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Abstract 

Engine efficiency relies heavily upon low fiction and wear between bearings, crankshaft and 

connecting rod. Both crankshaft & bearing suffer damages from contaminant particles entering 

with lubricant. It is important to fully embed the contaminant particles into the bearing surface. 

Embeddability is considered to be one of the key soft properties of the bearings. 

Due to environmental legislations the conventional Pb containing engine bearings are continuously 

replaced by newly developed Pb free materials. Previous research work pertaining to 

embeddability focuses on the damages related to shaft only but does not take into account the 

bearing damages. Due to lack of standard embeddability test rigs, a dedicated test rig is designed 

and developed for the testing of various Pb free engine bearing materials. Post-test analysis of the 

bearing and shaft specimen are performed by shaft surface roughness measurement, bearing weight 

loss measurement, optical microscopy, SEM and EDX analysis of the bearing specimens, to 

validate the embeddability process and quantify any damage to the shaft.  

The results have shown that the newly developed test rig is able to simulate the embeddability 

process and embeddability behavior of different overlays can also be easily differentiated.  
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1. Introduction 

Operational cost and losses have phenomenal importance in the highly competitive automotive 

industry and keep on creating new challenges for scientists and engineers to yield new solutions 

to overcome these challenges. Power reduction, increase in fuel consumption and components 

replacement rate are major contributors to operational cost and losses, and adversely affect the 

operational efficiency. Friction and wear are mostly prime reasons for these losses, reduction in 

efficiency, and in worst case cause failure of components.  

The interdisciplinary subject of tribology deals in detail with the friction, wear and lubrication of 

surfaces and interfaces. Wear is the progressive loss of material due to relative motion of the 

interacting surfaces. Friction and wear are the characteristics of tribology system and are not 

considered to be the inherent properties of materials.  

The automotive sector is also bearing challenges due to various legislations regarding product’s 

impact on environment. For passenger cars and light duty vehicles, legislations like European 

Union’s end of life directives are already implemented. [1] These regulations ultimately forbid the 

use of heavy metals i.e. for bearings Pb which have an adverse effect on the environment along 

with emission.  

For internal combustion engines, design of crankshaft bearing (slider bearing) is a complex process 

of optimization and balancing between soft and hard applications. On the one hand, hard properties 

like load carrying capacity, corrosion, wear and seizure resistance require better hard properties 

but at the same time, soft applications like conformability, compatibility and embeddability are 

enormously important as well. [2]  

Crankshaft bearings suffers damage from contaminant particles entering the bearing clearance with 

the lubricant. It is important that contaminant particles should be fully embedded into the bearing 

surface i.e. overlay, else depending upon the relative hardness of the particles and crankshaft it 

may score the crankshaft. Embeddability is an important property, and has inverse relation with 

the hardness and strength of bearing lining. [3] 

This thesis work is focused on the design and development an embeddability test rig and ranking 

of various Pb-free engine bearing materials based on their embeddability.  
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 1.1 Engine bearings 

Bearings are designed for the transmission of power between two surfaces which are in relative 

motion while improving the friction and wear properties of the mating surfaces and supporting the 

movement of the components. Bearings are divided into two broad categories i.e. plain (sliding) 

bearings and rolling element bearings. [4] Plain bearings are used in internal combustion (IC) 

engines and in this type of bearings sliding surfaces are separated by a lubricating film. 

 

Figure 1. 1 Construction of crank shaft with bearing locations [5] 

In an IC-engine major bearings types are main bearing and connecting rod bearing. Big end of the 

connecting rod contains the connecting rod bearings while main bearings with ladder or cap frame 

are placed within the engine block. These bearings in pairs surround the connecting rod pin or 

crankshaft journal irrespective of their configuration. These bearings hold the crankshaft in its 

place and prevent the dislodging of the crankshaft from the forces transferred to the crankshaft by 

the connecting rod from piston. These bearings also facilitate crankshaft to convert the 

reciprocating motion into rotational motion. [6] Figure 1.1 shows the construction of the crankshaft 

along with the locations of main bearings and connecting rod bearings. 

1.2 Tribology of engine bearings 

Engine bearings are designed to possess improved tribological characteristics. Performance of 

engine bearings depends upon low coefficient of friction, wear resistance, good embeddability, 

seizure resistance, corrosion resistance, good compatibility and conformability. Engine efficiency 

relies heavily upon the low fictional and wear losses between bearings, crankshaft and connecting 

rod. [7, 8] Desired bearing properties are shown in Figure 1.2. 



1. INTRODUCTION 

3 

 

 

Figure 1. 2 Desired bearing properties [6] 

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

lubricating film separates the crankshaft and bearing surface. [9] In ideal operating conditions, 

crankshaft is separated from the bearing surface by a thick lubricating film. The rotating crankshaft 

drags the oil into the converging gap between crankshaft and bearing surface by making it possible 

for the engine bearings to operate in the hydrodynamic lubrication regime. [10]  

Although engine bearings are ideally supposed to operate in the hydrodynamic lubrication regime, 

these may also operate in mixed and boundary lubrication regime. At the time of start, stop and 

variation in load & speed, bearings are possible to operate in the mixed and boundary lubrication 

regime as bearing surface may not be fully separated from the crankshaft by a lubricant film. 

