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Chapter 2 
 

EXPERIMENTAL METHODOLOGY 

 

 
 
Several sets of laboratory experiments were conducted to study the erosive and rolling 

wear mechanism of silicon nitride. Many parameters influence the cavitation and rolling 

wear testing and a careful attention must be paid to successfully perform these 

experiments. Hence, all testing performed for this project underwent a systematic 

procedure such that every crucial test parameter was controlled and monitored 

individually. All these experimental data: equipments employed, procedures followed, 

result observation are briefly described in this Chapter. Section 2.1 presents the test 

materials used for this study followed by section 2.2 which discuss the testing approach: 

mainly the test procedure and details of test setups, and finally section 2.3 presents the 

post-processing of experimental data.  

 

2.1. Test Materials: 

 

Silicon nitride manufactured into bearing rolling elements was used as test materials for 

most of the testing in addition to bearing steel for a comparative study. As mentioned 

early, the primary objective of this project is to understand the erosion characteristics of 

ceramic rolling elements. Hence, it was decided to use the rolling elements itself as test 

materials rather using any other form of silicon nitride. This allowed us to have the 

materials which are typically employed in bearing applications. Wear or any other form 

of material degradation of these application samples enabled us to compare the results 

obtained in the laboratory. These rolling elements are spherical balls of 12.47 mm 

diameter and were precisely polished to a surface roughness of submicron accuracy. 

Manufacturing rolling elements to such a level of polished surface follows a series of 

steps from blank silicon nitride powder to polishing with diamond paste, and is a time 

consuming and very expensive process. Manufacturing of these test materials is out of the 
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scope of this project; however test materials of different manufacturing methods resulting 

in different microstructure and sintering additives are important factors for this erosion 

study. The processing details are described in appendix A. Hence, rolling elements from 

different commercial manufactures with varying properties were utilized for this study.    

 

2.1.1 Silicon Nitride: 

 

Silicon Nitride is prepared by sintering or direct reaction between silicon and nitrogen at 

high temperatures. Three crystallographic structures of Si3N4 exist, of which � and � 

phases are common and can be produced at normal pressure conditions. These phases 

have trigonal and hexagonal structures respectively which are formed by corner-sharing 

SiN4 tetrahedra (Wikipedia, 2007). Further details of this material including 

crystallographic structures, different manufacturing methods are provided in appendix A. 

Compared with other ceramics, silicon nitride has higher fracture toughness due to the 

presence of � grains which is well known to deflect the crack (Huang et al 1996). 

Fracture toughness values of 10 MPa m1/2 of silicon nitride has been reported (Wang 

2001). This makes this material widely used in several engineering applications. In 

particular, hot isostatically pressed silicon nitride is well suited for bearing applications. 

Silicon Nitride is broadly classified into two types based on the processing types as 

follows: 

 

• Sintered silicon nitride (SSN) 

• Reaction Bonded Silicon Nitride (RBSN) 

 

Apart from the processing types, silicon nitride is further classified into three types based 

on the manufacturing methods: 

 

• Hot Pressed Silicon Nitride (HPSN) 

• Gas Pressure Silicon Nitride (GPSN) 

• Hot Iso-statically Pressed Silicon Nitride (HIPSN) 
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Test materials used for this project were produced by hot iso statically pressed. This way 

of manufactured silicon nitride has shown better bearing performance and offer several 

characteristics like zero porosity, high fracture toughness, hardness, strength, fine 

microstructure and minimum dopant level. Extremely pure starting powders are required 

to develop such a high quality silicon nitride ceramics. This initial stage determines the 

characteristics of sintering and the subsequent microstructure formation. Blank silicon 

nitride ball is produced by traditional machining processes such as blending, milling and 

agglomeration. This is further densified by liquid phase sintering at pressures of 200 to 

300 MPa and at temperatures of 1750 to 1900 0C. This can only be achieved using 

indirect methods by adding chemical additions called as sintering additives. The most 

common sintering additives are Magnesium oxide (MgO), Yttrium oxide (Y2O3) 

Aluminium oxide (Al2O3). The factors which determine the percentage of additives 

largely depend on the application of the final silicon nitride ceramic and sintering 

conditions. Commercial manufactures of silicon nitride balls do not provide the exact 

values of the sintering aids used, but approximate values can be deducted from energy 

dispersive X-ray spectrum.  

