

Seizure can also be a problem. Especially under starved lubrication condition, there 

could be severe adhesion (welding) of the two surfaces and relative motion cannot 

occur and result in damage to both the bearing and the crankshaft [17]. Good 

embeddability behaviour of bearings helps to safely embed foreign particles and 

contaminants onto the surface without damaging the bearing itself or the expensive 

crankshaft. Conformability of the bearing surface is also an important property since it 

allows smooth performance of bearings without severe damage if there is imperfect 

geometry or misalignment of the rotating shaft [18]. Finally, engine bearings need to 

have better corrosion resistance. Corrosion occurs when chemically active corrosive 

chemicals in the engine oil or oil degradation products reacts with the bearing 

materials and leads to loss of materials properties of the bearing. Conditions such as 
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high temperature in the engine and high sulphur fuels can increase oxidation of the oil 

and hence accumulation of corrosive products in the engine [19].

It may not be possible to fulfil all of the tribological requirements with a single 

material of choice. Engine bearings are usually made of two or more layers as 

illustrated in Figure 3. Each layer has its own purpose and altogether they provide a 

combination of required properties. Commonly, the lining of bearing alloy which is 

few millimetre 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. A very thin intermediate layer, which serves as a 

diffusion barrier, with a thickness of a few microns is deposited on the lining [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, seizure resistance, conformability and embeddability 

properties of the bearing [21]. It also improves the running-in behaviour which 

involves reorientation of the material at the initial stages of sliding. However, in bi-

metal bearings where an overlay is absent, tribological performance is determined by 

the bearing lining itself. 

 

Figure 3. Physical structure of engine bearings. 
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1.4.  Tribology of bearing materials 

Various materials of different compositions have been used for engine bearing 

application. The type of materials used as engine bearing material depends on the 

operating conditions of an engine such as speed of the rotating crankshaft and 

magnitude of bearing load.  

Pb containing bearing materials 

Traditional bearings were made of linings of white metal bearing alloys (alloys of Sn-

Sb-Cu or Pb-Sb-Sn, Cu-Pb, and Pb-bronze) or Al-based materials with Al-Sn alloys or 

Al-Pb alloy. In addition, plating of the lining with a Pb-based overlay is common to 

prevent seizure of the lining and crankshaft and to protect the lining from corrosive 

attack by the lubricating oils. The soft metal Pb with hardness of about 4 HV induces a 

lower friction and increases conformability [5, 22]. Pb containing materials such as 

Cu-Pb based linings and overlays have been extensively used due to their low friction 

characteristics and the excellent conformability and embeddability behaviour of Pb 

[23]. 

However, the use of Pb has negative environmental and health impact and there are 

environmental regulations such as the EU directive 2000/53/EC that prohibits the use 

of Pb for manufacturing automobile components and, consequently, the trend shifts 

toward manufacturing environmentally adapted Pb-free engine bearings [24]. Its lower 

strength is also another factor in replacing Pb-containing bearing materials [25]. 

Pb-free bearing materials 

The environmental regulation mainly affects the Cu-Pb bearing alloys. Hence, Cu 

based Pb-free bearing materials are being presently developed by bearing 

manufacturers. New engine bearings are manufactured either from bronze linings 

without any soft phase [26] or bronze with soft phase such as Bi [27]. Bi with a 

melting point of 271 0C is another element with mechanical properties similar to Pb 

and can replace Pb soft phases in a Cu-Pb based lining materials.  



6

There are also a few overlay materials which have been supposed to replace Pb-based 

overlays. For instance, polymeric overlays such as polyamide-imide containing 

graphite and MoS2, have been reported to have better friction and wear properties than 

those of Pb-based overlays [21].  

Al-Sn based materials were earlier used as a bearing lining. However, recently, Al-Sn 

based materials are being used as bearing overlay and have shown better wear 

resistance compared with that of Pb-based overlay material [21].  

Another proposed material to replace Pb-based overlay materials is Sn. It has a melting 

point of 232 0C and comparable mechanical properties with that of Pb and it was used 

in different amount in white metal bearing alloys.  

Some of the salient studies on Pb-free bearing materials are briefly discussed in the 
following paragraphs. 

Bronze based bearing materials 
Langbein et al investigated seizure resistance of various alloys CuSn4Zn1, CuSn8Zn1, 

CuSn5Zn1 setting a minimum requirements of seizure load (20 MPa) and fatigue load 

(150 MPa) taking the standard Cu based CuPb22Sn2 bearing alloy as a reference. The 

seizure test procedure initially involves running-in period and then stepwise increase 

in load till it reaches seizure limit. Their finding shows that seizure resistance of 

CuSn5Zn alloy is better than CuSn4Zn1 and CuSn8Zn [26]. Conformability and 

embeddability of these Pb-free bronze materials can be improved by electroplating or 

sputtering with overlays such as AlSn20Cu or synthetic layers consisting of poly-

amide-imide (PAI) with graphite and molybdenum disulfide or combination of them 

[26].  

Other bronze materials with an inclusion of Sn soft phase in a bronze alloy were 

reported. Normally, Sn is soluble in Cu matrix and it does not form a pocket of soft 

phase unlike that in traditional Pb-containing bearings. Vetterick et al reported that 

bronze alloy with Sn soft phase manufactured by a powder metallurgy processing has 

comparable friction property and better wear resistance compared with leaded bronze 

alloy [28].  
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Tribaloy (T-401 which consists of 17% Cr, 22% Mo, 1.2% Si and balance Co in 

weight) alloy reinforced Sn-bronze composite coating for journal bearing applications 

was also reported to possess improved friction and wear properties than Pb containing 

Sn-bronze alloys [29].

Al- Sn based bearing materials 
Grün et al reported the tribological performance of Pb-free Al-based alloys. They 

mainly studied the difference in the microstructures of Al-based bearing alloys with 

variation in Sn soft phase (Al99.6, AlSn20Cu, and AlSn40) and its consequence on the 

friction and wear characteristics using a ring-on-disc test in which a rotating specimen, 

the disc, is loaded against a static steel ring [30]. There were differences in the 

hardness of Al matrix and the constituent phases. For example, the Sn soft phase in 

both AlSn20Cu, and AlSn40 were softer (19 and 27 HV, respectively) than the Al 

matrix in these alloys ( 64 HV). This microstructure, i.e. the inclusion of the soft phase 

in the harder matrix is an ideal structure for bearing application. In general, for Al-

based bearing alloy with higher content of Sn soft phase the running-in process shows 

lower coefficient of friction and with an increase in load the friction coefficient does 

not change suddenly. For AlSn40 a rapid increase in friction is observed at higher load 

(12 MPa) than for AlSn20Cu (8 MPa). In the AlSn20Cu matrix, at higher temperature 

Sn melts on the surface and reduces friction. In addition, there was large deformation 

on the AlSn20Cu. This was confirmed by the elongation of the soft phases. There was 

also formation of mixed zones, Al2O3 and incorporation of Fe particles oxidized into 

Fe2O3 and Fe3O4, with high hardness value. In contrast, the Al-based alloy with higher 

content of soft phase (AlSn40) shows no plastic deformation and oxidation products 

on the surface. Based on these results Grun et al developed a functional model for 

tested Pb free Al-based bearing materials. As the Sn soft phase content increases, 

material strength decreases. In addition, for materials with 20 % Sn content there is 

squeezing of the soft phase and mixing of the soft phase with the Al matrix [30].  

Al-based alloys with Si and Sn were also reported to have improved friction and wear 

properties for journal bearing applications. Among the Al-based alloys, the alloy with 

the highest content of Si was found to be the hardest (94 HB) and has the lowest 
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coefficient of friction and highest wear resistance. In general, it is reported that Al-Sn 

and Al-Si alloys have better wear properties than Al-Pb alloys [31]. 

Kagohara et al compared friction and anti-adhesive properties of Al-Sn-Si with a 

newly developed Pb-free Al-Sn-Si plain bearings coated with MoS2 and it was found 

that the Al-Sn-Si coated with MoS2 has improved friction properties with less transfer 

of material [32].

Bi containing bearing materials 
Bi is an alternative for replacing Pb in bearing materials. It has similar properties with 

Pb and causes no harm to health. For instance, it can undergo a monotectic reaction 

with Cu-based systems like Pb. It also improves seizure resistance by sticking out onto 

the surface.

Kerr et al reported about the friction and wear properties of newly developed bearing 

materials with a bronze based lining containing Bi (Cu, 10%Sn, 4%Bi), a silver 

interlayer and a Bi overlay. Investigation was carried out at various Stribeck number ( 

 ) by varying sliding speed and load per unit length. The Bi overlay was found to 

have lower friction at higher stribeck numbers compared with other Pb containing 

bearing materials. In general, the friction of the Bi overlay has lower friction compared 

with a Pb-containing overlay of (Pb,8%Sn 2%Cu) and Sn-based overlay (Sn 3%Cu) 

with an interlayer of Ni on Pb containing lining (Cu 23%Pb 3%Sn) [27]. 

