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ABSTRACT 

Surface defects such as ring cracks are located on silicon nitride ceramic 

rolling elements. The random nature of ring crack position creates difficulties in 

predicting rolling contact fatigue (RCF) life. The influence of the lubricant, contact 

pressure and crack geometry on the RCF mechanism is difficult to determine due to 

the variable nature of RCF life when the crack location is not defined. In this study, 

rolling contact fatigue was tested using a novel experimental technique. The test 

ceramic ball specimen with identified surface ring cracks was precisely located in 

the contact path. The rolling contact fatigue tests were conducted using a modified 
four-ball machine in a hybrid ceramic/steel combination with five different types of 

lubricating mediums at various contact pressures. Detailed analysis of damage 

progression was carried out to study the mechanisms of fatigue failure. A boundary 

element analysis was used to determine the stress intensity factors around the crack 

front and stress distributions on the surface in the presence of the surface crack. 

The RCF tests of silicon nitride balls with surface ring cracks showed that 

fatigue life was strongly influenced by load/contact stress, crack size, lubricant and 

material type. Ring crack spalling failure is not only influenced by sub-surface 
fatigue crack propagation but also strongly influenced by secondary surface cracks. 
The formation of the secondary surface cracks is a key factor which dominates 

spalling of rolling contact fatigue. Modelling work showed that the crack length was 

an important parameter. Increasing the crack length for given crack radius resulted 
in higher tensile surface stresses ahead of the original ring crack and also gave 
higher absolute K11 values. In addition, the crack gap and crack face friction had a 
significant effect on the formation of secondary surface cracks and fatigue crack 
propagation behaviour. Increasing the crack face friction decreased both the surface 
tensile stress and absolute magnitude of K11. Numerical calculation results were 
consistent with the experimental observations. 
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CHAPTER 1 

CHAPTER 1 

INTRODUCTION 

1.1 GENERAL BACKGROUND 

High quality silicon nitride (Si3N4) ceramics have low densities, low friction 

coefficients, low thermal expansions, high strengths, and high temperature capability 

and chemical stability. The combination of these properties makes Si3N4 an 

attractive material for rolling element bearings applications. The advantage of 

silicon nitride roller bearings has been confirmed (Hamburg et al. 1981, Miner et al. 

1981, Bhushan and Sibley 1981, Aramaki et al. 1988). Hybrid rolling element 

bearings are now offered as a standard component in the ball bearing manufacturing 

industry. A significant breakthrough made by SKF Aeroengine, through its 

partnerships with key customers, was the development of a process to manufacture 

ceramics (silicon nitride) roller in production quantities. These hybrid roller bearings 

with their combination of ceramic rolling elements in traditional bearing 

configurations offer many advantages and are expected to constitute a significant 

proportion of SKF Aeroengines's future products. 

One of the major factors limiting widespread use of ceramic rolling elements 

in advanced industrial applications is the presence of ring crack defects on the 

surface (Wang and Hadfield 2002a). Surface ring cracks caused by manufacturing 

pressing faults or blunt impact loads are one of the most common types of defects on 

ceramic ball surfaces. Surface ring cracks formed prior to, or during, the final 

lapping or polishing stage are particularly difficult to detect (Cundill 1990). 

Numerous experimental studies have confirmed that ceramic balls typically fail by 

crack propagation from the pre-existing surface cracks (Hadfield et al. 1993a, 1993b, 

Hadfield and Stolarski 1993c, 1994a, 1995, Hadfield 1998, Wang and Hadfield 

2000a, 2000b, 2001,2002a 2004). Research has revealed the role played by a 
lubricating medium in the process of fatigue failure. Lubricated pre-cracked ceramic 
balls fail in a non-catastrophic spalling mode (Hadfield et al 1993a). In the previous 

studies, rolling contact fatigue tests were performed regardless of the crack 

orientation effect due to the greatest difficulties in performing such tests. As a result, 
it is difficult to identify the most crucial factors for quality control and life 
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prediction. In a recent study (Wang and Hadfield 2000a), a novel rolling contact 

fatigue test method was developed for locating the ring crack. The worst position 

was located and the test results showed that the ̀ natural' ring crack failure is heavily 

dependent on the crack orientations within the contact path. Fatigue failure occurred 

only in some favourite positions. A numerical fracture mechanics approach was used 

in the calculation of the stress intensity factor in order to explain why the fatigue life 

showed big difference as the crack location varies within the contact path (Wang 

and Hadfield 2000b). The calculations showed that mode I stress intensity (KI) play 

an important role in propagating a natural crack. The different crack locations 

demonstrated different stress intensity values and as a result of that the silicon 

nitride balls exhibited different rolling contact fatigue life. 

In a more recent study, Wang and Hadfield (2001,2004) demonstrated that 

the rolling contact fatigue failure of silicon nitride was involved in fatigue crack 

propagation from the pre-existing ring crack and the secondary surface crack 
induced as the subsurface fatigue crack grows. In that study, the investigations were 

concentrated on the natural crack (small crack) and mode I stress intensity was 

considered as a main factor which governs fatigue crack propagation. The 

calculations showed that the K, stress intensity may propagate fatigue crack to a 
certain spalling size, e. g. 0.3 mm in diameter. However, the modelling was not 
suitable for the case with a larger size spalt. To date, there are no such models to 

predict various spalling scales due to the limited fundamental understanding of the 
history of fatigue failure processes starting from various initial sizes of the surface 
crack. A detailed investigation is now needed. 

Therefore, a detailed failure analysis is necessary in order to fully understand 
the failure mechanisms of rolling contact fatigue in ceramics. Accurate predictive 
modelling will therefore be based on full exploitation of fatigue behaviour of 
ceramic rolling elements with various geometries of the crack and it is the subject of 
this thesis, 

1.2 OBJECTIVE AND SCOPE OF RESEARCH WORK 
The first main objective of the study presented in this thesis is to investigate 

experimentally and analytically the fatigue mechanisms and durability of silicon 
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nitride rolling elements that have surface crack defects. A second main objective is 

to model these fatigue mechanisms. The scope of this study is: 

(1) To perform a comprehensive programme of three-dimensional boundary 

element analysis of surface ring cracks within ceramic ball rolling elements. 

This will be achieved by concentrating on crack/contact path orientation with 

variations of crack dimensions. As part of this process the research will 

determine the extent of subsurface crack growth in relation to loads ranging 

from 4.0 to 6.6 GPa to assess critical crack location, geometry and lubricant 

properties. 

(2) To carry out experimental studies using the Plint TE92HS Rotary Tribometer 

to verify numerical analysis. Natural and artificial cracks are to be located and 

positioned using dye penetration and optical methods. Experimental RCF tests 

are carried out using critical positions, defect shape and lubricants (traction 

and viscosity variants) to establish critical operating conditions. 

(3) To develop a fundamental understanding of the ring crack failure and to 

perform detailed post-test studies including surface and subsurface 

observations of ring crack spalling failure processes. 

1.3 OUTLINE OF THESIS 
In Chapter 1, general background and previous research work related to this 

subject are described. Chapter 2 describes the design of an artificial crack generator. 
Chapter 3 describes the main programme of experimental testing. Section 3.1 of this 

Chapter gives details of test materials. Section 3.2 is concerned with crack geometry 

studies. Section 3.3 describes experimental methods and procedure. Section 3.4 

outlines experimental observations during fatigue testing. In Section 3.5, Scanning 

Electron Microscopy (SEM) analysis is described. In the final Section, 

Profilometering analysis is shown. 
In Chapter 4, experimental results are presented. Surface appearance of 

surface ring cracks is described in Section 4.1.1. Statistical analysis of surface ring 
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cracks is shown in Section 4.1.2. Subsurface geometry of the ring cracks is studied 

in Section 4.1.3 and the mathematical model of the crack is presented in Section 

4.1.4. Section 4.2 of this Chapter gives details of the rolling contact fatigue (RCF) 

performance with natural ring cracks. The effect of test lubricants on the fatigue life 

is also addressed. Section 4.3 describes the RCF performance with artificial cracks. 

Section 4.4 describes surface studies of ring crack failure processes. Subsurface 

studies of crack propagation are shown in Section 4.5. A summary from the 

experimental work is given in Section 4.6. 

An analytical study of ceramic rolling contact fatigue is given in Chapter 5. 

A boundary element analysis is carried out to increase understanding of fatigue 

failure processes. The analytical model is presented and described in Section 5.1. 

The physical considerations and modelling strategies are addressed. A three- 

dimensional boundary element model is developed and described in Section 5.2. 

Contact stresses due to surface ring cracks are analysed. The impacting factors such 

as crack face friction, crack geometry and contact stresses are described in Section 

5.3. The calculation results predict the conditions for the secondary surface cracks 

and interpret the failure mechanism of ceramic rolling contact fatigue. Stress 

intensity factors (SIF) are computed according to the three-dimensional fracture 

model. SIF solutions along the crack front are described in Section 5.4. The 

calculated results are given in Sections 5.4.1 to 5.4.7. 

Discussion, conclusions and recommendations for further research topics 

resulting from this present study are outlined in Chapter 6. 

1.4 LITERATURE SURVEY 
1.4.1 Failure modes with nominal defect free surfaces 

Early investigations on hot-pressed silicon nitride as a rolling bearing 

material were performed by Scott and Blackwell (1973). Both lubricated and 
unlubricated contacts were studied using a modified four ball machine. The tests 
were conducted at 1500 rpm and a maximum Hertzian stress of 5.8GPa for 
lubricated contact and 7.7 GPa for unlubricated contact. Under lubricated contact, 
the failure mode was wear and fracture and the upper ball failure was only after a 
few seconds of testing. For unlubricated conditions upper ball wear was fast and the 
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wear track on the ball surface retained modest surface quality. The silicon nitride 
balls were also tested in contact with steel lower balls and the time to failure was 
increased to minutes. The test results were not promising due to the poor quality of 

the silicon nitride balls. Parker and Zaretsky (1975) investigated the fatigue life of 
high-speed-ball bearings with hot pressed silicon nitride balls using a five-ball 

fatigue test machine. The tests were conducted at a shaft speed of 9600 rpm and the 

maximum Hertzian contact stresses ranging from 4.3 to 6.2 GPa. No evidence of a 

wear mode of failure was seen and only fatigue spalls were observed. Also, Lucek 

and Cowley (1978) investigated the failure mode of hot-pressed ceramic using a 
disc-on-rod machine at the contact stresses from 4.1 to 5.5 GPa. The results 
demonstrated that the failure mode was a non-catastrophic spalling for all tests. 

Fatigue of silicon nitride hybrid bearings was tested by Morrison et al. 
(1984), using 12.7 mm diameter silicon nitride balls, M50 steel rings and a brass 

cage. The lambda value was approximately 3.5 for all tests and the tests were 

performed at the maximum contact stresses of 1.95 to 2.44 GPa. The failure mode 

was fatigue spalling and no cases of the silicon nitride balls fracturing were seen. 
Dry rolling tests on several ceramics were performed by Kim et al. (1986) 

concluding that the silicon nitride wear rate was the smallest. Wear tests were 

performed at the stresses ranging from 2.5 GPa to 5 GPa, using a ring-on-disc 
testing machine. The results indicted that the wear mode is mainly dominated by 

brittle fracture. Also, wear properties of silicon nitride in dry rolling-sliding contact 

were investigated by Akazawa and Kato (1988). They selected the ring on roller 
tester to perform wear tests. It was found that the roughness of the contact surfaces 
determined the characteristics of the wear particles. Additionally, rolling and sliding 

wear mechanism were studied by Braza et al. (1989a) using a disc-on-rod tester. 

Three types of silicon nitride (hot pressed, pressureless sintered and reaction bonded) 

were tested at a Hertz contact pressure of 1.37 GPa. The reaction bonded type 

showed a higher wear rate with the failure mode of grain pullout. The other two 

types showed similar wear rates with the wear mode of submicron chipping. 
Experimental work (Fujiwara et al. 1989), using a ball-on-plate machine, examined 
the dynamic and static load rating of silicon nitride as a bearing material. Three 

modes of failure, spalling, cave-in and peeling, were found. Spalling was identified 
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as the most common mode in long-term test and two other modes were ̀ cave-in' and 

peeling in short time tests. 

The rolling contact fatigue of hot-pressed silicon nitride was studied using a 

ball-on-rod tester (Lucek 1990). The specimen (rod) speed was set at 3600 rpm 

(8600 stress cycles per minute) at a contact stress of 6.4 GPa. A synthetic turbine oil 

was used and the lubrication regime was boundary lubrication. The predominant 

failure mechanism in silicon nitride involves the slow growth of circumferential 

crack from the edges of the contact path driven by tensile stresses. Spalling occurred 

when material in the compressive zone was insufficiently supported. Allen (1994) 

studied the effect of composition and physical properties of silicon nitride on rolling 

wear and fatigue performance using a ball-on-rod machine. Different commercial 
bearing materials were tested to compare wear and fatigue properties at a contact 

pressure of 6.4 GPa. The fatigue life and wear resistance were not influenced 

significantly by the fracture toughness. The results showed that grain boundary 

composition had no effect on the wear mechanism of these hot-isostatically-pressed 

materials. In a study (Burrier 1996), the effect of the microstructure on ceramic 

rolling contact fatigue was investigated using eleven silicon nitride bearing materials. 
A ball-on-rod tester was adopted and fatigue tests were performed at the contact 

stress of 5.93 GPa and rod rotation speed of 3600 rpm. It was found that the 

materials exhibited huge differences in fatigue life and failure mode was spalling. A 

wide range of rolling contact fatigue endurance was seen in those silicon nitride 

materials. The materials that contain the microstructure of finer and more equiaxed 

grains demonstrated good fatigue durability under the relatively high stress contact. 
In another study (Chao et al. 1998), the wear properties of silicon nitride in 
lubricated rolling contact was studied. A ball-on-rod tester was used and tests were 
performed with stresses ranging from 5 to 6.5 GPa. It was found that the initial 

surface roughness was the important factor which determines the wear rate and 
behaviour. 

Wang and Hadfield (2002a) discussed rolling contact fatigue of ceramics. 
The RCF life performance and failure modes were influenced by the test-rig type 
and failure modes could be changed according to contact geometry. The 
experimental evaluation of silicon nitride should be conducted on a number of 
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model tests before predicting its performance for rolling element applications. 
Several failure modes of silicon nitride in rolling contact have been reported, i. e. 

spalling fatigue failure, delamination failure and rolling contact wear. A recent 
innovation is the ball-on-flat machine ( Kalin and Vizintin 2004) which is useful as 

sample preparation time is reduced. A study (Hus and Shen 2004) reviewed the 

various wear models over the years to predict wear, wear transitions, and wear under 
different mechanisms for ceramics. They also investigated the feasibility of 

modelling across a range of materials and operating condition using a concept of 

contact severity and material property normalisation process. Materials failure 

mechanisms of hybrid bearings with silicon nitride balls were investigated by 

Thoma et al. (2004), using a modified Shell four-ball apparatus. Five kinds of silicon 

nitride ceramics, which differed in terms of surface roughness, porosity as well as 

the amount and chemical composition of additives, were investigated. Lifetime and 
failure mechanisms varied between the five bearings with silicon nitride balls. 

Different failure modes on the tested ball surfaces were found which are dependent 

upon the porosity and chemical composition of the materials. 

1.4.2 Failure modes with surface defects 
Since Si3N4 has a covalently bonded (hexagonal crystalline) structure, 

difficulties in sintering became a major barrier to its manufacture. Machining was 

also extremely difficult because of the hardness of Si3N4. The difficulties in both 

sintering and machining resulted in the fact that it was impossible to limit all defects, 

such as porosity, large inclusions, surface damage, and sintering flaws in Si3N4 

products. The presence of the surface defects often leads to an uncertainty in failure 

modes of silicon nitride elements. Even though many investigators explored damage 

mechanisms of Si3N4 under contact loading and have documented their attempts 
(Akazawa and Kato 1988, Galbato et al. 1992), the damage processes of Si3N4 have 

not been precisely explained. This is because most of the failures resulted from 

random, external factors (such as defects caused by manufacturing and machining or 
improper preparation and improper selection of tests) rather than from aspects of 
material structure. Therefore, the fundamental understanding of the failures initiated 
from various surface defects is important to the prediction of modem advanced 
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ceramic rolling elements. 

1.4.2.1 Sharp Indentation flaw 

Vickers hardness tester is usually used to produce sharp indentation flaws. 

Such flaws are often selected to investigate their effect on rolling contact fatigue 

failure although it is not possible to find the defect size like the indentation flaw. A 

very small indentation defect may be used as to simulate the specific defect such as 

`star defect', which is occasionally found on the ball surfaces. 

The effect of sharp indentation defects on ceramic rolling contact fatigue was 

studied by Hadfield et al. (Hadfield et al. 1993a, 1993b and 1994b), using a 

modified four ball machine. The upper ball was a steel ball and contacted with three 

lower ceramic balls. Each lower ceramic ball contains certain numbers of 

indentation defects made by Vickers hardness machines. Tests were conducted at a 

maximum contact stress of 6.4 GPa and spindle speed of 5000 rpm. The lubricants 

investigated were high viscosity mineral oil and low viscosity synthetic oil. The 

results showed that silicon nitride balls failed in a non-catastrophic way. Several 

damage modes were seen on the tested ceramic balls. They were lateral crack spall, 

radial crack propagation and delamination. 

1.4.2.2 Artificial ring crack 
Artificial ring cracks (large ring crack) are induced through indentation with 

a blunt indenter. The effect of such surface cracks on rolling contact fatigue of 

silicon nitride balls were extensively investigated by Hadfield et at. (1993a), 

Hadfield et at. (1993b) and Hadfield et at. (1993c). The use of a modified four-ball 

tester showed that good quality ceramic balls in hybrid contacts did not fail in a 
catastrophic mode. Fatigue tests were conducted at maximum contact stresses of 6.4 
GPa and spindle speed of 5000 rpm. The lubricants investigated were high viscosity 
mineral oil, low viscosity synthetic oil and high penetration kerosene. Test results on 
artificially induced crack revealed the role played by a lubricating medium in the 
process of fatigue failure. Experimental results showed that the artificially produced 
cracks failed in a non-catastrophic way, the pattern of failure was strongly 
influenced by the lubricating fluid. The pre-cracks were initiated by an impact 
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indentation process in which fully developed cone cracks were formed and the 

rolling contact fatigue mode was spalling. In that study, the artificially produced ring 

crack depth within the silicon nitride subsurface typically reached 20 µm before 

developing into a cone crack. 
Hadfield (1998) has also performed preliminary experiments on surface ring 

cracks (small ring crack) found on silicon nitride as purchased from manufacturers 

to observe the failure mode from such crack defects. A modified four ball machine 

was used to perform the test and the ceramic balls were placed on the bottom. 

Experimental results were given a pre-test surface analysis using a dye penetration 
technique and identified some failure modes of the silicon nitride rolling elements. 
In that study, it was found that the ring cracks did not develop into cone cracks but 

failed due to delamination. 

1.4.2.3 Natural ring crack 
In the previous section, all those RCF test results relied heavily on random 

crack location and did not consider the importance of specific crack locations. In 

practice, surface cracks distribute randomly on the ball surface and they can occur in 

any positions when two balls are in contact. For example, when a modified four ball 

machine is used to perform a fatigue test, the probability for the crack being in the 

contact area is only two percent (Wang and Hadfield 2000a). Therefore it is nearly 
impossible to ensure that the crack is on the contact track if the ceramic ball is just 

randomly placed in the collet. Wang and Hadfield (2000a) have developed a novel 

rolling contact fatigue test method for positioning the ring crack (Appendix 1). The 

ring crack can be located precisely within the contact path. Twelve typical locations 

were tested experimentally and it was found that silicon nitride balls do not always 
fail when the contact loading traverses the crack although the cracks are entirely in 

the contact region. The life of balls in rolling contact fatigue varied considerably as 
the crack orientation was changed. There were a small number of locations which 
led to fatigue failure. Therefore, the cracks must be located in the same position so 
that the test results are comparable and predictable. 

A numerical fracture mechanics approach was used in the calculation of the 

stress intensity factor in order to explain why the fatigue life showed big difference 
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as the crack location varies within the contact path (Wang and Hadfield 2000b). The 

calculations of the stress intensity factors, K1, KII and KI1I, were made to determine 

which mode is important for crack propagation. The calculations showed that mode 

I stress intensity (K1) dominated natural crack growth. The different crack locations 

demonstrated different stress intensity values. As a result, the rolling elements with 

the natural ring cracks exhibited different rolling contact fatigue life. 

Wang and Hadfield (2004) investigated the failure processes starting from a 

natural surface ring crack. Experimental observations identified the importance of 

the secondary surface cracks in fatigue failure. The fatigue failure process was 

influenced not only by fatigue crack propagation but also strongly influenced by the 

crack face contact. The process of the surface crack failure was analysed using a 

boundary element analysis. In the numerical simulations, the mode I stress intensity 

(K1) was assumed to be the most influential factor. No attempt was made to compute 

the mode II stress intensity (K11) for the crack being in the compressive zone. As a 

result, the observed spall size was larger than the numerical prediction. To overcome 

this problem, the mode II stress intensity (K11) has to be considered in the analysis. 
Effects of various initial crack sizes on secondary surface cracks are also important 

to determine surface ring crack failure. 

1.4.2.4 Line defect 

Unlike the surface ring crack defects, line defects are not often observed in 

silicon nitride balls. The percent for the line defect is approximately 8% (Wang and 
Hadfield 2002b). Line defects are also difficult to detect under the normal light 

source and they only are able to see under the illumination of UV light source. The 
line defects are approximately straight, extending for 0.5-0.6 mm for the long line 
defect and extending for about 0. lmm for the short line defect. The subsurface 
profile of the line defect is like a straight line and the angle between the line and the 
ball surface ranges from 40° to 90°(Wang and Hadfield 2002b). Recently, this type 
of defects was studied experimentally and numerically by Wang and Hadfield 
(2002b, 2003). Rolling contact tests were performed on silicon nitride / steel 
elements. A modified four-ball machine was used to carry out fatigue tests. The tests 
were conducted at 5000 rpm and a maximum Hertzian stress of 5.58 and 6.63GPa 
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respectively. The defect was placed in the worst position using the crack orientation 

determination procedures (Wang and Hadfield 2000a). The test results confirmed 

that the failure mode was fatigue spalling. Post-test analysis showed that fatigue 

cracks that initiated from pre-existing line defect propagated either in the same 

direction of the motion of the load or opposite to the direction of the motion of the 

load. 

1.4.3 Mechanics of ring cracks 
Surface ring cracks are normally caused by manufacturing pressing faults or 

blunt impact loads. The ring cracks on flat silicate glass plate have been studied 

extensively in the past (Roesler 1956, Chaudhri and Phillips 1990). The Hertz theory 

of elastic contact is widely used to explain the ring and cone fracture. Studies on 

ceramics are becoming more prevalent and the theory of Hertzian fracture has been 

significantly developed during recent years (Lawn 1998). The contact stress fields 

are well documented (Huber 1904, Wilshaw 1971, Johnson 1985). The ring and 

cone fracture tests involve pressing a tungsten carbide ball into the ceramic surface 

with a progressively increasing load and observing the pattern of fracture. The ring 

crack pops up first when the load exceeds the critical value and a well-defined cone 

shaped crack is developed as the normal load further increases. For the Hertz 

fracture, due to the small volume acted upon by the contact induced tensile stress, 

the tensile stress for generating ring cracks is much greater than that required for 

fracture in bulk tensile tests specimens (Roesler 1956, Tillett 1956). 

To predict both the fracture load and the subsequent length of the cracks 

numerous theoretical models have been developed using fracture mechanics 

approach (Frank and Lawn 1967, Wilshaw 1971, Warren 1978, Mouginot and 

Maugis 1985, Li and Hills 1991, Warren et al. 1995). In these models, it was 

assumed that the inclined sides of the cone crack were perpendicular to the 

maximum principal stress. Under the action of a combined normal and tangential 

load, a partial cone crack will be generated if the indent slides over the surface. The 

cracks are initiated at the trailing edge of the contact, and propagate almost 

perpendicular to the surface (Lawn 1967, Bethune 1971). Warren (Warren et al. 
1995) analysed ring crack initiation and propagation using analytical techniques and 
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concluded that several stages were involved in the formation of the cone cracks. The 

first two stages of surface defect growth form the complete rings and in the final 

phase the crack develops into a cone. 
Experimental observations were made to identify impact cracking (Cundill 

1997). Results demonstrated that the impact resistance to surface ring cracks was 

sensitive to the material microstructures and some material types were found to be 

more resistant to impact cracks than others. The ball sizes also showed a significant 

effect in the impact resistance to the surface ring cracks. For ball sizes of 6.35 mm, a 

contact stress of 20-25 GPa was required to form surface ring cracks; for ball sizes 

of 12.7 mm, 10-15 GPa was required; for ball sizes of more than 20 mm, 10-12 GPa 

was required. The ring crack initiation load of HIP silicon nitride balls was also 

experimentally studied by some researchers (Ichikawa et al. 1995a, Ichikawa et al. 

1995b, Ohgushi and Ichikawa 1996). A maximum contact stress of 14 -18 GPa was 

required to produce surface ring cracks. 

1.4.4 Modelling of crack growth 
Modelling of fatigue crack propagation is important to predict fatigue life 

precisely. Many attempts have been made to relate crack propagation rate with RCF 
life performance. Braza et al. (1989b) discussed the importance of modelling work 
for wear mechanisms and indicated that the modes must be described 

mechanistically to better understand how they occur and to develop formulae for 

wear material removal. Since Fleming and Suh (1977) discussed the mechanics of 

crack propagation in delamination wear, fracture mechanics has been applied in the 

analysis of modelling in a number of studies (Hills and Ashelby 1979, Rosenfield 
1980, Keer et al. 1982). In those studies, a subsurface crack parallel to the surface of 
a half-plane subjected to a Hertzian surface load was analysed and the stress 
intensity factors were calculated based on the contact induced stress field with no 
cracks. Also, a crack at an angle to a surface acted on by a Hertzian contact load was 
also analysed by Keer and Bryant (1983) and Bryant et al. (1984). In Keer and 
Bryant, lubrication pressure was assumed to be the crack driven force; in Bryant et 
al., the crack face friction was assumed to be zero due to the existence of the 
sufficient lubrication oil in the crack. The mode 11 stress intensity is responsible for 
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crack growth. Additionally, the surface pitting crack was thoroughly analysed by 

Bower (1988). The effects of crack face friction and lubrication pressures on crack 

propagation were summarised. 

Numerous studies have been completed to explain the wear mechanisms in 

ceramic materials (Keer and Worden 1990, Thomsen and Karihaloo 1996). For 

brittle materials, cracks often occur on the surface due to tension. In Keer and 
Worden, the stress distribution due to a Hertzian contact was considered to be the 

main cause for the microchipping cracks. A mode for wear material removal was 

proposed. The microchipping cracks at the surface link or branch to turn parallel to 

the surface due to the rapid change in the direction of principal stresses at the 

indentation contact. In Thomsen and Karihaloo, near-surface cracks subjected to 

contact loading were modelled. The frictional contact between the crack faces was 

considered as a significant impact factor in a phase transforming material. This is 

because the closing effect on the crack tips resulted in significant compressive 

stresses at the crack tip(s). Consequently, these compressive stresses would induce a 
frictional resistance to the sliding deformation of the crack tips. 