Adoption of new technologies and strategies such as start stop / hybrid systems and use of low 

viscosity oil to improve fuel consumption also result bearing operation in mixed and boundary 

lubrication regimes.   Under mixed and boundary lubrication regime, friction and wear of the 

mating surfaces highly depends upon the engine oil additives and the contacting surfaces. [11, 12]  

Figure 1. 3 shows the Stribeck curve for different lubrication regimes for bearing running 

conditions. 
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Figure 1. 3 Visual illustration of different lubrication regimes for bearing running conditions on 

Stribeck curve [6] 

1.3 Construction of engine bearings 

It is important during the design and development of engine bearings to maintain a correct balance 

of hard and soft properties. Specific loads are relatively low for conventional gasoline applications 

as compared to diesel fuelled units. Low loads enable the use of two layered (bimetallic) bearing 

composite. This bimetallic structure consists of steel backing which provides stiffness & hope 

strength and an alloy substrate layer. Commonly used substrate layer is an aluminum matrix with 

soft second phase i.e. tin and hard third phase i.e. silicon. Figure 1. 4 shows a typical bimetallic 

bearing structure. [6] 

 

Figure 1. 4 Bimetallic bearing structure [6] 
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Trimetallic bearing design is implemented in heavy loaded (diesel) applications i.e. steel backing, 

lining material which is typically cast or sintered bronze alloy with emergency run properties and 

electroplated overlay (low friction layer) which is used as running surface also helps in improving 

the properties like conformability and compatibility. Based on the composition of overlay, a barrier 

layer i.e. nickel is required between overlay and the lining to avoid formation of unfavorable 

intermetallic phases. Typical overlays are aluminum tin physical vapor deposition (PVD) sputter 

and electroplated tin based layers. Although addition of overlays provides good balance of 

properties, these are rated as premium products. [2, 6] Figure 1. 5 shows a typical trimetallic 

bearing structure. 

 

Figure 1. 5 Trimetallic bearing structure [2]  

1.4 Pb-free engine bearing materials 

Each year almost one billion of crankshaft half bearings are produced for various forms of internal 

combustion engine. [3] Commonly used tin and lead based Babbitt alloys for crankshaft bearings 

are virtually disappeared due to new imposed regulations and development of advance deign of 

engines due to severe operating conditions. [3] These replacement are done by various stronger 

alloys of copper and aluminum.  Choice of engine bearing material is a compromise between 

conformability (ability to conform to misaligned counter face) which has inverse relation with 

hardness and same as the embeddability and as the compatibility. While on the other hand fatigue 

strength and cavitation erosion resistance requires higher hardness. For major applications, a 
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balance comprise of properties is usually established for bimetallic bearings. While for heavy 

loaded applications thin overlay of 0.015±0.025mm thickness is used on trimetallic bearings. [3] 

Some Pb-free bearing materials are briefly discussed here. 

1.4.1 Bronze based bearing materials 

Seizure testing of various alloys i.e.  CuSn4Zn1, CuSn8Zn1, CuSn5Zn1 showed that CuSn5Zn1 

possesses better seizure properties than CuSn4Zn1 and CuSn8Zn1. Electroplating and sputtering 

with overlays of AlSn20Cu or synthetic layers consisting of polyamide- imide (PAI) with graphite 

and molybdenum disulfide or combination of them help in improving the conformability and 

embeddability of these alloys. [13] For journal bearing applications, T-401 (17% Cr, 22% Mo, 

1.2% Si and balance Co in weight) with Sn-bronze composite coating possesses better friction and 

wear characteristics as compared to Pb containing Sn-bronze alloy. [14] 

1.4.2 Al-Sn based bearing materials 

The Production of crankshaft bearings is roughly equally divided between copper-lead and 

aluminum alloys. Due to corrosion resistant characteristics, aluminum crankshaft bearings do not 

rely on overlays. [3] Al alloys with Si and Sn showed improved friction and wear properties. Al-

alloys with the highest contents of Si was found the hardest with minimum coefficient of friction 

and wear. Al-Sn and Al-Si alloys have better wear properties than Al-Pb alloys. [15] Pb-free Al-

Sn-Si coated with MoS2 possesses improved frictional and anti-adhesive properties in comparison 

to Al-Sn-Si. [16] 

1.4.3 Bi containing bearing materials 

Bi overlay possesses lower frictional characteristics as compared to Pb containing overlay (Pb, 

8%Sn 2%Cu) and Sn-based overlay (Sn 3%Cu). Under extreme conditions, Bi-material has better 

wear properties than Pb containing materials due to movement of Bi across the surface of 

interlayer. [17] Table 1. 1 shows the widely used bearing materials. [18] 

1.4.4 Polymer based bearing materials 

Half bearings with polymer coating are available in the market. In some cases polymer coatings 

are used as sacrificial or running in layers which improves compatibility and reduces seizure risk 

but with its wear clearance increases which results in reduction of oil film, noise and excessive oil 

flow. Continuous developments are done to use polymer overlay for life time. [6] 
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Table 1. 1 Characteristic of widely used bearing materials [18]  

Note: Table 1.1 provides details of required physical properties and characteristics of widely used bearing materials. [18] 

Physical property Significance of property 

in service 

Characteristics of widely used materials 

White metals Copper based alloys Aluminum based alloys 

Fatigue strength To sustain imposed dynamic 

loadings at operating 

temperature 

Adequate for many 

applications, but falls rapidly 

with rise of temperature. 