It was found that the Bi-material has better wear properties than Pb-containing bearing 

material at extreme conditions and the wear performance of the Bi-based material may 

be due to the movement of Bi across the surface of the interlayer [27]. 

Polymer-based bearing materials 
Polymer based overlays are also possible candidates for journal bearing application 

[26]. For instance, harder lubricating particles (MoS2) in softer polymeric matrix (PAI) 

with macro hardness of 47 HV sprayed over a Pb-containing substrate was studied. 

During the running in process the MoS2 lamellae stick out of the polymer matrix and 

this overlay has improved loading capacity especially at higher sliding speed [21].
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1.5.  Research gaps and need for research 

Even though new Pb-free engine bearing materials are being manufactured to replace 

old Pb-containing bearings, there is very little information about their friction and 

wear performance at different operating conditions. The compatibility of these Pb-free 

bearing materials with already existing engine oils is not known. Therefore their 

tribological performance in lubricated condition under mixed and boundary lubrication 

regimes needs to be investigated. 
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Chapter 2

Objectives 

The main objectives of this work are to investigate the tribological performance of Pb-

free engine bearing materials with various compositions of linings and overlays and 

compare their performance with the conventional Pb-containing engine bearing 

material. The Pb-free engine bearing materials include Al-Sn based lining with no 

overlay, bronze linings with PAI–based overlay containing MoS2 and graphite, Al-Sn-

based overlay and Sn-based overlay. To understand the damage mechanisms in actual 

engine bearings, traditional Pb-containing engine bearings from field test were also 

characterized and analysed.  

 

2.1  Specific objectives

The specific objectives of this research are  

To obtain a deeper understanding about the possible damage mechanisms in Pb-

containing actual engine bearings from field test. 

To understand the friction and wear behaviour of selected Pb-free bearing 

materials under mixed and boundary lubrication conditions vis a vis the 

conventional Pb-containing engine bearing material.  
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Chapter 3

Experimental work 

This section describes the experimental materials and techniques that have been 

employed in this work. Damage analysis on Pb-containing bearings from field test and 

tribological studies of selected Pb-free bearing materials have been carried out.  

3.1 Experimental materials for damage analysis 

Actual engine bearings from field tests were analysed to characterize typical damage 

mechanisms on engine bearings. For this study a complete sets of main bearings and 

connecting rod bearings were investigated. The full set of main bearings has seven 

upper main bearings and seven lower main bearings. On the other hand, the full set of 

the connecting rod bearings contains six upper connecting rod bearings and six lower 

connecting rod bearings as shown in Figure 4. The bearings were run on a Euro V 

truck in a long haulage with European diesel fuel and Low-SAPS (low sulphated ash, 

phosphorus-sulphur) oil. Oil drain interval was after 120.000 km which is slightly 

longer than what is recommended with such oil for this bearing type. These engine 

bearings were traditional Pb-containing materials consisting of Cu-Pb based lining on 

steel backing, a very thin Ni diffusion barrier and Pb-based overlay. For microscopic 

analysis samples were cut out from the bearing shells using a metal cutting diamond 

blade and cleaned with acetone.  

Figure 4. Photographs of full set of main bearings: (a) lower and (b) upper bearing 

and connecting rod bearings: (c) lower and (d) upper bearing. 



14

3.2 Experimental materials for tribological studies 

Table 1 shows a list of test materials investigated in paper B. A1 was a bi-metal 

bearing material with no overlay. However, materials designated as A2, A3 and B1 

have lining, diffusion barrier and an overlay. A3 has two overlays. B1 is a Pb-

containing material and studied as a reference. These test samples were cut out from 

main bearing shells with a diameter of 104 mm using an electro discharge wire cutting 

machine. Each test sample was 5.5 mm in width and 12 mm in length.                  

Table 1: Nominal composition and thicknesses of lining interlayer and overlay of test 

samples (paper B).  

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 

Table 2 shows a list of test materials investigated in paper C. Test samples are tri-

metal bearings. The lining material for both C1 and C2 are different in composition 

but their overlays are both Sn-based. B2 has a Cu-Pb based lining and Pb-based 

overlay material with Sn flash coating and is studied as a reference. All three test 

samples have a Ni diffusion barrier. These test samples were cut out from con-rod 

bearing shells with a diameter of 93.2 mm.                  

 

Table 2: Nominal composition and thicknesses of lining, interlayer and overlay of test 

samples (paper C).  

Sample Composition Thickness (µm) 

Lining Interlayer overlay Lining Interlayer Overlay 

C1 CuSn4Bi4Ni1 Ni Sn 322 4.75 9.75 

C2 CuSn8Ni1 Ni Sn 301 2.10 9.25 

B2 CuPb23Sn2 Ni PbSn10Cu5 270 2.25 15 
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A taper roller bearing outer ring made from high grade bearing steel AISI 52100 with 

diameter of Ø 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 for all the experiments. The viscosity of the oil is 

0.146 and 0.0149 Pas at 25 0C and 95 0C, respectively. 

3.3 Experimental techniques and test procedures 

The surface topography of the test materials were investigated using a Wyko 1100NT 

3D optical surface profiler. Worn surfaces were also investigated using optical 

microscopy and A Jeol JSM 6460 scanning electron microscope (SEM with 

incorporated EDS. 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 100nm and at 5N load.  

A CETR UTM-2 tribometer with a block-on-ring test setup was used for friction and 

wear studies as shown in Figure 5. The upper carriage consists of a dual friction force 

and normal force sensor. A test sample holder is mounted on to the upper carriage 

through an adapter with suspension. The carriage can move up and down to 

load/unload the test sample against the counter-surface steel ring. It can also move in 

x-direction for aligning the test sample with the counter-surface. The lower drive has a 

rotating shaft on which the steel ring is mounted. There is an oil bath in which the 

lower part of the steel ring is immersed for lubrication and oil is picked up by the steel 

ring as it rotates. For tests at 95 0C the oil bath and the test samples are covered with a 

heating cartridge mounted onto the side of the lower drive.  
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Figure 5: Schematics of block-on-ring test configuration used for friction and wear 

studies.

To investigate the effect of rotational speed on friction transition for different materials 

tests were carried out at different rotational speeds of 1, 5, 25, 100, 150, 250 and 400 

rpm under lubricated condition as shown in Figure 6. 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 15s to reduce the effect of wear on the contact 

area [33]. Tests were carried out at different loads of 20, 30, 50 and 80N.  

 
Figure 6. Test condition: effect of rotational speed on friction 
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To investigate the steady state-friction behaviour and wear characteristics, tests with 

relatively longer test duration were carried out. Test conditions listed in Table 3 were 

carefully selected to ensure the tests are in mixed/boundary lubrication condition. 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 minimize the 

effect of mixed lubrication and ensure operation in boundary lubrication.  

 

Table 3. Test conditions for friction and wear measurements used in Paper B 
Condition Load Speed Duration Temperature 

1 50N 25 rpm 120s RT and 95 0C 

2 50N 1 rpm 50 min RT and 95 0C 

3 200N 1 rpm 3 hrs RT and 95 0C 

 

Test conditions used to investigate steady-state friction and wear behaviour of test 

samples with Sn-based overlay are shown in Table 4.  

 

Table 4. Test conditions for friction and wear measurements used in Paper C. 
Condition Load Speed Duration Temperature 

1 50N 25 rpm 120s 95 0C 

2 50N 5 rpm 10 min 95 0C 

3 200N 5 rpm 36 min 95 0C 

 

Wear scar width of test samples was obtained by taking a surface profile of tested 

samples using WYKO optical surface profiler and measuring the wear scar width at 

more than three positions on the wear scar and taking the average of them.  

 



18



19

Chapter 4

Summary of results 

4.1 Damage mechanisms in engine bearings  

Damages in various forms and appearances were observed on the field tested engine 

bearings and key results are discussed in the following sections. 

4.1.1 Severe scoring marks

Scratches and severe abrasive wear in the circumferential direction were observed as 

shown in Figure 7. Most of the abrasive damages were not so deep and the overlay 

was only partially scratched. In one of crankshaft main bearings severe scoring marks 

were seen and the Cu-based lining was exposed due to a third body abrasive particle 

between the bearing surface and the crankshaft. This can lead to corrosion in the 

vicinity of the exposed lining and the soft Pb phase could be lost from the Cu matrix of 

the bearing lining material [23]. 