The cracks found on ceramic rolling elements are very small. Currently, 

experimental results on small fatigue cracks in ceramics are limited. Dauskardt et al. 
(1992) investigated the subcritical growth behaviour during cyclic-fatigue loading in 

a SiC-whisker-reinforced alumina ceramic composite. Experimental observations 

were carried out on both long and micro-structurally small cracks. For the long crack 

experiments, cyclic fatigue crack growth rates were dependent on the applied stress 
intensity range and load ratio. The long crack fatigue threshold, AKth, was 

approximately in the order of 60% of K.. This result was similar to the observations 
in other ceramic materials. For small surface cracks, cyclic fatigue crack growth 

rates were significantly smaller than the nominal long-crack threshold OKKh at the 

applied stress-intensity levels. Another experiment on the cyclic fatigue behaviour 

was performed by Reece and Guiu (1991). They studied the effect of environment 

on the cyclic fatigue behaviour of a high-purity alumina bioceramic using the 

repeated indentation technique. Tests were conducted in the presence of water, a 
variety of alcohols, toluene and simulated physiological fluid environments. The 

experimental results indicated that these environments did not demonstrate any 
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detectable effect on the damage produced by single indentations, but those 

containing water cause a significant degradation in cyclic fatigue resistance which 

cannot be quantified in terms of subcritical crack growth behaviour in static fatigue. 

A review paper by Ritchie and Dauskardt (1991) summarised the fracture mechanics 

approach to subcritical crack growth and life prediction during cyclic fatigue of 

ceramics. 

1.5 STATE OF THE ART 
Fatigue of silicon nitride elements in rolling contact is almost always 

initiated from surface crack defects. Many attempts have been made to identify the 

role of the surface defects and failure mechanisms in rolling contact fatigue using 

various test machines. Experiments conducted on silicon nitride elements generally 

exhibited considerable scatter in number of stress cycles to failure. This difficulty 

arises as a consequence of the variability associated with initial crack size and 

testing techniques. Available experimental results by Wang and Hadfield (2000a, 

2004) pointed to the effects of the crack orientations/locations on time to spall. As 

the experimental tests were only concentrated on natural cracks, there was little 

information on the effect of initial crack sizes on contact fatigue and therefore 
further experimental tests using various crack sizes and geometries are crucial 
important for predicting contact fatigue. It is necessary to develop an understanding 
of failure modes starting from various crack sizes. Currently, there is little 

fundamental understanding of failure mechanisms. Although the numerical analysis 
has been widely used in fracture modelling, the damage processes of surface cracks 

are still not fully understood. In recent studies (Wang and Hadfield 2000b, 2004), 

the natural crack was adopted in the model and crack growth was analysed using a 
dual boundary element method. No attempt was made to compute the stress intensity 
factors where the crack lies in the contact circle due to the limitation of the 
numerical method. The calculations could not explain why the spall size is often 
larger than the numerical prediction. Detailed experimental and analytical studies on 
silicon nitride elements with various crack sizes have not been carried out 
adequately at this stage. Micro-mechanics in ceramic rolling contact have not been 
adequately studied. Clearly, much effort must be devoted to these aspects. 
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CHAPTER 2 

SURFACE RING CRACK GENERATING DEVICE 

This chapter describes the design of a crack generating device and the results 

obtained from it. The aim of the design and manufacture of the crack generator was 

to produce various sizes and shapes of the surface ring/cone cracks. The 

mechanisms of rolling contact fatigue failure may be identified with the help of 

well-controlled crack sizes. In section 2.1, contact stress fields are described 

according to classic solutions. Crack generator design is described in section 2.2. 

The principles of crack geometry control are discussed and test conditions are 

presented. In the final section, test results are discussed. Surface and subsurface 

appearances of the artificial ring/cone cracks are also illustrated. 

2.1 CONTACT STRESS FIELDS 
The most common type of defects found on ceramic ball surfaces are surface 

ring or cone cracks, which are normally caused by manufacturing pressing faults or 

blunt impact loads (Cundill 1990). These surface cracks are of partial circular 

feature, and the arc length is approximately one forth to one third of the 

circumference of the circle. The phenomena of the ring and cone fracture are 

normally explained by the Hertz theory of elastic contact. In the past decades, the 

study on the ring and cone fracture was most widely carried out in flat silicate glass 

plates. It is becoming more prevalent in ceramics and the damage theory associated 

with Hertzian fracture has been significantly developed during recent years (Lawn 

1998). 

For the frictionless contact of a sphere, the basic Hertzian elasticity solutions 
for a sphere of radius R at normal load P are well documented (Huber 1904, Lawn 

and Wilshaw 1975, Timoshenko and Goodier 1951, Johnson 1985). The contact 

radius a is given by: 

a= 3E 
(2.1) 
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ic is a factor composed of the elastic constants of the indenter (Ei, vj) and the 

specimen (E, v): 

x- 16[(1-VZ)+E 
(1-v; )l. (2.2) 

In these equations, E and El are Young's modulus, and v and vi are the Poisson ratio 

of the specimen and the indenter respectively. Figure 2.1 shows the geometry of the 

contact. The mean contact pressure is given by: 

P 
Pm (2.3) 

The maximum tensile stress in the specimen occurs at the contact circle: 

Qmax -2 (1- 2V)Pm (2.4) 

Figure 2.1 Geometry of indentation fracture (Zeng et al. 1992) 

The stresses within the Hertzian elastic contact field are given by the 
equations described in Appendix 2. 
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The surface friction force has a significant effect not only on the magnitude 

of the maximum tensile stress but also on the crack path (stresses a, and a3 

trajectories) as shown in figure 2.2 (Hamilton and Goodman 1966). Hence, the crack 

geometry and sizes may be controlled using various combinations of surface traction. 

The effect of surface friction force on crack geometry will be discussed in the next 

section. 
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-0.5 
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ý 
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0.25 

Figure 2.2 Influence of friction coefficients on a3 trajectory 

2.2 DESIGN OF CRACK GENERATING DEVICE 
2.2.1 Description of the device 

As discussed in the previous section, the contact radius defines the spatial 

scale of the contact field and the mean contact stress defines the intensity of the 

contact field. Therefore, different dimensions of ring/cone cracks may be obtained 

using the specific combination of traction and indenter sizes. The design of the crack 

generating device is based on these principles. 
A finished ceramic ball was placed into the hole of the mild-steel base facing 

towards the impacting pendulum, as shown in figure 2.3. A tungsten carbide ball or 

silicon nitride ceramic ball with collet was mounted on the holder. A mass was 
dropped under gravity through the hammer. Figure 2.4 systematically illustrates the 

geometry of the crack generating device. The symbol a represents the initial angle 
between the pendulum and the central line. The symbol 0 represents the swing angle 

where the holder is lifted to a height of H. Figure 2.5 shows the relationship between 

the height and the swing angle. The letter 1 stands for the distance between the 

contact point and the central line and the h stands for the distance between the steel 
base and the platform 
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Figure 2.4 Configuration o1'the crack generating device 
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Figure 2.3 Views of the crack generating device 
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An electronic device was used to record the swing angle of the pendulum 
hanging in the vertical position and the switch was held while the pendulum was 

raised to the required position. The angle was recorded, and the pendulum was 

released to perform an impact of the balls. The height of the mild-steel base or the 

height (or angle) of the pendulum can be adjusted to obtain various surface tractions. 
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Figure 2.5 Height of the pendulum against swing angle 

2.2.2 Principle of crack geometry control 
Consider the case of figure 2.6. The collision point is in the centre of the 

balls and velocity v is at an angle a to the x axis. The angle cc depends on the 

magnitude of I (see figure 2.4). The various values of ! can be modified by moving 
the steel base to the left or the right. The tangential velocity at the moment of 

collisions can be expressed as follows: 

v, = vsina (2.5) 

Tangential traction will be produced as a result of this tangential velocity. 
The surface tensile stresses are increased compared to the impact without tangential 
traction. Consequently, it is easy to produce smaller size cracks. 
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V 

Figure 2.6 Geometry of ball collisions with no off-centre 

Figure 2.7 shows the case of off-centre collisions. The tangential velocity at 

the moment of collisions is: 

v, =v sin(a + ß) . 
(2.6) 

The results indicate that the tangential velocity is larger than that in the case of 
figure 2.6. The equation (2.6) is a common form, which may represent all situations. 
Generally speaking, it is hard to keep 0. In practice, an off-centre effect always 

exists. 

We can change the values of a and ß to gain the crack geometry required. 
This crack generator is employed to produce surface cracks as it may simulate the 

processes of crack formation in the real lapping phases (rotation and impact). The 
lower ball (held in the steel base) will rotate when the collision starts. The 
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conditions for impact testing are listed in table 2.1. 

Table 2.1 Test conditions for generating surface cracks 

Off-centre 
position 

a 
(Degrees) 

p 
(Degrees) 

a+ß 
(Degrees) 

1 12.4 5.42 17.82 

2 12.4 10.89 23.29 

3 12.4 16.47 28.87 

Figure 2.7 Geometry of ball collisions with off-centre 
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2.3 TEST RESULTS 

2.3.1 Surface and subsurface characterisation 

'the tests of impact resistance were carried out on silicon nitride ceramic 

balls. Tile lower ball was located on the mild-steel base and the dropping ball was 

held by a collet mounted on the holder. Various heights (or swing angles) of the 

pendulum were selected in order to produce various sizes (length and radius) of 

cracks. Tile crack angles (subsurface profile) were controlled by changing the 

magnitude of angle ux and ji values. This was done by changing I and h. The initial 

value of the angle cx was I2.4". The mild-steel base was raised by putting an 

adjustment washer underneath the mild-steel base. In this way, different values of 

angle (i were obtained. 
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(Figure 2.8 Sturt'ýtce appearances of artificial ring/cone cracks 

'I-he dropping angle o the pendulum was progressively reduced from the 
maximum value until no surlice crack was observed on the ball surface under a light 
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microscope. The dye penetrant method, described in Chapter 3, was used to enhance 

the ability of surface crack inspections. Detailed analysis of subsurface cracks will 

be discussed in Chapter 4, section 4.1.3. 

The surface ring/cone crack, produced by using a 6.3mm tungsten carbide 
ball impacting a 12.7mm silicon nitride ball (material A, Chapter 3, Table 3.1) are 

shown in figure 2.8. The cracks, produced by using 12.7mm balls impacting each 

other, are shown in figure 2.9. Clearly, the radius of the ring crack increases as the 

swing angle increases. For the impact of ceramic balls, when the swing angle is too 

big, slight surface damage may be observed on the central zone. This minor damage 

looks like small pits removed from the surface. This is only happens when the drop 

height is large. It is interesting to note that the bigger the crack radius the easier the 

crack is to observe. This implies that the gap between the faces of the crack 

increases as the crack radius increases. 
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Figure 2.9 Surface appearances of artificial ring/cone cracks 

(12.7mm balls (material A) impacting against each other at position 3) 
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Suhsurl-ace images of the crack are shown in figure 2.10. The subsurface 

observations show that the length of the cracks increases as the swing angle 

increases. Note that the crack radius also increases as the swing angle increases. 

Therefore, a large radius crack leads to a large length crack. 

Figure 2.10 Subsurface appearances of artificial ring/cone cracks 

( 12.7mm balls (material A) impacting against each other at position 3) 

Figure 2.1 1 shows the effect of an off-centre impact on the crack path. Both 

Cracks are generated at the Salm; swing angle (0 = 15`) and are of the same crack 

radius. As expected, the trajectories are slightly different. Generally speaking, the 

crack angle increases as the position number increases. Experimental observations 

co ntirm that the crack generator can hrOLIUCC different crack geometry. In addition, 
the sires of- the crack are well under control. 

I' il; urc 2.11 ('0111pi11.1Soil O subsurface observations on the Material A ball 
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2.3.2 Hertz fracture strength of surface ring cracks 
According to the size of the circular contact zone, the impact force can be 

simply calculated using a quasi-static Hertzian model owing to the low impact 

velocity. The surface ring crack is generated when the swing angle (pendulum drop 

height) reaches a critical value. If the radius of the surface ring cracks is taken as the 

radius of the contact zone, the tensile stress required to produce the surface cracks 

can be calculated according to the minimum contact radius. Note that the contact 

radius and the ring crack radius are not exactly the same. The radius of a ring crack 

is slightly bigger (Frank and Lawn 1967). 

The impact force P, the maximum contact pressure po and the contact radius 

a are computed using the expression (Johnson 1985): 

P= 
43R*3 (2.7) 

3P (2.8) Po-2=2 

V12 
Z -1 

E*- 
1-yl 

+l-yZ (2.9) 
EI EZ 

R* =1+1 (2.10) 
(RI 

RZ 

where a is contact radius, EJ, 2 and V1,2 are the Young's modulus and Poisson's ratios 

of two impact balls, and R1,2 is the radius of the balls respectively. The maximum 

tensile stresses at the surface, which occur just outside of the contact zone, are given 

by: 
(1- 2y) 

Po 3 
(2.11) 

When this maximum tensile stress reaches a critical value (Hertz fracture 

strength), the ring crack will be generated. The Hertz fracture strength can be 

obtained by experimental tests. The observed circular contact zone at the critical 
drop height is shown in figure 2.12(a). The crack is just on the edge of the circle. 

The radius of the circle is approximately 0.28mm and the radius of the ring crack is 
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O. 28mm (figure 2. I2(h)). It can he seen from the results that both radii are nearly the 

same. "I hereli)re, it is reasonable to use the ring crack radius in the calculation. Test 

results show that the crack radius generated at the critical drop height is 0.38mm for 

material ß (Chapter 3, "fable 3.1) halls and 0.28mm for material A balls. Hence, the 

calculated surface tensile strength is 2.07(iPa for material 13 and 1.5IGPa for 

material A. 
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(a) Circular contact r. nne (b) Ring cracks 

Figure 2.12 Photographs of artificial cracks 

2.3.3 Relationship between the crack radius and swing angles 
'I he relationship between the swing angle and crack radius is shown in 

figures 2.13 to 2.15. 'i'he results, produced by 6.3m tungsten carbide halls 

impacting I 2.7111111 balls (material A) at position one, are shown in figure 2.13, and 

tigurc 2.14 tiºr position two. As can be seen from figures 2.13 and 2.14, when a 

swing angle is less than 5" the radius approaches to the mean of natural cracks (see 

Chapter 4). Figure 2.15 illustrates the comparison of' crack radius at different swing 

angles I'Or difTerent materials. Material A and 13 balls were adopted for this purpose 

to create the artificial cracks. A natural crack site can he created on material A balls 

Surface wlhen the swing angle is less than a certain value, for example, I5". However, 

it is difficult to see the cracks on a material B ball when the swing angle is less than 

30". 'Ihr results also indicate that the radius ofthe cracks varies as the swing angles 

change. The radius of the crack increases as the swing angle increases for all the 

11111)act positions. 
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Figure 2.13 Crack radius against swing angle at position I (different sizes and types 

of ball impacting each other) 
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Figure 2.14 Crack radius against swing angle at position 2 (ditferent sizes and types 

of ball impacting each other) 
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Figure 2.15 Crack radius against swing angle at position 3 for different materials 
(same sizes and types of ball impacting each other) 
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CHAPTER 3 

EXPERIMENTAL METHODOLOGY 

This chapter gives details and specifications related to the experimental 

methodology. Test materials are described with regard to manufacture and details of 

silicon nitride rolling elements, steel balls and lubricants are given. Specimen 

preparation, surface inspection and subsurface examination for crack geometry 

studies are described. The rolling contact fatigue test method is outlined with regard 

to the test machine, test procedure and crack orientation determination. Surface and 

subsurface examination techniques including light microscopy, scanning electron 

microscopy and WYKO laser profilometer are also described. 

3.1 TEST MATERIALS 

3.1.1 Silicon nitride rolling elements 
Silicon nitride ceramic materials are manufactured from fine powders. The 

powder used for silicon nitride manufacture is produced by a variety of techniques 

such as direct nitridation, vapour phase reaction and carbothermal reduction. Powder 

particle size is particularly interesting from an engineering viewpoint due to its 

influence on mechanical properties. Good quality silicon-nitride powder is one to 

two microns in size (Cundill 1992). 

Silicon nitride describes a family of materials which include a- or ß- sialons 

as well as pure silicon nitride. In addition, silicon nitride materials can contain 

significant amounts of both crystalline and glassy oxynitride phases whose 

composition is determined by compounds added to promote densification. There are 

also a number of different fabrication and densification processes used to 

manufacture components. In most cases the starting material is silicon nitride 

powder, which after preforming can be densified by various processes, including 

low and high pressure sintering, hot pressing and hot isostatic pressing (Lee and 
Rainforth 1994). 
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Silicon nitride materials are classified according to the processing techniques 

used to prepare the solid form. The categories include sintered, hot-pressed, reaction- 

bonded and hot isostatically pressed. It is important to recognise that the composition, 

microstructure, and properties of silicon nitrides vary strongly depending on the 

processing route used in the fabrication of the product as shown in Appendix 3 

(Jahanmir 1994). 

Two types of silicon nitride bearing materials were used in the present study. 

They were manufactured both from the hot isostatic pressing (HIP). The test silicon 

nitride balls for both materials were 12.7 mm in diameter. The average surface 

roughness (Ra) is 0.005 to 0. O l µm. Typical physical and mechanical properties of 

silicon nitride ceramic balls for materials A and B are listed in tables 3.1 (Jahanmir 

1994). 

Table 3.1 Physical and mechanical properties of silicon nitride bearing materials 
Material A B 

Density (g /em) 3.16 3.24 

Young's modulus (GPa) 320 310 

Poisson's ratio 0.26 0.26 

Fracture toughness 
MPam1/2 

6.05 6.41 

Hardness (Vickers indentation) 
k mm2 10k 

1660 1600 

Coefficient of thermal expansion 
Ax 10"6 m /m °C), 20-800 °C 

2.9 3.0 

Thermal conductivity 
W/m°C 

29.3 (at 20°C) 30(at 20°C) 

3.1.2 Steel balls 
Steel balls used in this research were made from carbon chromium steel. The 

diameter and surface roughness were 12.7 mm and 0.02 µm RQ respectively. The 
average hardness of the steel balls was 851 Nv1o. The elastic modulus of the steel 
ball was 210 GPa and Poisson ratio was 0.3. 
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3.1.3 Test lubricants 

Five lubricants were used to study their influence in the rolling contact 

fatigue process. The physical properties of the test lubricants are listed in table 3.2. 

The mineral oil was typical oil used in bearings. Gearbox oil is a hypoid oil with EP 

additives. The grease is a synthetic ester base-oil with polyurea soap. The traction 

fluid is a synthetic oil with ZDDP EP additives. 

Table 3.2 Test lubricant and properties 

Lubricant Viscosity @ 40°C (eSt) Viscosity @ 100°C (cSt) 

Mineral oil 9.4 2.4 

Gearbox oil 101.2 15.24 

Grease 70 9.4 

Traction oil 31.9 5.4 

Kerosene 2.7 n/a 

3.2 CRACK INSPECTION 

3.2.1 Specimen preparation 
Ceramics are brittle materials. Manufacturing processing faults or impact 

loads often cause surface cracks, which are difficult to observe even under high 

microscopic magnification. Although several non-destructive evaluation (NDE) 

techniques, e. g. X-ray microfocus radiography, high frequency ultrasonic and 

acoustic microscopy, are being developed for detection, measurement and 

classification of defects and non-conformities in ceramic components, most of the 

advanced techniques are not sufficiently developed for use in routine inspection of 

silicon nitride balls (Galbato et al 1992). To inspect these small surface cracks, a 
fluorescent dye penetration technique was adopted to examine silicon nitride balls. 

The fluorescent dye penetration method is very effective in detecting surface 
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defects on ceramic halls. Use of high resolution penetrants combined with advanced 

Illumination and examination techniques permits detection of very fine, artificially 

induced, often optically invisible, ball surface crack defects. The sample preparation 

is the key to effectively detecting surface ring cracks. First of all, the silicon nitride 

halls are thoroughly cleaned with acetone in an ultrasonic bath to remove any 

surface grease and debris. Secondly, the samples are soaked for a period of time in 

the dye penetrants. Thirdly, the samples are put in a dye remover for a very short 

time to remove any dye from the ball surface and then washed thoroughly with 

water and then (tried carefully. The silicon nitride balls are now ready for inspection. 

3.2.2 Surface inspection 

Figure 3.1 shows typical surface ring cracks Found on the ceramic ball 

surface using fluorescent dye penetration method. These micrographs are used to 

determine the crack radius and length of the ring cracks. The tluorescent dye 

penetration inspection is supplemented by visual examination using bright or dark 

field illumination für detection of defects that do not retain dye penetrants. 

Figure 3.1 "I yhical ring cracks tUUi1tl on a ceramic ball surface under ultraviolet 
light 

3.2.3 Subsurface examination 
Suhsurfäcc geometry is important fror evaluating contact fatigue of silicon 
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nitride balls. To examine the subsurface geometry, the ball was sectioned near the 

crack. The position for sectioning the ball is crucial important to obtain the real 

subsurface profile. To reach the purpose, the direction of the cutting wheel 

movement must be straight to the chord of the ring crack. The specimen is a ball and 
it is not possible to cut through the crack straight away and therefore the ball is 

required to cut several times. After final cutting, the specimen is mounted and then 

polished gradually across the ring crack to examine the subsurface profile. The 

section images are then taken at various distances away from the centre of the ring 

crack in order to obtain whole images of the subsurface. 
As it is difficult to section and polish ceramics due to its high hardness, a 

Sturers cutting machine incorporating a diamond wheel with sample rotation was 

used to section ceramic balls. A light microscope with UV light source is employed 

to inspect the specimen. 

3.3 ROLLING CONTACT FATIGUE TEST 

3.3.1 Test machine 
A Plint TE92/HS Rolling Tribometer (figure 3.2) was used to perform the 

rolling contact fatigue tests. The test system includes a bench-mounting test machine, 

a micro-controller and a computer. The computer is connected to the micro- 

controller via the serial port. The control information is displayed on the computer 

screen and all test parameters are set up through various screen menus. In this way, 
it is very easy to set up test conditions and to store test results in the computer. 

The test machine consists of an assembly which simulates an angular contact 
ball-bearing. The stationary steel cup represents the bearing out-race, the three lower 

balls represent the rolling elements within a bearing-race and the upper ball 

represents a bearing inner-race. The assembly was loaded via a piston below the 

steel cup from a pneumatic actuator. Three steel balls were driven by the upper 

ceramic ball which was assembled to a drive shaft via a collet. The steel cup is filled 

with the lubrication oil. A heater beneath the cup may be used to control lubricating 

oil bulk temperature. Spindle speed may be varied up to 10,000 rpm from high or 
low speed drives. Test time and spindle revolutions are recorded by a timer and 
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tachometer. The tests were terminated automatically at a set number of drive-shaft 

revolutions measured by a tachometer. The test machine is equipped with a 

vibration-sensitive shutoff transducer. When the machine vibrates such that the 

diode remains in the on mode for more than I second the drive motor will cut out 

and the tinier will stop. An increase in the general bearing vibration level is 

indicative of spalling fatigue failure of a bearing component. When an increase is 

sensed by the transducer, the test machine is shut down automatically to prevent the 

progression of the damage and loss of failure initiation data. This machine can test 

materials and lubricants at shaft speeds between 100 and 10,000 rpm. All of the 

present tests were conducted at a shaft speed of 5000 rpm. 

r 
-_n 

The cure of the machine is composed of two rigid vertical columns which 
ensure accurate location of the drive spindle with respect to the normal loading axis. 
'Ihr test adapters are mounted on a cross beam which is guided by linear hearings on 
the columns and loaded by it pneumatic actuator. The load actuator assembly 
includes an in-line force measurement tier direct feedback control of load. 
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3.3.2 Crack orientation 

Figure 3.3 demonstrates the loading geometry of the test machine and a ring 

crack within the contact track. The ring crack distribute randomly on the ball surface 

and they can occur in any positions when two balls contact each other. For example, 

when a modified four ball machine is used to perform a fatigue test, the probability 

for the crack being in the contact area is only two percent (Wang and l iadfield 

2000a). Therefore it is nearly impossible to ensure that the crack is on the contact 

track if the ceramic ball is just randomly placed in the collet (Wang and Hadfield 

2000a). 

Load L 

Rolling direction 

lubi 
wß 

. --Ring crack 
Contact 

----- - --------------- circle 
Contact track A 

Figure 3.3 Schematic illustration showing the loading configuration (Wang 

and Hadfield 2000a) 

To position the ring crack into the proper orientation, rolling contact fatigue 

tests were performed using the experimental procedure developed by Wang and 

Hadfield (2000a). Detailed description of the test procedures can be found in 

Appendix I. In this way, the ring crack can be located precisely within the contact 

path. In the present study, the ring cracks are located in the same position so that the 
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test results are comparable and predictable. Two crack orientations, normal position 

(figure 3.4(a)) and reverse position (figure 3.4(b)) were selected to investigate 

fatigue modes and failure mechanisms. 

contact 

A 

_ circ_le_ _ 
contact path F ring crack 

rolling direction 

B 
contact 
circle 

nth 

(a) Normal position 

rolling direction 

---------------- ------------------------- 
ontact 
circle 

contact path( ring crack 
A 

(b) Reverse position 

Figure 3.4 Crack orientation used in rolling contact fatigue test 

3.3.3 Test preparation 
Each test was preceded by checks on the four-ball machine and cleaning of 

cup assembly components. Periodic checks were made to maintain the belt tension 
in the high speed driving belt of the modified four-ball machine and the accuracy of 
the proximity sensors. In addition, the steel cup, which is pressed into the heater 
assembly, was checked for flatness with a dial indicator and results showed that 
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there was no deviation. The electric mains supply was switched on after checking 

the initial control settings were safe. The vibration cut-out mode was selected and 

spindle bearing temperature cut-out reset. The motor speed controller was set to zero 

and 'motor enable' switch selected. The vibration potentiometer was then set by 

adjustment and the LED was illuminated, the control was turned backward one 

revolution. 
Consistent cleaning and degreasing procedures were adopted to prepare the 

rolling elements and the cup assembly before each RCF test. The driving rolling 

element and the collet, the driven balls, the cup, the cup holder and the cup holder 

plate were initially cleaned in an acetone bath in the ultrasonic cleaner for five 

minutes. The surfaces were then cleaned and dried with tissues. The components of 

the cup assembly were then dried with a fan heater for five minutes and allowed to 

cool down. The steel lower race and the rolling element balls were then inspected 

for any damage under a light microscope. New steel lower balls were used for each 

test. However, the lower race was used for a number of tests until appreciable 
damage was observed on its surface. 

The lower race was then pressed into the cup holder using a special fixture 

and the surfaces were again cleaned in an acetone bath in an ultrasonic cleaner for 

five minutes. The surfaces were then dried using the fan heater for five minutes. The 

three grub screws at the base of the cup holder were then placed in position to avoid 

any oil leakage from the base of the cup during the test. The driving spindle was 

then cleaned with acetone and dried using the fan heater. 

3.3.4 Test procedure 
The upper-ball was pushed into a spring steel tapered collet after locating the 

crack and then the collet assembly was placed in the drive spindle. Before the lower 

steel balls were fitted, the cup assembly was finally cleaned with acetone and was 
fitted onto the heater pad and loading piston slots. The lubrication oil level should 
immerse three lover steel balls when the machine is stationary. Place the safety 
guard in position and start the tests. 

This test machine is designed to be able to perform a long term test. During 
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the long term tests, the oil needs to be replenished due to the loss of the lubrication 

oils. To perform the direct observations of the surface crack during the fatigue 

testing, the collet assembly with the ceramic ball was taken off the test machine, 

cleaned in acetone using an ultrasonic bath for a period of 5-10 minutes, and then 

examine under the light microscopy. After each observation, the collet was put back 

to the test machine to continue the fatigue test until failure or expiry of the allocated 

experiment time. Occasionally, a lower ball failed in which case the set of lower 

balls was replaced, and the test was continued. 

The collet was taken off the machine after test completion. The upper 

ceramic ball was cleaned in acetone and then was stored in a desiccator for the 

further analysis. The steel balls were also stored after they were cleaned. The steel 

cup was inspected for surface damage and replaced if necessary. 