Wide range of strength 

available by selection of 

composition 

Similar to copper based 

alloys by appropriate 

selection of composition 

Compressive strength To support uni-directional 

loading without extrusion or 

dimensional change 

As above As above As above 

Embeddability To tolerate and embed 

foreign matter in lubricant, so 

minimizing journal wear 

Excellent-unequalled by any 

other bearing materials 

Inferior to white metals  Inferior to white metals 

Conformability To tolerate some 

misalignment or journal 

deflection under load 

   

Compatibility  To tolerate momentary 

boundary condition or metal 

to metal contact without 

seizure 

   

Corrosion resistance To resist attack by acid oil 

oxidation products or water or 

coolant in lubricant 

Tin based white metals 

excellent in absence of sea 

water  

Lead constituent, if present 

susceptible to attack.  

Good, No evidence of attack 

of aluminum rich matrix even 

by alkaline high additive oils. 
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High performance polyamide-imide (PAI) base resin provides excellent chemical resistance and 

improved mechanical strength at elevated temperatures. Solid lubricants (graphite, MoS2) are 

added to polymeric overlays to reduce coefficient of friction and improve compatibility. [6] 

1.5 Embeddability of engine bearings 

Failure mechanisms of the engine bearings are fatigue, wear, corrosion and cavitation. In case of 

machine break-in wear occurs and continues at slower rate due to stabilization of surface 

roughness. Wear of engine bearings occurs by contaminant abrasive particles from the 

environment especially when operating in dusty environments. The contaminant abrasive particles 

present in the lubricant are sometimes too small to be filtered and can abrade the bearing and shaft 

surfaces. Normal wear is recognized in two ways, first, in case of trimetallic bearings, overlay will 

be removed exposing the intermediate layer. Second indication is the presence of scratches on the 

shaft surface caused by the contaminant particles present in the lubricant.  Hence it is enormously 

important to fully embed the contaminant particles in the bearing to avoid wear of the shaft. 

Embeddability is defined as to tolerate and fully embed the contaminant particles into the bearing 

surface to avoid the scoring of journal surface. [3, 7] 

J.J. Broeder et al. studied the abrasive wear of the journal bearings due to contaminant particles in 

the oil. Use of different shaft and bearing material combinations was done, while SiC of 21µm 

mean diameter was used as contaminant particles. According to the results, starts and stops do not 

contribute to the amount of wear. Hardened steel shafts against hardened steel bushing results in 

pitting. Soft metal bushing does not result into low shaft wear. Aluminum against Aluminum 

causes catastrophic welding. With the increase of contaminant particle size wear increases. 

Roughly it is found that embedded particles in bronze bushing become inactive in 30 seconds. [19]     

A. Ronen et al. investigated the wear mechanism of statically loaded hydrodynamic bearings by 

contaminant abrasive particles.  Experiments were conducted with two shafts and three bearing 

materials, providing a total of six material combinations. Fused Aluminum oxide particles of 21 

GPa nominal hardness and 40 µm nominal size were used as abrasive material. According to the 

results, circumferential liner wear and magnitude of shaft and liner wear depends mainly upon the 

shaft to liner hardness ratio. Smaller hardness ratio results in more liner wear as compared to shaft 

wear. Shaft wear increase in comparison to liner wear, when shaft to hardness ratio increases to 3 

to 4 times. While wear behavior is found much less sensitive at larger hardness ratios. [20] 
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A. Ronen et al. also conducted the investigation of wear of hydrodynamic bearings by contaminant 

particles under dynamic loading conditions. Test were conducted on the connecting rod engine 

bearing and the contaminant particles were of the types normally used for testing of automotive 

oil filters and cleaners. Measurements of shaft and liner wear were done both in clean and 

contaminated oil. Wear in the contaminated oil was 20 times higher than the clean oil. Wear steeply 

increases at the locations where film thickness is smaller. However results show that wear also 

occur with the clean oil. [21] 

According to B. Prakash et al. wear of journal bearing is primarily due to the presence of 

contaminant particles in the lubricants. As bearings are designed to operate under full film 

lubrication but these operate in mixed and boundary lubrication regimes as well. They conducted 

wear studies under boundary lubrication regime for phosphorous bronze, Al-Si alloy and unfilled 

PTFE. Air cleaner fine test (ACFT) dust was used as the contaminant particles and particle sizes 

were of 25µm, 15 µm and 7 µm. Wear was found strongly dependent upon the particle sizes. For 

phosphorous bronze and Al-Si alloy finer particles gave rise to higher wear rates, while in case of 

PTFE coarser particles caused more wear. [22] 

R.H. Spikes et al. conducted a study on the assessment of dynamic embeddability relating to 

automotive bearing materials under thin oil film conditions in the presence of Aluminum oxide 

contaminant particles of sizes 12.7µm, 25.4 µm and 38.1 µm. If the bearing material is unable to 

fully embed the particle into it, the particle will act as a file and will scratch the shaft surface. 

Embeddability of bearings is considered to be second most important property after strength. 