 

Figure 7. Optical micrographs of scoring marks on main bearing: (a) mild scoring (b) 

severe scoring (c) cross-section of severe scoring damage. 
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4.1.2 Distinctive wear regions  

Distinctive wear regions were observed in both crankshaft main bearings and 

connecting rod bearings as shown in Figure 8.  

 

Figure 8. Photograph of a connecting rod bearing with noticeable wear regions 

Magnified images of area 1, 2 and 3 are shown in Figure 9. Area 1 is the unworn 

surface. Area 2 is a shiny area and is relatively smooth and area 3 is the relatively 

dark.  In area 2 previously embedded dirt particles were removed leaving small pin 

hole like features on the surface. As shown in Figure 10, in area 4 the damage is 

uneven as is evident from the machining marks and area 5 which is brown in colour 

shows a completely exposed lining.  

As shown in Figure 11, EDS analysis of area 1 and area 2 has the elemental 

composition of the original overlay. On area 1 and area 2 carbonaceous soot dirt 

particles are embedded and hence the overlay serves one of its purposes [34]. Area 3 

consists of Sn, Cu and Ni which is different from the original overlay. The absence of 

Pb is an indication of corrosion. Previous research on Cu-Pb based bearing materials 

has shown that corrosion causes Pb to be leached out from the material [35]. In area 4, 

the composition is similar to area 3. The elemental composition of area 5 confirms the 

overlay is completely removed and the Cu-based lining is exposed. Pb is leached away 

from the surface of the exposed lining as it was not present in the EDS spectra. The 

bright phases on the surface of the exposed lining have mainly elemental composition 

of Ni and Sn. This could result from diffusion of Sn into the Ni interlayer [36].  
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Figure 9. (a) Optical micrograph showing area 1, 2 and 3 and corresponding SEM 

images of the different regions (b) area 1 (c) area 2 and (d) area 3 

 

 
Figure 10. (a) Optical micrograph showing area 4 and 5: the brown region is an 

exposed lining and corresponding SEM images of (b) area 4 and (c) area 5. 
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Figure 11. EDS spectra corresponding to different areas on the connecting rod 

bearings: (a) area 1 (b) area 2 (c) area 3 (d) area 4 and (e) area 5 

In some of the main bearings, distinctive wear regions with 4 different areas were 

seen. In area 1 and 2, the elemental composition is similar to that of the overlay. In 

area 3 and 4, only traces of Pb were observed and there was no exposed lining. 

However, there was flaked overlay material from the bearing surfaces.  

4.1.3 Flaking of overlay material  

In the main bearings, parts of the overlay are flaked from the highly loaded and 

smoothened area as shown in Figure 12. The flaking of material may arise when the 

bearings are run at higher load above its fatigue strength [37, 38]. Cross-sections of the 

flaked region show that the damage did not go deep into the lining. EDS analysis of 
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the flaked surfaces shows identical elemental composition with the original overlay 

and the overlay is not entirely detached and very thin overlay material is left. 

 
Figure 12. (a) Main bearing with flaked overlay and SEM images of (b) detached 

overlay material (c) closer look of fresh exposed bearing surface (d) cross-section of 

the flaked area and (e) EDS spectra corresponding to flaked surfaces. 

4.1.4 Cracks on the overlay 

As shown in Figure 13, on parts of the bearing surface fine cracks appeared a few 

centimetres away from areas where clusters of flaking of overlay occurred. These 

cracks did not lead to subsequent removal of material.  
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Figure 13. Optical micrograph showing cracks on the bearing surfaces close to the 

edges of crankshaft main bearings. 

4.1.5 Localized wear due to cavitation damage 

Localized wear due to cavitation damages are shown in Figure 14.  In the half set of 

the connecting rod bearings localized wear due to cavitation damage occurred few 

centimetres away from the bearing locating lug and perpendicular to the oil holes. It 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 [39]. In the main bearings, it 

occurred in the upper-half bearings with oil holes and grooves. Under the influence of 

firing load, the crankshaft moved rapidly from the upper to the lower half bearings. 

The region in the oil hole on the upper half main bearing becomes low pressure area 

and results in formation of bubbles as the shaft rotates and leads to subsequent collapse 

of vapour bubbles [39].  

 

Figure 14. Localized wear due to cavitation on (a) connecting rod bearings and (b) 

main bearings. 
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4.2 Material characterization (Paper B and C) 

A1 has Al-Sn based lining applied on to the steel backing. For a better adhesion, there 

is a pure Al rich interlayer between the lining and the steel backing. Figure 15 shows 

the cross-section of A1 and distribution of the soft phase (Sn) in the Al matrix.  

 
Figure 15. SEM micrographs of (a) cross-section of A1 and (b) distribution of bright 

soft phase (Sn) in the Al matrix. 

A2 consists of a Cu-based lining material, an interlayer and overlay material on top. 

The overlay material is a polyamide-imide (PAI) containing MoS2 and graphite. The 

back scattered SEM image in Figure 16 shows the interlayer (dark grey) and the white 

particles (MoS2) distributed in the overlay. 

 
Figure 16. SEM images of cross sections of A2 bearing at different magnifications (a) 

and (b). 

A3 has four layers on top of the steel backing. The lining and the diffusion barrier are 

similar to that of A2. There is an Al-Sn based overlay and on top a PAI containing 
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MoS2 and graphite. As shown in Figure 17, SEM image of the cross-section clearly 

shows the different layers.  

 

 
Figure 17. SEM images of cross-sections of A3 bearing at different magnifications (a) 

and (b). 

Figure 18 shows the polished cross-sections of B1 which is a Pb-containing bearing 

material. In the Cu-Pb based lining, the white soft phase (Pb) is distributed in the Cu-

matrix. On top of the interlayer there is Pb based overlay.  

 
Figure 18: SEM images of polished cross-sections of B2 at different magnifications 

Figure 19 shows SEM micrographs of the original surfaces of test materials 

investigated in Paper B. 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.  
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Figure 19: SEM micrographs of the original surfaces of a) A1, b) A2, c) A3 and d) B1 

Figure 20a and b show SEM images of polished cross-section of C1. It consists of 

lining, an interlayer and an overlay material on top. The lining has a soft phase (Bi) 

distributed throughout the Cu-based matrix. Figure 20c 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 Figure 20d. 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 [40]. 

As shown in Figure 21a and b, polished cross-section of C2 has lining, interlayer and 

overlay. X-ray mapping of the Ni interlayer shown in Figure 21c indicates that the 

interlayer in C2 is thinner than that of C1. Cross-section of C2 etched with a mixture 

of NH4OH and H2O2, shows grain boundaries in the lining and it does not contain any 

distinctive phase as shown in Figure 21d.  
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Figure 20. 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

 
Figure 21. 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
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Surface topographies of the test materials studied in paper B exhibit different surface 

features as shown in Figure 22. 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. B1 has microgroove patterns which are supposed to improve lubrication 

[41]. Roughness values of original surfaces are given in Table 5.  

 

Figure 22. Surface topography of test materials (Paper B). 

 

Table 5. Surface roughness of original bearing surfaces (Paper B) 

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 

 

Surface profiles of test materials used in Paper C are shown in Figure 23. B2 has 

higher roughness values (Ra and Rq) than C1 and C2. C1 has slightly higher 

roughness values than C2. Roughness of surfaces of test samples is shown in Table 6. 

There are machining marks on the original surfaces of C1.  

 
Figure 23: Surface topography of test samples (Paper C). 
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Table 6: Roughness values of test sample (Paper C). 

Sample C1 C2 B2 
Ra (nm) 169 134 599 
Rq(nm) 216 194 831 

 

Figure 24 shows the hardness values obtained by nanoindentation for bearing test 

materials used in Paper B. 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 overlay 

materials and has almost similar hardness value with that of A1. The variations shown 

with the error bar might be because of the test specimens [42] such as variations in 

roughness of indented surface, indentation on grain boundaries and indentation on the 

soft inclusion or porosity of materials.  

 
Figure 24. Hardness values for linings and overlays of A1, A2, A3 and B1 (Paper B). 

 

As shown in Figure 25 the lining of B2 has lower hardness than others. The lining of 

C2 has higher hardness than that of B1. The lower hardness of linings of C1 and B2 

can be associated with the presence of Bi in C1 and Pb in B2, respectively. The 

hardness of Sn-based and Pb-based overlay materials are close to each other.  
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Figure 25: Hardness values for linings and overlays of C1, C2, and B2 (Paper C). 

4.3 Friction and wear behaviour of selected Pb-free engine bearings 

4.3.1 Effect of rotational speed on friction

The effect of rotational speed on friction on test samples (A1, A2, A3 and B1) cut out 

from main bearing shells is shown in Figure 26. Coefficient of friction (COF) values 

are average values from each test step for a duration of 15s. 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 bulk 

property of oil [43].  