 

Densified material undergoes several stages of polishing to achieve very fine polished 

surface free from any pores. Several screening techniques are employed at the final stages 

of this manufacturing to screen for any surface defects such as pores or cracks. This 

ensures good quality of the final product. Silicon nitride materials used for this project 

are from different ceramic manufactures. These are widely used in several engineering 

applications. These three materials named here as A, B and C are very successful in the 

present bearing industry and hence the reason for selection. Moreover, the variations in 

their properties, microstructure and sintering additives are essential for a comparative 

study on the mechanism of cavitation erosion. Mechanical properties of these materials 

are presented in Table 2.1. Plasma etching and high magnification microscopy techniques 

are described in the final sections of this Chapter. These methods were used to image the 

microstructure of these three test materials and are shown in Figure 2.1. As shown in the 

below Table and Figure, these three materials have a huge variation in the microstructure, 
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properties. These key factors were considered for the erosion study to assess their 

influence on wear resistance and are described in Chapter 3 of this thesis.    

 

 
Material Hardness Indentation Avg. Grain Young’s Surface 
  (HV 10 Fracture     size (µm)  Modulus Effective 
    kg/mm2) Toughness       (GPa)  strength 
       (MPa�m)      (kJ/m2) 

 
    A  1600-1700     6.4-7        0.3    290     15.8 
 
    B  1630-1750     6.3-6.5        0.7    310     12.9 
 
    C  1520-1560     5.8-6.1        0.6    320     12.55 
 

 
Table: 2.1. Mechanical properties of test samples (SKF) 

 

          

(a) (b) 

 

 

(c) 

Fig: 2.1 Plasma etched images of test samples A, B and C in order (SKF). 
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2.1.2. Bearing Steel: 

 

All-steel bearing balls were also used for erosion testing along with Silicon Nitride balls. 

Moreover to study the effect of erosion in hybrid contacts steel balls are necessary and 

were used appropriately with silicon nitride. This steel ball is carbon chromium steel and 

the dimensions are same as the silicon nitride balls which is 12.7mm in diameter. This 

has an average roughness of 0.02 µm Ra. Mechanical properties of this material are 

presented in the below Table 2.2 

 

 
Density      Hardness   Fracture Poisson’s      Young’s    Bending      Yield 
g/cm3      (HV 10   Toughness    ratio          Modulus    strength       Strength       
kg/mm2)               (MPa�m)            (GPa)    (MPa)            (MPa) 
             

 
   7.85  700         25      0.3           270         2400             2030 
 
 

 
Table: 2.2 Properties of Bearing steel (Wang 2001) 

 
 

2.1.3. Test specimen preparation: 

 

Fresh samples from manufactures were used for most of the tests which did not require 

any further sample preparation for testing. But despite sophisticated screening techniques 

deployed during manufacturing process, silicon nitride balls manufactured are not always 

free from surface defects. Mainly surface cracks, star defects, tiny pits result during the 

final stage of the material preparation. This final preparation stage comprises polishing 

using diamond paste. This motivated us to also test specimens with pre-existing defects. 

These defects were created in the laboratory as part of experimental preparation and are 

detailed in this section.  
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2.1.3.1. Indentation and Crack Generation: 

 

Star defects and tiny pits are similar to indents. Vickers Hardness indent were made on 

some samples to study the erosion behaviour of surface defects.  This uses a square 

shaped pyramid diamond tip to create indent as shown in Figure 2.2. Steps followed 

were: 

• Silicon nitride ball was placed in a chuck and the indenter was pressed on the 

specimen with the required load. 

• Duration of load application varied from 10 to 20 seconds 

• Indent was carefully marked using the microscope eyepiece 

• Specimen was removed and dimensions of the indent were measured using an 

optical microscope and 3D surface measurement system. 

 

 

 

Fig 2.2 Indent generation and resulting indent (TWI).   