Initially static tests were conducted by introducing the known quantity of grit of predetermined 

sizes into the material under hydraulic pressure. Specimens were cleaned and an assessment was 

established on weight gain. But inconsistent results abandoned the method. The embeddability of 

material is assessed on the basis of embeddability index which is based on following factors, 

journal weight loss (JW), journal surface finish (JF), and journal diameter decrease (JD) as shown 

in Equation 1.1. It was originally envisaged that bearing back temperature would provide an 

indication of embeddability but this factor was discarded as the smaller size or grit could produce 

considerably high temperature. Embeddability indices of trimetallic bearings (overlay 

electroplated) are some four times better than bimetallic bearing, however in case of lead based 

Babbitt material the superiority is about 50%. [23]   
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𝐸𝑚𝑏𝑒𝑑𝑑𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 =
1

(𝐽𝑊 𝑥 𝐽𝐹 𝑥 𝐽𝐷)
1
3

   1.1 

I.D. Massey et al. conducted a study on the development of crankshaft bearing material for highly 

loaded applications. According to the results, for Tk2N bearing (Lead bronze bearing) 

embeddability performance lies between an overlay plated bearing and a plain leaded bearing. 

Fatigue strength and corrosion are anticipated as being at least comparable to a standard lead-

indium overlay. For Aluminum alloy overlay results indicates that sputter overlay has better 

resistance. [24] 

M.M. Khonsari et al. developed a simple simulation model for an abrasive particle that comes in 

contact with the sliding surface and depending upon the applied load and properties is either 

elastically or plastically deformed. On the other side abrasive particle penetrates into the bearing 

overlay. Flash temperature between the particle and the sliding surface is computed and scuffing 

is assumed to occur if this temperature exceeds a certain limit. Size of the particle, hardness of 

overlay and penetration depth play an important role in scuffing. Flash temperature rises rapidly 

with the increase of the hardness of overlay. The critical temperature beyond which scuffing is 

likely to occur also varies with the sliding speed. At higher speed the critical particle size 

approaches that of minimum film thickness. [25] 

A. Zeren studied the embeddability behavior of tin based bearing material (WM-2, Sn-Sb-Cu) in 

dry sliding. Scanning electron microscopy (SEM) and energy disperse X-ray spectrography (EDX) 

are used for the post analysis of the embedded particles. It is concluded that the bearing material 

has excellent characteristics from embeddability aspect under heavy duty applications as 

reasonable amount of dirt and contaminant particles can be absorbed by the soft bearing surface 

which protects the shaft and bearing from abrasive wear. [7]  

R. Gorges et al. investigated the high performance lead free electroplated composite bearing 

overlay for heavy duty applications. The investigation is carried out based on a hypothesis that the 

composite overlay is especially suitable to satisfy the increasing demand of heavy duty customers 

with the heavy metal free engine components. Construction of the half shell bearing used for 

testing is based on lead free composite overlay, nickel diffusion barrier layer, lead free cast bronze 

lining and steel shaft. Boron carbide particles of size range from 0.2 to 3µm are used as 

contaminant particles. Self-developed accelerated wear test rig (viper) was used under high 
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specific loads at continuous operation under boundary lubrication. The results are compared on 

the basis of volumetric weight loss which are computed from the gravimetric weight loss as the 

specific weight of overlay were known. During the 60 minutes test duration, lead free composite 

overlay greatly improved over the lead free version without hard particles incorporation and even 

provided slightly better wear result than the lead containing composite overlay. Subsequent fatigue 

test with 80% pass rate was cleared with no sign of fatigue. [2] 

J.W. George et al. studied the polymeric engine bearings for hybrid and start stop application. They 

carried out experiments on polymeric overlay on Aluminum, polymeric overlay on copper, HVOF 

(AlSnCu) overlay. The results showed that polymeric overlay on Aluminum substrate exhibited 

comparable wear resistance to HVOF, but polymeric overlay on copper based alloy showed 

superior wear resistance. Polymeric overlay on copper based alloy also showed increased fatigue 

resistance compared with HVOF in boundary and mixed lubrication regime. Overlays showed 

excellent functional performances for heavy loaded connecting and crankshaft bearings operating 

on steel and cast iron surfaces. [6] 

1.6 Knowledge gaps 

Conventional Pb-containing bearing materials for engine bearings are continuously replaced by 

various new Pb-free materials (alloys, polymers and composites). Although embeddability is the 

second most important property of bearings after strength, only limited information is available 

pertaining to embeddability for newly produced materials. Available literature focuses the analysis 

of damage to shaft only due to its higher cost, literature regarding the collective analysis of damage 

to shaft and bearing is not available. No standard embeddability test rig for studying the 

embeddability process exists. 
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2. Objectives 

The following are the main objectives of this research work. 

1. Design and development of an embeddability test rig. 

2. To investigate embeddability behavior of Pb free engine bearing materials. 

Additional objectives are to perform analysis of bearing samples by scanning electron microscopy 

(SEM) and energy disperse X-ray spectrography (EDX) to develop a better understanding of the 

embeddability process.  
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3. Limitations 

Some limitations are encountered during this Master thesis project which are listed here.  

1. Calculation of weight loss of shaft sample is a key parameter for embeddability index. But 

available precision scale is not capable of measuring the mass above 220 g and also cannot 

accommodate the full scale shaft samples due to its larger diameter.  

2. Initially due to limitations of scale, mass of the shaft sample was 200 g and the thickness 

was 1.5 mm. But precise machining and hardening of the shaft samples of ø 108 mm with 

1.5 mm thickness was not possible with given geometric tolerance. Eventually the 

thickness of shaft samples is increased to 8 mm. 