At lower speed, Al-Sn based lining (A1) shows higher friction value compared with 

the other test materials. At room temperature and lower rotational speeds, COF values 

for PAI based overlay containing graphite and MoS2 (A2 and A3) and Pb-based 

overlay (B1) were close to each other and lower than that of A1. At 95 0C and lower 

rotational speed and load, friction values for A2 and A3 were found to be lower than 

that of B1. At RT and 95 0C, for the metallic materials A1 and B1, the transition in 

friction is sharp when the rotational speed increases. For A2, the decrease in COF as 

the rotational speed increases are significantly different at RT and 95 0C. At 95 0C, the 

decrease in COF is slow and this might be associated with decrease in lubricant 

viscosity and higher roughness of A2 [44]. 
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Figure 26: Effect of sliding speed on friction behaviour at RT: a) 30N, b) 50N, c) 80N 

& at 95 0C: d) 30N, e) 50N, f) 80N. 

Similarly, as shown in Figure 27, for test samples (B2, C1 and C2) cut out from con-

rod bearing shells COF decreases as rotational speed increases. At lower rotational 

speeds, COF values increased as the lubrication condition changes to mixed and 

boundary lubrication due to a metal-to-metal contact [45]. Sn-based overlay materials 

(C1 and C2) show almost similar transition in friction with that of Pb-containing (B2) 

overlay.  
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Figure 27: Friction behaviour as a function of rotational speed at 95 0C: a) 20N, b) 

30N, c) 50N, and d) 80N. 

4.3.2 Steady-state friction behaviour 

The 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 4.3.1. 

For test samples (A1, A2, A3 and B1) cut out from main bearing shells the results are 

shown in Figure 28-30. Al-Sn based lining has higher COF under both mixed and 

boundary lubrication conditions compared with the other test samples. For tests at 

higher load and lower rotational speed at RT, stick-slip occurs on the Al-Sn based 

lining. However, at 95 0C, stick-slip was observed only at early the stage of the test. Sn 

has lower hardness than Al and it becomes softer as temperature increases [46]. Softer 

Sn can easily be squeezed out of the Al matrix and modifies the layer and prevent the 

occurrence of stick-slip. 

Under mixed and boundary lubrication condition, the PAI based overlay containing 

graphite and MoS2 (A2 and A3) have similar friction behaviour as the top overlay has 
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similar composition. At lower rotational speed, where the effect of mixed lubrication is 

minimized, PAI based overlay shows the lowest and most stable friction. The lower 

friction values for the PAI based overlay are associated with the exposure of more 

MoS2 in the contact surface. At higher load, 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 [47]. However, for A3, the COF increases when the thin 

top PAI based overlay is worn and the second Al-Sn based overlay is exposed. Once 

the PAI based top overlay is worn, COF becomes similar to that of A1 which is also an 

Al-Sn based bearing alloy and at RT, stick-slip also occurs once the Al-Sn overlay of 

A3 is exposed 

Pb-based overlay exhibits lower COF in the mixed lubrication condition than the PAI 

based overlays. At lower rotational speed, the Pb-based overlay shows intermediate 

friction behaviour compared with the Al-Sn based overlays and PAI based overlays 

 
Figure 28: Friction behaviour at test condition 1: 50N, 25 rpm and 120s a) RT and b) 

95
0
C
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Figure 29: Friction behaviour at test condition 2: 50 N, 1 rpm and 50min a) RT and b) 

95
0
C

 
Figure 30: Friction behaviour at test condition 3: 200N, 1rpm and 3hrs a) RT and b) 

95
0
C

For test samples (B2, C1 and C2) cut out from con-rod bearing shells, the steady-state 

friction behaviours at three different test conditions are shown in Figure 31.   

At relatively higher rotational speed, i.e. in mixed lubrication condition, C2 which is a 

Sn-based overlay shows slightly lower friction values than the other Sn-based overlay 

(C1) and Pb-based overlay (B2). 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 extent 

of metal-to-metal contact between the surface of C2 and the counter-surface is 

reduced. This is regardless of the similarity in roughness of worn surfaces of the three 
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test samples since test samples are curved and hence when material is removed due to 

wear the ring test specimen touches part of the unworn surface when it slides. 

However, at lower rotational speed, all the three test samples show relatively higher 

friction level. This is an expected behaviour since at lower rotational speed the effect 

of mixed lubrication is minimized and boundary lubrication prevails. There is also an 

increase in friction as the test progresses. The Sn-based overlays of C1 and C2 show 

similar friction behaviour and trend.  

At higher load and lower rotational speed, the trend is characterized by a decrease in 

friction at the early stages of the test and an increase in friction as the test progress. Sn-

based overlays of C1 and C2 have similar friction behaviour. Pb-based overlay B2 

shows slightly lower friction levels and the friction tends to stabilise faster than C1 and 

C2.  

 
Figure 31: Steady state friction behaviour of C1, C2, and B2: a) test condition 1 b) 

test condition 2 and c) test condition 3 
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The average friction values for B2, C1 and C2 at the three test conditions are shown in 

Figure 32. At relatively lower load and lower rotational speed (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 relatively lower load. Furthermore, the average 

friction is lower at test condition 3 than at test condition 2 which might be due to the 

fact that at relatively higher load in addition to the boundary lubrication there could be 

shear of the soft overlay.  

 

Figure 32: Average friction values of for all test samples at: a) test condition 1 b) test 

condition 2 and c) test condition 3 

4.3.3 Wear behaviour 

Wear of the test samples was quantified in terms of wear scar width and the results are 

shown in Figure 33 and 34. B1 which has a Pb-based overlay exhibited higher wear 

among the tested samples. Wear of the Pb-based overlay is associated with its lower 

hardness as it is softer than the other overlays. The Al-Sn based lining of A1 and Al-Sn 

based overlay A3 with higher hardness show better wear resistance than that of the Pb-

containing overlay. However, A2 which has a PAI based overlay containing graphite 

and MoS2 has better wear resistance than the other test materials. 
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Figure 33: Wear scar width for tests at (a) RT and (b) 95 0C. 

For test samples B2, C1 and C2 there is not a large difference in wear scar width. The 

hardness of Pb-based overlay of B2 and Sn-based overlay (C1 and C2) are very 

similar. This might indicate that the main factor determining wear is the hardness of 

the overlays. 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.  
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Figure 34: wear scar width of tested samples at three different test conditions. 

Worn surfaces of C1, C2 and B2 show similar roughness values as shown in Table 7. 

This is mainly because of the similarity in the hardness of the Sn-based and Pb-

containing overlays which resulted in a relatively comparable surface deformation 

Table 7. Roughness of worn surfaces of B2, C1 and C2. 

Sample 
Test condition 1 Test condition 2 Test condition 3 

Ra (nm) Rq (nm) Ra (nm) Rq (nm) Ra (nm) Rq (nm) 
C1 98±22 132±31 112±20 153±24 83±9 117±8 
C2 95±23 130±32 81±13 110±18 85±24 115±34 
B2 93±13 131±20 107±18 149±26 83±19 116±25 

 
Worn surfaces were studied using SEM to investigate the surface damage of the test 

samples. For Pb-containing (B1), Al-Sn based lining (A1) and PAI-based overlays (A2 

and A3) the friction levels and wear scar widths are not directly related and surface 

damages also show different features. For the Pb-containing (B2) and Sn-based 

overlays (C1 and C2), even though the friction level and wear scar width of are close 

to each other, the surface damages are different as discussed in the following sections.   

Wear characteristics of test sample B1 

The worn surface of Pb-based overlay (B1) is shown in Figure 35. The appearance of 

microgrooves and non-uniform wear becomes visible after the soft overlay is worn. 
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There is pile up of mechanically deformed material in the sliding direction. This pile 

up of displaced material is attributed to the lower hardness of the Pb-based overlay. 

There is also flaked materials and surface damage in the vicinity of the highly loaded 

area.  

 

Figure 35: SEM micrographs of sample B1 a) pile ups on the edge of wear scars and 

b) 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 Figure 36. As 

confirmed by EDS analysis 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. 

Similar type of compound layers was also reported earlier by other researchers [35]. 

The formation of a dark compound layer initiates at the highly loaded peaks of the 

microgrooves.  
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Figure 36: 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). 

 

 Wear characteristics of test sample A1 

Worn surface of Al-Sn-based lining (A1) are shown in Figure 37. 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 [30]. There is also material 

removal from the worn surface. 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. 
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Figure 37: SEM micrographs of sample A1: a) material removed on worn surface and 

b) EDS spectra of the worn surface. 