 

Artificial surface ring cracks were produced on silicon nitride balls. An available crack 

generating device (CGD) in the laboratory was used for this purpose which is shown in 

Figure 2.3. The working principle of this device is similar to impact tests. This consists of 

a base and a pendulum hammer. A high force is applied for a very short period of time 

which is achieved by the impact of the pendulum hammer. The swing angle of the 

pendulum is directly proportional to the applied force. Test specimens were fixed in the 
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appropriate places – one at the base stand and the other in the pendulum.  The pendulum 

hammer was lifted to the required angle of impact and allowed to drop under gravity to 

generate the crack. The angle of impact and impact force are displayed in the device. The 

area of impact was marked and the crack geometry was measured in a similar way as was 

followed for indents.   

 

 

 

 

Fig: 2.3 Crack generation using a Plint impact pendulum 

 

         

(a) (b) 

 

Fig: 2.4 (a) Vickers Indent and (b) Surface crack on test samples 
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Apart from fresh and surface defect specimens, some silicon nitride specimens were cut 

and polished to understand the cavitation behaviour in flat polished surfaces. A rotating 

diamond cutting wheel lubricated with water was used for sectioning silicon nitride balls. 

Low cutting speed and pressure was used to carefully section the specimen without 

damaging both the specimen and the cutting wheel. For a 12.7mm diameter silicon nitride 

ball this process usually last for 30 minutes.  

 

2.2. Cavitation Erosion: 

 

Cavitation is defined as the repeated nucleation, growth, and violent collapse of cavities 

or bubbles in a liquid. This is possible only when a liquid is subjected to sufficiently high 

tensile stresses. The theoretical tensile strength of water at room temperature is 1000 atm 

(Young 1999). But cavitation is observed with pressure amplitudes of 1 atm, which 

implies presence of minute pre-existing bubbles within the liquid, called as nuclei. Thus 

Bubble formation means both creation of new bubbles or expansion of pre-existing 

nuclei. Cavitation can be initiated by any of the following three ways when pressure is 

reduced to a negative value: 

 

• Presence of large number of minute spherical gas bubbles. 

• Solid impurities or particles with gas trapped in. 

• Trapped gas in the tiny cracks or splits of the vessel containing the liquid. 

 

This initiation process can be accomplished by either creating tension or by depositing 

energy into the liquid. Applying tension is broadly classified into hydrodynamic and 

acoustic cavitation. The first one is the low frequency process and the later is a high 

frequency phenomena. Figure 2.5 shows the classification of different types of cavitation. 

The highlighted one in the Figure was used for this project. 
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Fig: 2.5 Different Types of Cavitation - Redrawn from Reference (Gong 1999). 

 

• Hydrodynamic cavitation is the one which is produced due to the geometry of 

hydraulic structures. Geometry of the system creates pressure variations in the 

flowing liquid. Examples are Ship propellers, Turbines. 

• Acoustic cavitation is a high frequency process, which creates cavitation by 

applying acoustic waves to a liquid. Example: Ultrasound in a liquid. 

• Optic cavitation is a type of producing cavitation by rupturing the liquid with 

photons of high intensity light. Example: LASER. 

• Particle cavitation is produced by elementary particles in the liquid. A charged 

particle sent to a liquid can produce rapid local heating resulting in cavitation. 

Example: Bubble chamber. 

 

Out of the above four different methods of producing cavitation, hydrodynamic and 

acoustic cavitation are widely used in laboratories. Acoustic method of producing 

cavitation was selected over the other due to the following advantages: 

 

• Higher erosion rate in a short duration of time. Six hours of testing is typically 

enough for an experiment. 

• Smaller rig size – simple, easy control and maintenance. 

• Low power consumption. 

Cavitation 

Tension Energy Deposit 

Hydrodynamic Acoustic Optic Particle 



Chapter 2 

 39 

 

Disadvantages of this method are that this is a poor reproduction of cavitation in actual 

hydraulic machines and it’s noisy. The main objective of this erosion testing is to study 

the erosive wear mechanism of silicon nitride. Also the material damage resulting from 

this type of cavitation is believed to be similar to other methods. An acoustic enclosure 

was made to cut down the level of noise to avoid any health hazard.   