3. Actual engine pressure is 2.5 MPa but for the test rig it scaled down 10 times to 0.2 MPa 

due to available budget and time limitations. 
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4. Experimental Work 

4.1 Materials & specimens 

4.1.1 Bearing samples materials 

Crankshaft bearings (half shell) are used for the testing. Bearing samples have various materials 

and different overlays for the embeddability testing. Testing is performed on three different 

trimetallic bearings (Pb, PAI, and Bi). Details of bearing material specimens are provided in Table 

4. 1. 

Table 4. 1 Detail of bearing material samples 

 

 

 

 

 

 

 

 

 

Figure 4. 1 Bearing half shell specimens used for testing 

 

Bearing sample Designation Lining Interlayer Overlay 

Pb based Pb1 CuSn - Pb 100 % 

MAS20F1 MH3 CuSn8Ni - PAI, Al, PTFE 

PK1/CX4F DA2 CuSnBi Ag 100% Bi 100% 
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4.1.2 Shaft (journal) samples 

The material in the shaft (journal) samples is steel E-355 (EN 10297-1). Chemical composition of 

E355 is provided in Table 4. 2 . The outer diameter of the shaft sample is ø 107 mm and while ø 93 

mm is the inside diameter. The width of the shaft sample is 40 mm although the length of the 

bearing is 34 mm but the increment in the length of the shaft sample is given to check the edge 

effect. Shaft samples are prepared from pipes. Initially the hardening is performed to achieve the 

hardness of the samples around 600 HV under in a carbon rich environment and then the internal 

and external grinding is performed to achieve the required dimensions and tolerances. 

Table 4. 2 Chemical composition for E355 (EN 10297-1) [26] 

Steel grade Alloys in percentage of mass (%), Fe makes up the balance 

E355 

C Si Mn P S Others 

0.22 0.55 1.6 0.03 0.035  

 

 

 

 

 

 

 

 

Figure 4. 2 Shaft specimen 

4.1.3 Contaminant Particles 

ISO 12103-1, A1 ultrafine test dust is used as contaminant with the lubricant. The concentration 

of the contaminant particles in the lubricant is 0.55 g/liter [23]. Grit size and composition of the 

contaminant particles are provided in Table 4. 3 and Table 4. 4. 
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Table 4. 3 Iso 12103-1, A1 Ultrafine test dust particle size distribution by volume % 

Size (µm) ISO 12103-1, A1 Ultrafine Test Dust % Less Than 

0.97 3.0-5.0 

1.38 7.0-10.0 

2.75 23.0-27.0 

5.50 65.0-69.0 

11 95.5-97.5 

22 100.0 

 

Table 4. 4 ISO 12103-1, A1 Ultrafine test dust chemical composition 

Chemical 

Ingredient 
SiO2 Al2O3 Fe2O3 Na2O CaO MgO TiO2 K2O 

% of Weight 68-76 10-15 2-5 2-4 2-5 1-2 0.5-1.0 2-5 

 

4.1.4 Lubricant 

For testing Scania reference oil is used. The dynamic viscosities of the oil at 40°C and 100°C are 

50 mPas and 10 mPas. Flow rate of the lubricating oil during the testing is 0.012 liter / sec [28]. 

 

4.2 Experimental technique 

For the embeddability testing, the journal (shaft sample) is rotated with the help of a driving shaft 

while the bearing specimen is mounted in the housing assembly. The shaft is loaded by means of 

a leaver arm assembly and dead weights. Throughout the testing, lubricant is supplied under 

gravity feed mixed with the contaminant particles for a given concentration and at constant 

temperature.  

A half shell bearing is pressed into upper and lower parts of the housing. An oil hole is given in 

the upper housing for the injection of oil into the housing under gravity feed. Oil is collected under 

the housing and recirculated by a hose pump. Embeddability testing is performed under static 

loading conditions. Testing is performed under the full film and boundary lubrication regimes. 

Bearing back temperature is measured with the help of type-K thermocouple.  
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4.3 Testing parameters 

Typical testing parameters for the embeddability test rig are shown in Table 4. 5.  These testing 

parameters provide substantial output to compare and conclude experimental results. 

Table 4. 5 Test parameters for embeddability test rig 

Test Parameter Value 

Test Load (engine pressure) 1200 N (0.2 MPa) 

Shaft speed 1000 RPM 

Shaft material Steel 

Shaft hardness 600 HV 

Shaft size 108 mm 

Bearing width 34 mm 

Diametric running clearance 0.5 mm 

Journal surface finish (Ra) 0.15µm 

Lubricating oil LDF-3 Scania reference oil (10W-30) 

Oil temperature 100 °C 

Flow rate [27] 0.012 liter /sec 

Contaminant particles Arizona ultrafine test dust  

Grit size 0.98 microns to 22 microns 

Concentration of contaminants 0.55 g / liter 

Test duration 60 minutes 

4.4 Analysis of specimens 

To investigate the damage to both shaft and bearing based on embeddability of the contaminant 

particles the following methodology is adopted. First, the shaft sample is to be studied. Shaft 

surface roughness measurement (Ra) is done before and after the testing. Change in shaft surface 

roughness will provide the idea of how effectively contaminant particles are embedded in the 

bearing surface. Secondly, the analysis of bearing samples is done by calculating the absolute 

weight loss. It will help in establishing which bearing surface that is more effective to the 

embeddability of contaminant particles as well as the erosion of the overlay. Scanning electron 

microscopy (SEM) and energy disperse X-ray spectrography (EDX) are used for post testing 

analysis of the bearing samples to verify the embeddability process and understand the details of 

embeddability. 
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5. Results and Discussion 