Wear characteristics of test sample A2 

For PAI based overlay containing graphite and MoS2 (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 Figure 38, on the 

worn surface, the MoS2 particles are exposed. The bright exposed particles are MoS2 

as confirmed by EDS analysis. There are no signs of detached material on the worn 

surface. There is damage on the MoS2 particles in the form of cracking. The worn 

surface consists of coarse feature and granular structures. These surface features can 

act as oil reservoirs and improve lubrication.   

 

 
Figure 38: SEM micrographs of A2: (a) exposed MoS2 particles on worn surface and 

(b) cracks on MoS2 particle. 
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Wear characteristics of test sample A3 

For test sample with a PAI-based overlay and Al-Sn based overlay (A3), the worn 

surfaces are shown in Figure 39. The thin top PAI based overlay is worn and the 

intermediate overlay is exposed. This resulted in an increase in friction as shown 

previously in section 4.3.2. The initial friction coefficient value of 0.07 was observed 

when the original PAI-based overlay was intact. However, when the intermediate Al-

Sn based overlay is exposed the friction level increases. 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 since the test sample is curved. Once the Al-Sn 

overlay is exposed there is a mechanically modified surface. The soft Sn phase is not 

separately seen as it is smeared over the surface. EDS analysis at different points on 

the worn surface of A3 confirmed that there is mixing of Al and Sn and there was no 

material transferred from the counter surface.  

 
Figure 39: SEM micrographs of sample A3: a) boundary between the original and 

worn surface and b) middle of worn surfaces showing mixed layer formation. 

Wear characteristics of test sample B2 

A worn surface of Pb-containing test sample (B2) is shown in Figure 40. Worn 

surfaces were smoother and their roughness values are reduced to a greater extent 

compared with the unworn surfaces. There is also smearing of the Sn flash coating on 

the worn surface. There are also clusters of tiny spots of materials removed from the 

overlay. A compositional change on parts of the worn surface was also observed. As 

shown in Figure 41 the bright area has similar composition to that of the original Pb-
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based 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.  

 
Figure 40: SEM micrographs of wear scars of Pb-containing overlay of B2: a) 

boundary between the unworn and worn surface and b) clusters of tiny spots of 

material removed from the overlay. 

 
Figure 41: EDS spectra on the bright and dark areas on wear scar of Pb-containing 

overlay (B2). 

Wear characteristics of test Sample C1 

Worn surfaces of Sn-based overlay of C1 are shown in Figure 42. Most part of the 

worn surface has lower roughness than the unworn surface and the original machining 

marks are modified. On some parts of the worn surfaces the overlay material is 
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removed and the interlayer was exposed. This might be associated with the Sn oxide 

particles dragged from the edges of the wear scar and trapped between the two 

surfaces or it could be due to slight misalignment causing more material removal. 

There are dark particles dragged and dispersed on one edge of the wear scar and EDS 

analysis has shown that they contain considerable amount of oxygen. 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 due to thermal 

oxidation [48]. 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 humidity. 

 
Figure 42: SEM micrographs of wear scars of Sn based overlay (C1): a) boundary 

between the unworn and worn surface and b) exposed interlayer. 

Wear characteristics of test Sample C2 

Worn surfaces of the Sn-based overlays of C2 are shown in Figure 43. There were 

scoring marks due to abrasive wear. This might be due to abrasive contaminants or 

protruding surface asperities on the steel ring. On some parts of the wear scar, the 

interlayer was exposed but there was no sign of detachment of overlay material. Pile 

up of displaced materials was also seen on one edge of the wear scar in the sliding 

direction. Due to mechanical deformation of the overlay worn surfaces are smoother 

than the unworn surfaces like B2 and C1. 
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Figure 43: SEM images of wear scars of Sn based overlay (C2): a) scoring mark and 

b) exposed interlayer. 
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Chapter 5

Conclusions 

In this work, mainly two tasks have been carried out. Damages in traditional bearing 

with Cu-Pb based bearing lining with Pb-based overlay from field test were 

characterized. In addition, friction and wear performance of Pb-free bearing materials 

under mixed and boundary lubrication conditions were studied with a block-on-ring 

test set up and compared with that of the traditional Pb-containing bearing materials. 

The major damages in the Cu-Pb based bearing lining with Pb-based overlay from 

field test were severe scoring due to third-body abrasive wear, flaking of overlay 

material in the highly loaded region due to surface fatigue. There were also cracks 

without any sign of propagation into the lining. Cavitation damage was seen but it 

was not severe. A dark layer with elemental composition of Cu, Sn, and Ni was 

also formed due to corrosion. 

In tribological tests carried out in laboratory, at both RT and 95 0C, Al-Sn based 

lining with no overlay shows higher friction than PAI based overlay and Pb-based 

overlay. For PAI based overlay, the decrease in COF as rotational speed increases 

is relatively slow compared with Al-Sn based lining with no overlay and Pb-based 

overlay. At relatively higher load, stick-slip occurred on the Al-Sn based 

materials.  

Al-Sn based lining with no overlay has better wear resistance than Pb based 

overlay. At lower sliding speed, PAI has better wear resistance than Pb-based and 

Al-Sn based materials.  

Sn based overlays show a friction transition similar to that of Pb based overlay 

when the rotational speed is varied. The steady–state friction behaviour of Sn-

based overlays is similar and follows the same trend with that of Pb-based 

overlay.  

Worn surfaces of both Sn-based overlays and Pb-based overlay have almost 

similar roughness values. The wear resistance of Sn-based overlays are similar to 

that of Pb based overlay except at relatively higher rotational speed where Pb-
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based overlay shows slightly higher wear. Damages on worn surface of Pb based 

overlay shows clusters of tiny spots of material removed from the overlay. Sn-

based overlays shows abrasive wear and adhesive wear leading to exposure of the 

interlayer. 
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Chapter 6

Future work 

The current work has given an important understanding of the friction response of 

selected Pb-free bearing materials under varying rotational speed, load and 

temperature. Furthermore, the knowledge related to steady state friction and wear 

behaviour of these materials under mixed/boundary lubrication conditions have also 

improved. 

The future task will be to investigate and understand one of the important tribological 

requirements, namely seizure resistance, of these Pb-free engine bearing materials. In 

order to achieve this, seizure resistance of these materials in response to load ramping 

under dry and lubricated condition will be studied.  

Tribological performance of other new Pb-free bearing materials with various 

compositions of overlay materials will be studied under mixed/boundary lubrication 

conditions. 

The tribological performance of selected Pb-free bearing materials using different 

lubricant/additive formulations will be investigated with a view to look into Pb-free 

bearing material and lubricant compatibility issues. Since the lubricant during service 

undergoes degradation, studies will also be undertaken to investigate the effect of 

aging of lubricants on friction and wear of Pb-free engine bearing materials. 

Since abrasive wear is predominant cause of damage to the shaft and bearing surfaces, 

the embeddability properties of different Pb-free bearings materials will also be 

investigated. 
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Abstract

Engine bearings are important component of an engine that support and allow smooth rotation 
of the crankshaft. Engine bearings are supposed to operate under hydrodynamic lubrication 
regime where the bearing and shaft’s surface are separated by a lubricant film. Damages may 
arise due to non-ideal conditions such as dirt particles or abrasive particles in the engine, 
inadequate clearance between the two surfaces due to insufficient lubrication and 
misalignment during assembly or damages associated with the design of engine bearings. 
Studying damage mechanisms in engine bearings is an important approach in developing new 
engine bearing materials that suits new environmental requirements and test methods that 
enables investigations of performance of recently emerging engine bearing materials. 

In this paper, a full set of crankshaft main bearings and connecting rod bearings that contain 
Cu-Pb lining and Pb-based overlay have been investigated. These bearings were run in an 
engine with slightly longer oil drainage interval. In addition to careful visual inspection, 
optical microscopy was used to get information about the damages. Furthermore, detailed 
images were also obtained from Scanning Electron Microscopy (SEM) incorporated with 
energy dispersive spectroscopy (EDS). 

It was found that the major damages were severe scoring due to third body abrasive wear 
leading to exposure of lining material, flaking of overlay material due to fatigue damage, 
corrosion of bearing material, and cavitation erosion. Therefore, when new engine bearing 
materials are developed and investigated, their tribological performance in view of these 
damages must be considered. 

Keywords: Engine bearings, failure analysis, third-body abrasive wear, cavitation, corrosion 

1. Introduction

Engine bearings are an important component of an engine that support and allow smooth 
rotation of shafts. Under ideal operating conditions, the rotation of the crankshaft drags the oil 
into the contact and the bearing surface is separated from the crankshaft’s surface by a thin 
lubricant film which allows engine bearings to operate under hydrodynamic lubrication 
regime [1]. Operating condition such as minimum lubricant film thickness, bearing 
temperature, specific loads, and lubricant properties can influence performance of engine 
bearings [2].