 

2.2.1. Vibratory Cavitation: 

 

The principle of this method is applying high intensity ultrasound to liquid to create 

cavitation. This test method generally utilizes a magnetostrictive transducer submerged in 

the liquid which vibrates at high frequency. This method of generating cavitation was 

first developed by Gaines in 1932 using a length wise resonant nickel tube. 

Advancements in this technique came following the use of piezoelectric crystals for 

vibration. A first standard vibratory cavitation apparatus was developed at the National 

Engineering Laboratory, UK in 1963. Since then several adoptions to this standard were 

followed. For engineers and researchers, a systematic approach of performing cavitation 

experiments is described in ASTM international standard (ASTM 2006). The testing 

methodology used for this project follows this standard and is described in the following 

sections.    

 

In a stagnant liquid, pressure is varied by applying sound waves. When the pressure 

difference is high enough to reach or go below the vapour pressure of the liquid, available 

nuclei in the liquid will grow into cavities and thus creating cavitation. These cavities are 

set in motion due to varying flow field, the intensity of growth and collapse of these 

cavities is directly proportional to the applied pressure changes to the liquid. If the 

pressure difference is high in a short duration of time by a sinusoidal motion, very high 

compressibility is achieved. This motion sends in huge potential energy in the negative 

cycle which then transfers into kinetic energy during collapse. Any substance - solid, 

liquid or gas present near this collapsing region undergo very high pressure and 

temperature cycles eventually causing erosion. Main components of a typical vibratory 
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cavitation are listed below.  One commercially available ultrasonic system was used for 

this project (sonic systems 2005). The main components of the test rig are: 

 

• Ultrasonic generator 

• Piezoelectric Transducer 

• Titanium alloy Horn 

• Cavitation medium 

• Cooling system. 

 

2.2.1.1 Apparatus: 

 

The piezoelectric transducer is excited by an ultrasonic generator. The vibration 

generated by the transducer is sufficient to cause cavitation in the liquid, but is not 

enough to create sufficient power density in the liquid to cause erosion. Hence a resonant 

element in the compressor mode, called Horn is fastened to the transducer in order to 

magnify this vibration. This horn is made of Titanium alloy to achieve the following 

characteristics: 

• High dynamic fatigue strength 

• Low acoustic loss 

• Resistance to cavitation erosion 

• Chemical inertness. 
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Fig: 2.6. Pre-stressed sandwich transducer - picture reproduced from Equipment supplier 

for this project (sonic systems, 2005). 

 

This ultrasonic system is constructed to generate high power density in the liquid load. 

Polarised PZT (Lead Zirconate Titanate) ceramics are sandwiched normally to low 

acoustic loss materials such as titanium and aluminium as shown in Figure 2.6. Upon 

electrically exciting the PZT ceramics, an alternating sinusoidal motion is achieved. The 

key factor which determines the efficiency of vibration is resonance. So the rod, which is 

a metal sandwiched with PZT ceramics must be designed in such a way that the required 

mode shape is achieved upon electrical load. Any frequency deviation in the input load to 

the transducer will result in useless motion.  An ultrasonic generator gives output 

electrical signals of 20 KHz fixed frequency. Another important component as previously 

mentioned is the horn. This is same as the transducer but the main difference is the shape. 

This can be made as a cylinder, exponential or linear. Horn is designed to have a half 

wavelength �/2 of the whole transducer assembly as shown in Figure 2.6. Dimensions of 

this assembly are totally determined by the operating frequency requirements.  
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All the test parameters were continuously monitored whilst testing. Two different 

transducer-horn assemblies were used for this project mainly to have low and high power 

densities in the liquid load. The magnitudes of vibration of low and high power 

transducer are 0 to 16 and 0 to 60 microns peak to peak respectively. This vibration of the 

horn while testing can also be observed with a help of a microscope. Both amplitude of 

vibration and electric power are digitally displayed in the equipment and hence providing 

the user to control these as required.  The level of power density to the load is determined 

by a term called acoustic power which varies with the type of liquid and the depth of 

transducer immersion. This can be calculated using the relation: 

2

2

1
acP

ac
r=  

Where, 

ac
P  - Acoustic power 

� - Density of load 

c - Sound velocity in the load 

a - Amplitude of transducer/Horn vibration. 