5.1 Design of embeddability test rig 

Structural design and finite element analysis (FEA) of embeddability test rig is carried by using 

the PTC Creo Parametric 2.0 and ANSYS Workbench 15.0. Basic design parameters for the test 

rig is the structural load of 1200 N (0.2 MPa) which is derived from the crankshaft bearing of the 

engine. The operating temperature of the oil in the test rig is 95°C. Speed range of the shaft is 1000 

rpm to 1200 rpm. The structure of the complete embeddability test rig is shown in Figure 5. 1. This 

embeddability test rig will be used for the testing of main bearings (crankshaft) with internal 

diameter of 108 mm. Overall structure of the test rig is given in three main divisions i.e. test rig 

housing assembly, support-assemblies and accessories. Test rig housing assembly consists of 

lower housing, upper housing, base housing and housing cover. While in support assemblies, 

standard Y-bearing units from SKF are used for the rig. Accessories are purchased according to 

requirements. Testing layout is explained in Figure 5.2. 

.   

 

Figure 5. 1 Structure of complete embeddability test rig 

Embeddability 
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Test Rig Housing 
Assembly

Lower Housing Upper Housing
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Motor Hose pump
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Figure 5. 2    Conceptual testing layout of the embeddability test rig for crankshaft bearing
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Main housing design is based on the similar clamping mechanism that is used in the actual 

connecting rod and crankshaft. A half shell bearing is placed between the two small protusions 

provided in the lower housing to stop bearing’s axial movements. During clamping, the upper 

housing presses the half shell bearing and prevents it from moving. The housing assembly is self 

aligned in the base housing. 

The shaft specimen is clamped on the conical shaft with the help of an expansion sleeve. As the 

expansion sleeve is pushed on the conical sleeve, it expands outward and friction between the 

expansion sleeve and the shaft specimen provides the required clamping force to hold the shaft 

specimen. Shaft and bearing specimens are mounted on the free end of the shaft as it is quite easy 

to assemble and disassemble the shaft and bearing specimens before and after the test. 

The power required to drive the shaft for 1200 N load at 1200 rpm is around 1.6 kW. The electric 

motor used for this purpose a power range upto 4.0 kW and the frequency regulator is used to 

operate at different frequencies associated with different rpm.  

The lever arm used to load the shaft has the ratio of 1:5. Initially, the shaft is run without loading 

it. When the lubicant film is established between the shaft and the bearing specimen,  the shaft is 

loaded with the dead weights. 

5.2 3D modelling of test rig 

3D modelling of embeddability test rig components is done by using Creo Parametric 2.0. A 

simplified model of the test rig is shown in Figure 5. 3. Later production drawings are also 

generated by using the same modelling software. 

 

5.3 FE analysis of  embeddability test rig 

Finite element analysis of the major comoponents of the embedddability test rig is performed by 

using ANSYS Workbench 15.0 to ensure the structural integrity. Structural steel with approximate 

yield strength of 300 MPa is used as manufacturing material for the test rig components while the 

maximum applied load in all analyses is 1200 N. Solid 185 and solid 186 elements are used for 

meshing. Mesh sensitivity analysis of the finite mesh is performed initially for optimum number 

of elements for each component.  
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Maximum stresses are found in the driving shaft at the first Y-bearing unit location which are 101 

MPa. As the yield strength of the structural steel is 300 MPa, it can be easily stated that test rig 

structure has a factor of safety of three. Modal analysis of the driving shaft shows that natural 

frequency of the driving shaft is 600 Hz while the rotational frequency is 1200 rpm (20 Hz) which 

shows that operational frequency is quite low as compared to the naturak frequency of the 

structure.  

 

 

Figure 5. 3 simplified 3D model of embeddability test rig 

5.3.1 Upper housing 

FE analyses of the upper housing are shown from Figure 5.4 to Figure 5.7. Resulting resulting von 

Mises stresses are 10.71 MPa and the maximum deflection 0.0017 mm which is almost negligible. 

While comparing the resulting stress of 10.71 MPa with the yield strength of structural steel, upper 

housing is fairly safe for the designed load under static loading condition. 
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Figure 5. 4 FE model of upper housing (solid 185 and solid186 elements) 

 

 

Figure 5. 5 Applied load and constraints on upper housing 
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 Figure 5. 6 Maximum von Mises stress (10 .17 MPa) in upper housing 

 

 Figure 5. 7 Maximum deflection (0.0017 mm) in upper housing 

5.3.2 Driving shaft 

FE analyses of driving shaft are shown from Figure 5.8 to Figure 5.12. Resulting von Mises 

stresses are 101.32 MPa and the maximum deflection 0.08 mm . Modal analysis shows that the 

natural frequency of the shaft is 600 Hz which is much higher than the operating frequancy of the 

shaft. Shaft assembly is fairly safe for the designed load under static loading condition. 
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Figure 5. 8 FE model of driving shaft (solid 185 and solid 186 elements) 

 

 

Figure 5. 9 Applied loads and constraints on driving shaft 
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Figure 5. 10 Maximum von Mises stress (101.32 MPa) in driving shaft 

 

 

Figure 5. 11 Maximum deflection (0.087 mm) in driving shaft 
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Figure 5. 12 Modal analysis of driving shaft (1st natural frequency 600 Hz) 

5.4 Manufacturing of test rig 

After the stress anlaysis, detailed production drawings were generated in Creo Parametric 2.0. 