3.4 OBSERVATION OF DAMAGE PROGRESSION 

3.4.1 Apparatus 

A light microscope was used to examine surface damage and crack growth. 
Due to the nature of the dynamic observations, the optical microscope is the only 

way to carry out the observation although there is a limitation in magnification. 
Different illumination methods, e. g. bright field, dark field and Normasky 
interference, were used in order to improve visibility of surface damage. The UV 
light illumination was also used to inspect the ring crack and crack growth. 

3.4.2 Observation procedure 
Observation of ring crack propagation during testing is performed using 

optical microscopy. To perform the direct observations of the surface crack during 
the fatigue testing, the collet assembly with the ceramic ball was taken off the test 
machine, cleaned in acetone using an ultrasonic bath for a period of 15-20 minutes, 
and then examine under the light microscopy. After each observation, the collet was 
put back to the test machine to continue the fatigue test until failure or expiry of the 
allocated experiment time (Wang and Hadfield 2000a). 
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3.5 SURFACE SCANNING ELECTRON MICROSCOPE STUDIES 

3.5.1 Sample preparation 
Since the SEM uses electrons to produce an image, most conventional SEM 

requires that the samples be electrically conductive. In order to view non-conductive 

samples such as ceramics, we must cover the sample with a thin layer of a 

conductive material. Coating used in SEM analysis is mainly to prevent the charge- 

up on the specimen surface and to increase secondary electron emission. Sample 

preparation is important in the quality of electron microscopic analysis. It is 

important to remove all water, solvents, or other materials that could vaporize while 
in the vacuum. 

For coating, the sputtering method is generally used. Various substances are 
being used i. e., carbon (for general analysis) and gold, which must be selected 
depending on the purpose and magnification. It is necessary to select a coating 

suitable for the observation magnification. If the coating is too thick, its particles 
become visible while at the same time the structures of interest are may be obscured. 
In the present study, carbon was selected as a coating material. 

The silicon nitride ball was firmly attached to the specimen support before 

being viewed in the SEM. The mounting procedure is very important in order to 

obtain a high quality SEM result. The support must be clean before use. The 

specimen was placed on the stub before the sputter coating procedure. This will 
increase the conductivity and the quality of the SEM images. 

3.5.2 Equipment description 
A scanning electron microscope (SEM), PHILIPS SEM525M EDAX9900, 

was used for surface studies. The SEM creates the magnified images by using 

electrons instead of light waves. There are many advantages to using the SEM 

instead of a light microscope. The SEM has a large depth of field, which allows a 
large amount of the sample to be in focus at one time. The SEM also produces 
images of high resolution, which means that closely spaced features can be 

examined at a high magnification. The combination of higher magnification, larger 
depth of focus, greater resolution, and ease of sample observation makes the SEM 
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one of the most heavily used instruments in research areas today. 

3.5.3 Surface examination 
Thorough visual surface examination of all ball failures was performed using 

the scanning electron microscope. A standard development method of failure 

analysis was adopted. All images were recorded by taking photographs of the 

display. 

3.6 SURFACE WYKO ANALYSIS 
3.6.1 Machine description 

A WYKO laser profilometer was employed to measure the profile of the 

spalls. The WYKO is a surface profilometer using fast 3D laser measurement in 

quality assurance and process control. The profilometer uses non-contact 
interferometry for surface topography measurements. The WYKO laser profilometer 
does not rely on any one technology to solve complex engineering problems; instead, 
it comes with the option of two different laser measurement sensors, making it a 

useful tool to meet various measuring requirements. 

3.6.2 Sample preparation 
The samples are thoroughly cleaned with acetone in an ultrasonic bath. It is 

important to remove any surface grease and debris because it is directly related to 
the quality of surface topography measurement. 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

This chapter presents the results of rolling contact fatigue tests. The aim of 

the experimental tests was to investigate the failure modes of ceramic rolling 

elements that contain surface ring cracks under various tribological conditions. The 

observations include the subsurface at the stages of incipient spall, with a spall and 

without a spall. Surface appearance of surface ring cracks is described in Section 

4.1.1. Statistical analysis of surface ring cracks is presented in Section 4.1.2. 

Subsurface geometry of the ring cracks is studied in Section 4.1.3 and the 

mathematical model of the crack is presented in Section 4.1.4. 

Five test lubricants were used to examine the possible effects on the failure 

modes of natural ring cracks and the results are described in Sections 4.2.1 to 4.2.5. 

The rolling contact fatigue performance was tested with various load ranges. A 

comparison of RCF life at different loads for different lubricants was carried out and 

the results are described in Section 4.2.6. 

The results of experimental tests carried out on artificial pre-cracked silicon 

nitride balls are given in Section 4.3. The influence of lubricants on RCF life is 

described in Section 4.3.1. The influence of ceramic materials on RCF is discussed 

in Section 4.3.2. The results show that the different ceramic materials can strongly 
influence rolling contact fatigue performance. The influence of rolling directions, 

crack geometry (crack angles and crack size) is discussed in Sections 4.3.3 to 4.3.5. 

In the final section the influence of contact load on RCF failure modes is described. 

Surface observations of fatigue failure were carried out and results are 
discussed in Section 4.4. Investigation into the formation of secondary surface 

cracks is presented in Section 4.4.1. Characterisation of fatigue spall is outlined in 

Section 4.4.2. Subsurface observations of crack failure processes are described in 

Section 4.5. Finally, summary and discussion of experimental work are given in 

Section 4.6. 
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4.1 CHARACTERISATION OF SURFACE RING CRACKS 

4.1.1 Surface appearance 
The tnanul'acturing pressing faults or blunt impact loads are the main causes 

to generate surlitce ring cracks which are often seen on the ceramic ball surfaces. 

I he present studies on 12.7mm diameter silicon nitride balls showed that 90`; x, of the 

balls were found to contain surface defects. The majority of these defects were 

surface ring cracks. Lateral and radial surface cracks are not often observed and they 

are normally caused by a poor sintering mixture or a sharp indentation load. 

Figure 4.1 Surface ring cracks found oil silicon nitride ball surface 

Figure 4.1 illustrates three types of surIi ee ring cracks normally found on the 

surfaces ut ceramic halls. As can he seen from figure 4.1, these surface ring cracks 
are uI" partial circular feature. The arc length is approximately 1/4 of the 
circun1fcrence of a circle. 
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Figure 4.2 Statistical distributions of detected cracks 
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4.1.2 Analysis of crack sizes 
Figure 4.2 shows the statistical distributions of the detected surface cracks. 

The crack radius and crack arc length are measured from the micrographs. As can be 

seen from the plots, the radius of the cracks varies in the range of 0.16 to 0.38 mm 

(figure 4.2(a)). The majority of the crack radius falls between 0.2 and 0.25 mm. The 

average value is approximately 0.228 mm. Figure 4.2(b) illustrates the statistical 

distribution of the crack are length. 79 % of the crack arc lengths are between 0.25 

and 0.4 mm. The average arc length is 0.334mm, which is approximately one 

quarter of the circumference of a circle. The length of natural cracks ranges from 

0.03 to 0.06 mm. The distribution of the crack sizes implies that the most of the 

natural cracks are generated in similar conditions. 
For the artificially produced cracks, the sizes of the cracks can be well 

controlled by means of different drop heights of the pendulum together with an off- 

centre position. Tangential traction is smaller than that in finishing or lapping 

environments. Therefore, the radius of the cracks for artificially induced cracks is 

normally larger when compared to the natural cracks (see Chapter 2). The radius of 

the crack can be reduced to the same size if a small size ball is adopted. However, 

the ratio of the arc length to the circumference is still larger if compared to the 

natural cracks. The ratio of the arc length to the circumference is approximately one 

quarter for the natural cracks, while for the artificial produced cracks the ratio is 

approximately one third. 

4.1.3 Subsurface geometry characteristics 
Ceramic balls with surface cracks were sectioned to study the subsurface 

geometry of the crack. The balls were sectioned near the crack and polished 
gradually across the crack to examine the profile of the crack path. The procedures 
for doing this were described in section 3.2.3 of Chapter 3. 

Subsurface observations are carried out and the micrographs are taken at 
section lines indicated by the lines. Figure 4.3 shows an example of the subsurface 
images from artificial cracks (12.7mm balls impacting each other). Figure 4.3(a) 
shows a dark field image of a double crack on two sides. Figure 4.3(b) indicates the 
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positions where the images are taken. The crack on the right side is the observation 

object. The 
-7 axis value is gradually increased when the sections are moved to the 

middle (Compare figures 4.3(c) to (f)). Therefore the face of the crack must be a 

crescent shape. Figure 4.3(f) shows the subsurface geometry of the crack observed 

from the middle of the crack. 

(ý) Line I (d) Line 2 (C) line ; (f) [inc 4 

Figure 4.3 Subsurface observations of a ring crack 

Figure 4.4 shows another example of subsurface images from an artificial 

crack (6.35mm ball impacting against 12.7mm ball). Figure 4.4(a) shows an image 

taken under an UV light. This is a double crack from one side only. Figure 4.4(1)) 

indicates the positions the images relate to. Again, the z axis value is gradually 
increased when the sections are moved to the middle (Compare figures 4.4(c) to (1)). 
Figure 4.4(f) displays the subsurface geometry observed from the middle section of 
the crack. 
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Figure 4.4 Subsurface observations of a ring crack 

Figure 4.5 Comparison oi'subsurflucc geometry of two types of material 

In figure 4.5, the subsurface geometry Observed from two types of silicon 

nitride hall (Material A and 11) is exhibited. 'Ihr impact was performed using the 

same sirr balls (I?. 7mm ball imparting against 12.7 mm ball). Figure 4.5(a) is the 

image Irani material A halls and figure 4.5(b) is 1rcm material li halls. No 

5ignilicant difference is seen when the crack radius is the same. The angles of the 

cracks were between approximately 32� and 35". 
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Subsurface observations from various impact conditions were carried out to 

identify the characteristics of the subsurface geometry of the cracks and the results 

are shown in figure 4.6. All the micrographs were taken from the middle plane of 

the crack. Figures 4.6(a) and 4.6(b) are the results from the artificial cracks. In figure 

4.6(a), the crack was generated using two different sizes of ball (6.35111111 and 

I2.7mm). The crack forms at the critical drop height of the pendulum (at the swing 

angle 40). In figure 4.6(b) the crack was produced using the same size balls. Again, 

the crack was formed at the critical swing angle. It can be seen that the crack angle 

in figure 4.6(b) is larger than that in figure 4.6(a). 

Figures 4.6(c) and 4.6(d) are from the natural cracks. The crack angles for 

these natural cracks are larger compared to the artificial cracks. Note that the lengths 

of these cracks are very similar, approximately 40 to 50 microns. 

Figure 4.6 Subsurface geometry of the crack generated at different conditions. 
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(a) Different size impact (6.35 to 12.7) 

(d) Natural crack (c) Natural crack 
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Figure 4.7 Comparison ofcrack geometry with different radii 

Figure 4.7 shows experimental observations from different radii cif the crack. 

It appears that lengths increase with the radius of artificial cracks. Therefore, it is 

Ill important to select the same radius cracks as test specimens. 

4.1.4 Mathematical model 

A inatltcmatical model ººfthe ring crack is very important in the numerical 

analysis and life prediction. Previous study on ring crack geometry was completed 
by Wang and Ilauif cki (2000a). In that study, the geometry of a natural ring crack 

Ifiý, urý 1. x(a)) was described using fallowing expressions (Wand, and llacit eldl 

1 /l ilI()' cos (X ) cos 
011 
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Ty = (R +! 1- 
O) 2 cos a) sin 0 (4.2) 

0o 

lcosa Jl 
_ (ý ), (4.3) 

20 ýn 

Where R= crack radius 
/= crack length, 0</ <= maximum length (line PI P2) 

a= angle of line PIP2 to the ball surface, 0<a<T /2 

= angle of an element position on the crack face, -O <0<0, 

c= half angle of ring crack arc AB, 0< rj <; r /2 

Z 

X 

(a) 

N 

-S=5 -S=10 --S=15 -S=20 

(b) 

Figure 4.8 Geometry of a surface ring crack: (a) coordinate system of a surface ring 

crack (Wang and Hadfield 2000a); (b) subsurface path of the crack at the plane of 

Y=O. 

In practice, the shape of the crack is changed as the surface traction varies. 
The above expressions are only suitable for some certain conditions. The shape of 

the crack is mainly determined by the equation (4.3). A shape constant is induced 

here to represent various shapes and the modified equation (4.3) is now rewritten as 

49 

Crack front line 



CHAPTER 4 

Z_ 
Jicosa /1_(_)2 

S 0o 
(4.4) 

Where S is a shape constant which is used to describe various shapes of the ring 

crack. Experimental observations showed S ranges from 5 to 20 depending on the 

condition when the crack was formed. Figure 4.8(b) demonstrates the effect of the 

shape constant on the subsurface profile of the crack. Using equation (4.4) instead of 
(4.3), the modified expressions (4.5) to (4.7) can be used to describe almost all the 

geometries of surface ring cracks formed in the lapping or finishing processes. 

cos a)cos 0 (4.5) x=(R+l 
L)2 

TOO 

y= (R +1 
Fo 

o) 
2 cos a) sin 0 (4.6) 

z 
/lcosa I1_(__)2 

S ýb0 (4.7) 
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4.2 RCF PERFORMANCE WITH NATURAL RING CRACKS 
Although rolling contact fatigue can be attributed to the stresses and the 

properties of the material, it is now recognised that the nature of the lubricant and 

environment it creates also have very important effect on the rolling contact fatigue 

failure. Lubrication is essential in ceramic-steel contacts, where the presence of 
lubricants reduces not only the adhesion and friction of the pairing material but also 

the brittle micro-fracture of ceramic materials during sliding. Under unlubricated 

conditions, ceramics cause undesirable high wear on the mating metallic parts. 
Lubricants have received much attention in rolling contact fatigue of steels 

and many studies have been done (Tourret and Wright 1977, Wang et al. 1996). 

However, there is little information on the effect of lubricants on ceramic rolling 

contact fatigue. For a better understanding and proper use of lubricants in rolling 

contact problems, it is important to study the influence of different lubricants on the 

rolling fatigue failure of ceramic rolling elements. For this reason, this section 
investigates the effect of lubricants on the rolling contact fatigue failure of ceramic 
balls with natural ring crack defects. Five test lubricants are selected and have been 

described in Table 3.2 of Chapter 3. 

4.2.1 Traction fluid lubrication 
A synthetic oil lubricant was used to examine how surface traction affects 

the fatigue failure modes of ceramic rolling elements. Balls (Material A) were used 
for these tests. Each test was conducted at a speed of 5,000 rpm. The crack 

orientation was in the normal position as shown in figure 3.4(a) in Section 3.3.2 of 
Chapter 3. Test conditions and results were listed in table 4.1. As can be seen from 

the table, the fatigue life changes with the contact stresses. To compare fatigue life 

at contact stresses more clearly, the results are plotted in a bar chart as shown in 

figure 4.9. The contact fatigue life decreased as the contact stress increased. The 

results indicate that the fatigue failure may not occur if the stress level is less than a 
certain value. For example, no fatigue failure is seen when the maximum contact 

stress is less than 4.0 GPa in the 20.25x 107 stress cycles. 
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"fahle 4.1 Test conditions and results for traction oil 

"Fest No. Contact stress 
((H a) 

Average oil 
Temperature 

("C) 

Time to failure 
or end of test 

(Hours) 

Stress cycles 
(x 10') 

TOL-1 4.00 30 300* 20.25* 

Tr6) 1, -2 4.44 33 117 7.898 

UL-3 5.03 40 68.5 4.624 

TOI-4 5.59 44 21 1.418 

TO 1, -5 6.63 53 17 1.148 

* Test suspended without spalling 

350 

300 
N 

250 

200 

150 
0 

100 

50 

0 

; uspendcd 

4.00GPa 4.44GPa 5.03GPa 5.58GPa 6.63GPa 

Contact stress 

Figure 4.9 Rolling contact fatigue life at different loads lubricated with traction oil. 

Observations of damage progression were carried out to determine the 

mechanisms ni'rolling contact fatigue failure associated with surface ring cracks. In 

general the natural surface ring crack is not visible without an ultra-violet light 

source. 'I he crack can only be detected by using a dye-penetrant method under ultra- 

Violet light. During the fatigue tests, however, the cracks can he seen under normal 
light conditions, 
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Figure 4.10(a) showed a surface ring crack before testing under UV light 

(Test TOL-1). Figure 4.10(b) showed the contact track and ring crack after 300 

hours of testing, where the contact track was covered by a dark lubricant deposit. No 

surface damage was seen. Figure 4.1 1(a) shows the ring crack image after 23 hours 

of testing (Test TOL-2). Compared with figure 4.10(b), the width of the contact 

track was increased because the contact stress was increased from 4.0 to 4.44 GPa. 

The crack is clearly visible under a normal light source. Spalling fatigue failure 

occurred after 117 hours of testing shown in figure 4.11(b). 

Observations of silicon nitride ball surfaces from Test TOL-3 at the contact 

pressure of 5.03 GPa are illustrated in figure 4.12. The surface ring crack can only 

be seen under UV light source before testing (figure 4.12(a)). As the fatigue test 

proceeds the crack becomes visible under the white light source (figure 4.12(b)). 

The micro-cracks are present on the ball surface after 46 hours of testing as shown 

in figure 4.12(c). An overview of the spall obtained after 68.5 hours of testing is 

illustrated in figure 4.12(d). The spall contour resembles an ellipse. The longer semi- 

axis is always parallel to the rolling direction, and the short axis is perpendicular to 

the rolling direction. 

(a) Pre-test ring crack (UV light) (b) 300 hours of testing (white light) 

Figure 4.10 Surface observations of silicon nitride hall (Test TOL-I ) 
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(a) After 23 hours of testing (h) An overview of spalt (SIN) 

Figure 4.11 Surface observations of silicon nitride ball (Test TOL-2) 

(a) Pre-test ring crack (UV light) 
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(c) Miere-cracks observed on the path (d) Overview of the spalt (dark field) 

Figure 4.12 Surface observations ol'silicon nitride hall ('Test '101 -3) 
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Figure 4.13 shows the result from Test TOL. -4. The contact pressure was 

5.58 GPa in this case. Figure 4.13(a) shows the surface ring crack before the test. 

Figure 4.13(b) shows the overview of fatigue spall. The contact stress is increased to 

6.63 GPa (Test TOL-5) to attempt high stress failure modes. Figure 4.14(a) shows a 

surface ring crack before testing under UV light. Figure 4.14(b) shows the fatigue 

spall optical image after 17 hours of testing. There is no difference in failure nodes 

for the stress range of 4.0 to 6.63 GPa. Failure modes are fatigue spalling. Surf lce 

wear is often seen when the contact stress is at high level. 

(a) Pre-test ring crack (UV light) (b) Fatigue shall optical image 

Figure 4.13 Surface observations of silicon nitride ball (Test '1'UL-4) 

(a) Pre-test ring crack (UV light) (b) Fatigue shall optical image 

Figure 4.14 Surface observations of silicon nitride hall ('Test 
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4.2.2 Gearbox oil lubrication 

A high viscosity lubricant, gearbox oil, was also used in determining the 

effect of lubricants on RCF performance. All of the tests were conducted at a speed 

of 5000 rpm. The crack was placed in the normal position as shown in figure 3.4(a) 

in Section 3.3.2 of Chapter 3. The type A material was used for these tests. Test 

conditions and results were shown in table 4.2. Lubricant temperature was recorded 

after equilibrium was reached. As temperature gradually increases with contact load, 

film thickness reduces due to the effects of the viscosity. Figure 4.15 shows fatigue 

life at different loads. It is obvious that the fatigue life decreases with the increase of 

the contact stresses. 

Table 4.2 "fest conditions and results for gearbox oil 

Test No. Contact stress 
(G Pa) 

Average oil 
Temperature 

CC) 

Time to failure Stress cycles 
or end of test (x 107) 

(Hours) 
GOL-I 5.03 38 300* 20.25* 

GO L-2 5.59 41 134.33 9.067 

GO L-3 6.63 54 78.72 5.314 
*Tfest suspended without snallinw 

350 

300 

250 
Li 

200 

150 
0 

100 

50 

0 

tiuýpcndcd 

Fi}; urc 4.15 Rolling contact f"atiý; uc Iitc at different loads lubricated with gearbox oil 
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Test GOL-1 was suspended after reaching 300 hours (approximately 200 

million stress cycles). No damage was observed after microscopic analysis under 

white light. Figure 4.16(a) shows the surface ring crack after 63 hours of testing. 

Figure 4.16(b) is the surface ring crack after 227.7 hours of testing. Comparison of 

figure 4.16(a) and (b) reveals that there is no significant change in the ring crack size 

and the crack does not propagate along the ring crack circle. The crack becomes 

more visible. 

12 11 46 02 20X 1. ns 05-07-02 

S 

ýev.. 

6. 0 

to 27 40 00 20X lens 12-07.02 

6 00.. 

(a) After 63 hours of testing (b) After 227.7 hours of testing 

Figure 4.16 Surface observations of silicon nitride ball (Test GOL- 1) 

I. 10 73 50 07 10X Lens 1304-- j. " 10.10 54 04 16X Lens I/ O6 "i 

to 
-ý 

:a 

r. } 

'zi;. 
.. 

(a) After 39.3 hours of testing (b) Failure overview 

Figure 4.17 Surface observations of silicon nitride ball (Test GOL-2) 

Figure 4.17 shows the surface observations from Test GOL-2). The maximum 

contact pressure was 5.58 GPa. After 39.8 hours of testing the ring crack becomes 

more visible (figure 4.17(a)) and the micro-cracks are observed on the contact track. 

These micro-cracks are distributed in a regular pattern. The overview of the spall is 

57 

aiT. ýi 



('I IAI"I'l'R 4 

shown in figure 4.17(h), where the original ring crack is still clear after the fatigue 

stall was formed. The delaminated failure characteristic on the wear track is also 

tluun(1 

Observations trom 'fest GOL-3 are shown in figure 4.18. The optical and 

SIF. M images are shown in figure 4. I K(a) and (b) respectively. This test differs from 

Test GOl. -2 in that the contact stress is different. The maximum contact pressure is 

increased from 5.58 (iPa to 6.63 GPa, and the crack remains in the same position. 

I'he spalt is formed alter 78.72 hours of testing. Failure modes are fatigue spalling. 

16 57 06 Oa 1ýý: lýný OS-O8-OZ 

(a) Spall Optical image 

o tY. ý 

Figure 4.18 Overview ot'the spall ('Test GOL-3) 

4.2.3 Grease lubrication 

Fests with grcasc were carried out to compare grease and oil lubrication. All 

UI the tests were conducted at it speed of' 500O rpm. The crack orientation was in the 

normal position as shown in figure 3.4(a) in Section 3.3.2 of Chapter 3. The type A 

material was used liar these tests. Test conditions and results were listed in table 4.3. 
Figure 4.19 shows the comparison of R('I litic perfiºrmance. It is clear that 

tliC rolling contact fiatigue life increases as the contact load decreases. When contact 
stress is less than 5.03 (il'a, there is no fatigue failure in 200 million stress cycles. 
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Therefore, 5.03 GPa is indicated as the minimum load for likely fatigue failure with 

grease lubrication. 

Table 4.3 Test conditions and results for grease 

Test No. Contact stress 
(GPa) 

Average oil 
Temperature 

°C) 

Time to failure 
or end of test 

(Hours) 

Stress cycles 
(x 107) 

Grease-1 5.03 44 300* 20.25* 

Grease-2 5.58 46 231.67 15.64 

Grease-3 6.63 58 60.58 4.09 

* Test suspended without spalling 

350 
Suspended 

300 
U) 

250 

200 19 

150 
0 

100 

50 

0 
5.03GPa 5.58GPa 6.63GPa 

Contact stress 

Figure 4.19 Rolling contact fatigue life at different loads with grease lubrication 

Figure 4.20 shows the microscopic analysis results from Test Grease-1. The 

ring cracks after 143.6 hours and 300 hours of testing are shown in figure 4.20(a) 

and (b), respectively. Comparison reveals that there is no significant change in the 

ring crack and contact path. The crack still stays at the original crack length. The 

contact surface remained in good condition even though it had been subjected to 300 
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hours cri' testing. Micro-chips are found on the upper and lower edge contact track as 

detailed in figure 4.20 (c) and figure 4.20 (d). 

14 09 15 02 20X Lon" 23-09-02 14.13 12.08 20X lens 07-10-07 

ý.. fk 4; Ct t 
yg 

-a- 08. 

(a) Arier 143.0 hours of testing 

14 16 57 06 5OX tons 02-10-02 

-- 

" '' 
.. 

14 17 4 OF SOX Lon* oz-10 02 

ý, 

Figure 4.20 Optical micrographs of surface damage (Test Grease-1) 

In ligure 4.21, surface observations are presented (Test Grease-2). The ring 

crack can only be seen under UV light source (figure 4.21(a)). After 23.5 hours of 

testing the contact track is covered by a bright substance (figure 4.21(b)). The ring- 

crack becomes visible as well. This bright substance (or deposit) can be removed 

using publishing power. No surface damage is seen after removing the deposit. The 

Optical micrograph of fatigue spill is shown in figure 4.21(c) and the SEM 

micrograph in figure 4.21(d). Detailed SFM analysis will be presented in Section 
4.4.1. 
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(c) Spall optical image (231.67 hours) (d) SEM micrograph 

Figure 4.21 Surface observations of silicon nitride ball (Test Grease-2) 

Observations from Test Grease-3 are shown in figure 4.22. In this test, the 

contact stress increased to a high level (6.63GPa). The aim is to compare the l iilure 

modes among various contact stresses. Figure 4.22(a) shows the contact path and 

ring-crack after 1.3 hours of testing. Figure 4.22(b) shows an overview of the 

spalling formation after 60.58 hours of testing. Detailed SFM investigation of test 

balls was carried out as shown in figure 4.22(c) and figure 4.22(d). Again, the t nlure 

mode at high contact stresses is fatigue spalling. 
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Ow"; w. 111-M., 

(a) 1.3 hours of testing 

Figure 4.22 Surface observations of silicon nitride ball (Test Grease-3) 

4.2.4 Kerosene lubrication 

Keruscne is, not normally used as it lubricating fluid. The use of kerosene is 

(tile to its strong penetration capacity. The purpose of using kerosene as a lubrication 

fluid is to examine whether or not trapped fluid has a signiticant effect on the RCF 

performance. 'I he crack orientation was in the normal position as shown in figure 

3.4(a) in Section 3.3.2 ill ('hapter 3. The test conditions and results are listed in table 

4.4. All tests, conducted , It itilferent contact stresses, were terminated due to 

excessive wear, although test tinge did not reach the maximum length Of the test time. 

During the whole test time, three steel lower halls were changed twice (tue to the 

Fatigue shall which appeared ºm one ºº1'the steel hall surFaces for all these three tests 
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(b) An overview ol'the shall 

(d) Iligh ii gniiication of tlic shall 
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at different test times. The test temperatures can reach 60°C' when the contact stress 

is 6.63 GPa. The tests were suspended due to wear. No fatigue spalls were seen. 

Table 4.4 Test conditions and results for kerosene 

Test No. Contact stress 
(GPa) 

Average oil 
temperature 

T 

Time to failure 
or end of test 

Hours) 

Stress cycles 
(x IO) 

Kerosene-1 5.03 33 20.35* 1.37* 

Kerosene-2 5.58 44 55.62* 3.75* 

Kerosene-3 6.63 60 38.35* 2.59* 

* Test suspended due to wear 

(c) Bottom of the contact track 

Figure 4.23 Observations of surface damage from Test Kerosene- I 
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(a) After 6.77 hours of testing (b) After 16.35 hours of testing 

(d) After 20.35 hours of testing 
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Observations of surface damage from Test Kerosene-I are shown in figure 

4.23. "fhc severe wear dominated the failure mode. The surface ring crack is 

becoming smaller (figure 4.23(a)) and the contact track is becoming wider (figure 

4.23(h). This development is caused by material removed from the contact track. 