 

2.2.1.2. Experimental Setup  

 

The ultrasonic system used in the project was fully calibrated before used for 

experiments. A 5 litre cylindrical glass container with the test liquid was used as the 

cavitating medium. For vibratory cavitation erosion testing, a known mass of specimen is 

usually made in a form of button, which then can be threaded into the horn, or as a disc 

which can be cemented. When transducer is excited, the threaded or cemented specimen 

vibrates with the horn and is subjected to cavitation attack which results in erosion.  But 

here, due to difficulties in machining silicon nitride, it was decided to keep it stationary 

rather coupling it with the horn. The experimental setup is shown in Figure 2.7. A 

stainless steel cylinder was manufactured to hold the specimen in the test liquid from a 

distance beneath the transducer. A sketch of this specimen holder is provided in appendix 

C. Stainless steel was selected as material mainly because of its superior resistance to 
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cavitation erosion (Chen 2002). Use of balls instead of flat specimens offer advantages 

like commercially available with good quality, the geometry allow investigating different 

stages of erosion in a single test step due to the variation in the fluid thickness. 

 

 

Fig: 2.7 Cavitation Erosion experiment setup 

 

Locking and unlocking of the specimen were made easy by providing a couple of slots on 

either side of the holder. Two holes of diameter Ø 12.6 and Ø 25.4 mm were made on 

both ends to have a flexibility to hold specimens of these two diameters. The test 

specimen fixed in the holder was immersed in the liquid. The level of liquid in the 

container was filled to have sufficient liquid for cavitation. The depth of specimen 

immersion was varied as per the acoustic power requirement depending on the liquid 

load. This was 15 mm for distilled water to full rated power of the ultrasonic system. The 

deeper the transducer was immersed the higher the load and hence less power was 

supplied to the transducer which resulted in low intensity of cavitation. The transducer 

was firmly held by a laboratory stand just above the specimen. The distance between the 

horn tip and the specimen is critical as it influence the rate of erosion. This distance was 
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set using a feeler gauge and was kept constant for all tests. This distance influence on the 

erosion rate was also studied in this project and the results are produced in section 3.7.3.  

 

 

Fig 2.8 Schematic of test set up as described in ASTM (ASTM G-32-06) 

 

 

The piezoelectric transducer was connected to the ultrasonic generator after setting up the 

required distance from the test specimen. Temperature has an influence on cavitation 

erosion (Auref 1993) and was kept constant. This was achieved by circulating water 

around the test setup. A large tank was kept above the test bench to supply water by 

gravity. A pump was connected to the water bath to pump back the water to the tank. A 

thermocouple connected to the test liquid helped to monitor the temperature 

continuously.  An acoustic enclosure was built to cut-down the noise generated by 

testing. All tests were timed and were run for the required time interval. This was 

achieved by a timer connected to the ultrasonic generator which automatically turns on 

and off the power supply to the transducer according to the timing program.  
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2.2.1.3. Test Procedure: 

 

Several factors can affect the rate of cavitation erosion. For example, presence of any 

debris or gas content largely affects the formation and collapse of cavities. Hence, a strict 

procedure was followed for this testing and is described as follows:  

 

• The cylindrical liquid container was cleaned and dried before and after each test 

intervals to avoid presence of any impurities. 

• Clean distilled water was poured in to the container to have sufficient level for 

generating cavitation. 

• The transducer-horn setup was fixed in a stand to have 15 mm immersed in the 

test liquid. 

• Ultrasonic generator was connected to this setup and then to corresponding power 

connections. 

• The magnitude of vibration was gradually increased from 0 to the maximum and 

this initial run was carried on for approximately 20 minutes to clear away any gas 

content in the test liquid. 

• Test specimens, mostly silicon nitride balls were visually inspected under the 

optical microscope for any defects. Specimens with pre-existing defects were not 

considered for testing 

• Specimens were fixed in the cleaned and dried specimen holder and were then 

moved to the liquid container. 

• The piezoelectric transducer-horn set up was fixed to the required distance form 

the specimen using a feeler gauge. 

• Circulating water for cooling was turned on and a thermocouple was connected to 

the test liquid.  