Manufacturing of most of the components is carried out in LTU workshop. While accessories like 

coupling, Y-bearing units, hose pipe etc. were purchased from suitable suppliers. Manufactuing of 

the expansion sleeve which is used to hold the shaft specimen was challenging. This component 

play an important role in the run out of shaft specimen. The shaft test specimens are manufatured 

by two different companies, one was responsible for the machining and hardening of the shaft 

specimens while the other did the internal and external grinding of the shaft specimen. Shaft 

specimens are case hardened to 2 mm depth from external surface. Images of the newly developed 

test rig are shown below from Figure 5.13 to Figure 5.16.  
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Figure 5. 13  Embeddability test rig showing housing, shaft and motor assembly 

 

Figure 5. 14 Top view of embeddability test rig showing housing, shaft, lever arm, motor assemblies, 

pump and the frequency regulator 
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Figure 5. 15 Close-up front view of the assembled shaft and bearing specimens in the embeddability 

test rig in operational condition 

 

Figure 5. 16 Embeddability test rig oil tank, heater and stirrer 
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5.5 Embeddability rig test results 

5.5.1 Surface roughness measurement of shaft specimen 

Surface roughness measurement (Ra) is performed before and after the testing and a comparison 

plot is shown in  . There is considerable change in the surface roughness of the shaft which is used 

against the PAI bearing overlay. Surface roughness of the shaft specimen against Bi based overlay 

is also slightly changed but the change in the surface roughness of the shaft specimen used against 

the Pb based overlay is minimum. This shows that contaminant particles are embedded fully in 

case of Pb and Bi based overlays but in case of PAI based overlays, contaminant particles caused 

scratching of the shaft due to poor embeddability. 3D surface topography plots for the shaft 

specimen used for PAI based overlays are shown in Figure 5.18 and Figure 5.19. PAI shaft 

specimen analysis indicates the presence of abrasive grooves which are caused due to contaminant 

particles. 

 

 

Figure 5. 17 Comparison of the shaft surface roughness change for different bearing overlays 
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Figure 5. 18 Surface roughness of PAI shaft specimen before the test 

 

Figure 5. 19 Surface roughness of PAI shaft specimen after the test 

5.5.2 Weight loss of bearing specimen 

In order to analyze the effectiveness of the bearing overlay in term of embeddability, absolute 

weight change is measured. A comparison plot is shown in Figure 5.20. The result shows that in 

case of Pb-based overlay there is a low weight loss, while Bi also has minimum weight change but 

slightly higher than the Pb. But in case of PAI, weight loss is the highest compared to the other 

two overlays. Although results for PAI does not indicate the true picture as during the ultrasonic 

cleaning process after the test, graphite particles came out of the overlays due to vibration, causing 

additional weight loss. This is a challenging task to deal with the composite overlays during the 

cleaning process to calculate the exact weight loss.  
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Figure 5. 20 Comparison of the absolute weight change of bearing specimens 

5.5.3 Optical microscopy of bearing specimen 

To investigate the embeddabilty process, optical microscopy of the bearing specimens is 

performed. Optical microscopy results are shown in Figure 5. 21 to Figure 5. 32 for Pb, PAI and 

Bi overlay specimens. Wear scars on the surface of Pb based overlay are more prominent as 

compared to the other two overlays. Embedded particles can also be clearly seen into the surface 

of the Pb overlay. For PAI based overlay, the wear scar is also prominent but only a few embedded 

particles can be viewed by the microscopy but it is not possible to conclude that these embedded 

particles are silica particles. In case of Bi based overlay, there is very little wear on the overlay 

surface and there are no specific signs of the embedded particles into the surface of Bi overlay.  

Optical microscopy observations are in good comparison with the results found from the shaft 

surface roughness measurement and the bearing weight loss. In case of Pb based overlay, there is 

a very small change in the surface roughness of the shaft while the weight loss is also low although 

there are considerable wear marks on the bearing overlay. This indicates that more particles are 

embedded into the Pb based overlay, limiting the damage to the shaft surface. While in case of 

PAI based overlay, maximum change in shaft surface roughness is observed, which is also clear 

from the microscopic observation of the bearing overlay that only a few embedded particles are 

found only into the overlay. 
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Figure 5. 22 Wear marks on Pb overlay at 2X Figure 5. 21 Pb overlay before test at 2X 

Figure 5. 24 Embedded particles in Pb overlay at 8X                    

Figure 5. 26 Wear marks on PAI overlay at 2X 

Figure 5. 23 Embedded particles in Pb overlay at 8X                    

Figure 5. 25 PAI overlay before test at 2X 
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Figure 5. 28 Embedded particles in PAI overlay at 8X Figure 5. 27 Wear marks on PAI overlay at 8X                                

Figure 5. 29 Wear marks on Bi overlay at 2X Figure 5. 30 Bi overlay before test at 2X 

Figure 5. 32 Embedded particles in Bi overlay at 8X Figure 5. 31 Wear marks on Bi overlay at 4X 
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5.5.4 SEM & EDX analysis of bearing specimen 

To confirm the embeddability of silica particles, SEM and EDX analysis was performed. For this 

purpose, representative worn areas on the Pb & PAI based overlay bearings were selected and cut 

into 1.5 cm long specimens.. In Figure 5. 33 wear mark is shown on Pb based overlay, while in 

Figure 5. 34 the embedded particles are easily visible into the surface of overlay. In Figure 5. 35 

and Figure 5. 36 embedded particles of size 19 microns and 24 microns respectively are shown.  