The traction cracks are found everywhere along the contact track (figure 4.23(c)). 

After 20.35 hours of testing, the ring crack disappears (figure 4.23(d)) and the test 

was ended. 

1 O 'l 4.46 SOX I. ". 

'j: 

(a) Aller 18 hours oh testing 

11 39 1, I., 

i 

(b) After 46.78 hours of testing 

1, , igure 4.24 Observations cif surfatce damage from Test Kerosene-2 

The result uf' suriücc examinations from Test Kerosene- 2 is shown in figure 
4.24. Again, the severe wear dominates t'ailure modes. The ring cracks after 19 
hours and 46.78 hours of testing are shown in figure 4.24(a) and figure 4.24(b), 

04 

(c) Aller-10.7S hours of testing (d) Aller 55.62 hours ut'testing 
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respectively. Comparison of figure 4.24(a) and figure 4.24(b) reveals that there is 

significant change on the contact path. The width of the contact path (figure 4.24(b)), 

is much wider than the width of contact path (figure 4.24(a)) due to wear. Figures 

4.24(c) and (d) show the surface damage after different hours of testing, and it can 

be seen that the ring crack disappears and the contact track presents a smooth 

shallow groove. The test was suspended. 

Test Kerosene-3 was suspended due to excessive wear (Figure 4.25(a) to (d)). 

The traction cracks and micro-cracks (chips) were found everywhere along the 

contact track. The opposed orientation of traction cracks on either side of the track is 

clearly seen (figure 4.25(c)). The starvation in lubrication fluid and slip may be the 

reason for the formation of these traction cracks. 
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(d) Detail of ring crack and micro chips 

Figure 4.25 Observations of surface damage from Test Kerosene-3 
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(c) 38.35 hours of testing 
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4.2.5 Mineral oil lubrication 

A summary of the rolling contact fatigue test with mineral oil is given ºn 

table 4.5. All of the tests were conducted at a speed of 5000 rpm. Balls (Material A) 

were used tier these tests. Figure 4.26 shows the comparison of RC'F life 

pertürmance. It is clear that the rolling contact fatigue life increases as the contact 

load increases. 

fahle 4.5 Test conditions and results for mineral oil 

" Contact stress Average oil Time to failure Stress cycles Test No. 
((; Pa) Temperature or end of test (x 10 ) 

("C) (Hours) 
TT9-1 4.00 32 300* 20.25* 

TT9-2 4.44 34 278.32 19.8 

TT9-3 5.03 36 106.42 7.2 

TT9-4 5.58 42 29.17 1.9 

P) 5 6.63 51 17.87 1.2 

I T9 -(i 5.03 35 116.2** 7. K9** 

* Test suspended without spalling, **TT9-6 was stopped for cutting 
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Figure 4.26 Rolling contact fatigue life at different loads with mineral oil 
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Direct observations of surface damage have been carried out and the results 

are shown in figures 4.27 to 4.30. Like previous tests, the pre-test ring crack only 

can be seen under the ultra-violet light. After a few hours of testing, the cracks can 
be seen under the normal light conditions. 

Figure 4.27(a) shows the surface ring crack after 241 hours of testing (Test 

TT9-2). The contact track is seen clearly and the crack gap is getting bigger. No 

other surface damage is observed. The overview of the fatigue spall is shown in 

figure 4.27(b). Observations from Test TT9-3 are shown in figure 4.28. Figure 

4.28(a) shows the ring crack image after 55 hours of testing (Test TT9-3). The crack 
is clearly seen under a normal light source. Spalling fatigue failure occurred after 
106.42 hours of testing shown in figure 4.28(b). 

Figure 4.27 Surface observations of silicon nitride ball (Test TT9-2) 

lox Lens 02 

0i 

(a) After 55 hours of testing 

W'0-1.14-03 lOX lens o'Y uJ:.. 

Figure 4.28 Surface observations of silicon nitride ball (Test TT9-3) 

07 
Ui 

., 
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(a) After 241 hours of testing (b) After 278.32 hours of testing 

(b) 106.42 hours of testing 
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Observations of silicon nitride ball surfaces from Test TT9-4 at the contact 

pressure of 5.58 (il a are illustrated in figure 4.29. The surface ring crack only can 

he seen under UV light source before testing. As the fatigue test proceeds the crack 

becomes visible under a white light source (figure 4.29(a)). An overview of the spall 

obtained after 28.17 hours of testing is illustrated in figure 4.29(h). 

Figure 4.30(a) shows the surface ring crack after 2.2 hours of testing. The 

contact loading is increased to 6.63 GPa (Test TT9-5). Figure 4.30(b) shows the 

fatigue spall optical image after 17.87 hours of testing. 

ISO 

W, 04 lox L. n+ 13-10-03 - 12: 06: 37 04 10X Lens 14 10 03 

,1 

K0 (fir m 

(a) A11cr 21 hours oi'testing (b) 28.17 hours of testing 

Figure 4.29 Surtäce observations of silicon nitride ball (Test TT9-4) 

13 30.24.07 20X Lens 25-06-04 

(a) After 2.2 hours of testing 

213 06 04 
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Figure 4.30 Surface observations of silicon nitride hall (Test TT9-5) 
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(b) 17.87 hours of testing 
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It can be seen from the above observations that the spall contour resembles 

an ellipse. The bigger the contact stress, the larger the spall contour. Also, the longer 

semi-axis is always parallel to the rolling direction, and the short axis is 

perpendicular to the rolling direction. 

4.2.6 Comparison of RCF performance with different lubricants 

The RCF life performance for each lubricant has been described in previous 

sections and the results were listed in tables 4.1 to 4.5. As can be seen from the 

tables, fatigue life changes with the contact stresses and lubricants. For example, in 

table 4.3, the fatigue life at the maximum contact pressure of 6.68 GPa is 40.9 

million stress cycles, and 156.4 million stress cycles at the maximum contact 

pressure of 5.58 GPa for grease lubricant. The lubricants had a significant effect on 

the RCF life performance, e. g., at the maximum contact pressure of 5.58 GPa, the 

fatigue life for grease is 156.4 million stress cycles and for traction oil it is 14.18 

million stress cycles. Rolling contact fatigue failure modes show spalling type 

failure except for kerosene lubrication, which was dominated by surface wear. 

Therefore, comparison of fatigue life performance does not include kerosene 

lubrication. 

To compare the experimental results clearly, the results are plotted in the bar 

chart as shown in figure 4.31, which illustrates the relationship between the fatigue 

life and contact stresses with various lubricants. The contact fatigue life decreased 

with the increase of the contact stresses for all lubricants. For gearbox oil and grease, 

when the maximum contact pressure was less than 5.0 GPa, there was no fatigue 

failure in 300 hours of testing (approximately 20.25x107 fatigue cycles). However, 

for traction oil, fatigue failure appeared after 68.5 hours of testing, and 106.42 hours 

for mineral oil. Obviously, the lubricants have a significant effect on ceramic balls 

which have pre-existing surface cracks. Different mechanisms have been proposed 

to explain why lubrication fluid influences rolling contact fatigue since Way (1935) 

published his work. For example, lubricating oil penetrates into the crack to produce 

a hydraulic effect. The lubrication pressure was assumed to prise the crack open and 

to force the crack to grow back to the surface (Keer and Bryant 1983, Murakami et 
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A. 1985, Kancta and Murakami 1987). Also sufficient lubrication tluid was taken to 

exist in the crack so that the crack fier friction was zero which increased Mode II 

cr, irk propagatiom. 
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Figure 4.31 Comparison ut' R('I" Iii with various lubricants and contact stresses. 

111C IuhricatiOI regime is studied using elasto-hydrodynamic theory and the 

result, show that a 1,11I1 61111 exists. Therefore, fier all these tests the oil 111111 exists 

aild Fully separates the two , urt'aces. The use of grease may prevent the oil 

penetrating into the crack or delay penetration, and the crack face friction force is 

probably larger compared to the gearhox and traction oil. The crack face 1rictiOm 

Flays an important role in the i'urmation of surface cracks (see Section 5.3 in 

Chapter 5). Incrcasing the crack face Friction decreases the tensile stress at the 

Contact circle, which prevents the surface cracks from forming. In addition, the 

mode II slic� intensities along the crack from decreases with the increase of the 

crack face friction (see Section 5.4 in Chapter 5). This will reduce the crack 
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propagation rate. The test results also indicate the effect of the surface tangential 

traction on fatigue failure. Increasing surface tangential traction decreases rolling 

contact fatigue life. The use of traction fluid will increase the surface tangential 

traction. Higher surface traction make the crack grow fast due to the higher stress 

intensities caused by higher tangential traction. As a result the rolling contact fatigue 

life shortens. 
Life-load relationship for traction fluid and mineral oils is shown in figure 

4.32. Comparison of these two lubricants reveals that the RCF life performance with 

mineral oil is slightly better than that in traction oil. In addition, the experimental 

results indicate that the fatigue failure may not occur if the stress level is less than a 

certain value. For example, no fatigue failure is seen when the maximum contact 

stress is less than 4.0 GPa in the 20.25x107 stress cycles for both mineral oil and 

traction fluid. 
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Figure 4.32 Load-life relationships with traction fluid and mineral oils. 
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4.3 RCF PERFORMANCE WITH ARTIFICIAL CRACKS 

In the previous section, ceramic balls with naturally occurring surface ring 

cracks were tested using various lubricants. The rolling contact fatigue tests using 

natural cracks are time-consuming and subject to variability. The artificially 

produced surface defects are used here to study the mechanisms of rolling contact 

fatigue failure. The advantage of the artificial cracks is that the test conditions can 

be well-controlled. It is important to a fundamental understanding of the 

mechanisms of lubricated rolling contact fatigue failure. The crack generating 
device was used to produce artificial cracks as discussed in Chapter 2. 

4.3.1 Influence of test lubricants 
Two test lubricants, traction fluid and mineral oil, were used to examine their 

influence in RCF failure modes. The surface ring cracks were generated using 

material A balls (12.7mm diameter) impacting against material A balls (12.7mm 
diameter). The off-centre position 3 was selected. Table 4.6 describes detailed test 

conditions and results. All tests were conducted at 5000 rpm and a maximum contact 
pressure of 5.58 GPa. The crack orientation was in the normal position as shown in 
figure 3.4(a) in Chapter 3. 
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Figure 4.33 Comparison of fatigue life with traction and mineral oils 
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Table 4.6 Test conditions and results for the comparison of lubricant effect 

Test No. Test lubricants Crack radius 
(mm) 

Stress cycles 
(x 10) 

Test duration 
(Minutes) 

1 Traction oil 0.42 0.03 27 

2 Traction oil 0.40 0.054 48 

3 Traction oil 0.38 0.099 88 

4 Traction oil 0.38 0.12 107 

5 Traction oil 0.36 0.225 200 

6 Traction oil 0.34 0.311 276 

7 Traction oil 0.28 1.665 1480 

8 Mineral oil 0.44 0.016 14 

9 Mineral oil 0.4 0.028 25 

10 Mineral oil 0.36 0.132 117 

11 Mineral oil 0.34 0.197 175 

12 Mineral oil 0.32 0.156 139 

13 Mineral oil 0.3 0.641 570 

14 Mineral oil 0.28 1.361 1210 

From figure 4.33, it can be seen that fatigue life performance is slightly 

different for the different lubricants. For the large cracks (artificially induced cracks), 

the RCF life when lubricated with the traction oil is slightly longer than that with the 

mineral oil. However, for the small cracks (natural cracks), the test results are 

different (see figure 4.32 of Section 4.2). The RCF life with traction oil was shorter 

than that with mineral oil lubrication. Two different failure mechanisms may be 

involved. 

Detailed examination of surface damage was carried out using an optical and 

electronic scanning microscope to identify fatigue failure modes. The observation 
from Test 1 is shown in figure 4.34. Traction fluid was used as the lubricant. The 

ring crack after 12 minutes of testing is shown in figure 4.34(a). Fatigue spall 

occurred after 27 minutes of testing as illustrated in figure 4.34(b). The original 

conical face of the artificially induced crack was clearly seen at the right side of the 

micrograph. The failure mode for all the tests was spalling. Figure 4.35 is another 

example from Test 3. 
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Figure 4.34 Observation of surface damage from Test 1 
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(a) After 20 minutes of testing (b) Overview of the spall (optical) 

Figure 4.35 Observation of surface damage from Test 3 

Figure 4.36 Shows the observation from Test R. The lubricant was a mineral 

oil, This is a multiple crack with the biggest crack radius oi'0.44 mm (figure 4.36(a)). 

Therefore, the test only lasted 14 minutes and secondary cracks were seen around 

the spall (figure 4.36(h)). The Failure mode was spalling. The spall contours could 

appear in either whole (figure 4.37) or half(figure 4.38) elliptical shapes. 

Surface observations from Test 13 are shown in figure 4.39. Figure 4.39(a) 

shows an untested surface ring crack. Figure 4.39(b) shows the contact path and ring 

crack after one hour oftesting. The spalt images under the bright field and dark field 

light source are shown in figure 4.39(c) and 4.39(d). 
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(a) After 14 minutes of testing (b) After 14 minutes of testing 

Figure 4.36 Observation of surface damage from Test 8 

Figure 4.37 Observation of surface damage from Test 10 
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(a) Bright field image of the spill (b) Dark field image ol"the spall 
Figure 4.38 Observation of surface damage from Test 
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Figure 4.39 Observation of surface damage from Test 13 

4.3.2 Influence of ceramic materials 
Test conditions tur different ceramic materials are listed in table 4.7. Two 

types of silicon nitride ceramic ball, material A and material B, were used in order to 

test the effect of microstructure on rolling contact fatigue life. Figure 4.40 shows the 

microstructures of these two materials. Properties were described in Chapter 3, 

'table 3.1. All tests were conducted at the same stress level of 5.58GPa, and were 

lubricated by traction oil. The off-centre position 3 was selected. Different swing 

angles of the pendulum were selected to generate various crack sizes. The swing 

angles of the pendulum for material A halls were from 15" to 40", for material B 

balls the angles were from 300 to 40" due to the different initiation strength of 

surface ring cracks. 
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Table 4.7 Test conditions and results for different ceramic materials 

Test No. Test materials Crack radius 
(mni) 

Stress cycles 
(xI07) 

Tcst duration 

(Minutes) 

NB1 A 0.42 0.03 27 

NB2 A 0.40 0.054 48 

NB3 A 0.38 0.099 88 

NB4 A 0.38 0.12 107 

NB5 A 0.36 0.225 200 

NB6 A 0.34 0.311 276 

NB7 A 0.28 1.665 1480 

TI B 0.46 0.151 134 

T2 B 0.46 0.177 157 

T3 B 0.42 0.479 426 

T4 B 0.42 0.72 640 

T5 B 0.38 1.802 1602 

T6 B 0.38 1.433 1274 

Figure 4.40 Microstructures of ceramic materials (Courtesy of SKF) 

Rolling contact fatigue life with various crack sizes was tested and the results 

are shown in figure 4.41. The failure mode for all the tests was spalling. There is a 
big difference in the fatigue life performance for these two materials. It can he seen 

77 

(b) Material [3 (a) Material A 



Cl ºAI FER 4 

that type 13 material showed better fatigue life performance than type A material. 

The fatigue life of balls (material B) is about 15 times higher than the fatigue life of 

balls (material A). The fatigue testing results imply that silicon nitride material with 

higher initiation strength will display a longer fatigue life. The mechanism for this 

will be clearly understood in the numerical analysis, which is described in Chapter 5. 

For both materials, fatigue litt decreases as the crack size increases. There is a high 

correlation between the fatigue life and crack size for both materials. Therefore, 

fatigue life performance at any other crack sizes may be predicted according to the 

following life-size relationship diagram (figure 4.41). 
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Figure 4.41 Influence of ceramic materials on fatigue life 

Detailed examination of surface damage at different test stages has been 

carried Out to understand the failure mechanisms. Figure 4.42 shows an example 
from material A. Unlike the natural cracks, the impact ring crack can be seen under 
a normal white light source. However, the ring crack becomes much clearer alter a 
few minutes of testing. Figure 4.42(a) illustrates the crack and the contact track after 
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20 minutes of testing. Note that there were three cracks on the contact track, one was 

on the left and two were on the right. The contact track was dark. After 84 minutes 

of testing, the contact track became darker and the edge of the contact path was clear 

as shown in figure 4.42(b). No more wear was found except the initial surface 

damage. The overview of the fatigue spall was shown in figure 4.42(c). The detailed 

SEM image was shown in figure 4.42(d). The secondary surface cracks were clearly 

visible at the edge of the spall. 
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(b) After 84 minutes of testing 
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(c) Spall overview (107 minutes) 

Figure 4.42 Surface observation of artificial cracked ball from Test NB4 

Figure 4.43 shows the result from material B. This silicon nitride of material 
B has a good impact resistance compared with material A. The pre-test crack is 

shown in figure 4.43(a). Apart from the impact ring cracks, there was slight initial 

surface damage in the central zone. This initial damage looks like small pits 
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removed from the surface. This damage only happened when the drop height was 

big. There was no dorther wear observed around these pits. After 134 minutes Of 

testing, the fiatigue stall occurs as shown in figure 4.43(b) and (c). The detailed 

SI'M image is shown in figure 4.43(d), on which the primary ring crack face and the 

secondary cracks are shown clearly. 
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(h) Spall optical image (white light) 

Figure 4.43 Surface observation of'artiticial crack from Test TI 
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(a) Pre-test ring crack (lark light) 
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4.3.3 Influence of rolling directions 

The influence of the rolling directions on the RCF failure in lubricated 

conditions was investigated experimentally. The test results are given in this section. 

Table 4.8 lists the test conditions. All samples were selected using 12.7mm balls 

(material A) impacting 12.7mm balls (material A). The off-centre position 2 was 

adopted to generate the surface ring cracks. The tests were performed at a speed of 

5000 rpm and the maximum contact pressure of 5.58GPa. All the tests were 

lubricated using traction oil. Tests Ni to N7 were performed at the normal position, 

and Tests R1 to R7 were performed at the reverse position. The normal position is 

illustrated in Chapter 3, figure 3.4(a) and the reverse position is illustrated in 

Chapter 3, figure 3.4(b). 

Table 4.8 Test conditions and results for different rolling directions 

Test No. Crack 
orientation 

Crack radius 
(mm) 

Stress cycles 
(x 101) 

Test duration 
(Minutes) 

Ni Normal 0.42 0.014 12 

N2 Normal 0.40 0.026 23 

N3 Normal 0.38 0.068 60 

N4 Normal 0.36 0.087 77 

N5 Normal 0.32 0.27 241 

N6 Normal 0.3 0.56 498 

N7 Normal 0.28 0.68 608 

RI Reverse 0.44 0.007 6 

R2 Reverse 0.42 0.006 5 

R3 Reverse 0.38 0.064 57 

R4 Reverse 0.36 0.052 46 

R5 Reverse 0.32 0.208 185 

R6 Reverse 0.28 1.673 1487 

R7 Reverse 0.28 6.07 5400* 

w Test is suspended without spalling after 54UU minutes of testing 
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Figure 4.44 shows the life-size relationship for different rolling directions. 

The results indicate that the RCF life decreases as the crack radius increases for both 

rolling directions. No significant RUF life difference is seen between these two 

directions. The failure mode was by ceramic ball spilling for both rolling directions. 
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Figure 4.44 Influence of rolling direction on fatigue life 

The silicon nitride halls, which täiled during the fatigue test, were analysed 
in detail to determine the täilure mechanism. The results of surface examinations 
from Test NI are shown in figure 4.45. Figure 4.45(a) shows a typical artificially 
induced ring crack, illustrated by a microscopic image under normal light. The 

general spall morphology shown in figure 4.45(h) was typical of that seen 

previously on R('f tests. The spalt origins and general ball surface conditions were 
determined on the SFF: M. As may he seen in figure 4.45(c), it spill would originate at 

crescent-shaped I Iertzian cracks extending into the silicon nitride ball. The right side 
of the stall with delaminatiun surface is shown in figure 4.45(d). 
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(b) Spall optical image (12 minutes) 

Figure 4.45 Observation of surface damage from Test NI 

Figure 4.46 shows surface damage micrographs from Test N2. The 

appearance of the ring crack after 10 minutes of testing is shown in figure 4.46(a). 

The contact path is right across the middle of the crack. Figure 4.46(b) illustrates an 

optical image of fatigue spall. SEM micrograph provides all details of fractured 

surface (figure 4.46(c)). On the left side, the original ring crack face shows a smooth 

surface. No fatigued crack growth is seen along the rolling direction. The fatigue 

crack only propagates opposite to the rolling direction. On the right side of figure 

4.46(c), the fatigued surface is clearly visible. The high magnification of the curved 

striations is shown in figure 4.46(d). The traces of the secondary cracks are clearly 

seen on both edges. 
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Surface observation of the artificial crack from 'rest N3 is shown in figure 

4.47. Figure 4.47(a) shows a pre-test ring crack. The fatigue spall is shown in figure 

4.47(b). The original artificial crack is clearly seen in this photograph. The primary 

crack face is smooth when compared to the fatigued surface. The brittle fracture 

surface is apparent in the left part. The secondary cracks can be seen clearly on both 

sides. 
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(a) After 20 minutes of testing (b) After 77 minutes of testing 

Figure 4.48 Observation of surface damage from Test N4 

The post-test analysis of surface damage from Test N4 is shown in figure 

4.48. It can be seen, the original crack with cone surface can still be identified 

clearly after spall formation. On the left side of the spall, the subsurface 
delamination with typical curved striations is exhibited clearly. The secondary 

surface cracks have developed beyond the curvature of the spall and can be seen 

clearly. 
Test results from ceramic/steel rolling contact lubricated with a traction fluid 

and the reverse rolling direction are shown in figures 4.49 to 4.51. Test R I, with 

crack radius 0.44mm, failed after 6 minutes of testing as shown in figure 4.49. Test 

R3, with crack radius 0.38mm, failed after 57 minutes of testing (figure 4.50). All 

the tests performed in reverse position confirmed that the rolling direction is not the 
key factor in rolling contact fatigue life compared with the tests performed in normal 

position. 
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Figure 4.50 Observation of surface damage from Test R3 
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Figure 4.51 Observation of surface damage from Test R4 
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(a) Artificial crack before test (b) Failure overview (6 minutes) 

Figure 4.49 Observation of surface damage from Test RI 
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4.3.4 Influence of crack angle 
The influence of the crack angles on the RCF failure was investigated 

experimentally. The test results are discussed in this section. Table 4.9 lists the test 

conditions and results. All samples were selected using 12.7mm balls (material A) 

impacted against similar balls. The off-centre positions 2 and 3 were selected to 

generate different crack angles. Subsurface examinations show that artificial cracks 
formed at position 3 normally have a larger crack angle compared to position 2 

(Chapter 2). The tests were performed at a speed of 5000 rpm and the maximum 

contact pressure was 5.58GPa. All the tests were lubricated using a traction fluid. 

Table 4.9 Test conditions and results for various crack angles 

Test 
No. 

Off-centre 
position 

Crack radius 
(mm) 

Stress cycles 
(x 101) 

Test duration 
(Minutes) 

P2-1 2 0.42 0.0135 12 

P2-2 2 0.4 0.0259 23 

P2-3 2 0.38 0.0675 60 

P2-4 2 0.35 0.0866 77 

P2-5 2 0.32 0.271 241 

P2-6 2 0.30 0.56 498 

P2-7 2 0.28 0.684 608 

P3-1 3 0.42 0.03 27 

P3-2 3 0.40 0.054 48 

P3-3 3 0.38 0.099 88 

P3-4 3 0.38 0.12 107 

P3-5 3 0.36 0.225 200 

P3-6 3 0.34 0.311 276 

P3-7 3 0.28 1.665 1480 

Figure 4.52 presents the test results of the crack angle influence in rolling 
contact fatigue failure. As described in Chapter 2, the impact cracks formed at 
position 3 show a larger crack angle compared to position 2. It can be seen that the 
larger the crack angle the longer the fatigue life. This relationship is seen in all 
ranges of the crack radius. 
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Figure 4.52 Influence of crack angle on fatigue life 
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(a) After 40 minutes of testing 

Figure 4.53 Surface observation of silicon nitride ball (Test P2-5) 

Detailed examination of surface damage was carried out in order to identify 

fatigue failure modes. File results reveal that the failure mode for all the tests was 

spalling. I'he suriuare contours can be a whole elliptical shape or a liall' elliptical 
shape. 

99 

(b) After 241 minutes of testing 



('I IAI''I'FR 4 

The observation results from smaller crack angles (position 2) are shown in 

figures 4.53 to 4.55. For example, the observation from Test P2-5 is shown in figure 

4.53. This is a double crack with a crack radius of 0.32 mm. After 40 minutes of 

testing, the cracks are clearly seen on the contact track. The fatigue spall with halt- 

elliptical shape appears after 241 minutes of testing. Figure 4.54 is an other example 

of the half elliptical spall. The spall can also appear in whole-elliptical like shape 

(figure 4.55). 

The observation results from the larger crack angles (position 3) are shown 

in figures 4.56 to 4.58. The appearance of surface damage is the same as in the case 

of position 2. The surface contours can be a whole elliptical shape (figures 4.56 and 
4.58), or a half-elliptical shape (figure 4.57). 
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Figure 4.54 Surface observation of silicon nitride ball (Test P2-6) 
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Figure 4.55 Surface observation of silicon nitride ball (Test P2-7) 
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Figure 4,56 Sur-Ice observation of silicon nitride ball (lest P3-2) 
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Figure 4.57 Surface observation of silicon nitride ball (Test P3-6) 
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Figure 4.58 Surface observation of silicon nitride ball (Test P3-7) 
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4.3.5 Influence of crack size 
In previous sections all the test samples were produced using 12.7mm balls 

impacting against each other. The size of the surface crack is controlled by the 

different drop heights of the pendulum. In this way, the radius of the crack is 

increased as the drop height increases. The test results show that the radius of the 

crack influences RCF life performance. In this section the surface cracks were made 

using 6.3mm tungsten carbide balls impacting 12.7 mm balls (material A). 

Consequently, the crack radius is very close to the radius of a natural ring crack. The 

tests were performed at a speed of 5000 rpm and the maximum contact pressure was 
5.58GPa. All the tests were lubricated using traction oil. The test conditions are 
listed in table 4.10. 

Table 4.10 Test conditions and results for different crack sizes 

Test 
No. 

Off-centre 
position 

Crack radius 
(mm) 

Stress cycles 
(x 10') 

Test duration 
(Minutes) 

DI- 1 0.28 0.066 59 
D1-2 1 0.26 0.105 93 
01-3 1 0.23 0.143 127 
DIA 1 0.225 0.231 205 
DI-5 1 0.20 4.995 4440 
D1-6 1 0.22 0.375 333 
D2-1 2 0.28 0.110 98 
D2-2 2 0.24 0.209 186 
D2-3 

D 
2 0.26 0.158 140 

2-4 2 0.21 0.285 253 
D2-5 2 0.22 1.856 1650 
D2 6 - 2 0.20 0.714 635 
D2 7 - 

-------------- 
2 0.21 0.380 338 

D2 8 - 2 0.20 4.779 4248 
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Figure 4.59 Influence of crack sizes on RCF life 

The influence of crack size on rolling contact fatigue life is shown in figure 

4.59. As in the case of 12.7mm ceramic balls impacting each other, rolling contact 

fatigue life is increased significantly as the crack radius decreases. Also, the crack 

angle affects the RCF life performance as described in the previous section. 

To investigate how the size of the crack influences the RC F failure, the test 

results (traction oil lubrication only) are plotted together as shown in figure 4.60. 