• Required test interval was set using the timer and the ultrasonic generator was 

turned on. Acoustic power and the magnitude of vibration were adjusted to the 

requirement. 

• Once the test was over, the system was turned off and the test specimens were 

carefully removed from the holder 
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• Test samples were cleaned in an ultrasonic bath with acetone for 15 minutes, and 

dried with a blower before set for surface analysis. 

• Test liquid was replaced after every 2 to 4 hrs to clean away any debris, if left 

unchanged, the debris resulted in the previous test interval will cause abrasive 

wear which would mislead the result interpretation.  

 

2.3. Rolling Contact Fatigue Experiments: 

 

Rolling contact bearings with balls or rollers undergo surface damage due to repeated 

loading, termed as rolling contact fatigue. This application of stresses initiates cracks, 

which eventually grow resulting in bearing failure. There are several factors which 

influence the rolling contact life such as loading conditions, lubrication, surface contacts, 

materials, and surface defects. Therefore, rolling contact testing becomes necessary to 

estimate the actual performance of rolling elements. There are different types of rolling 

contact fatigue testing available as discussed in section 1.3.2. An available four-ball 

machine was modified to allow testing hybrid rolling elements was used for this project 

(Wang 2000, 2002, Zhao 2006, 2007, Khan 2006).  

 

2.3.1. Rotary Tribometer:  

 

The four-ball machine used for this project is a TE92 Microprocessor Controlled Rotary 

Tribometer and shown in Figure 2.9 Main components of the Tribometer are the test 

chamber, the loading piston, the drive spindle and related bearings which are lubricated 

with grease for life. Advanced control and instrumentation in this machine makes it 

possible to conduct tests in a wide range of speeds and loads. The microcontroller 

interface of the machine is connected via a serial port to a computer.  The test chamber 

consists of a steel cup, oil bath, lower balls, and an upper ball for applying load and 

transferring motion effectively as shown in Figure 2.9. The cup, lower three balls and the 

upper ball represents the outer, rolling elements and inner race of a bearing respectively.  

This test chamber simulates an angular contact ball bearing configuration. This test 
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machine is very useful for rolling contact fatigue study of materials under different 

conditions (Wang 2000).  

 

 

 

Fig: 2.9. Rolling contact fatigue test facility. 

 

The upper ball is fixed to a drive spindle and its accurate positing is achieved by two 

rigid vertical columns of the machine. Load is applied by a pneumatic actuator; this 

actuator assembly includes an in-line force transducer to get the direct feedback control. 

Direct friction and torque measurements are also possible by a strain gauge transducer 

attached to the test adapters, which are mounted on a cross beam, guided by linear 

bearings on the machine columns.  Tests can be conducted at high temperatures up to 200 

0C which is continuously monitored by a thermocouple attached to the test chamber. Also 

a sensor is employed to monitor and stop the machine if the vibration exceeds the testing 

limit. A computer connected to the machine, provides a graphical user interface to run, 
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control and record tests. This allow user to run tests for the required number of stress 

cycles, speed and load. A test is a set of series of steps, each with load, speed and 

temperature, data recording and alarm information. 

 

2.3.1.1. Contact stress calculations: 

 

Figure 2.10 below shows the loading configuration in the test chamber. The load applied 

to the shaft is related to the contact stress of the rolling elements and can be deducted 

from Hertz elastic contact stress formulae as below: 

Contact load  
qCos

L
P

3
=  

Where,  

   P = Contact load 

 L = Applied shaft load 

 � = Contact angle, which is 35.3 degrees 
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Where, R1 and R2 is the radius of ceramic and steel balls. 
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Where, E 1, 2 and � 1, 2 are the young’s modulus and Poisson’s ratio of ceramic and steel 

balls.  
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From the above relation, maximum contact pressure Po can be obtained as follows: 
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Fig: 2.10. Loading configuration of the rotary Tribometer. 

 

A spreadsheet with the above calculations was created to conduct tests for the required 

contact stress. These detailed calculated values of different contacts are given in appendix 

C.  