From Figure 5. 37 to Figure 5. 40 embedded Si particles in the wear marks and their confirmation 

through EDX analyses are shown. This also shows that wear marks on the surface of Pb overlay 

are due to contaminant particles. In Figure 5. 41 wear marks on the PAI based overly are shown. 

 

 

 

 

 

 

 

  

Figure 5. 34 Embedded particles into Pb overlay Figure 5. 33 Wear mark on Pb overlay 

Figure 5. 35 Embedded particle into Pb overlay Figure 5. 36 Embedded particle into Pb overlay 
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Figure 5. 38 EDX analysis for Si particles 

Figure 5. 40 EDX analysis for Si particles 

Figure 5. 41 Wear mark on PAI overlay 

Figure 5. 39 Si particle embedded into Pb overlay  

Figure 5. 37 Si particle embedded into Pb overlay 
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6. Conclusions 

Development of a dedicated embeddability test rig for heavy duty diesel main bearings has been 

successfully completed from design stage to manufacturing, assembly and testing of the rig. This 

test rig is able to operate up to 0.2 MPa (1200N) bearing pressure and 95°C temperature. Post-test 

analysis of shaft and bearing specimens shows that the test rig is able to simulate the embeddability 

process. The main conclusions from this work are:  

1. A new test rig for studies pertaining to embeddability behavior of heavy duty diesel IC 

engine bearings has been successfully developed. 

2. The test rig is able to simulate the embeddability process. 

3. The embeddability behavior of different engine bearing materials can be differentiated. 

4. It is possible to quantify the embeddability performance through shaft surface roughness 

measurements and bearing weight loss combined with surface analysis techniques. 
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7. Future Work 

Some suggestions for potential future work are as follows: 

1. Quantify the embedded particles over the entire surface of the bearing specimen.  

2. Testing of various Pb free bearing materials to establish a suitable ranking of bearing 

materials with respect to embeddability. 

3. To convert the current static test rig into dynamic test rig. 
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9. Appendix 

9.1 Arizona fine test dust 

 

Figure 9. 1 Particle Size Analysis Data Sheet of Arizona ultra-fine test dust 

 



9. APPENDIX 

41 

 

9.2 FEA results of test rig assembly 

9.2.1 Lower housing 

 

Figure 9. 2 FE model of lower housing (solid 185 and solid 186 elements) 

 

 

Figure 9. 3 Applied load and constraints on lower housing 
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Figure 9. 4 Maximum von Mises stress (89.86 MPa) in lower housing 

 

 

Figure 9. 5 Maximum deflection (0.0105 mm) in lower housing 
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9.2.2 Base housing 

 

Figure 9. 6 FE model of base housing (solid 185 and solid 186 elements) 

 

 

Figure 9. 7 Applied load and constraints on base housing 
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Figure 9. 8 Maximum von Mises stress (5.44 MPa) in base housing 

 

 

Figure 9. 9 Maximum deflection (0.0014 mm) in base housing 
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9.2.3 Base housing cover 

 

Figure 9. 10 FE model of base housing cover (solid 185 and solid 186 elements) 

 

 

Figure 9. 11 Applied load and constraints on base housing cover 
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Figure 9. 12 Maximum von Mises stress (30.56 MPa) in base housing cover 

 

 

Figure 9. 13 Maximum deflection (0.0035 mm) in base housing cover 
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9.3 Production drawings of embeddability test rig 

 

Figure 9. 14 Assembly drawing for Naveed-Jens (NJ) embeddability test rig  
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Figure 9. 15 Assembly drawing for housing assembly of embeddability test rig 
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Figure 9. 16 Production drawing for upper housing 
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 Figure 9. 17 Production drawing for lower housing 

  



9. APPENDIX 

51 

 

 

Figure 9. 18 Production drawing for base housing 
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 Figure 9. 19 Production drawing for base housing cover 
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Figure 9. 20 Assembly drawing for the shaft assembly of the embeddability test rig (Modified due to manufacturing limitations) 
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Figure 9. 21 Production drawing for shaft sample (Modified due to manufacturing limitations) 
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Figure 9. 22 Production drawing for driving shaft (Modified due to manufacturing limitations) 
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Figure 9. 23 Assembly drawing for Y-bearing unit assembly of embeddability test rig 
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Figure 9. 24 Standard part drawing of SKF Y-bearing YAT-204 
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Figure 9. 25 Production drawing for base Y-bearing unit 
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Figure 9. 26 standard part drawing for KTR ROTEX Steel coupling size 24-64 sh-D 
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Figure 9. 27 Standard part drawing for Motor (P= 3.0 KW, f = 50Hz) 