Apparently, the crack dimensions strongly influence the rolling contact fatigue life 

of silicon nitride ceramic elements. 
The RCF life decreases as the crack radius increases whether with the group 

of large cracks (12.7mm ball impacting against each other) or with the group of 

small cracks (6.35mm ball impacting against 12.7mm ball). The crack sizes (radius 

and length) from the impact of same diameter balls (two I2.7mm) are much larger 

than those from the two different diameter balls (6.35 and 12.7mm). However, the 

RCF life for those balls with the larger cracks is much longer than for the balls with 

the smaller cracks. The question arises here: why does the large crack show a good 
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fatigue life performance" The reason is that the subsurface geometry of the cracks 

in the two groups is different from each other. This is discussed later in Chapter 5. 
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Figure 4.60 Comparison of RCF life at various crack dimensions 

Surface observations Of fatigue ttºilure from the artificial cracks (12.7mm 

ceramic ball impacting against each other) have been shown in previous sections. In 

this section we focus on the balls with small cracks from 6.35min balls impacting 

against 12.7 halls. 

Figure 4.61 shows the surface observations from Test DI -1. The surface ring 

crack can he seen before testing under the normal light conditions (figure 4.61(a)). 

The contact track becomes darker as the test proceeds (figure 4.6! (b)). A typical 

tätigue stall that developed on the ball surface can he in a whole elliptical profile 
(figure 4.61(c)). The original ring crack can still he clearly seen after the fatigue 

shalling (figure 4.61(d)). Fatigue crack propagation initiates from the original ring 

crack and grows outward in both directions. The right side of figure 4.61(d) shows 
fracture surface. 
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(b) Afterl5 minutes of testing 

(c) Spall overview (white light) (d) SEM micrograph 

Figure 4.61 Observation of surface damage from Test DI-I 
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In figure 4.62, observations results from Test Dl-2 are presented. The radius 

of the crack is slightly smaller than that in Test Dl-l. The crack depth is smaller. 

The pre-test image of the crack is shown in figure 4.62(a). An overview of a spall 

with the half-elliptical profile is clearly shown in figure 4.62(b). As can be seen, the 

surface is still in a very good condition and has the appearance of an untested 

surface. The conical face of the crack can still be seen after the spall has formed. 
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Figure 4.62 Observation of surface damage from Test D 1-2 
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Figure 4.63 Observation of surface damage from Test D1 -4 
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(a) Artificial crack before test (b) 15 minutes of fatigue test 

(d) Spell SEM micrograph 
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The optical images of the crack before test and during the testing have been 

shown in figure 4.63(a) and figure 4.63(b). The optical and SEM images of a tailed 

ceramic ball after 205 minutes of testing are shown in figure 4.63(c) and figure 

4.63(d). The fatigue life is much longer than in Test DI-I and Test D 1-2 due to the 

fact that the crack radius is much smaller than in the above two tests. In this 

micrograph, the original crack can be identified clearly. It is obvious that the crack 

propagated in two directions. 

Figure 4.64 shows the observation of surface damage from Test D2-2. The 

ring crack and contact path after 15 minutes of testing are shown in figure 4.64(a). 

Failure overviews of optical and SEM images are presented in figure 4.64(h) and 

figure 4.64(c). The left side of the spall with circle-like striations is shown in figure 

4.64(d). 
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Figure 4.64 Observation of surface damage from Test 1)2-2 
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(b) Failure overview 
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Results o1 surface observation from Test D2-8 are shown in figure 4.65. The 

crack radius generated on this ball is similar in size to the natural ring crack as 

shown in figure 4.65(a). Figure 4.65(b) shows the ring crack and contact path after 

25 minutes of fatigue testing. The optical image of the spall is shown in figure 

4.65(c) and the SEM image is shown in figure 4.65(d). 
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(c) Failure overview (white light) 
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(h) Ring crack after 25 minutes of testing 

Figure 4.65 Observation of surtüce damage from Test D2-9 
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(d) SEM micrograph 
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4.3.6 Influence of contact load 

The influence of the contact load on the RCF failure modes was investigated 

experimentally. All samples were 12.7mm material A balls with artificially induced 

cracks. The cracks were produced by 12.7mm balls impacting against the similar 
balls. The off centre position 3 was adopted to generate the surface ring cracks. The 

tests were performed at a speed of 5000 rpm. Contact pressures were 5.58 and 
4. OGPa, respectively. Table 4.11 lists the test conditions and results. All the tests 

were lubricated using mineral oil. The reverse position of the crack was selected as 
illustrated in Chapter 3, figure 3.4(b). To investigate the effect of crack orientation 

on failure modes at low contact stresses, Test I was performed with the normal crack 

position (see figure 3.4(a)). 

Table 4.11 Test conditions for various contact loads 

Test 
No. 

Contact load 
(GPa) 

Crack radius 
(mm) 

Stress cycles 
(x 101) 

Test duration 
(Minutes) 

A 5.58 0.4 0.0034 3 

B 5.58 0.36 0.012 11 

C 5.58 0.32 0.132 117 

D 5.58 0.3 0.357 318 

E 4.0 0.42 0.247 220 

F 4.0 0.32 2.78 2478 

G 4.0 0.3 20.25* 18000* 

H 4.0 0.28 20.25* 18000* 

I 4.0 0.32 1.12 995 

* The test was suspended with no spalling 

Figure 4.66 shows a huge difference in the fatigue life when the contact 
loads are different. At the low contact stresses the ceramic balls show a very long 
life. The main reasons are: (a) low surface tensile stresses at the edge of the contact 

circle and (b) the low stress intensities along the crack front (these aspects will be 
discussed in Chapter 5). It is interesting to note that when the crack radius is less 
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than a certain size there is no fatigue failure at a contact pressure of 4.0 (; Pa. The 

result predicts that the fatigue curve may become asymptotic when the crack is 

smaller than a critical size. A fatigue limit may exist for a given crack size. 
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Figure 4.66 Influence of contact stress on fatigue life 

Detailed sun-face examinations during tests were performed using an optical 

microscope. Figures 4.67 to 4.70 show the results of surface observations from a 

contact stress of 5.5861)a. For a large crack, secondary surface cracks form very 

quickly it' the contact load level is high. The reason for the quick failure is because 

the maximum principal stresses at the contact circle are high enough to initiate the 

secondary surface cracks. These secondary surface cracks dominate the failure 

modes. Fatigued subsurface crack growth may not he involved. Figure 4.67 shows 

an example of the observations from the large cracks. The test ball tails only after 3 

minutes of testing. The result is fairly consistent with the numerical analysis. Figure 

4.08 shows another example of the observations from the large crack, which tails 

after Just II minutes at testing. 

As the crack radius decreases the R('F lite increases. The results of surface 

observations frlllll small cracks are shown in figures 4.69 and 4.70. The subsurface 
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crack growth is involved when the crack is small. 

(a) Before testing (b) After 3 minutes of testing 

Figure 4.67 Surface observation of silicon nitride ball (Test A) 
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(a) Before testing (b) After II minutes cif testing 

Figure 4.68 Surface observation of silicon nitride hall (Test B) 
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(a) Before testing (b) After 117 minutes of testing 

Figure 4.69 Surface observation of silicon nitride ball ('l'est (') 
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(a) t3etöre testing (b) After 318 minutes of testing 

Figure 4.70 Surface observation of silicon nitride ball (Test D) 

The contact stress is decreased to 4.0 GPa to attempt long cycle failure 

modes. Figure 4.71 illustrates the results of surface observations from Test F. The 

shape of the spalt implies that a long distance of subsurface crack growth exists. 

Numerical analysis shows that the surface tensile stress is less than the value 

required tier the formation of the secondary cracks when the contact stress is less 

than 4.0 (iPa. The subsurface crack continues to grow until the crack gap reaches a 

critical value. Consequently, a long shape of fatigue spall is formed. 
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(a) 13ei'ore testing (b) After 2479 minutes of testing 
Figure 4.71 Surface observation of silicon nitride ball (Test F) 

Figure 4.72 shows the results of surface observations from Test 1. The crack 
orientation is the opposite of that in Test F. The fatigued crack propagates in two 
directions (right and left). Again, the shape of the spall implies that a long distance 
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of subsurface crack growth exists. The optical image of the pre-test crack is shown 

in figure 4.72(a). After 205 minutes of testing, the contact path is covered by 

lubricant deposit (figure 4.72(b)). Unlike the deposit formed in traction fluid, the 

lubricant deposit here is very easy to remove. The overview of the spell is shown in 

figure 4.72(c) and the dark field image is shown in figure 4.72(d). The original ring 

crack is clearly visible. The curved striations are seen on both sides of the ring crack. 
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Figure 4.72 Surface observation of silicon nitride ball (Test 1) 
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CHAPTER 4 

4.4 SURFACE CHARACTERISATION OF ROLLING CONTACT FATIGUE 

Observations of surface damage were carried out to determine the failure 

mechanisms of rolling contact fatigue in relation to the surface ring cracks. The 

experimental observations have confirmed that the failure mode is fatigue spalling. 

This section details failure progressions from four aspects: (a) secondary surface 

cracks, (b) fatigue spall contours, (c) fatigued crack propagation profile and (d) 

fatigue fracture surface features. 

4.4.1 Secondary surface cracks 
Numerous observations have revealed that surface secondary cracks almost 

always occur on a damaged surface around the spall. The understanding of how 

these cracks are formed is a key to revealing the mechanisms of ceramic rolling 

contact fatigue failure. Surface studies on balls with all test conditions have been 

performed using the optical and electron microscopes. The surface observations 
before, during and after testing were carried out to ascertain the formation process of 

the fatigue spall. Detailed investigations of failure processes of surface cracks are 
described below. 

Figure 4.73 shows an example (Section 4.2, Table 4.2, Test GOL-2) of a 
fatigue test lubricated with gearbox oil. The maximum contact pressure was 
5.58GPa. The initial ring crack cannot be seen without ultra-violet light. As the test 

proceeds the crack becomes more visible. Figure 4.73(a) illustrates the surface after 
39.8 hours of testing. It can be seen that the crack is clearly visible due to wear 
around the crack mouth. Figure 4.73(b) shows the image after 68.8 hours of testing. 
Figure 4.73(c) shows an overview of the spall. The original ring crack is still clear 
after the fatigue spalt was formed. Also the secondary surface cracks are found on 
the damaged area. The SEM micrographs clearly show those secondary surface 
cracks indicated by arrows (figures 4.73(e) and 4.73(f)). In this case the spall 
appeared beside the original crack, this may be caused by the secondary surface 
crack propagation. The distance between the secondary crack and the original crack 
is approximately 0.032mm, and the distance between two secondary cracks is about 
0.036mm. 
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(b) After 68.8 hours of testing 

Figure 4.73 Observation Of surface damage ('l'est (i(W-2, Table 4.2) 
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(c) Failure overview (134.33 hours) (d) SEM image (134.33 hours) 
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Figure 4.74 Surface ohscrvatiun ºof silicon nitride ball (Test Grease-2, Table 4.3) 
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Figure 4.74 shows the surface images from Test Grease-2 (Table 4.3 of 

Section 4.2) at different test durations. This test was carried out at a contact pressure 

of 5.58GPa with grease lubrication. Figure 4.74(a) shows the ball surface after 114 

hours of testing. The ring crack after 208 hours of testing is shown in figure 4.74(b). 

No evidence of crack growth is found along the original ring circle on the surface 

after completion of different test times. But the observation provides experimental 

evidence of the existence of the crack gap. Comparison of figures 4.74(a) and 4.74(b) 

reveals that the gap of the crack is proportional to the test time. The secondary 

surface cracks occur when the gap reaches a certain level. Figure 4.74(c) shows that 

the secondary surface cracks appeared on the ball surface after 231 hours and 20 

minutes of testing. The distance between the secondary crack and the original crack 

was approximately 0.022mm. The distance between two secondary cracks was about 

0.08mm. These secondary surface cracks propagate conically away from the original 

ring crack and connect each other to form a broken crack network. Spalling occurs 

from this broken network. In addition, the spall occurred just 20 minutes after the 

secondary surface cracks appeared on the ball surface (figure 4.74(d)). Therefore, 

the secondary surface cracks may play an important role in rolling contact fatigue 

performance. 
Detailed SEM analysis of the spall is shown in figures 4.74(e) and (f). After 

fatigue spall, the secondary cracks have mostly gone. However, the trace of those 

secondary cracks can still be seen as shown in figure 4.74(f). The crack propagation 

forming a branch crack pattern is clearly displayed on fatigue surfaces. The 

mechanism of the ring crack growth must be related to the formation of fatigue 

striations. Fatigue mechanics will be discussed in Chapter 5. 

Since the original crack was a small natural crack, the secondary cracks 

cannot be formed easily. The initiation of secondary surface cracks requires a certain 

crack size. This will be explained from numerical analysis, discussed in Chapter 5. 

Therefore, the small cracks (natural and small artificial) often involve the initiation 

and propagation of fatigue cracks. 
The observations from large cracks (artificially induced cracks) arc shown in 

figures 4.75 to 4.78. These results contain various sizes of the cracks tested under 
different conditions. Figure 4.75 shows the result from Test A of table 4.11. The 
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crack radius was 0.4mm and the crack length was approximately 0.23mm. The crack 

length is estimated according to the results of subsurface geometry studies. The 

lubrication fluid was mineral oil. The reverse position was used in this test. As 

expected, the large cracks can easily cause the secondary surface cracks (figure 

4.75). '[his test only lasted three minutes. 

lox 1-. 0, 

(a) After 3 minutes of testing 

Figure 4.75 Surface observation of silicon nitride ball ('Test A, Table 4.11) 

Figure 4.76 is an example showing the secondary surface cracks from Test 9 

of table 4.6. The crack radius and length are the same as in previous tests (Test A). 

Lubrication fluid was mineral oil. The normal crack orientation was used. The crack 

before testing is shown in figure 4.76(a). After 25 minutes of testing the secondary 

surface cracks appear on the ball surface around the primary crack (figure 4.76(h)). 

These secondary surface cracks occur on both sides of the primary crack and cracks 

were very close to each other. The radius of the secondary cracks is also similar to 

each other. The fact that secondary surface cracks appear on the left side of the 

primary crack implies a subsurface crack underneath. Figure 4.77 is another 

example showing the secondary surface cracks. The original ring crack is still 

visible on the right edge. A number of surfäce cracks arc left on the surface (left 

edge) because most of the cracks have spalled away. The traces of the secondary 

cracks can he clearly seen at both the left and right edges of the spall. 
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(b) Dark field image 
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(a) Before testing (b) After 25 minutes of testing 

Figure 4.76 Surface observation of silicon nitride ball (Test 9, Table 4.6) 
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(a) Before testing (b) After II minutes of testing 

) Figure 4.77 Surface observation of silicon nitride ball (Test B, Table 4.11 

Results of surface observation from Test F (maximum contact stress 4.0GPa) 

are shown in figure 4.78. The crack before the test can be seen under normal white 

light (figure 4.78(a)). Figure 4.78(b) shows the ring crack and contact track after 23 

hrs and 10 minutes of fatigue testing. The ring crack became more visible and the 

crack gap became bigger. This observation provides evidence of crack gap 

enlargement. Eventually the ball failed after 41 hours and 18 minutes of testing 

(figure 4.78(c)). The primary crack is seen clearly and the fatigued crack propagates 

almost parallel to the surface. Detailed secondary cracks are shown in figure 4.78(d). 
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(b) After 23h and 10 minutes 

Figure 4.78 Surface observation of silicon nitride ball (Test F, Table 4.11 ) 

Figure 4.79 shows the results from Test N3 using traction oil lubrication. 

This test was performed at it contact pressure of 5.58GPa. Unlike the previous 

observations, only a few secondary surface cracks are left on the surface because of 

the extensive spalling. Figure 4.79(a) shows the ring crack and contact track after 31 

minutes of fatigue testing. Due to fatigue spalling the secondary surface cracks 

cannot he seen directly on the ball surface. However, the traces of these cracks are 

clearly displayed on the fracture surface as shown in figure 4.79(h). Figures 4.79(c) 

and (d) demonstrate further images of secondary surface cracks at higher 

niagnlI catio11. 
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(a) After 31 minutes of testing 

Figure 4.79 Surface observation of silicon nitride ball (Test N3, fable 4.8) 

(b) At, ter 60 minutes ol'testing 

(c) Magnified image of left side (c1) Magnified image of right side 
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4.4.2 Fatigue spalt contours 

A fatigue spall normally takes the form of an ellipse. Sometimes it may take 

the firm of a half ellipse. The shape of the ellipse depends on the rolling direction, 

crack size and contact stresses. To express those factors clearly, some terms need to 

be stated first. The long axis of the ellipse represents the .v axis, which is parallel to 

the contact path (or rolling direction). The short axis of the ellipse represents the Y 

axis, which is perpendicular to the contact path (or rolling direction). The short axis 

is approximately equal to the contact radius. The long axis is dependent upon the 

contact stresses and crack sizes. 

The shape of the spall depends on the rolling direction. When a surface ring 

crack is located in the normal position (figure 3.4(a)), the spall can take the form of 

either: (a) a hall' ellipse (figure 4.80(a)) or (b) a whole ellipse (figure 4.80(b)). 

However, when the crack is located in the reverse position (figure 3.4(b)), the spalt 

contour only takes the türnm of a half ellipse due to the favoured crack propagation 

direction, as shown in figure 4.81. 

Figure 4.80 Fatigue spalt profile with normal position (Table 4.10) 

Crack sizes significantly afl ct the spall contour of ceramic halls. For a large 

crack, the long axis ut' the ellipse becomes shorter compared to a small crack. In 

other words, the x axis value (the long axis oI'the ellipse) decreases as the radius of 
a crack increases. This is because the large crack normally results in the high 

maximum principal stresses at the edge of the contact circle (see Chapter 5). This 
high tensile stress leads to the formation ut' secondary surface cracks. The secondary 
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(a) I lall ellipse ("fest 1)I-2, fahle 4.11)) (h) Whole ellipse ("fest 1)1-4, 'fable 4.10) 
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surface cracks dominate the failure processes. Subsurface crack growth is normally 

not involved. Figure 4.82 illustrates two examples of fatigue spall which come from 

the large crack. Fatigue failure is dominated by secondary surface cracks. 

Figure 4.81 Surface contour of fatigue spall with the reverse position 
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(a) Test 3 in Table 4.6 (b) Test 8 in Table 4.6 
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Figure 4.82 Surface contour of a spall with a large crack radius 

The spalt contour is considerably influenced by the contact stresses. The long 

axis of the ellipse becomes longer and longer as the contact stress decreases. 

Numerical analysis (Chapter 5) predicts that the surface tensile stress is less than the 

value required for the formation of the secondary surface cracks when the contact 

stress is small. As a result the subsurface fatigued crack continues to grow until the 

crack gap reaches a critical value. When the crack gap reaches the critical value the 

secondary surface cracks are generated to form a final spall. Figures 4.83 and 4.84 
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(a) Half ellipse (Test R6, Table 4.8) (b) Half ellipse ("fest D, Table 4.11) 
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are twos examples of a fatigue spall at a 1()w contact stress. In figure 4. K3. the 

tiatigued crack grows in the opposite direction of the rolling direction. ('rack 

propagation is towards the inside of the ball or parallel to the surface (The crack 

propagation will he discussed in the next section). The failure is caused by the 

secondary surface cracks. 

) F igurc 4. t{3 Profile of fatigue spill with low contact stress ('I'cst F, Table 4.11 

,: ̀ s 

;r 

Figure 4. K4 Profile of fittigue shall with low contact stress (Test I, Table 4.11 ) 

In figure 4.84, the Iiatiguc crack propagates in both directions. Since the 

ºn irntaliun of' the crack is in the normal position, as discussed above, for this 

position the fatigue crack can propagate either along, the rolling direction or opposite 
to the rolling direction. When the crack grows along the rolling direction, crack 

PPr()fpagatlun is Parallel tu the surface or slightly towards the tiwrfttce. 
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4.4.3 Fatigue crack propagation profile 

Although the optical and SEM images can provide a detailed surface texture, 

they cannot display the profile of fatigue fracture surface. Profiles of the fatigue 

paths are important in the study of failure mechanisms and fatigue life. In the 

following discussion, the profile of a fatigued surface is measured using a WYKO 

laser profilometer. 

Figure 4.85 gives details of the experimental results from Test R4 of table 

4.8. Figure 4.85(a) shows an overview of the spall. The primary ring crack can be 

seen clearly. Figure 4.85(b) shows a 3D profile of the spall. It can be seen that the 

maximum depth is approximately 69 microns. To obtain the whole view of the 

fatigued surface, scans are made in three directions as indicated by the arrows, 

shown in figure 4.85(c) to (e). The crack propagates approximately 0.25mm at a 

depth of 0.074mm (figure 4.85(d). The growth path is almost parallel to the surface. 

The crack angle is about 31.8° (figure 4.85(c)). 
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Figure 4.85 Depth profile of fatigue spall in reverse position (Test R4, Table 4.8) 
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(a) Overview of fatigue spalt 
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(d) Profile of the scanning line 
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(e) Profile of the scanning line 

Figure 4.85 continued 

In figure 4.86, the results from Test D1-1 are presented. The overview of the 

fatigue spall is shown in figure 4.86(a). The 3D profile of the spall is shown in 

figure 4.86(b), which displays the depth contours. The fatigue crack grows in both 

directions (left and right). In the right hand part, the fatigue crack propagates 

approximately 0.1 mm at an angle of 9" with the surface. The fatigue crack initiates 

at an estimated depth of 0.052mm (figure 4.86(c)) and grows back to the surface. In 

the left hand part, the crack initiates at the face of the primary ring crack and 

propagates downwards at approximately 25° to the surface. It is slightly deeper than 

the right part. 

Figure 4.87 illustrates the results from Test Dl-2. A half ellipse appears. No 

subsurface fatigue crack propagation is seen. The secondary surface cracks play a 

significant role in fatigue spalling. Compared with Test Dl-l, the spall is deeper, 

approximately 0.09mm (figure 4.87(b) and (c)). 
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WYKO analysis results from Test Dl-3 are shown in figure 4.88. Again, 

figure 4.88(a) shows an overview of the spall. The 3D profile of the spall is shown 

in figure 4.88(b). The fatigue crack grows in both directions (left and right). In the 

right part, the fatigue crack propagates approximately 0.1 mm at an angle of 9" with 

the surface. The fatigue crack initiates at a depth of 0.070mm (figure 4.88(c) and 

then grows towards to the surface. In the left part, the crack initiates at the face of 

the primary ring crack and propagates downwards at approximately 25" to the 

surface. 

(b) 3D profile of fatigue spall 
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Figure 4.86 Depth profile of fatigue spall in normal position (Test DI -1, Table 4.10) 
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(a) Overview of a spalt 
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(c) Profile of the scanning line 

Figure 4.87 Depth profile of fatigue spall (Test D1-2, Table 4.10) 

Figure 4.88 Depth profile of fatigue spall (Test D 1-3, Table 4.10) 
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(b) 3D profile of fatigue spall 
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Figure 4.88 continued 
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Figures 4.89 to 4.92 give other examples of the WYKO analysis. For the 

crack orientation (normal position, figure 3.4(a)), when the propagation direction of 

the fatigue crack is the same as the rolling direction, the fatigue crack is normally 

initiated at approximately 30 and 60 micron below the surface. The small cracks 

often correspond to shallower depths (figures 4.90 and 4.92). When the propagation 

direction is opposite to the rolling direction, a crack is first initiated on the face of 

the primary ring crack at a shallow depth (near the surface). Afterwards, the fatigue 

crack grows downwards (Figure 4.89(a)). This fatigue crack normally grows at an 

angle 250 to 30° with the surface. 
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Figure 4.89 Depth profile of fatigue spall (Test D1 -4, Table 4.10) 
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(b) 3D profile of fatigue spall 

Figure 4.90 Depth profile of fatigue spall (Test D 1-6, Table 4.10) 
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Figure 4.91 Depth profile of fatigue spalt (Test D2-8, Table 4.10) 
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Figure 4.92 Depth profile of fatigue spall (Test Grease-2, Table 4.3) 
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(a) Overview of a spalt 

(a) Overview of a spalt (b) 3D profile of fatigue spalt 

(a) Overview of a spalt (b) 3D profile of fatigue spall 
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4.4.4 Fracture surface features 
Post-test analysis of fracture surface is important in determining failure 

modes in rolling contact fatigue. A fatigue crack may propagate in the same 

direction as the rolling direction or in the opposite direction. The fatigued surfaces 

from these two rolling directions will show different fracture features. Detailed SLAM 

investigation of the test balls was carried out and the results are shown in figures 

4.93 to 4.100. 

Figure 4.93 SEM micrographs of fatigue spall (Test TT9-4, Table 4.5) 

Figure 4.94 SEM micrographs of fatigue spell (Test Grease-2, 'Fahle 4.3) 

Figure 4.93 shows the results of scanning electron microscope analysis of a 

(a) SEM image of a spall 

spalled ball with a natural crack (Test TT9-4). The primary ring crack is still clear 

after spalling. The fatigue crack grows outwards both directions. ('rack propagation 
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(b) Detailed views of fracture surface 

(b) Detailed views of fracture surfice (a) SEM image of a spill 
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I'urniing a striation -like pattern is clearly displayed on fatigue fracture surlitces 

(figure 4.93(h)). The striations formed in ceramics under rolling contact show 

apparent branch cracks. The branch crack geometry always takes the shape of the 

pre-existing crack fronts. The mechanisms of fatigue crack growth must somehow 

he related to the 1,01-111,11, loll of those striations. Fracture mechanics analysis of' crack 

propagation will he described in Chapter 5. The symptom of secondary surface 

cracks is clearly seen on the right edge. Figure 4.94 shows the results of scanning 

electron microscope analysis from "fest Grease-2. Again, fracture appearances for 

these two tests are similar to each other. The striations formed on the fracture face 

always take the shape of'the primary ring crack. 
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(, i) SI,. M image ut-a shall (b) Detailed views offi-acture surtäcc 
Figure 4.95 SIN nmicrugrahhs ()I. latigue stall (Test D2-8, Table 4.10) 
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In figures 4.95 and 4.96, the results of' SEM analysis from the artificial 

cracks are presented. Similarly, fatigue crack propagation initiates from the site of' 

the original conic face. Crack growth forms the fracture surtaces which contain the 

striated patterns. 

Figure 4.97 illustrates the results of SEM analysis from the artificial cracks 

(Test N4). The SEM image of the spalt overview is shown in figure 4.97(a). The 

original ring crack can be identified clearly. Crack growth is towards the left 

(opposite rolling direction). Figure 4.97(b) enhances the magnification of the 

micrograph. The characteristic of fatigue fracture is apparent and subsurface branch 

cracks are clearly displayed on the spall surface. The geometry of the subsurface 

branch cracks is influenced by the contact circle and will normally inherit the 

geometry of that circle. The distance between two striations is around 5-10 pm. 

Figure 4.99 shows another example of surface SEM analysis from the artificial 

cracks. 

The surface characteristic of the fatigue spill varies with the rolling direction. 

Comparison of the results from two rolling directions reveals that when the crack 

grows in a direction opposite to the rolling direction, the fracture surfaces display 

large sharp striations. 

Figure 4.97 SEM micrographs of fatigue spalt ('l'est N4, "fahle 4.8) 
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(a) SEM image of a spall (b) Detailed vie s oI II ac I il Ic ,II Iac 
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Figure 4.98 SFM micrographs of fatigue shall (Test T3, Table 4.7) 

figure 4.9&) shows the images scanned from 'lest I)1-2. 'I'hc primary ring 

crack circle and crack iüce can he identil ed clearly. A suhsurtäce crack is see" On 

the crack face (figure 4.99(a). A high Illagnitication image of this crack is shown it, 

tigere 4.99(h). This crack is normally initiated near the surface and propagates 
downwards at an angle uf' appr1 ximately 2- 30". 