Adequately lubricated engine bearings can operate smoothly without significant wear or 
damage. However, if the operating conditions are not optimum, it may lead to bearing damage 
[3]. Engine bearings can be damaged in different ways and have different appearances on the 
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surface of the bearings. These damages can be caused by different factors such as extreme 
operating condition and improper assembly or misalignment accompanied with incorrect 
geometry [4].

In most cases, even though the causes of damage are different, the wear mechanism could be 
similar. 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 result in wear of the overlay 
due to direct metal-to-metal contact between the crank shaft and bearing surface [5]. The 
direct metal-to-metal contact between bearing and crankshaft surface usually leads to 
adhesive wear  or smearing of the bearing surface. Similarly, scoring of bearing surfaces can 
be common and the causes for the damage can be presence of contaminants in the engine oil 
and/or rough shaft surface [6]. The severity of the damage may depend on the concentration 
of contaminant in engine oil, the contaminant particle sizes and the sharp edges on the journal 
surfaces. The damage mechanisms in these cases can be considered as abrasive wear. 

Wear of 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 parts of the bearing surface that experience lower load [7]. 

Corrosion is often a problem. It occurs when chemically active corrosive products in the 
engine oil reacts with the bearing materials. Conditions such as high temperature in engine 
and high sulfur fuels can increase oxidation of the oil and hence accumulation of corrosive 
products in the engine [8]. Usually in Cu-Pb based bearing materials, Pb soft phase would be 
leached away from the bearing alloy and result in bearing damage. 

Sometimes it may not be easy to identify damage mechanisms since there are several causes 
for the damage and can occur simultaneously on part of the bearing surface. Especially, if 
most of the overlay is already worn out, it could be difficult to point out the initial cause for 
the damage. 

Bearing damages can usually be seen with naked eye and careful visual inspection could give 
a clue about the damage mechanisms. However for more detailed failure investigations, 
microscopic examination may be necessary. 

The main objective of these investigations is to obtain deeper understanding about the 
possible damage mechanisms in Pb-containing bearings from field test in general. Even 
though, these Pb-containing bearings being replaced by Pb-free engine bearing materials due 
to recent environmental regulations, the information obtained from this analysis will be useful 
in choosing appropriate tribological test conditions and methods to carry out tribological 
studies on newly emerging Pb-free engine bearings. 

2. Background of Bearing Samples 

Complete sets of upper and lower crankshaft (main) as well as connecting rod bearings used 
in the field test were investigated. The full set of main bearings has 7 upper main bearings and 
7 lower main bearings. On the other hand, the full set of the connecting rod bearing contains 6 
upper connecting rod bearings and 6 lower connecting rod bearings as shown in Figure 1. The 
bearings were run on a Euro V truck in a long haulage with European diesel fuel and Low-
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SAPS (low sulphated ash, phosphorus-sulphur) oil. Oil drain interval was after 120.000 km 
which is slightly longer than what is recommended with such oil for this bearing type. 

Figure 1. Photographs of full set of main crankshaft bearings: (a) lower and (b) upper bearing and 
connecting rod bearings: (c) lower and (d) upper bearing. 

Investigated bearing samples were Pb-containing engine bearing materials consisting of Cu-
Pb based lining casted on steel backing, a very thin Ni diffusion barrier and Pb-based overlay.  
Cross-section of unworn bearing sample is shown in Figure 2. 

Figure 2. SEM micrograph of polished cross-sections of bearing sample. 

3. Sample Preparation and Characterization Techniques  

For careful visual inspection and optical microscopy studies, the test samples were cleaned 
with acetone. For detailed investigations of the samples using SEM, representative samples 
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were cut out from the full bearings using a metal cutting diamond blade. The damage 
mechanisms of the bearings were studied with simple visual inspection, optical microscopy 
and SEM with incorporated EDS. 

4. Results and Discussion 

Careful visual inspection of the bearing surfaces has shown that the field tested bearings have 
suffered damages in various forms and appearances as discussed in the following sections. 

4.1 Severe Scoring marks

Scratches and scoring marks in the circumferential direction were observed. These scoring 
marks differ in depth and width. In most cases, the scoring marks were not so deep and the 
overlay was scratched partially as shown in Figure 3 (a). These scoring marks were seen in 
most of field tested bearing samples. However, severe scoring mark which was observed in 
one of crankshaft main bearings shows that the overlay and interlayer were completely 
removed and the Cu-based lining material was exposed as shown in Figure 3 (b) and 3 (c).  

Figure 3. Optical micrographs of scoring marks on main bearings: (a) mild scoring (b) severe scoring 
(c) cross-section of severe scoring damage. 

This kind of wear occurs when there is a third body abrasive particle between the bearing 
surface and the crankshaft. Abrasive particles can be contaminating particles or wear debris 
produced due to wear of other components of the engine. The severity of the third-body 
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abrasive wear may depend on the size, shape and hardness of the third body particles. Under 
ideal conditions, the overlay is supposed to safely embed these third body abrasives particles. 
However, it seems that the abrasive particle is larger in size and harder and removes the entire 
overlay as it is dragged in to the contact. At some point, the depth of the scoring mark 
changes and this could be due to either an increase in the clearance between the bearing 
surface and the crankshaft or modification of the surface of the hard abrasive particles by the 
worn softer overlay material or fragmentation. When the lining is exposed, there is a 
possibility that corrosion can occur in the vicinity of the exposed lining and the soft Pb phase 
could be lost from the lining material [9].

4.2 Distinctive wear regions  

In both crankshaft main bearings and connecting rod bearings distinct wear regions could be 
seen. Figure 4 shows a photograph of a connecting rod bearing with distinctive wear profiles 
designated by numbers. Area 1 corresponds to the relatively unworn surface of the overlay. 
Next to the unworn surface there is a shiny area (area 2) and adjacent to the shiny areas there 
is relatively darker (roughened or etched) region (area 3). Area 4 corresponds to the region 
between area 3 and area 5. Area 5 has a brown color that corresponds to the exposed lining. 
Wear features of area 1, 2, 3 and 4 occur in both sides of the exposed lining. The exposed 
lining corresponds to the area in the bearing where a maximum contact occurs.  

Figure 4. Photograph of a connecting rod bearing with noticeable wear regions 

The SEM images of surfaces from different regions are shown in Figure 5. Figure 5 (a)
corresponds to optical micrograph of area 1, 2 and 3. Figure 5 (b) shows the relatively original 
overlay (area 1). The shiny area (area 2) is relatively smooth. There is a clear boundary 
between the shiny area (area 2) and the relatively dark area (area 3) as shown in Figure 5 (c). 
In the shiny area (area 2), it can be seen that some of previously embedded dirt particles were 
removed leaving small pin holes like features on the surface. Figure 5 (d) shows the dark area 
(area 3). In all these three regions, the lining material was not exposed. 

Figure 6 (a) shows optical micrographs of area 4 and 5. Figure 6 (b) shows the region 
between the dark area (area 4) and the exposed lining (area 5). In this area the damage is 
uneven as is evident from the machining marks. Figure 6 (c) shows completely exposed lining 
(area 5).  
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Figure 5. (a) Optical micrograph showing area 1, 2 and 3 and corresponding SEM images of the 
different regions (b) area 1 (c) area 2 and (d) area 3

Figure 6. (a) Optical micrograph showing area 4 and 5: the brown region is an exposed lining and 
corresponding SEM images of (b) area 4 and (c) area 5.

In the connecting-rod bearings, EDS analysis was carried out to investigate the elemental 
composition of each of these distinctive areas. As shown in Figure 7, area 1 and area 2 of the 
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overlay is mainly composed of Pb, Sn and small amount of Cu. However, in area 3, it consists 
of Sn, Cu and Ni. The dark layer in area 3 has elemental composition quite different from the 
original layers of the bearing. The absence of Pb is an indication of corrosion of the bearing. 
Previous studies on Cu-Pb based bearing materials have shown that corrosion causes Pb to be 
leached out from the material [10]. In area 4, the composition is similar to that in area 3.   

Elemental composition of area 5 confirms that the overlay is completely removed and the 
brown color corresponds to the Cu-based lining. Similar to area 3 and 4, Pb is leached away 
from the surface of the exposed lining as it was not observed in the EDS spectra. The bright 
phases on the surface of the exposed lining are mainly composed of Ni and Sn. This resulted 
from diffusion of Sn into the Ni interlayer [11]. Longer oil drain interval might be the reason 
for the corrosion of bearing since it can result in degradation of oils and formation of 
corrosive constituents. 