 

2.3.1.2 Defect Positing:  

 

Smooth specimens could run for months without any failure and it becomes advantageous 

to shorten the tests by creating surface defects like indents and cracks. Accurate 

positioning of the specimens is critical and necessary to achieve this task. Also, the 

location and orientation of the defect play a vital role in the failure mechanism. When 
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specimens are inserted in the test chamber, the probability for a defect to be in contact 

can be determined by  

 

0A

A
p =  

 

Where, p is the probability of the contact, and A is the area of the contact path which is 

given by  

qp SinaRA 14=  

 

Here, a is the contact radius, R1 is the radius of the ceramic ball, � is the contact angle 

35.50. Area of the ball surface is given by 

2

10 4 RA p=  

Substituting the values for R1 = 6.35 mm, a = 0.21 mm, and � = 35.30, we get the 

probability of the defect to be in contact p to be 0.02, which is merely 2%. The test 

specimen can be fixed at the right distance x by using the below relation. 

 

( )qCosRRx --= 11  

 

This gives us the value for x = 1.17 mm to the centre of the contact path from the tip of 

the specimen as held in the collet. A novel method was developed by Ying Wang (Wang 

1999) to position surface defects on the contact path. This method was used for the 

testing performed as part of this project. 

 

2.3.1.3. Test Procedure: 

 

The following procedure was followed for rolling contact fatigue testing: 

 

• Test specimens were visually inspected using an optical microscope to locate the 

surface defect. 
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• Surface defect was positioned using the above mentioned method and the collet 

was fixed to the Tribometer. 

• The test chamber - steel cup and the holder were cleaned with acetone before 

fixing it to the machine. 

• Lower balls, either ceramic or steel were placed in the steel cup. Lubricant was 

then poured until these lower balls were completely immersed. 

• Vibration sensitivity was adjusted and set for the relevant readings. 

• A safety cover was used to cover the machine. 

• Test program software installed in the computer was used to create the required 

test parameters such as speed and load. 

• Tests varied from few hours to few days depending on the testing conditions. 

Failure observations were performed in between tests by removing the collet and 

performing surface analysis using an optical microscope. 

• Once the test was completed, the specimen was removed from the collet and set 

for surface analysis. 

• Test results were stored in the computer. The test chamber was removed and the 

lubricant was disposed as per the safety disposals.  

• The steel cup was once again visually inspected for any damage, and was replaced 

for future testing, if necessary. 

2.4. Surface Analysis: 

 

Test specimens were investigated for failure mechanisms by comprehensive examination 

on specimen surfaces. Advanced surface analysis techniques like scanning electron 

microscopy and 3-dimensional non contact profiling was used for this purpose. Energy 

dispersive X-ray analysis coupled with Scanning electron microscope is a powerful for 

element and chemical analysis which was also utilized for this work. Unlike metals, 

ceramics are strongly dependent on the composition and microstructure for providing 

high performance. This microstructure examination is mandatory to conclude any relation 

between materials and its performance. The microstructure influence of silicon nitride on 

cavitation erosion resistance was investigated by imaging the eroded microstructure. A 
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high magnification microscopy alone is not necessary for this task. Initial sample 

preparation is required to visualize the grain structure and the damage at grain level. This 

was achieved by etching the eroded sample using plasma etcher. All the surface analysis 

tools and methods followed for this project is briefly described in the following sections. 

 

2.4.1. Optical Microscopy: 

 

For a quick and preliminary study of test samples an optical microscope was used. This is 

a simple microscope employed for material study in the laboratory, which uses visible 

light and a collection of interacting lens to magnify samples. A commercially available 

system was utilized for this project shown in Figure 2.11. Apart from the traditional 

system of eyepiece, specimen stand and lens, this microscopy is equipped with a CCD 

camera which makes it possible to visualize the specimen surface live on a computer 

screen.  

 

 

Fig 2.11 Optical Microscopy 

 

The purpose of the specimen stage in the microscope is to support specimens, but it’s 

impossible to support rolling elements in this stage. A manipulator to support and rotate 

the specimen for easy visualization of the full ball surface was required. A wooden 
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manipulator was manufactured in the workshop, pictures of this manipulator are provided 

in appendix C. Magnifications in the order of 5X, 10X, 20X, 50X and 100X are possible 

in this system. Operating procedure to obtain images of material surface includes the 

following: 

 

• Turn on power and secure the manipulator with the clamp in the specimen stage.  