I- ipure . 1.1 00 shows another example Irum "I est P3-0. ('rack growth is in both 

(tiled tlt Is (the left , ºn(l the right) as shown in figure 4.10U(a). The circle-like 
striattoils I, urnled on the fracture surface are also seen. Figure 4.100(h) enhances the 

magnification ºfl, the niierograpli. "I Inc characteristic of cracking fracture is apparent 

; uld is displayed clearly in the IIiiddle oh figure 4.100(b). 
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Figure 4.99 SEM micrographs of fatigue spall (Test D 1-2, Table 4.10) 

Figure 4.100 SEM micrographs of fatigue spill (Test P3-i,, 'fahle 4.9) 
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(a) Overview of subsurface cracks (b) High magnitication 

(a) SIiM image ul'a spill (b) Detailed Vices of subsurlace crack, 



('I IAPTFii 4 

4.5 SUBSURFACE OBSERVATION OF FAILURE PROCESSES 

4.5.1 Cracks with incipient spall 

tiuhsurl"ace study is very important in the understanding of the mechanical 

process of' ring crack spalling. 'I'hc experimental observation of subsurface crack 

propagation has been carried out to ascertain the crack growth lath. A typical 

transition process from normal to a spall is shown in figure 4.101. All the images in 

figure 4.101 are from `Fest (; OL-2, described in table 4.2. After 90.7 million stress 

cycles, new surr tce cracks are I*ound beside the original ring crack (figure 4.101(h)). 

"Fliese new cracks are called secondary surface cracks in this study. The ball was 

sectioned and polished to investigate the suhsurfi tce crack propagation behaviour. 

Figure 4.1111(x) is a surface view of' the failure ball, which shows the section 

positions to he observed. 
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Figure 4.101 tiurfacc uuhscrvatiºýn ul' inrihiCnt Iii Iurc (Test (; ( )I. -2, 'fahle . 4.2) 
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Figure 4.102 Subsurface observations of crack growth and secondary surtitre cracks 

("fest GOL-2, 'Table 4.2) 
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The ball was sectioned near the crack and then polished gradually across the 

cracks to examine the profiles of crack propagation. There are eight lines on figure 

4.101(c). These lines show the sites at which the section images were taken. The 

subsurface image from the first section (line 1) is shown in figure 4.102(a), using 

microscopic analysis with ultra-violet light. Figures 4.102(b) and 4.102(c) show 

images taken at lines 2 and 3. The bright straight line is a defect. Figure 4.102(d) 

shows the image taken at the fourth line. The branched crack appears and propagates 

towards to the surface. At the section of line 5, another branched crack occurs at the 

tip and propagates towards the surface as shown in figure 4.102(e). As the 

subsurface crack grows a new branched crack appears (figure 4.102(f) and (g)). The 

secondary cracks can be seen clearly and they propagate conically towards the 

material. Then a flake of material comes off. A detailed crack network is clearly 

exhibited. Figure 4.102(h) reveals that the secondary surface cracks propagate 

conically towards the material. They may pass through the branched cracks and 

reach the bottom to form a crack network. The branched cracks are formed along the 

crack growth path. 
Subsurface observations reveal that the fatigue spall is mainly caused by two 

factors. One is from secondary surface crack propagation. The secondary surface 
cracks propagate conically away from the surface and will meet the main crack 
growth path. Branched cracks can also be generated on the faces of each secondary 
crack and these cracks connect with each other to form a broken crack network. 
Spalling occurs eventually when material flakes out from the broken crack network. 
Another contributing factor is from subsurface branch crack propagation. These 
branched cracks formed on the upper crack face may grow towards the ball surface. 
Aspects of crack growth mechanics will be discussed in Chapter 5. 

4.5.2 Cracks with spalt 
Figure 4.103 shows the subsurface observation of a ball with an artificial 

ring-crack. This crack was produced at a swing angle of 20 degrees, using two 
12.7mm balls (material A) impacting each other at position 2. The ball failed after 
498 minutes of testing under a contact pressure of 5.58GPa, lubricated with traction 

128 



('IIAI'I I'll 4 

oil. Figure 4.103(a) shows a SEM image of fatigue spall. The ball was sectioned 

near the ring crack and polished gradually across the ring crack to the middle as 

shown in figure 4.103(b). The subsurface image from the section is shown in figure 

4.103(c), using microscopic analysis with dark field illumination. The Fatigue crack 

propagates back to the surface in this case. The secondary cracks can still be seen as 

shown in figure 4.103(d). 

(c) Dark field image 

ýý OHý" 

(ii) N lilt I iV light 

Figure 4.103 Subsurface observations ut'tiºtigue spall ('l'est No, "fahle 4.8) 

Figure 4.104 is an example of subsurface observations From 'I'rrt N2 ('fahle 

4.8). Figure 4. I04(a) shows an overview cif the shall. There are three lilies on figure 

4. I04(h), which shows the sites at which the section images are taken. the 

subsurface image at the section line I is shown in figure 4.104(x), using microscopic 
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(a) SEM image (b) Section position 
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analysis with ultra-violet light. Figure 4. I04(d) shows the dark field image taken at 

the Tine 2, which shows the profile of the sectioned plane. The left side shows the 

path of fatigue crack propagation. The right side is the primary crack path. Figure 

4. I04(e) indicates no branched crack at the tip. Figure 4.104(1) shows the image 

taken at the third line. The path of crack growth is clearly displayed. The primary 

crack still exists underneath as shown in figure 4.104(g). Secondary surface cracks 

are seen in the sectioned plane. The surface image corresponding to this part is 

shown in figure 4. I04(h). 

(a) 

(c) Section line I 

(b) 

+r F 
(d) Sei ä1i1 line 2 

F qy 
' 

Figure 4.104 Suhsurfºcc observations oof' crack growth and secondary surface cracks 
(Test N2. "fahle 4.8) 
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(c) Scctiun IinC 
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(f) Section line 3 

Figure 4.104 continued 

4.5.3 Cracks with no spall 

-r'r # a'ý `ice 

The tested balls without fatigue spill were also sectioned to examine whether 

or not the fatigue crack had propagated. The balls were sectioned near the crack and 

then polished gradually across the crack to inspect the profile of the suhsurlice 

crack. 

Figure 4.105 presents the subsurface observations from the hall with a 

natural crack. The fatigue test was performed at contact pressure cal' 5.03611a and 

was lubricated with mineral oil. The test was suspended after 1 1( hours of testing. 

Figure 4.105(a) is a surface view showing the ring crack and contact track. The 

surface view at the section site is shown in figure 4.105(b). The suhsurt. c 

observations indicate that this natural crack had a length of approximately t). 1 5mm 
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(Ii) Surface image corresponding to (g) (g) Section line 3 
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(figure 4. I05(c) and (d)). No subsurface crack growth is seen in this observation. 
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Figure 4.105 Subsurface observations oi' crack growth (Test TT9-6, Table 4.5) 

Figure 4.100 shows the subsurface observation u1' a crack from Tcst G(ýL-1. 

It is a small crack (natural ring crack). This test was pert ornmed at the contact 

pressrun of 5.03(iPa and was suspended alter 300 hours (approximately 2x I0' stress 

cycles). I-igure 4.100(a) presents it surface view ºýt the contact track and ring crack. 
't'here are three lines (figure 4.106(a)), which show the sites at which the section 

images are taken. The subsurface image at the section line 1 is shown in figure 

4. IU6(h), using microscopic analysis with ultra-violet light. The depth is very 

shallow at the beginning of sections. As the section plane moves to the middle, the 

depth of'the crack becomes deeper as shown in figure 4.10(ß(c). No subsurface crack 

growth Is seen at this section. Two branched cracks at the tip are seen when the 
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section moves to the middle of the ring crack as shown in figure 4.106(d). 

11 35 78 04 X Lens 

Line 3 

Line 2 

Line 1 

(a) Line indicating section position 

Figure 4.106 Subsurface observations of crack growth (Test GOL- 1, "fable: 4.2) 

4.6 SUMMARY FROM EXPERIMENTAL WORK 

The RCF tests of silicon nitride balls with surface ring cracks showed that 

their life was strongly influenced by load/contact stress, crack size, lubricant and 

material type. Whilst the strong dependence of life on load and crack size could be 

expected, the effects of lubricant and material type were not so straightforward. The 

shorter life with traction fluid can be explained by higher surface traction stresses 

leading to higher stress intensities around the crack. The better performance of 
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grease and gearbox oil compared to mineral oil may be due to penetration of 

lubricant into the crack faces. Therefore, the effect of crack face friction was 

included in the modelling studies described in Chapter 5. 

The surface and subsurface examination of cracks (tested and untested), 
incipient spalls and full spalls provided valuable information on the failure 

mechanisms. Previously, it was thought that spalling failure occurred as a result of 

growth of the original crack towards the surface under cyclic loading. In this study, 

secondary cracks, generally parallel to the original crack, were shown to form on the 

surface. At the same time, there is subsurface propagation of the original crack, 

often laterally parallel to the ball surface. Crack branching was shown to occur both 

from the propagated (fatigue) crack and secondary cracks leading to a subsurface 

crack network which eventually leads to break-out of material and spalling. 
As a consequence, modelling work on the RCF behaviour of balls with ring 

cracks in the following chapter was focussed on two main aspects. One was the 

analysis of surface tensile stresses necessary for the formation of secondary cracks 
and the other was a study of the factors involved in subsurface fatigue crack 
propagation. In addition it was hoped that the modelling could explain the difference 
in RCF behaviour of the ball materials used in this study, both of which were high 

quality materials with similar physical and material properties. 
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CHAPTER 5 

MODELLING OF ROLLING CONTACT FATIGUE FAILURE 

An analytical study of ceramic rolling contact fatigue is presented in this 

chapter. A boundary element analysis is carried out to increase understanding of 

rolling fatigue failure processes. The analytical model is presented and described in 

section 5.1. The physical considerations and modelling strategy are addressed. A 

three-dimensional boundary element model is developed and described in section 

5.2. Contact stresses due to surface ring cracks are analysed. The influencing factors 

such as crack face friction, crack geometry and contact stresses are described in 

section 5.3. The calculation results predict the conditions for the secondary surface 

cracks and interpret the failure mechanism of ceramic rolling contact fatigue. 

Stress intensity factors (SIF) are computed according to the three- 

dimensional fracture model. SIF solutions along the crack front are described in 

Section 5.4. The effect of crack face friction is discussed in Section 5.4.1. The effect 

of crack geometry on the stress intensity factors is described in Sections 5.4.2. The 

effects of crack position and crack gap on the stress intensity factors are also 

described in Section 5.4.3 and Section 5.4.4. The effects of normal load and 

tangential traction on the stress intensity factors are described in Section 5.4.5 and 

Section 5.4.6. The SIF calculation when the crack is outside the contact circle is 

outlined in Section 5.4.7. 

5.1 MODEL DESCRIPTION 

5.1.1 Loading condition 
The loading configuration of the testing environment for the modified four- 

ball machine was described in the previous section (see figure 3.3, Chapter 3, 

Section 3.3). The surface loading traverses the surface ring crack repeatedly. Based 

on this loading configuration, a three-dimensional contact fatigue model is 

considered as shown in figure 5.1, where a surface containing a ring crack is 

subjected to a Hertzian point contact loading moving across its surface. The normal 
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pressure distribution p(x, y) is given by the Hertz theory (Johnson 1985), 

x2 y2 
P(x, y)=Po 

+ i- 
a2 

(5.1) 

where po and a are the maximum Hertzian pressure and contact radius respectively. 
The tangential traction q(x, y) is expressed as 

9(x, y) = fp(x, y) (5.2) 

where f is the coefficient of traction. The traction coefficient f<0 if the surface 
loading traverses from right to left , and the traction coefficient f>0 if traversing from 

left to right. Various values of the traction coefficients are selected to simulate 
different scenarios. The symbol d represents the distance from the contact circle to the 

ring crack circle. 

7 
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Yl 

al 

Figure 5.2 Local co-ordinate system describing the geometry of a ring crack (Wang 

and Hadfield 2000a) 

5.1.2 Crack geometry 
The crack geometry has a significant effect on fracture mechanics analysis 

and will be considered carefully. The crack geometries used in the numerical 

calculation are defined by the modified equations (4.5) to (4.7) (see Chapter 4, 

Section 4.1.4), which is written below as equations (5.3) to (5.5), as shown in figure 

5.2 (Wang and Hadfield 2000a), 

x, _ (R +I1-(o)Z cos a) cos 0 (5.3) 

y, _ (R +11- (o) 2 cos a) sin 0 (5.4) 

1 cos a z, =S 1-(_. _ )z 

0 
(5.5) 
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where 1 denotes the crack length, 0<1< maximum crack length (line P1P1}, R is the 

radius of the ring crack, a is the angle of line P1P2 to the ball surface, 0< a< 7d2,0 

represents the angle of an element position on the crack face, - 00 <0< 00 and 00 

denotes half the angle of ring crack arc AB, 0< Ob < m'2. The S is the shape 

constant, which is used to describe the subsurface profile. 

5.1.3 Crack face friction 

As the surface loading moves across the surface ring crack, the crack will 

undertake various stress states. When the crack lies in the contact area, the faces of 

the crack became contacting, and therefore friction forces act between them. The 

Coulomb's law is used to model crack face friction. The crack face coefficient fc, 

depends on the contact condition of the crack faces. Choosing different crack face 

friction coefficients simulate their effect on the stresses ahead of the crack. 
According to the experimental observations, there is a gap as defined by the 

maximum separation at the ball surface. This gap will increase due to the wear of the 

crack faces as fatigue testing. It is felt that the understanding of the crack gap effect 

on failure modes is the key to revealing the nature of ring crack fatigue damage. To 

analyse how the gap affects the contact behaviour, different gaps are adopted for the 

numerical analysis. 

5.2 BOUNDARY ELEMENT ANALYSIS 
5.2.1 Boundary element modelling 

The three-dimensional contact fatigue model for fracture mechanics analysis 
is presented in the previous discussion. In general, analytical solutions to the 
problems in fracture mechanics are limited to a small number of idealised situations 
in which the domain is considered to be infinite, homogeneous and isotropic and the 
loading relatively simple. However, in practical situations the geometry and loading 
encountered in three-dimensional crack problems is too complex for the stress 
intensity factors to be solved analytically (Wang and Hadfield 2004). The 
calculation of the stress intensity factors is further complicated because it is 
influenced by the crack size and shape, type of loading and geometry of the 
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structure. This has frequently led to numerical approaches such as the boundary 

element method and finite element method. In this study, a boundary element 

method based computer modelling package BEASY (Computational Mechanics 

BEASY 1998) was employed to perform fracture mechanics analysis. 

The boundary element method (Appendix 4) is now widely used in many 

engineering disciplines as an alternative numerical technique to the finite element 

method (Brebbia and Dominguez 1992). The advantage of using boundary element 

analysis in fracture mechanics analysis is that the fracture model is largely reduced 

in the dimensionality of the problem; for three-dimensional problems, only the 

surface of the domain needs to be discretized. This means that the boundary clement 

analysis results in a substantial reduction in data preparation. Another important 

feature of the boundary element formulation is that it provides it continuous 

modelling of the interior since no discretization of the interior is required; this leads 

to a high resolution of interior stresses and displacements. 

ýýY 

JC 

(a) Overview of the model (b) Detailed view of the crack mesh 

Figure 5.3 Three-dimensional boundary element model 
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The three-dimensional boundary element model used in the present study is a 

small volume of the ceramic ball in order to reduce the size of the model as shown 

in figure 5.3. The prescribed boundary displacements and stresses in the 

concentrated contact zone were extracted from the analysis of the ceramic and steel 

ball contact. An axisymmetric boundary element model was adopted to perform this 

analysis (Appendix 5). The use of the small volume leads to a significant reduction 

in numbers of boundary elements. This simplification makes it feasible for the 

complex three-dimensional contact and crack problems. The three-dimensional 

contact fatigue model also incorporates a vertical symmetry plane through the 

middle of the disk to reduce the number of elements used in the model. There is no 

need to place the elements on the symmetry plane and as a result of that, this further 

reduces the size of the model. 

5.2.2 Fracture analysis 
As described in the three-dimensional contact fatigue model (figure 5.1), the 

crack will undertake a dynamic loading when the surface loading moves across the 

ring crack from right to left. The crack will be acted under different stress states 
(compressive or tensile), which depend the position of the contact circle. When the 

crack lies just on the outside of the contact circle (x > a), the crack mouth will be 

opened. The stresses from the Hertzian contact will be the driven force to propagate 
the crack. The maximum crack advance will occur at the co-ordinate of x=a, where 
the stress intensity factors are computed due to their values being the maximum. 
Both mode I and mode 11 stress intensities are responsible for the propagation of the 
crack. 

When the crack lies in the contact circle (-a <x< a), the crack front receives 
the compressive stress. The mode I stress intensity (K1) does not play any role in 

crack growth due to K< <_ 0. Therefore the mode II (K») will dominate the crack 
propagation behaviour. The magnitude of the stress intensity (KII) is a function of 
co-ordinate x. Also, the interaction between the crack faces becomes more important 
for the determination of the stress intensity values. The friction exists between the 

140 



CHAPTER 5 

crack faces and will significantly influence the crack propagation behaviour. 

Clearly, fatigue crack propagation and surface cracking are affected by the co- 

ordinate x and can be a rather complex process due to the cyclic Hertzian loading 

The calculation of the stress intensity factors for the crack being outside 

contact circle has been carried out by Wang and Hadfield (2000a). In that study, the 

natural crack was adopted in the model and crack growth was analysed using the 

dual boundary element method. No attempt was made to compute the stress intensity 

factors where the crack lies in the contact circle because the numerical method is 

only valid for the crack faces being open. The calculation results were successfully 

used to explain the experimental observations of the crack orientation effect on 
fatigue spalling. However, the calculations could not explain why the spall size is 

often larger than the numerical prediction. This is because the calculation of the 

stress intensity factors did not take into account the situations where the crack lies in 

the contact circle. 

When the crack lies in the contact circle (compressive zone) the mode II 

stress intensity will dominate the crack propagation because the mode I stress 
intensity becomes zero. The crack face friction plays an important role in 

determining the magnitude of the mode II stress intensity. The crack face contact is 

considered for the boundary condition for the interaction between the crack faces. In 

the boundary element analysis, all computations are made on the surfaces. Naturally, 

the boundary element method should be useful for contact analysis problems and has 

been discussed by many investigators (Niku et at. 1991, Aliabadi and I3rebbia 1993, 

Man 1994) since Andersson et at. (1980) first described. However, only a small 

number of investigations (Wang and Hadfiled 2004) were completed for the 

situations encountered in the present study. 
In the present study, the computation of the stress intensity factors will 

concentrate on the situations where the crack lies in the contact circle. In other 

words, the calculation of the stress intensity (Ku) with complex ring crack geometry 

and loading conditions in ceramics is the main purpose of the study, which has not 
been done by any other investigators. 

The importance of the stress intensity factor in determining stress fields 

around the crack tip was first demonstrated by Irwin (1957). The stress intensity 
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factors have been addressed by numerous authors (Aliabadi 1991) since then and 

different numerical methods have been developed for the calculation of the stress 

intensity factors. In Irwin's equations, the stress and displacement are given near a 

crack tip in terms of the stress intensity factor at the crack tip. Thus if these stress 

and displacement fields are known from the boundary element analysis, the stress 

intensity factors can be calculated. The near-tip stress field for mode II is given by 

the following expression (Aliabadi 1991): 

Qxx= 
K" 

sin 
8 

(2 + cos 
B 

cos 
3 8) 

2ý 222 

KI, 
sine cos 

0 
cos 

3 B) - 2nr 222 

axy - 
K" 

cos 
0 

(1- sin 
8 

sin 
3 0) 

. (5.6) 
2nr 222 

The near-tip displacement field for mode II is 

Ux = 
K'ý r sin-0[l (K + 1) + cost 

B] 
2ýc 222 

Uv= 
K° FT; 

cos 
e[1 

(1- rc) + sine 
e] 

. (5.7) 
222 

The mode II (sliding mode) stress intensity factor is the limit 

K� = tim 2Ttra, (r, 0=0). 

The true value of K11 is the value at r=0, which can be extrapolated from the plot of 
K11 against r (the distance from the crack tip) using the boundary element modelling. 
The calculation results regarding the mode 11 stress intensity factor (Kip) will be 
discussed in Section 5.4. 
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5.3 CONTACT STRESSES DUE TO SURFACE RING CRACKS 

The numerical results contain two parts: the analysis of stress intensity 

factors and the stress distribution analysis on the surface in the region of the crack. 
The analysis of the stress intensity factors will be presented in Section 5.4. In this 

section, the analysis of the stress distributions on the surface is shown. As a surface 

ring crack exists, the stresses ahead the crack on the ball surface cannot be solved 

analytically using the Hertz elastic contact theory. Therefore a numerical solution is 

required in the calculations. It is felt that the understanding of how an exiting crack 

affects the stress distributions ahead the crack is crucial important for determining 

surface cracking behaviour of a cracked ceramic ball. The purpose of the following 

discussion is to establish a fundamental understanding of failure mechanisms of 

ceramic balls that contain different crack size. The numerical results are expected to 

explain the experimental observations. 
The experimental results in Chapter 4 showed the great importance of the 

secondary surface cracks in the processes of fatigue damage. In other words, for the 

balls with the larger ring cracks, the fatigue failure is dominated by the secondary 

surface cracks; and for the balls with the smaller ring cracks, the fatigue failure is 

dominated by subsurface fatigue crack propagation and secondary surface cracks. 
Also, the experimental results indicated that the material with high Hertzian fracture 

strength always showed a good fatigue life performance. Therefore the analysis of 

the stress distributions on the cracked ball may be able to reveal the nature of ring 

crack contact fatigue in ceramics. Based on the experimental tests (Chapter 2), the 

Hertz fracture strength required the formation of the surface ring cracks is 2.07 GPa 

for material B and 1.51 GPa for material A. These critical values will be used to 
determine whether the surface cracks form or not for a given load. 

The numerical analysis of surface stresses on the cracked ceramic balls, 

using a boundary element method, was addressed by Wang and Hafield (2004). 
They selected a natural crack size (crack radius = 0.21 mm) as a modelling object 
and only two crack lengths were analysed. In their calculations, the influencing 

factors such as contact load, crack geometries (crack radius, arc length, crack angles 
etc) and surface traction were not fully considered since the investigation into each 
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influencing factor requires the different models to compute. The model preparation 

and three-dimensional computation are time-consuming. Consequently the results 

based on the limited geometries and loading configurations cannot reflect the 

practical situations tested in the experiments such as larger surface ring/cone cracks. 

In the present analysis, all those factors are considered in the modelling work. The 

corresponding experimental tests were done and discussed in the experimental 

results. 

5.3.1 Influence of crack face friction 

It is well known that lubrication fluids have a significant effect on fatigue 

failure in rolling contacts. Different mechanisms have been proposed to explain why 
lubrication fluid increases the rate of the fatigue crack propagation in rolling contact 

since Way (1935) published his work. For example, lubricating oil penetrates into 

the crack to produce a hydraulic effect. The lubrication pressure was assumed to 

prise the crack open and to force the crack to grow back to the surface (Keer and 
Bryant 1983, Murakami et al. 1985, Kaneta and Murakami 1987). Also sufficient 
lubrication fluid was taken to exist in the crack so that the crack face friction was 

zero which increased Mode II crack propagation. In all of these analyses, fatigue 

crack propagation behaviour was thought to be the only cause of fatigue spall. The 
fracture analyses seem to explain the observation that pitting is most often observed 
on the following rather than the driving roller and that cracks are inclined in the 
direction of motion. Cracks inclined away from the direction of motion will also be 
initiated, but will not propagate since the contact motion squeezes fluid from the 
crack faces rather than entrapping the fluid. 

Crack face friction coefficient f, is used to present the magnitude of the crack 
face friction. The greater the friction coefficient is, the higher is the crack face 
friction. Small (natural) and large (artificial) cracks were selected to investigate their 
effect on the stresses. For the small crack, the arc length of the crack is smaller than 
the width of the contact path. The entire crack is within the contact track. For the 
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large crack the crack arc length is larger than the contact path. Therefore, the contact 

circle cannot cover the whole crack. The calculation is performed at a fixed crack 

length for each case. For the purpose of the calculation, the gap between the crack 

faces is assumed to be zero. The calculation conditions and the crack geometry are 

listed in Table 5.1. 

Table 5.1 Crack geometry and calculation conditions 

Case Contact Crack f fý Crack eomet 
No stress position R 1 0) S 

(GPa) d (mm) (mm) (mm) (degree) 

1-1 5.58 0.0468 -0.05 0 0.21 0.098 45 20 
to 
0.9 

1-2 5.58 0.0468 -0.05 0 0.38 0.082 35 20 
to 
0.3 

ca 
CL 
N 
N 

N 

CL 
c 
CL 
E 
E 
x 

3.00 

2.00 
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0.00 

fc=0 -+-fc=0.1 -, N-fc=0.2 
--fc=0.3 -fc=0.4 --o- fc 0.5 

-. -fc=0.6 no crack 
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D (Degree) 
Figure 5.4 Maximum principal stresses along the contact circle of R=0.21 mm 
(Case 1-1) 
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Figure 5.4 shows the maximum principal stresses (tensile stress) along the 

circle of R=0.21mm. It can be seen from figure 5.4, the maximum principal stress 

is a function of the angle 0 and reaches the maximum value at 0= 90°. The high 

tensile stresses are developed at the location of the angle 0 approximately between 

45° and 135°. The maximum principal stresses decrease as the crack face friction 

increases. When the crack face friction rises to a certain level, e. g. fý = 0.6, the 

maximum tensile stress decreases to a value almost identical to that of no crack. 

Figure 5.4 also indicated that in the range of 0° to 30° and 1500 to 1800 

approximately there are hardly any changes in the magnitude regardless of crack 

face friction since there is no crack underneath at this area. However, the maximum 

principal stress considerably increases as the crack face friction decreases, e. g. fc = 

0, which approximates to 1.81 GPa. This tensile stress is the main contributor to the 

initiation of the secondary surface cracks. 

3.00 
CL 

H U) in 

-a-- 4.00 GPa -. -- 4.43 GPa -+- 5.03 GPa 

-o- 5.58 GPa 6.63 GPa 
2.00 

o. oo 
0 0.2 0.4 0.6 0.8 

Crack face friction coefficient 

Figure 5.5 Maximum tensile stress against crack face fiction coefficient (at B= 900) 
for different loads (Case 1-1) 

Figure 5.5 shows the effect of the contact pressure on the maximum tensile 
stress (the maximum principal stress at 0= 90°). The maximum tensile stress 
increases as the contact pressure increases. Increasing crack face friction decreases 
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the maximum tensile stress. The calculation results are now studied in detail. When 

the maximum contact pressure is less than 5.03 GPa, the maximum tensile stress is 

below the initiation tensile strength of surface ring crack (1.51-1.82 GPa). 

Consequently, it is difficult to form a spall because the secondary surface cracks are 

difficult to form. This prediction is consistent with the experimental observation. For 

example, there is no fatigue failure for gearbox oil and grease when the contact 

stress is below 5.03 GPa. Obviously, any factors which prevent oil from penetrating 

the crack, may lead to an increase in the crack face friction. As a result the 

maximum tensile stresses decrease and the likelihood of the formation of the 

secondary surface cracks is lower. The use of grease can inhibit the amount of oil 

that can enter a crack and friction acting between the faces of the crack increases. 

The results of the experiment agree well with the calculation. Generally, the 

secondary surface cracks have a circular shape and a similar radius to the original 

ring crack circle. These secondary surface cracks grow downward as soon as they 

form, join and connect with the fatigued crack. A spall is eventually formed. This 

may explain why the spall contours always take the ellipse shape. Figure 5.6 shows 

an example of the stress contours around the contact area. 