On the relatively unworn bearing surfaces (area 1) and shiny region (area 2) dirt particles are 
embedded. The embedded particles were found to be mainly carbonaceous soot particles. In 
this regard, the overlay of the bearing serves its purpose since one of the main purposes of the 
overlay is to improve embeddability [12].

Figure 7. EDS spectra corresponding to different areas on the connecting rod bearings: (a) area 1 (b) 
area 2 (c) area 3 (d) area 4 and (e) area 5 

In the crankshaft main bearings, the damaged surfaces exhibited 4 different areas similar to 
that of the connecting rod bearings discussed previously. Figure 8 (a) shows the photograph of 
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the worn surfaces of the crankshaft main bearings. In all the main bearings, there was no 
exposed lining. In addition, there was flaked overlay material from the bearing surfaces as 
shown in Figure 8 (b) which was not observed in the previously discussed connecting rod 
bearings. In main-bearings, in area 1 and 2, EDS analysis confirmed that the elemental 
composition is similar to that of the overlay. However, in area 3 and 4, only traces of Pb were 
observed. 

Figure 8. (a) Photograph of crankshaft main bearing with noticeable wear regions and (b) 
corresponding SEM images of distinctive flaked overlay. 

4.3 Flaking of overlay material  

A simple visual and microscopic inspection has shown that there was flaking of the overlay 
from the bearing surface as shown in Figure 9(a) –(c).  

Parts of the overlay are flaked from darkened shiny surfaces. The flaking of material may 
arise when the bearings are run at higher temperature or higher load above its fatigue strength. 
The rise in temperature can be due to a metal to metal contact that may cause the soft overlay 
material to behave differently and once the bearing is run at higher load, the bearing surface 
can suffer fatigue damage and subsequent flaking of the overlay. In most cases, the flaking of 
the overlay material was observed on areas where there was a color change of the original 
surface associated with over-heating.  

Cross-sections of the flaked region show that part of the overlay was flaked and it did not go 
deep into the lining as shown in Figure 9(d). The highlighted region in the cross-section 
shows the edges of the flaked overlay. EDS analysis on a fresh flaked surface shows identical 
elemental composition with the overlay as shown in Figure 9(e). This confirms that, even 
though, considerable thickness of the overlay is flaked off, the overlay was not entirely 
detached and very thin overlay material is left on the Ni diffusion barrier. 

4.4 Cracks on the overlay 

As shown in Figure 10, parts of the bearing surface exhibited fine cracks on shiny and 
smoother surfaces on the bearing. In a few of the bearings, some of these fine cracks appeared 
a few centimeters away from areas where clusters of flaking of overlay occurred. These 
cracks did not lead to subsequent removal of materials. Cross-sections of the cracked region 
of the bearing were investigated and these cracks were limited to the overlay only. There is no 
propagation of the cracks into the lining.  
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Figure 9. (a) Main bearing with flaked overlay and SEM images of (b) detached overlay material (c) 
closer look of fresh exposed bearing surface (d) cross-section of the flaked area and (e) EDS spectra 

corresponding to flaked surfaces. 

Figure 10. Optical micrograph showing cracks on the bearing surfaces close to the edges of crankshaft 
main bearings. 
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There were also cracks inside the oil grooves. Inside the grooves, there is no contact between 
metallic surfaces and the appearance of these cracks is unclear.  

4.5 Localized wear due to cavitation damage 

Localized wear was observed in both connecting rod bearings and main bearings. In all 
observed localized wear regions, the lining was not exposed and was still covered with the 
overlay. 

In the connecting rod bearings this localized wear occurs in all the six bearings in the half set. 
All these localized wear zones were a few centimeters away from the bearing locating lug and 
perpendicular to the oil holes as shown in Figure 11 (a). The size and shape of these localized 
wear zones vary.    

It is common that this kind of localized wear can occur due to cavitation erosion associated 
with the collapsing of vapor bubbles in the oil. When the air bubbles in the oil burst they 
impact the surface of the bearing and cause the removal of overlay material [13]. A closer 
view at the edges of these localized wear in Figure 11 (b) shows that there is no a direct metal 
to metal contact. It is rather removal of part of overlay which is a typical characteristic of 
cavitation erosion. Materials with lower fatigue strength are less resistant to cavitation 
erosion. As a consequence, soft Pb-containing overlay plated materials are prone to erosion 
damage. 

Figure 11. (a) Localized wear on connecting rod bearings and (b) optical micrograph showing 
localized wear due to cavitation erosion on connecting rod bearing. 

In the connecting rod bearings, there was some pattern in the volume of these localized wear 
zones due to cavitation and the volume of exposed linings discussed in the previous sections 
(area 5). It was observed that, for instance, for connecting-rod bearings in Figure 1 (a) bearing 
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(No.6) with less localized wear exhibited larger volume of exposed lining and the bearing 
(No. 1) with larger localized wear exhibited small volume of exposed lining. This might arise 
due to slight variation in geometry of the connecting rod bearing caps.  

In the main bearings, the localized wear occurred in two of the upper-half bearings with oil 
holes and grooves as shown in Figure 12. This localized wear zones are symmetrical and 
close to both sides of the oil hole and oil groves. This kind of erosion commonly occurs on the 
upper half main bearings. Under the influence of firing load, the crankshaft moved rapidly 
from the upper to the lower half bearings. The region in the oil hole on the upper half main 
bearing becomes low pressure area with respect to the crankcase pressure and the oil pressure 
in the central groove [13]. This low pressure results in formation of bubbles as the shaft 
rotates and leads to subsequent collapse of vapor bubbles.   

Figure 12. (a) Photograph and (b) magnified images of localized wear due to cavitation erosion on 
main bearing close to the oil hole and grooves. 

5. Conclusions

Most of the damages seen in these bearings are associated with either non-ideal operating 
conditions or design of the bearings.
It was found that the major damages mechanisms on the field tested bearings were severe 
scoring due to abrasive wear, flaking of overlay material, cavitation erosion (mainly in 
bearings with oil grooves and oil holes).
In addition, cracks on the overlay were observed. There was no propagation of the cracks 
into the lining.  
Corrosion was also observed on field tested bearings. Pb was leached away from the 
overlay and results in formation of a dark layer with elemental composition of Cu, Sn, and 
Ni.
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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 already used in 
engine bearing applications. It is, however, still unclear how these new engine bearing 
materials 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 overlay of 
Polyamide-Imide 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 
and Al-Sn based material has shown higher friction.   

Keywords: lead-free; bearing materials; friction and wear 
 
*Corresponding author: Daniel W. Gebretsadik (daniel.gebretsadik@ltu.se) 
 
1. Introduction 
 
In internal combustion engines, main bearings enable in 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 material of the contacting 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. 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. 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 Pb [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 compared to Pb-based overlays and its lower friction is mainly due to the 
presence of graphite and MoS2 in the overlay [5].  
 
It is evident that only a very few studies pertaining to Pb-free bearing materials have been 
published 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. The materials designated as A2, A3 and 
B1 contain lining, diffusion barrier and an overlay. A2 has an overlay composed of 
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 taper roller bearing 
outer ring made from high grade bearing steel AISI 52100 with diameter of 35mm and 
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polished to a roughness (Ra) of about 0.1 μm was used as a counter surface. The lubricant 
was 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 nanoindenter 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 100nm and at 5N load. The 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) with incorporated EDS.  
 
For the friction and wear studies, a CETR UTM-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 with 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 the friction during running-in 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 carried out by changing the rotational speed from higher to lower speed to 
minimise the surface damage and wear during the tests. At each step, the test duration was 
15s. Tests were carried out at three different loads of 30, 50 and 80N at room temperature and 
95 0C, respectively. 
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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. The 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 conditions are 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 50N 25 rpm 120s RT and 95 0C 
2 50N 1 rpm 50 min RT and 95 0C 
3 200N 1 rpm 3 hrs RT and 95 0C 

3. Results and Discussion 
 
3.1  Hardness 
 
Fig. 2 shows hardness values for the different 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 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 the 
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. 

 
 
 
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. 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. 
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Table 3: Surface 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 the 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  
 
The effect of rotational speed on 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 
15s to minimize effect of wear on contact area [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 bulk property of oil [12]. 
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At lower speed, A1 shows a higher friction value compared to the other materials. 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]. 

 
Figure 5: Effect of sliding speed on friction behaviour at RT: a) 30N, b) 50N, c) 80N & at 95 

0C: d) 30N, e) 50N, f) 80N. 