• Choose the required light field from the available options bright field, dark field 

or Ultraviolet field.  

• Adjust the phase contrast and light intensity as required. Align the manipulator to 

position the location of interest within specimen.  

•  Material surface visualized in the computer screen can be used to identify and 

locate any material defect of user interest by shifting in between various 

magnifications. 

• A built-in software of this microscope help to analyze the surface details like 

length, area and angle measurements.  

 

Images of the material surface can then be stored in the computer or printed off using the 

printer connected to the system. Below Figure 2.12 shows an example of images obtained 

using this microscopy.  

 

       

 

Fig. 2.12 Magnified surface Images using Optical Microscope. 
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2.4.2. Scanning Electron Microscopy: 

 

An optical microscopy is not sufficient to prevail with high quality microstructure images 

and to obtain chemical composition of sample materials. Scanning electron microscope is 

widely used for this task and is one of the most versatile instruments for these 

investigations. The major difference in the operating principle of a SEM and OM is that 

the SEM uses electron instead of light to form an image. Fundamental systems of a 

typical scanning electron microscope are: an electrical optical column, signal detection 

and display equipment, and a vacuum system. Electrons are generated in the electron gun, 

which consists of a tungsten filament which when electrically excited produces heat, light 

and electrons. This high energy beam of electrons passes through series of deflecting 

plates in the optical column to hit the sample. Upon collision, low energy secondary 

electrons are emitted by the sample which then can be easily collected using an electron 

detector. These collected electrons are then used to generate the image. Thus the quality 

of surface image largely depends on these low energy secondary electrons.   

 

Silicon Nitride is a poor conductor of electricity. If a sample of this material is used in 

SEM, it would result in charge build up in the sample, which will affect both the primary 

and secondary electrons and thus resulting in a very poor and distorted image. In order to 

avoid this, non-conductive samples set for SEM study are recommended to coat it with a 

conductive material. These silicon nitride balls were coated with a thin layer of gold in a 

sputter coater. Silicon nitride balls were fixed in a metal stud with a conductive adhesive, 

a silver paint was applied to the top of the ball connecting the metal stud to increase 

conductivity. This is then placed in the vacuum chamber of sputter coater beneath gold. 

Vacuum in the order of 0.1 millibar is achieved for a good coating. Argon is introduced 

into the chamber after 20 seconds along with voltage across gold and silicon nitride. This 

applied voltage produces argon ions which bombard and remove atoms of gold which 

then stick to the silicon nitride ball placed beneath it. The time of deposition was selected 

by experience and found that excellent film thickness is achieved for 5 minutes coating.  

Figure 2.13 (a) and (b) show images obtained in SEM. 
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(a) (b) 

 

Fig: 2.13 (a) and (b) Scanning Electron Images of silicon nitride balls 

 

The other main requirements of sample preparation are - it should be dry, free from 

water, any solvents and dirt to maintain a good vacuum level in the specimen chamber. 

The stud used to fix silicon nitride balls showed excellent mechanical stability which is 

another requirement to avoid any specimen movement whilst imaging. Before 

investigating samples in SEM, they were analyzed in optical microscope and were 

marked on the areas of interest. The SEM user chooses the operating conditions that suit 

his/her specimen. For this silicon nitride specimen, we found the following conditions 

resulted in good imaging. For specimens with and without plasma coating (1) a working 

distance (WD) of 5 to 10mm and 15 to 20 mm - that is the distance between the specimen 

and the sample (2) accelerated voltage in between 1 to 4 Kv and 10 to 20 Kv.  

 

Apart from imaging, SEM was also used for EDX (Energy Dispersive X-ray) analysis. 

This is normally done for element analysis. A chemical composition study on erosion 

samples were conducted to understand how different sintering additives or any other 

elements used in final preparation of silicon nitride balls influence erosion. A point 

analysis was performed for this task, this is an analysis type which selects the point of 

interest in the image and proceeds for EDX analysis. Figure 2.14 shows an energy 

dispersive spectrum taken on two points of an eroded sample.   