Figure 5.6 Maximum principal stress contours around the contact region tier. /;. 0.2, 

.f= -0.05 and po = 5.58GPa (Case I -1) 
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Figure 5.7 Maximum principal stresses along the contact circle (Case 1-2) 

Consider the results from Case 1-2. The stresses on the ball surface for the 

crack radius of 0.38mm are computed and the results are shown in figure 5.7. The 

stress distribution contour around the contact region is shown in figure 5.8. 

Compared to Case 1-1, the radius of the crack in Case 1-2 is much larger. Only part 

of the crack is under the contact circle. 
The calculated results indicate that the maximum tensile stress along the 

contact circle is sensitive to the change in crack face friction coefficients. The 

maximum principal stress significantly increases as the crack face friction decreases. 

The difference between case 1-1 and case 1-2 is the stress distribution. For case 1-2, 

there is a big drop near the 35° and 145° thresholds due to the crack being outside 

the contact track. Again, when 0 lies between 0° and 35° or 145° and 180°, there are 

only minor changes in the magnitude of the stresses. When 0 is between 45° and 
135°, the maximum principal stress is sensitive to crack face friction. Increasing 

crack face friction decreases the maximum principal stresses along the contact 
circle. For example, when fi =0 the maximum tensile stress is approximately to 1.84 
GPa while the maximum tensile stress is 1.4 GPa when ff = 0.3. 
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Figure 5.8 Maximum principal stress contours around the contact region (Case 1-2, 

ýý= 0) 

The calculation results from both cases indicate that the maximum tensile 

stresses at the contact circle decrease with the increase of crack face friction. 

Therefore, increasing the crack face friction will decrease the likelihood of the 

formation of the secondary surface cracks. In other words, any factors which prevent 

oil penetrating inside the crack, may lead to the increase of the crack face friction 

coefficient. As a result of these factors the tensile stress will decrease. When the 

friction coefficient of the crack face rises to a critical level, the maximum tensile 

stress decreases to a value identical to that of no surface ring crack. There is a very 

slight change in the maximum tensile stress on the contact circle for different crack 

radii. Hence, crack face friction is the main contributor to the initiation of the 

secondary surface cracks. 

5.3.2 Influence of crack geometry 

5.3.2.1 Crack length 

To determine critical crack size, the size effect is addressed in the following 

discussion. The crack size is important for predicting rolling element fatigue damage. 
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The fatigue life of cracked ceramic balls can be evaluated according to the crack 

size. Generally speaking, the size of a surface ring crack can be described using the 

radius and arc length of the crack. The subsurface geometry of the crack is very hard 

to obtain and as a result the crack length is normally not known before testing. The 

influence of changes in crack length on the stresses is discussed as follows. 

To compare the effect of the crack length, the calculations are conducted at 

the fixed crack radius and arc length. The gap between the crack faces is assumed to 

be zero. The maximum contact pressure po is assigned to a value of 5.58GPa and 

applied to the calculations. The crack size and contact conditions are listed in table 

5.2. 

Table 5.2 Crack geometry and calculation conditions 

Case Contact Crack f f, Crack geometry 
No stress position R1 

(GPa) d (mm) (mm) (mm) (degree) 

2-1 5.58 0.0468 -0.1 0 0.21 0.03 
to 

0.098 

Figure 5.9 shows the distribution of the maximum principal stress (tensile 

stress) at the contact circle. The calculated results indicate that the maximum 

principal stress is a function of the angle e and reaches the maximum value at 0= 

90°. The high tensile stresses are developed when the value of the angle 0 falls in the 

approximate range 30° to 150°. 

In figure 5.10, the comparison of the maximum principal stress at 0= 900 is 

shown. It can be seen that the maximum tensile stress significantly increases as the 

crack length increases. When the length of the crack is small, e. g. I=0.03 mm, the 
tensile stress is not high enough to generate the secondary surface cracks. The 

required tensile stress is not reached until the crack length exceeds a certain value. It 
is also interesting to note that the tensile stress reaches a maximum value at a certain 
length and is not able to increase further. The experimental results indicate that the 
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large length crack displays shorter fatigue life than the small length cracks. The 

numerical prediction is consistent with the experimental observations. 
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Figure 5.9 Maximum principal stresses along the contact circle (Case 2-1) 
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Figure 5.10 Maximum principal stresses against crack length (Case 2-1) 
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5.3.2.2 Arc length 

The influence of the arc length is now investigated. The crack length and 

radius are fixed in order to compare the effect of the crack arc length. The maximum 

contact pressure po is 5.58 GPa. Two groups of the cracks are selected to compare 

the arc length effect. In group one, the crack radius and length are 0.21mm and 

0.051mm, respectively. Three lengths of the are are computed. In group two, the 

crack radius and length are 0.38 and 0.082 mm, respectively. Two lengths of arc are 

selected. Detailed conditions are listed in table 5.3. 

Table 5.3 Crack geometry and calculation conditions 

Case Contact Crack f Crack g eometry 
No stress position R l ý, S 

(GPa) d (mm) (mm) (mm) (degree 

3-1 5.58 0.0468 -0.1 0 0.21 0.051 35 20 
45 
55 

3-2 5.58 0.0468 -0.05 0 0.38 0.082 24 20 
35 

The calculation results indicate that there is practically no effect on the 

maximum tensile stress (0 = 90°) as shown in figure 5.11. However, the distribution 

of the maximum principal stresses along the contact circle is changed as the arc 
length changes. The calculated results imply that the formation of the secondary 
cracks is easier when the arc length is larger. 

In figure 5.12, the crack radius is 0.38mm and the arc length is 0.318 mm (00 
24°) and 0.464 mm (4 = 35°). Again, there is no significant change for these two 

arc lengths. There is a considerable drop near the 35° and 145° thresholds for the 
larger are length since the crack is bigger than the contact circle. 
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Figure 5.11 Comparison of the maximum principal stresses (Case 3-1) 
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Figure 5.12 Comparison of the maximum principal stress (Case 3-2) 
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5.3.2.3 Crack radius 
The influence of crack radius is also investigated. To compare the influence 

of the crack radius, the calculations are conducted at fixed crack length and arc 

length. Two types of crack are chosen to simulate both natural and artificial cracks. 

For artificial cracks, the arc length is 0.464mm while the crack radius is assumed to 

be 0.32,0.38 and 0.44mm. For natural cracks, the arc length is 0.318mm while the 

crack radius is assumed to be 0.21 and 0.38mm, respectively. The maximum contact 

pressure 5.58GPa is applied to the calculations. Table 5.4 lists detailed calculation 

conditions. 

Table 5.4 Crack geometry and calculation conditions 

Case Contact Crack f Crack geometry 
No stress position R I Are S 

(GPa) d(mm) (mm) (mm) length 
mm 

4-1 5.58 0.0468 -0.05 0 0.32 0.082 0.464 20 
0.38 
0.44 

4-2 5.58 0.0468 -0.05 0 0.21 0.082 0.318 20 
0.38 

Figure 5.13 shows the distribution of the maximum principal stresses (tensile 

stress) at the contact circle. The calculated results indicate that the maximum 
principal stress is a function of the angle B and reaches the maximum value at 0= 
90°. The high tensile stresses are developed when the value of the angle 0 falls 
between 40° and 140°. The crack radius has a slight effect on the maximum tensile 
stresses when the cracks take the same length. Note that the calculated result here is 
made under the assumption that the crack length is the same. 
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Figure 5.13 Influence of crack radius on maximum principal stress (Case4-1) 
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Figure 5.14 Comparison of maximum principal stresses (Case 4-2) 

Figure 5.14 shows the comparison of the maximum principal stresses for two 

different sizes of crack radius. Again, the results indicate that the maximum 
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principal stress is a function of the angle 0 and reaches the maximum value at 0= 

90°. The changes in the crack radius do not significantly affect the maximum tensile 

stresses when the cracks take the same length. 

As discussed in the previous section, the larger crack radius always 

corresponded with a larger crack length and the tensile stress significantly increases 

with the increase of the crack length. Therefore, fatigue life decreases with the 

increase of the crack radius due to the large crack length. 

5.3.2.4 Crack angle 
The influence of crack angle on surface stresses is computed in the 

following discussion. The calculations are conducted at fixed crack length and arc 
length. Referring to figure 5.2, the crack angle is related to the shape factor of the 

crack. The calculations indicate that when S= 50,20,10 and 5, the corresponding 

angles of the crack are 34.4°, 51.1°, 64. ° and 75.9° respectively. These angles are 

selected to investigate their effect. The crack dimensions and loading conditions 
are listed in table 5.5. 

Table 5.5 Crack geometry and calculation conditions 

Case Contact Crack f Crack geometry No stress position R S 
(GPa) d(mm) (mm) (mm) (degree) 

5-1 5.58 0,0468 -0.05 0 0.21 0.051 45 5 
10 
20 
50 

Figure 5.15 illustrates the distribution of the maximum principal stresses 
along the contact circle. Apparently, the maximum principal stresses are sensitive to 
the change of the crack angle. At the beginning, the magnitude of the stresses 
increases as the crack angle increases. When the crack angle reaches a critical value 
the maximum principal stress reaches the maximum value. And then, the maximum 
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principal stress decreases as the crack angle increases as shown in figure 5.16. 
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Figure 5.15 Influence of crack angle on maximum principal stresses 
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Figure 5.16 Influence of crack angle on maximum principal stress at 0= 90° 
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5.3.3 Influence of crack gaps 
Experimental observations show that the larger the crack radius the easier the 

crack is to locate. Generally speaking, larger radius cracks lead to larger gaps 

between crack faces. As a result of this, the crack is more easily seen. The effect of 

the crack gap on the surface stresses is now investigated. In this study, the crack 

dimension is listed in table 5.6. 

Table 5.6 Crack geometry and calculation conditions 

Case 
No 

Contact 
stress 
(GPa) 

Crack f 
position 
d (mm) 

R 
(mm) 

Crack eometý 
1 00 S 

(mm) de ree 

6-1 5.58 0.0468 -0.05 0 0.21 0.051 45 20 

6-2 5.58 0.0468 -0.05 0 0.32 0.082 42 20 

Figure 5.17 shows the distribution of the maximum principal stresses at the 

surface along the contact circle. This is a small crack (natural crack range). There 

are hardly any changes in the magnitude and distribution of stresses along the 

contact circle for any gap (0,0.2 and 0.5 microns) when 0 is between 0° and 30°, or 
between 150° and 180°. However, the tensile stresses will increase significantly as 

the crack gap increases when 0 is between 30° and 150°. When the gap is 0.2µm, the 

tensile stress will reach I. 8GPa. The secondary surface cracks will be initiated due 

to this high tensile stress exceeding Hertz fracture strength. The experimental 
observation confirmed that the crack gap increased as the test proceeded (see 

Chapter 4) and the crack gap is possible to reach 0.2µm due to the wear of the 

contacting crack faces. 

At this stage the situation when the crack size is in the artificial size range 
(case 6-2, figure 5.18) was considered. Like natural cracks, there are hardly any 
changes in the magnitude and distribution of stresses along the contact circle for any 
gap (0,0.1,0.3 and 0.5 micron) when 0 is between 0° and 30°, or between 150° and 
180°. However, the tensile stresses will increase significantly as the crack gap 
increases when 0 is between 30° and 150°. 
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Figure 5.17 Influence of crack gap on maximum principal stresses (case 6-1) 

ä 4.00 

t7 
N 

3.00 

a 2.00 

CL 
E 1.00 
0 E 
>( 

0.00 

-o- Gap=O micron -a- Gap=0.1 micron 

-o- Gap=0.3 micron -+- Gap=0.5 micron 

ip 

v+41+*+ V 

c 

0 30 60 90 120 150 180 

0 (Degree) 

Figure 5.18 Influence of crack gap on maximum principal stresses (case 6-2) 
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In terms of the numerical calculation, the tensile stress around the contact 

circle increases considerably with the increase of the gap between the crack faces. 

When the crack gap reaches a certain value, this tensile stress will exceed Hertz 

fracture strength. As a result, the secondary cracks are initiated around that circle. 

This is why for brittle material secondary surface cracks are circular and are of a 

similar radius to the contact circle, As soon as the secondary surface cracks are 

initiated, they will grow towards materials to form a crack network, and therefore a 

spall is generated. The numerical analysis here provides the fundamental basis for an 

explanation of why the secondary surface cracks almost always is of the 

characteristic of the partial circle. 

5.3.4 Influence of contact stress 
The influence of the contact stresses on rolling contact fatigue failure is 

discussed in the following section. It will be focused on one size of crack to study 
the effect of the contact load on the surface stresses. For the purpose of the 

calculation, the gap between the crack faces is assumed to be zero. The detailed 

calculation conditions are listed in table 5.7. 

Table 5.7 Crack geometry and calculation conditions 

Case Contact Crack f A Crack geometry v7 No stress position RS 
(GPa) d (mm) (mm) (mm) (degree) 

7-1 4.0 0.0468 -0.05 0 0.21 0.098 45 20 
4.4 to 
5.03 0.9 
5.58 
6.63 

Figure 5.19 illustrates the relationship between the maximum principal stress 
and contact stresses for the various crack face friction coefficients. Apparently, the 
maximum tensile stresses increase as the contact stress increases. The effect of crack 
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face friction on the stresses is also shown in figure 5.19. Increasing crack face 

friction decreases tensile stresses on the surfaces. When the contact stress is less 

than 4 GPa it is very hard to form secondary surface cracks unless the crack gap 

reaches a critical value. This is very consistent with the experimental observation. 
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Figure 5.19 Maximum principal stress against contact stress for various crack face 
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Figure 5.20 Maximum principal stress distribution along the contact circle 
161 

0 30 60 90 120 150 180 



CHAPTER 5 

In figure 5.20, the calculation results indicated that the maximum 

principal stress is a function of the angle 0 and reaches the maximum value at 0 

= 90° (x axis). The high tensile stresses are developed at the location of the 

angle 0 in the approximate range 45° to 135°. 

5.3.5 Influence of shear traction 
The influence of the surface shear traction on the magnitude and distribution 

of the maximum tensile stresses on the surface is also investigated. Again, the 

traction coefficient f is utilised to describe the magnitude of the surface shear 

traction. The bigger the traction coefficient f, the higher the surface shear traction is. 

The detailed calculation conditions and crack geometry are listed in table 5.8. 

Table 5.8 Crack geometry and calculation conditions 

Case Contact Crack f fe Crack eomet 
No stress position R l0S 

(GPa) d (mm) (mm) (mm) de ree 

8-1 4.0 0.0468 00 0.21 0.098 45 20 
to to 

6.63 -0.12 

8-2 5.58 0.0468 -0.05 0 0.32 0.082 42 20 
to 

0.05 

For the maximum contact pressure of 5.58GPa, the calculation result is 
shown in figure 5.21. The calculated results indicate that the maximum principal 
stress increases as surface traction increases. The maximum value is attained at the 
angle ©= 90°. Unlike the stress distribution in figure 5.4, the stress value increases at 
all the locations along the contact circle from 0= 0° to 0= 180°. There is a large 
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increase in the maximum principal stress within the crack region (450 to 1350) and a 

small increase outside the contact region. 
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Figure 5.21 Maximum principal stresses along the contact circle for the 

maximum contact pressure of 5.58GPa (Case 8-1) 
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Figure 5.22 shows the relationship between the contact pressure, traction 

coefficient and the maximum tensile stress. As can be seen from figure 5.22, for 

various contact stresses, the plotted lines are parallel to each other. This diagram is 

useful to predict whether the secondary surface cracks will form or not. The surface 

traction has a significant effect on rolling contact fatigue failure. The experimental 

result for the traction oil is a good example which verifies the numerical prediction. 
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Figure 5.23 Maximum principal stresses at the contact circle (Case 8-2, f = +0.05) 

The influence of the traction direction on the surface stresses is investigated 

and the results are shown in figures 5.23 and 5.24. As stated in the previous section, 
the signs of traction coefficient represent the rolling directions. In Case 8-2, two 
traction directions are computed. 

In figure 5.23, the result from a positive traction coefficient is shown. The 

result from a negative coefficient has been shown previously (see figure 5.18). As it 

can be seen that one direction increases the surface tensile stresses while another 
direction decreases the tensile stresses on the surface. The maximum principal stress 
along the contact circle will decrease significantly as the traction direction is 
changed. Therefore, the potential for the formation of the secondary surface cracks 
will be lower. Consequently, the fatigue life will be influenced by the change of the 
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rolling direction. However, there is still the possibility of producing the secondary 

surface cracks if the crack gap exceeds 0.5 µm. Figure 5.24 shows the comparison of 

the calculated results from two traction directions. The stress contour around the 

contact region is shown in figure 5.25. 
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Figure 5.24 Comparison of maximum principal stresses (Case 8-2) 

Figure 5.25 Maximum principal stress contours around the contact region (Case 8- 

2, crack gap = 0.7µm and f=+0.05) 
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5.3.6 Influence of the position of the crack 
Contact stresses on the surface are sensitive to the position of the crack. The 

different positions will create different contact stresses on the surface. The influence 

of the crack position on the maximum tensile stress along the contact circle is 

computed. For the purpose of the calculation, the gap between the crack faces is 

assumed to be zero. One crack size is selected to compare the effect of different 

positions. The maximum contact stress is assigned to a value of 5.58GPa and the 

traction coefficient f=-0.1. Table 5.9 lists the calculation conditions with great 
detail. The calculation result is shown in figure 5.26. 

The study of figure 5.26 shows that tensile stresses along the contact circle 

are very sensitive to the positions of the crack. The maximum principal stresses 
increase significantly in the locations where 0 is between 30° and 150° for d=0.0468 

and d=0.02, compared with the case of no crack. When the crack moves into the 

position d=0.091, there are hardly any changes. Clearly, the peak stresses will only 

occur along the contact circle when the crack is near the contact circle. In other 
words, the high tensile stress is developed only when the crack is near the contact 
circle. The maximum tensile stress at the edge of the contact area cannot be affected 
when the crack is located just near the centre. 

Table 5.9 Crack geometry and calculation conditions 

Case Contact Crack f Crack eomet No stress position R 1 00 S 
(GPa) d (mm) (mm) (mm) (degree) 

9-1 5.58 0.02 -0.1 0 0.21 0.051 45 20 
0.0468 
0.091 
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Figure 5.26 Influence of crack position on maximum principal stresses 
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5.4 STRESS INTENSITY FACTOR ANALYSIS 

As discussed in the previous section, the crack front will pass from 

compressive to tensile stress as the surface loading passes over the crack from right 

to left, repeatedly. The crack will open its mouth when it is outside the contact circle 

at d=0 (see figure 5.1). The calculation of the stress intensity factors for the crack 

being outside the contact circle has been carried out by Wang and Hadfield (2000b, 

2004). In their studies, the natural crack was selected in the model and crack growth 

was analysed using a dual boundary element method. As the calculation method is 

not valid in the compressive stresses, the stress intensities for the crack being in the 

contact circle were not computed. Consequently, the numerical calculations were 

limited because the situations where the crack lies in the contact circle were not 

taken into account. The results cannot be used in evaluating the crack propagation 
behaviour when the crack lies in the contact circle as the mode I stress intensity was 

assumed to propagate crack. 
In the following discussion, the calculated results of the stress intensity 

factors are based on the situations where the crack lies in the contact circle. The 

stress intensity factor (K11) along the crack front under loading conditions and 

various geometries is discussed. A standard boundary element method is used in 

fracture modelling and the extrapolation technique is used to obtain the stress 
intensity (KII) along the crack front. Compared with the dual boundary element 
method (Appendix 4), the stress intensity calculation here is complex and time- 

consuming. The modelling work here is different from the previous studies by Wang 

and Hadfield (2000b and 2004). 

5.4.1 Effect of crack face friction 

When the crack is under the compressive stress (within the contact circle), 
the faces of the crack are in contact, and friction forces therefore act between them. 
Here, the crack face friction is modelled using Coulomb's law, with a coefficient fc. 
The greater the crack face friction coefficient, the higher the crack face friction. The 
crack dimensions and calculation conditions are listed in table 5.10. 
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Table 5.10 Crack geometry and calculation conditions 
Crack geometry 

Case No. Contact Crack f 

stress position R l ck) S 
(GPa) d (mm) (mm) (mm) (degree) 

10-1 5.58 0.0468 -0.05 0.21 0.098 45 20 

10-2 5.58 0.091 -0.05 0.21 0.03 45 20 
to 

0.098 

5.00 

-0- fc=0 -a-fc=0.1 -, 6-fc=0.2 
-, ýfc=0.3 -o-fc=0.4 -x-fc=0.5 
-. -fc=0.6 -+-fc=0.8 -fc=0.9 
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Figure 5.27 Influence of crack face friction coefficient on Kii (Case 10-1) 

The calculation results indicate that the mode II stress intensity factor (K11) is 

very sensitive to the change of the crack face friction. Increasing crack face friction 

significantly decreases the magnitude of the stress intensities (K11) along the crack 

front. Figure 5.27 shows the calculation results from Case 10-1. Figure 5.28 shows 

the result from Case 10-2 at 1= 0.098 mm. In Case 10-2, the influence of the crack 

face friction on the stress intensities is larger than that in Case 10-1. This is probably 
because the crack is fully under the contact circle for Case 10-2 while only half of 
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the crack is underneath the contact circle in Case 10-1. Figure 5.29 shows the 

comparison of the stress intensities at r¢ =0 for these two cases at 1= 0.098 mm. It 

can be seen from figure 5.29 that a large variation rate exists at the beginning for 

Case 10-2. 
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Figure 5.28 Influence of crack face friction coefficient on K11 

(Case 10-2,1= 0.098 mm) 

Figure 5.30 and figure 5.31 show the results when crack lengths are 0.051 

and 0.03 mm from Cases 10-2. Since the crack is fully under the contact circle, the 

effect of crack face friction is very significant. The calculated results show that Kii 

value approaches zero (fý = 0.5) when the crack length is very small (figure 5.31). 

The crack is not able to propagate with a lack of driving force to crack growth. The 

numerical analysis predicts that fatigue is hardly to appear if the crack size is very 
small such as the small natural cracks. This is because in the present analysis the 
mode II stress intensity is considered to be the crack driven force. Figure 5.32 shows 
the comparison of K11 for different cases. 
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Figure 5.30 Influence of crack face friction coefficient on K11 

(Case 10-2,1= 0.051 mm) 
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Figure 5.31 Influence of crack face friction coefficient on K1I 

(Case 10-2,1= 0.03mm) 
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Figure 5.32 Comparison of K11 at 4= 00 for different crack lengths (Case 10-2) 
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5.4.2 Effect of crack geometry 
5.4.2.1 Crack length 

The crack size is crucial important in determining rolling contact fatigue life. 

The following sections examine how a crack length affects the stress intensity 

factors. The calculation conditions are detailed in table 5.11. Two crack positions 

are selected to investigate the effect of crack geometry on the stress intensities. The 

crack gap is assumed to be zero and applied to the calculations. 

Table 5.11 Crack geometry and calculation conditions 

Case Contact Crack f A Crack eomet 
No stress position R 1 00 S 

(GPa) d (mm) (mm) (mm) (degree) 

11-1 5.58 0.091 -0.05 0 0.21 0.03 45 20 
to to 
0.2 0.098 

11-2 5.58 0.4668 -0.05 0 0.21 0.051 45 20 
to 

0.12 

The calculation result from Case 11-1 is shown in figure 5.33. It can be seen 

that as the length of the crack increases the stress intensity (absolute value) 

increases. When the crack length increases to a certain value the increments of stress 
intensity factor value become small. The results predict that the stress intensity will 

not increase when the crack reaches a certain length. In other words, the crack will 

propagate at a constant rate in a stable way. Figure 5.34 illustrates the variation of 

stress intensity at different crack face friction. 

Figures 5.35 and Figure 5.36 show the result from Case 11-2. Since the crack 

position changes K, I becomes positive. Again, the value of K� increases as the crack 
length increases. The K11 value increases quickly at the beginning (shallow crack) 

and increases slowly as the length grows. The KI, will reach a stable level when the 
length reaches a certain value. 
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Figure 5.33 Influence of crack length on Kn (Case 11-1, f= 0) 
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Figure 5.34 Influence of crack length on K» at 4= 00 (Case 11-1) 
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Figure 5.35 Influence of crack length on K1, (Case 11-2, f= 0) 
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Figure 5.36 Influence of crack length on Kii at 4= 0° (Case 11-2j = 0) 
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5.4.2.2 Crack radius 
Table 5.12 lists the calculation conditions for the study of the influence of 

crack radius on mode II stress intensities. The arc length and length of the crack are 

fixed. Only one variable component, the radius of the crack, is selected to 

investigate its effect. In addition, the crack gap is assumed to be zero and is applied 

to the calculations. Two cases of the crack scale are chosen. One is an artificial 

crack scale and another is a natural crack scale. For an artificial size scale, the crack 

arc length is bigger than the width of the contact path. For a natural size scale, the 

crack is covered by the contact circle. 

Table 5.12 Crack geometry and calculation conditions 

Case 
No 

Contact 
stress 
(GPa) 

Crack 
position 
d (mm) 

fA 
R 

(mm) 

Crack 
I 

(mm) 

comet 
O, S 

(degree) 

12-1 5.58 0.0468 -0.05 0 0.32 0.082 42 20 
0.38 35 
0.44 30 

12-2 5.58 0.0468 -0.05 0 0.21 0.082 45 20 
0.38 24 

Figure 5.37 shows the calculated results from large cracks (Case 12-1). 
Since the crack radius is different, the O value must be different to keep the same 
arc length. As can be seen from the plot, K11 value is a function of 0. The SIF 

solutions change very slightly as the crack radius changes. The stress intensity factor 

of K1, is slightly different at 0= 0° (lower point) for different crack radii. It can be 

concluded that the effect of the crack radius on K11 is not significant while the crack 
length and arc length are the same. 

Figure 5.38 shows the calculated results from small cracks (Casel2-2), 
which is a natural size scale. Again the O must be different in order to have the same 
length of arc. Similarly with the case of an artificial size, the SIF solutions change 
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very slightly as the crack radius changes. The stress intensity factor of K11 is slightly 

different at 0= 0° (lower point) for different crack radii. Therefore, the crack radius 

has little effect on K1I while the crack length and arc length are the same. 
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Figure 5.37 Influence of crack radius on Kit for large cracks (Case 12-1) 
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Figure 5.38 Influence of crack radius on Kit for small cracks (Case 12-2) 
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5.4.2.3 Crack angle 
Table 5.13 lists the calculation conditions for the study of the influence of 

crack angle on mode II stress intensities. The constant S is changed to get different 

crack angles. The corresponding crack angles for S= 50,20 and 10 are 34.4°, 51.4° 

and 64.9° respectively. The crack radius, crack length and arc length are the same. 

The crack gap is zero and applied to the calculations. 

Table 5.13 Crack geometry and calculation conditions 

Case Contact Crack f f, Crack eomet 
No stress position Rl 00 S 

(GPa) d (mm) (mm) (mm) de ree 

13-1 5.58 0.0468 -0.05 0 0.21 0.051 45 10 
20 
50 

10.00 
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Figure 5.39 Influence of crack angle on K11 

Figure 5.39 shows the calculated results of mode II stress intensity factors. 
As can be seen from the plot, Kit value is a function of 0. The SIF solutions are 
changed as the q changes. The stress intensity factor of KI1 is considerably changed 
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as the crack angle changes. The crack angle has a significant effect on the mode II 

stress intensity. The calculations indicate that a large angle crack leads to a small K11 

(absolute value). The calculated results here predict that a large angle crack may 

have a good RCF life compared with a small angle crack. This has been confirmed 

by experimental observations (see Chapter 4) 

5.4.2.4 Arc length 

Table 5.14 lists the calculation conditions for the study of the influence of 

crack arc length on mode II stress intensities. The radius and length of the crack are 

fixed. Only one variable component, the length of the arc, is selected to investigate 

its effect. The crack gap is assumed to be zero and is applied to the calculations. 