3.4 Steady-state friction behaviour 
 
The steady-state friction behaviour of the test materials were investigated under three 
different test conditions. The 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: Friction behaviour at test condition 1: 50N, 25 rpm and 120s a) RT and b) 95 

0
C

 
Test condition 2: Fig. 7 shows the friction behaviour of the test materials in boundary 
lubrication regime (50N, 1 rpm and 50 min). A1 shows higher friction level compared to the 
other materials. In contrast to the mixed lubrication condition, B2 shows higher friction 
compared to 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: Friction behaviour at test condition 2: 50 N, 1 rpm and 50min 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). A higher load was chosen so that for some of the test samples (especially A3) 
the thin top overlay is worn off and the second overlay is exposed. As shown in Fig. 8 A1 has 
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 the early stages of the test. Sn has lower 
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hardness than Al and it becomes softer as temperature increases [14]. Softer Sn can easily be 
squeezed out of the Al matrix and modifies the layer. 
 
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 off, 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: Friction behaviour at test condition 3: 200N, 1rpm and 3hrs 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 of the Pb-based overlay is associated with its lower hardness. 
Compared with B1, the 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. 
 
The 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. 

 



81

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 
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 features and granular structures. These surface features 
can act as oil reservoirs 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 a 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 the 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, the 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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Abstract

Various materials are being developed to replace Lead (Pb) containing lining or overlay 
material in engine bearings. Among other Pb-free materials, Tin (Sn) based overlay materials 
with comparable mechanical properties to Pb containing materials are suggested to replace 
Pb. Similarly, bronze lining materials containing Bismuth (Bi) instead of Pb have been 
proposed. There are only few research results in the open literature about these materials and 
for this reason, tribological performance of connecting rod bearing materials containing Sn 
overlay and bronze lining with and without Bi has been studied on a block-on-ring test setup. 
Pb-containing bearing material was also studied as a reference. The influence of rotational 
speed of the counter surface on running-in friction under lubricated condition as well as 
steady-state friction and wear properties of these bearing materials under mixed and boundary 
lubrication condition were investigated. Worn surfaces were analysed using SEM with 
incorporated EDS. Sn-based and Pb-based overlays has shown similar transition in friction 
when rotational speed is varied from higher to lower speeds. Under relatively longer test 
durations, samples with Sn overlay exhibited comparable friction and wear properties with 
that of Pb-based overlay material. One noticeable difference was that it takes longer time to 
obtain steady-state friction of Sn-based overlay materials than Pb-based overlay material. 
Wear behaviour of tested samples were also similar except tests in the mixed lubrication 
regime (at relatively higher rotational speed) where Sn based overlay has better wear 
resistance than Pb-containing overlay.

Keywords: Tin; overlay; bearing materials; friction and wear 
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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 fulfil 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 
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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 behaviour 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 
interactions between oil degradation products and bearing surfaces that can lead to loss of 
material properties. 

It may not be possible to fulfil 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].

Environmental concern is also an important requirement and that is why the commonly used 
Pb-based bearing materials are being replaced by Pb-free bearing materials. Various materials 
are being developed to replace Pb-containing bearing materials. One proposed material to 
replace Pb-based overlay materials is Sn. It has comparable mechanical properties with that of 
Pb. It has melting point of 232 0C. Bi is also another element with close mechanical properties 
to Pb. Bi has similar properties and it can replace Pb soft phases distributed in a Cu-Pb based 
lining materials. Its melting point is 271 0C.

The main objective of this study is to understand the friction and wear properties of 
connecting rod bearing materials with Sn-based overlay electroplated over a bronze and Bi-
containing bronze lining under mixed and boundary lubrication conditions using low-SAPS 
engine oils. Pb-containing con-rod bearing material is also studied as a reference. 

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. 



91

Table 1: Composition of investigated con-rod bearing samples 
Sample Lining interlayer overlay 

C1 CuSn4Bi4Ni1 Ni Sn 

C2 CuSn8Ni1 Ni Sn 

B2 CuPb23Sn2 Ni PbSn10Cu5 

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. The thickness of each layer is shown in Table 2. A taper roller bearing outer ring made 
from high grade bearing steel with diameter of 35mm and polished to a roughness (Ra) of 
about 0.1 μm was used as a counter surface. Low-SAPS (low-sulphated ash, phosphorous and 
sulphur), fully formulated engine oil was used as the test lubricant. The viscosity of the oil is 
0.0149 Pas at 95 0C.

Table 2: Thickness of lining, interlayer and overlays of investigated bearing samples 
Sample Lining (μm) Interlayer (μm) Overlay (μm) 

C1 322± 14.0 4.75±0.25 9.75±0.25 

C2 301±23 2.1±0.1 9.25±0.75 

B2 270.5±1.5 2.25±1.0 15±2.0 

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.  

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.  
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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. Rotational speeds were 1, 5, 25, 100, 150, 250 and 
400 rpm. 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 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 behaviour 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 3. Test condition 1 is with relatively higher rotational 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.  

Table 3: Test conditions for friction & wear measurements. 
Test condition  Load Rotational speed Test duration Temperature 
1 50N 25 rpm 120s 95

0
C

2 50N 5 rpm 10 min 95
0
C

3 200N 5 rpm 36 min 95
0
C
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3. Results and Discussion 
3.1 Bearing Cross-sections and microstructures
Fig. 3a 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. 3c 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. 3d. 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 [6]. 

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. 4a and b. However, x-ray mapping of the Ni interlayer shown 
in Fig. 4c indicates that the interlayer in C2 is thinner than that of C1. When a cross-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. 

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. 
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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. Fig. 6 shows hardness values for different test samples. The lining of B2 has lower 
hardness than that of the other materials. The lining of C2 has higher hardness than that of B1.
The difference in hardness of the linings can be associated mainly with Sn content in the Cu 
matrix. Hardness increases with increase in Sn content due to solution hardening effect [7]. 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.  
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Figure 6: Hardness values for linings and overlays of test materials.

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 results are shown in Fig. 7. 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. The roughness of the surfaces of test samples before and 
after tests is shown in Table 4. 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 7: Surface features of test samples. 

Table 4: Roughness of original bearing surfaces and worn surfaces 

Sample 
Original surfaces Test condition 1 Test condition 2 Test condition 3 

Ra (nm) Rq (nm) Ra (nm) Rq (nm) Ra (nm) Rq (nm) Ra (nm) Rq (nm) 
C1 169±9 216±11 98±22 132±31 112±20 153±24 83±9 117±8 
C2 134±11 194±29 95±23 130±32 81±13 110±18 85±24 115±34 
B2 599±42 831±49 93±13 131±20 107±18 149±26 83±19 116±25 

3.4 Frictional behaviour 
As shown in Fig. 8, 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 
condition changes to mixed and boundary lubrication due to metal-to-metal contact [8]. Sn-
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based overlay materials (C1 and C2) show almost similar transition in friction with that of Pb-
containing (B2) overlay.  

Figure 8: Friction behaviour as a function of rotational speed at 95 0C: a) 20N, b) 30N, c) 
50N, and d) 80N 

Fig. 9 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 
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 
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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 9: Steady state friction behaviour 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. 10. These friction values only show the average values for the whole test 
duration and give little information about the trend. 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 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.  



98

Figure 10: Average friction values for all test samples at: a) test condition 1 b) test condition 
2 and c) test condition 3

3.5  Wear Behaviour 
Wear of the test materials are shown in terms of wear scar width in Fig. 11. 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 11: 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.   

B2 (Pb-containing overlay): Fig. 12 shows 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. 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. 13 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.   
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Figure 12: SEM images of wear scars of Pb-containing overlay of B2: a) and b) boundary 
between the unworn and worn surface, b) surface with modified elemental composition and c) 

very tiny spots of material removed from the overlay. 

Figure 13: EDS spectra on the bright and dark areas on wear scar of Pb-containing overlay 
(B2). 

C1 (Sn-based overlay): SEM images of wear scars of C1 are shown in Fig. 14. 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.  
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Figure 14: SEM images of wear scars of Sn based overlay (C1): a) boundary between the 
unworn and worn surface, b) surface with modified roughness and c) exposed interlayer.

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 
amount of oxygen as shown in Fig. 15. This might be due to formation of Sn oxide on the 
original surface due to thermal oxidation of tin. Sn usually forms amorphous Sn oxide at a 
temperature of 130 to 140 0C [9]. 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 15: EDS spectra on the edge of the wear scar Sn based overlay (C1). Spectrum1: dark 
area of Sn oxide and Spectrum 2: bright area of fresh Sn surface. 
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C2 (Sn-based overlay): The wear scar of C2 is shown in Fig. 16. 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. 

Figure 16: 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 condition 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.  
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The wear resistance of Sn-based overlays (C1 and C2) are more or less similar to that of 
Pb-containing overlays (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 (B1) 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 toadhesive wear 
and.
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