Two lengths of crack are selected to compare their effect. 

Table 5.14 Crack geometry and calculation conditions 

Case Contact Crack f fý Crack geometry 
No stress position R / 0) S 

(GPa) d (mm) (mm) (mm) (degree) 

14-1 5.58 0.0468 -0.1 0 0.21 0.051 35 20 
45 
55 

14-2 5.58 0.0468 -0.05 0 0.38 0.082 24 20 
35 

Figures 5.40 to 5.41 show the calculated results of mode 11 stress intensity 

factors. Since the crack radius is the same, the Oo value must be different in order to 

obtain the different arc lengths. As can be seen from the plot, the value of K,, is a 

function of 0. The SIF solutions for longer arc length are slightly higher than for the 

shorter arc length. It can be concluded that the effect of the arc length on K11 is not 

significant while the crack length is the same. 
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Figure 5.40 Influence of crack arc length on KI, (Case 14-1) 
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Figure 5.41 Influence of crack arc length on K11(Case 14-2) 

180 



CHAPTER 5 

5.4.3 Effect of crack position 
When the crack lies in the contact circle (compressive region) the mode I 

stress intensity becomes zero. The mode II stress intensity will dominate the crack 

propagation. Clearly, subsurface crack propagation is affected by the change of co- 

ordinate x. In this section the effect of co-ordinate x on the stress intensity K11 is 

discussed below. Table 5.15 lists the calculation conditions. It will be focused on 

one crack to compare their effect. The crack gap and crack face friction coefficient 

are assumed to be zero. 

Table 5.15 Crack geometry and calculation conditions 

Case Contact Crack f fc Crack ºeomet 
No stress position R 1 , S 

(GPa) d (mm) (mm) (mm) (degree) 

15-1 5.58 0.0468 -0.05 0 0.21 0.098 45 20 
0.0910 
0.3468 
0.4668 

25.00 
20.00 -o-d = 0.0468 -c-d= 0.3468 
15.00 d=0.4668 -+- d=0.0911 

c 
- 

10.00 
I E 5.00 
ä 0.00 

-5.00 
Y -10.00 

\+ 

-15.00 
-20.00 

ý-+-+-+-+-+-+-+-+ 

-25.00 
-45 -30 -15 0 15 30 45 

1 (Degree) 

Figure 5.42 Influence of crack position on K11 
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Figures 5.42 and 5.43 show the calculation results of mode II stress intensity 

factors. It can be seen that K11 value is very sensitive to crack positions within the 

contact circle. In addition, the sign of K11 changes from negative to positive when the 

contact load passes the crack. The history of Ku is very complicated as the crack 

position changes. It is still possible to find one position in which the absolute value 

is the maximum. This position can be considered as the worst case to determine 

whether the crack propagates or not. Mode II stress intensity takes the maximum 

value at a position of d=0.091 mm (d =a -x). 

25 

to 0 

-25 

Distance of load from crack mouthx/a 

Figure 5.43 Influence of crack position on K11 (4 = 00) 

5.4.4 Effect of crack gaps 
Two sizes of crack (natural and artificial) are used to investigate the effect of 

the gap on stress intensities. Table 5.16 lists the crack geometry and calculation 
conditions. 

Figure 5.44 shows the result from Case 16-1. As can be seen from the plot, 
K11 value is a function of 0. At the surface points (0 = ±45), KI1 (absolute value) 
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takes the minimum value. The maximum value (absolute value) appears at 0=0. 

The KII value (absolute value) for the big crack gap is higher than that of the small 

crack gap. Therefore, it can be concluded that the crack gap has a significant effect 

on the stress intensities. 

Table 5.16 Crack geometry and calculation conditions 

Case Contact Crack f f Crack omctry 
No. stress 

(GPa) 
position R 

(mm) 
1 

(mm) 
0, 

(degree) 
S 

16-1 5.58 0.091 0.05 0 0.21 0.098 45 20 

16-2 5.58 0.0468 -0.05 0 0.32 0.082 42 20 

0.00 

-5.00 

E -10.00 
cv 

-15.00 

-20.00 

-25.00 

--0- Gap =0 micron 
-a- Gap = 0.2 micron 
-a- Gap = 0.5 micron 

-45 -30 -15 0 15 30 45 

ý (Degree) 

Figure 5.44 Influence of crack gap on KI, (Case 16-1) 

Figure 5.45 shows the result from Case 16-2. Again, Kit value is a function 

of 0. At the surface points (0 = ±45°), K, 1 takes the minimum value. The maximum 

value appears at 0=0. The crack gap has a significant effect on stress intensity 

factor value. Increasing crack gap increases mode II stress intensities. 
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Figure 5.45 Influence of crack gap on Kn (Case 16-2) 

5.4.5 Effect of contact stress 
The following discussion focuses on the effect of contact stresses on S1Fs. 

The crack gap is assumed to be zero and is applied to the calculations. Various crack 

face friction coefficients are selected to compare their effect on K11 stress intensity 

factors, Detailed conditions are given in table 5.17. 

Table 5.17 Crack geometry and calculation conditions 

Case Contact Crack f fý Crack eomet 
No. stress position R10S 

(GPa) d (mm) (mm) (mm) de ree 

17-1 5.03 0.0468 -0.05 0 0.21 0.098 45 20 
5.58 0.2 
6.63 0.4 

Figure 5.46 shows the result of K1I stress intensity factor. As can be seen 
from the plot, at the surface points (fib = ±45°), K11 (absolute value) takes the 
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minimum value. The maximum value (absolute value) appears at 0=0. The Kip 

value (absolute value) increases as contact stresses increase. Figure 5.47 illustrates 

the influence of the contact stress and crack face friction on the Kai stress intensity 

factor. 

5.00 

-o- 5.03 GPa -a- 5.58 GPa -a- 6.63 GPa 

0.00 
It- 

E 
ä -5.00 2 

-10.00 

-15.00 ý- 

-45 

-2.00 

-4.00 

E 
IL -6.00 
2 

x 
-8.00 

-30 -15 0 15 30 45 

4 (Degree) 

Figure 5.46 Influence of contact stress on K11 

-o- fc=0 -a- fc=0.2 -a- fc=0.4 

-10.00 L- 
3.00 4.00 5.00 6.00 7.00 

Contact stress (GPa) 
8.00 

Figure 5.47 Influence of contact stress and crack face friction on K11(4 = 0°) 
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5.4.6 Effect of shear traction 
The influence of shear traction on stress intensity factors is investigated. The 

magnitude and direction of tangential traction are determined in terms of the traction 

coefficients. Both positive and negative traction coefficients are selected to 

investigate their effect on stress intensity factors. Detailed conditions are listed in 

table 5.18. 

Table 5.18 Crack geometry and calculation conditions 

Case Contact Crack f fý Crack geometry 
No. stress position R1 00 S 

(GPa) d (mm) (mm) (mm) (degree) 

18-1 5.58 0.091 +0.05 0 0.21 0.098 45 20 

-0.05 

5.00 

0.00 

c -5.00 E 
ä -10.00 

Y -15.00 

-20.00 

-25.00 

4 (Degree) 

Figure 5.48 Influence of friction direction on KI, 

In figure 5.48, the comparison of K11 values is presented. There is a slight 
variation in the magnitude of the stress intensity when traction coefficient changes 
from +0.05 to -0.05. This small change may not have a significant impact. However, 
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this minor change still may result in a difference in crack propagation. Figure 5.49 

illustrates K11 variations at different traction coefficients of the crack faces. The 

results show that the plotted lines are nearly parallel to each other. 

-5 
i 

-o-fc=0 -a-fc=0.1 -a--fc=0.2 
-10 , 

E 
ö 

-15 

-20 

-25 
-0.1 -0.05 0 0.05 0.1 

Traction coefficient 

Figure 5.49 Influence of friction direction on K11 (4 = 0°) 

5.4.7 SIF analysis - crack outside the contact circle 
In previous sections, the stress intensity factor calculations deal with where 

the crack lies in the contact circle. When the crack lies in the contact circle 

(compressive zone) the mode II stress intensity will dominate the crack propagation 
because the mode I stress intensity becomes zero. The crack face friction plays an 

important role in determining the magnitude of the mode II stress intensity. To 

compare the results from two situations (inside and outside the contact circle), the 

following discussion focuses on the case where the crack lies outside the contact 

circle. The analysis of the stress intensity factor has been extensively carried out by 

Wang and Hadfield (2000,2004) using a dual boundary element method. Therefore 

the contact load and friction coefficients are concentrated only in the preset 
investigation. 
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5.4.7.1 Effect of contact load 

Since the contact radius changes as the contact stress, this introduces some 

difficulties into the stress intensity factor calculations. To accommodate the 

situations with various contact conditions, the surface ring crack is placed at the 

same distance away from the contact circle in order to compare the calculation 

results. Detailed calculation conditions are listed in table 5.19. 

Table 5.19 Crack geometry and calculation conditions 

Case No. Contact f Crack geometry 
stress (GPa) R1 00 S 

(mm) (mm) (degree) 

19-1 4.0 to 7.6 -0.05 0.21 0.051 45 20 

E 

CL 
2 

6.00 
5.00 
4.00 

3.00 

2.00 

1.00 
0.00 

-1.00 

o, ý Y 
Y 

-2.00+- 
3.00 4.00 5.00 6.00 7.00 

Contact stress (GPa) 
8.00 

Figure 5.50 Influence of contact stress on stress intensities (4 = 0°) 

In figure 5.50, KI and K11 are plotted. As can be seen from the plot, mode I 

stress intensity Ki is much higher than mode II stress intensity K11, in fact 

approximately three times higher, e. g. for the contact stress 5.6 GPa. The calculated 
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results indicate that when the crack is outside the contact circle the mode I stress 

intensity (K1) plays an important role in crack growth. It is reasonable to assume that 

the mode I stress intensity will dominate the crack growth behaviour. The calculated 

results also indicate the K, increases as the contact stress increases and predict that 

when the contact stress is less than 4 GPa the crack is hard to propagate due to very 

low stress intensity (OKth = 2-3 MPam''2)(Bar-On and Beals 1990). The prediction is 

consistent with experimental observations as discussed in Chapter 4. 

5.4.7.2 Effect of shear traction 

As discussed above, the mode I stress intensity K, plays an important role in 

crack growth where the crack lies outside the contact circle and it is reasonable to 

consider that the stress intensity K1 will dominate crack propagation. The influence 

of shear traction on K1 is now investigated in the following discussion. The crack 

geometry and calculation conditions are given in table 5.20. 

Table 5.20 Crack geometry and calculation conditions 

Case Contact Crack f Crack eomet 
No. stress position R 1 0) S 

(GPa) d (mm) (mm) (mm) (degree) 

20-1 5.58 0 -0.05 0.21 0.051 45 20 
to +0.05 

From figure 5.51, it can be seen that the shear traction significantly affects 

the magnitude of the stress intensity K1. The K, value increases with the increase of 

the traction coefficient when the contact circle moves from right to left (see figure 

5.1) and the K, decreases as the traction coefficient increases when the contact circle 

moves from left to right. The calculated results imply that the crack propagation 
behaviour is influenced by the crack orientation because of different stress intensity 

factor values. Also, the KI value is sensitive to the magnitude of the traction 

coefficient. 

189 



CHAPTER 5 

In the previous sections, the analysis of the mode II stress intensity (K11) 

shows the K11 is not sensitive to the direction and magnitude of tangential traction. 

On the other hand, the shear traction effect is not significant when the crack is inside 

the contact circle, while the shear traction effect is significant when the crack is 

outside the contact circle. The experimental tests using natural cracks (Section 4.2.6) 

showed that the use of traction fluid often demonstrated a short fatigue life 

performance. This may be the traction fluid increasing the traction coefficient, the 

K1 value is increased and therefore fatigue crack is easily initiated and propagated. 
For artificial cracks, however, the interaction (crack face friction coefficient) 
between the crack faces plays an important role in fatigue crack growth and fatigue 

damage mechanism is also different. 

5.00 

4.00 

e `- E 3.00 
CL 

2.00 

1.00 

0.00 

-0.06 -0.04 -0.02 0 0.02 0.04 0.06 
Traction coefficient 

Figure 5.51 Influence of friction direction on stress intensity factor KI (4 = 00) 
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CHAPTER 6 

DISCUSSION AND CONCLUSIONS 

6.1 DISCUSSION 

6.1.1 Secondary cracks 
Secondary surface cracks generally paralleling the original ring cracks were 

observed on many tested balls particularly on those tested at high loads. These 

cracks were typically 0.02-0.03 mm in front of the original ring crack with a spacing 

of 0.02-0.03 mm between cracks (see figures 4.73 to 4.79). The contact model 

showed high tensile surface stresses ahead of the crack. The magnitude of these 

stresses is calculated to be more than 2 GPa under some conditions which will 

exceed the surface tensile strength of the material. Post-test examination of failed 

and un-failed balls showed that the secondary cracks could join up with sub-surface 
fatigue cracks and branched cracks leading to a crack network from which material 

could break out to initiate a spalling failure. For large cracks, the spalling failure 

was mostly dominated by the formation of the secondary surface cracks (figure 6.1) 

while for small cracks the spalling failure was dominated by both crack propagation 
behaviour and secondary surface cracks (figure 6.2). 

Rolling direction 

large crack 

Secondary surface cracks 
yy \4 form easily. 

ýI Fatigue crack grows 0 Branched cracks grow 
back to the surface. 

Top view 

Z 

ý` 

Possible spalling coi 

Rolling direction 

T 

" Top view 

Figure 6.1 Processes of large ring crack spalling failure 
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Rolling direction 
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Fatigue crack 
propagation 

Secondary surface cracks 
form when the crack 
reaches the critical size. 
Branched cracks grow -17 
back to the surface. 

Top view 1 ýº ' top view 

Possible spalling contour 

Normal position (figure 3.4(a)) Reverse position (figure 3.4(b)) 

Figure 6.2 Processes of small ring crack spalling failure 

6.1.2 Crack propagation 
The conventional view of ceramics materials subject to static stress 

conditions is that the material will either accommodate the stresses or fail 

immediately since ceramics have virtually no capacity of plastic deformation to 

arrest crack growth. It was previously thought that under dynamic loading, ceramic 
balls or rollers in bearings would either continue to run indefinitely or fail very 

quickly if the contact stress exceeded a critical value. The crack growth period was 

thought to be very short. However, the results in this study have shown that crack 

growth is a relatively slow process. The consistency of the results and the 

reproducibility where duplicate tests were carried out indicates that the crack growth 
is a stable process. Plots of cycles to failure against crack radius showed a consistent 

gradient and a high degree of correlation. Sub-surface examination of tested balls 

showed extensive fatigue crack growth from the original ring crack. Typically the 
fatigue crack propagated laterally, parallel to the surface, but there was also 
evidence of alternative crack growth both towards the surface and away from the 
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surface (see figure 4.102). In addition, the fatigue cracks (and secondary cracks) 

could branch and form a network. 

6.1.3 Crack size and geometry 
Crack size as defined by crack radius had, after contact stress, the most effect 

on RCF performance of balls with ring cracks. Both the arc length and the crack 

length were observed to increase as the crack radius increased. Although the surface 

geometry of a crack can be easily measured, the sub-surface geometry is much more 
difficult to determine and factors such as crack angle and crack length cannot be 

deduced from the surface geometry. Nevertheless, observations showed that crack 

length generally increases with crack radius. The crack generating device was 

designed and manufactured to produce larger cracks than the natural cracks present 

on commercially available silicon nitride balls. In most cases cracks were formed 

from the impacts between balls of the same size using different degrees of offset to 

vary the crack geometry. Testing of balls with both natural and artificial cracks gave 

consistent results with a good correlation between crack size and fatigue life. 

Ring cracks formed as a result of static loading of ceramic balls tend to have 

relatively shallow angles of 25 - 30°. However, ring cracks on silicon nitride balls 

tend to be higher due to traction effects with off-set impacts - both 'natural' impacts 

in ball finishing (50 - 65°) and ̀ artificial' impacts in the crack generating device (40 

- 50°). Experimental studies showed that shallow angle cracks were worse for 

fatigue performance and that high angle cracks above 600 would be relatively 
harmless. The modelling studies indicated that crack angle had an effect on 

maximum principal stress (see figures 5.15 and 5.16). The K11 models indicated that 

crack angles above 60° had virtually no effect and that there was relatively little 

difference in the range 30° to 50° (see figure 5.39). 

Modelling work showed that the crack length was a more important 

parameter than crack angle. Increasing the crack length for given crack radius 

resulted in higher absolute Kit values and also gave higher values of maximum 

principal stress. Crack radius and arc length had very little effect on both K11 and 
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maximum principal stress, but it should be noted that the calculations were based on 

change in radius and arc length with the crack length kept constant. Since a larger 

radius crack will usually be accompanied by increased crack length (and arc length), 

it will be the longer crack length that results in lower fatigue life. Balls with cracks 

produced by impacts of 6.35 mm tungsten carbide balls failed at significantly lower 

lives than those that had cracks from the impact of two silicon nitride balls of the 

same diameter (figure 4.60). Tungsten carbide has an elastic modulus nearly twice 

that of silicon nitride which, combined with the difference in ball diameter, resulted 

in cracks with the same radius as natural cracks but increased crack lengths. 

6.1.4 Crack gap and crack face friction 

The modelling work indicated that crack gap, as defined by the maximum 

separation at the ball surface, had a significant effect on maximum principal stress. 

Maximum principal stress with a crack gap of 0.5 microns was shown in some 
instances to be more than double that of a crack with zero width (figures 5.17 - 18). 

Kit also increased in absolute magnitude as the crack gap increased but less 

significantly (see figures 5.44 - 45). Crack face friction which will be influenced by 

crack width also has a significant effect on stress and stress intensity parameters. 
Increasing the crack face friction decreased both the maximum principal stress and 

absolute magnitude of Kit, as shown for example in figures 5.4 and 5.27. 
Measurement of crack widths or gaps before or after testing is extremely 

difficult. At the stressed surface, micro-delamination can give an overestimate of the 

crack gap when measured after testing. It is estimated that typical crack gaps are of 
the order of 0.1 micron. Silicon nitride balls typically have compressive surface 

stresses of 100 - 300 MPa after ball finishing operations which is one of the reasons 
why the cracks are narrow or `tight'. Low viscosity fluids such as kerosene and 
fluorescent dye penetrants can readily penetrate into the cracks, but higher viscosity 
lubricating fluids may not be able to do so. 

6.1.5 Different materials 
The two materials (materials A and B) from which the balls used in this 
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study were made were both bearing grades of silicon nitride, commonly used for 

balls and rollers in hybrid bearings. Both had similar physical and mechanical 

properties, had similar optical microstructures and met the relevant specifications. 

However, when balls with ring cracks were tested the material B balls had 

significantly better fatigue lives (see figure 4.41). The main differences between the 

materials were that different additives to promote densification (sintering aids) were 

used as well as different densification processes. Material B was processed by a 

sinter + HIP method while the material A was densified by a direct HIP process. 

Yttria and alumina were used as sintering aids in material B and magnesia in the 

case of material A. 

The two materials whilst having similar hardness and toughness properties 

differed in impact behaviour with balls made from material B having a greater 

impact resistance than material A balls. The results from impact tests can be used to 

estimate the effective surface tensile strength of the material. These gave values of 

tensile strength of 2.07 GPa for material B and 1.51 GPa for material A. Also, 

plasma etching was used to show the microstructure in more detail. SEM photos of 

etched samples, figure 4.40, compares the structure of the two materials. Material B 

has a more acicular (needle-like) structure than material A which has larger and 

more equiaxed grains of silicon nitride. 

These factors can be used, to explain the difference in RCF behaviour 

between the materials. The lower surface strength of material A will allow the 

formation of secondary cracks at lower loads/contact stresses than materials B. The 

interlocking needle structure of material B should provide more of an obstacle to 

fatigue crack propagation than the larger grained structure of material A and result 
in a slower fatigue crack growth rate. 

6.1.6 RCF testing and service life 
In the RCF tests carried out in this study, ring cracks on silicon nitride balls 

were placed precisely in the contact path in the most harmful orientation. Each crack 

was over-rolled 2.25 times per cycle. In a radially loaded ball bearing, each ball 

becomes fully loaded once per cycle and the ball can move at random during the 
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unloaded part of the cycle. Since a single crack occupies a very small proportion of 

the surface area of a ball, it will become fully loaded or stressed much less 

frequently. The possibility for a crack being on the contact track is only 2%. Balls in 

thrust loaded angular contact bearings are all loaded all the time, but generally the 

load on each ball is less than in a radially loaded ball bearing. In any case, balls in 

service would be expected to have lives many times, even orders of magnitude, 

greater than those experienced in the RCF tests. 

6.1.7 Effect of load 

The applied load and resulting contact stress will obviously dominate the 

RCF life of a silicon nitride ball with a ring crack defect. The loads applied in the 

RCF tests resulted in contact stresses in the range 4.0 to 6.6 GPa. Bearings in service 

rarely experience contact stresses above 3 GPa, but testing at low applied loads 

would been prohibitively time consuming. The use of higher loads (and resulting 

contact stresses) in this study therefore allows a margin of safety in applying the 

results to bearings in service. 

6.1.8 Effect of lubricant 
The lubricants investigated included a typical grease used in hybrid bearings 

as well as mineral and gearbox oils. A traction fluid and kerosene were also studied. 
The effect of kerosene on RCF could not be evaluated since the failure mode was 
surface wear, whereas balls tested in the lubricants and traction fluid failed by 

spalling of the ring crack. At a given contact stress, traction fluid and the mineral oil 
gave lower lives than grease and the gearbox oil. The poor performance of the 
traction fluid can be explained in the higher surface traction stresses induced by 

such a fluid and it would be expected that these stresses would increase stress 
intensities in the cracks. The reason for the better performance of grease and 
gearbox oil lubrication compared to that of the mineral oil, which was typically used 
in bearings, can be explained in terms of crack face friction. The modelling work 
showed that the mode 11 stress intensity K11 is considerably affected by the amount of 
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friction between the faces of the crack. Increasing the crack face friction decreases 

the magnitude of K11. Lubricating greases are essentially a mixture of a mineral oil 

and a filler such as soap or polyurea. The mineral oil may have a low viscosity but it 

is surmised that the filler blocks ingress of oil into the crack thus maintaining a high 

level of crack face friction. Similarly, the gearbox oil with a higher viscosity (101.2 

cSt @40°C) than mineral oil (9.4 cSt @40°C) would be less likely to penetrate the 

crack while the `thinner' mineral oil would be more likely to do so and decrease 

crack face friction. It should be noted that the ring cracks are very `tight' cracks with 

an initial width of less than 0.1 microns. 

6.2 CONCLUSIONS 

A crack generating device has been designed and manufactured which can 

produce various sizes and shapes of the surface ring/cone cracks. Various crack 

geometries were selected to identify the mechanisms of fatigue initiated from such 

surface cracks. 

Rolling contact fatigue (RCF) life was influenced most by load, lubricating 

fluid and crack size. The original ring crack propagated during fatigue testing and 

that crack branching occurred. Also, secondary surface cracks were observed to 

form especially under high loads/contact stresses. The consistency of results showed 

that crack growth was an integral part of the failure mechanism. 

A boundary element analysis showed that principal surface stresses could 

reach very high levels in the zone ahead of the ring crack. Such high stresses therefore 

will lead to the initiation of secondary cracks at the ball surface in front of the original 

ring crack. These surface stresses naturally increase with load and crack size. 

Increasing crack face friction decreases the surface stresses. 

The calculations also showed that wider crack gaps would increase surface 

stresses partly as a result of decreasing the crack face friction. Lubricants with less 

ability to penetrate a crack and thereby increase crack face friction should therefore 

give a better RCF performance. In practice, this would mean either higher viscosity 

oils or grease where the filler can provide a barrier to lubricant penetration. 
The most important factor of crack geometry was shown to be the (subsurface) 
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crack length with crack radius, angle and arc length having relatively little effect. 

Although it is not yet possible to measure crack length non-destructively, the length 

increases with crack size as defined by crack radius and/or arc length. Therefore crack 

radius can be used an index of crack severity. 

Tests on balls made from different grades of silicon nitride material showed 

significant differences in RCF performance. Impact tests showed that one material 

required greater input energy to produce artificial ring cracks than the other, indicating 

a higher effective surface tensile strength. Balls made from this material had 

substantially longer RCF lives for a given load and crack size. Therefore, it is 

concluded that materials with higher surface tensile strength will be more resistant to 

secondary crack initiation. 

Fatigue crack propagation can be a rather complex process due to Hertzian 

loading in a cyclic fashion. When the crack lies outside the contact circle, the mode I 

stress intensity KI shows a significant effect on crack growth. The magnitude of Ki was 

shown to be increased only by applied load and contact traction for a given crack size. 
When the crack lies in the contact circle (compressive stress zone), the mode I stress 
intensity KI becomes zero and is therefore of importance only at one part of the stress 

cycle. 
The mode II stress intensity K11 therefore dominates crack propagation. The KID 

values were mainly affected by load, crack length and crack face friction. Increasing 

the load or crack length resulted in an increase in absolute Ku values, but high crack 
face friction led to lower K11. As with the principal surface tensile stresses, any factors 

which prevent oil from penetrating the crack will benefit RCF behaviour. Similarly 

wider crack openings (gaps) will have a detrimental effect. 

6.3 FURTHER WORK 
It is found that the RCF life increases with the effective surface strength of the 

silicon nitride material from which the balls are made. Further study of the influence 
of this surface strength is needed. Experiments using various types of material with 
different microstructures and ball diameters are necessary. 
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CHAPTER 6 

Residual stresses on the surface are important in determining the effective 

surface strength. Further study on residual stresses of the silicon nitride material is 

needed. The influence of the residual stresses on surface ring crack propagation also 

requires further study. 
This study has provided information on the magnitude of stress intensity 

factors, but additional work is needed to determine the values or levels that lead to 

crack propagation. Also, there is currently no data on the rate of crack propagation of 

ring cracks under cyclic fatigue loading. 

The interaction of the crack faces with the trapped lubricants also requires 
further study. This has important implications for the determination of crack face 

friction coefficients. 
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APPENDIX 1 

ROLLING CONTACT FATIGUE TEST METHODS 

Fatigue of silicon nitride elements in rolling contact is almost always initiated from 

surface crack defects. Over the past four decades, many attempts have been made to 

identify rolling contact fatigue using various test machines namely modified four- 

ball (Scott et al. 1971, Scott and Blackwell 1973, Tourret and Wright 1977, Hadfield 

et al. 1993a, Hadfield et al. 1993b, Hadfield 1998, Wang and Hadfield 2000a, Wang 

and Hadfield 2004), five-ball (Carter and Zaretsky 1960, Parker and Zaretsky 1975), 

balls-on-rod (Lucek 1990, Allen 1994, Burrier 1996, Chao et al. 1998), disc-on-rod 

(Baumgartner 1974, Lucek and Cowley 1978), contacting rings (Akazawa and Kato 

1988, Braza et al. 1989, Akazawa et al. 1986), ball-on-plate (Fujiwara et al. 1989, 

Kikuchi et al. 1984). Experiments conducted on silicon nitride elements generally 

exhibited considerable scatter in number of stress cycles to failure. This difficulty 

arises as a consequence of the variability associated with testing techniques. A 

recent developed test method (Wang and Hadfield 2000a) is useful as the crack 

orientation/location is precisely positioned. This novel test method using four-ball 

machine (Wang and Hadfield) is summarised below. 

Al .1 Ring crack orientation in the contact path 
Figure ALl shows the loading configuration of the modified four-ball 

machine and the geometric position of a crack within the contact path. The ring 
cracks distribute randomly on the ball surface and therefore they can occur in any 
positions when two balls contact each other. Therefore, the probability for the crack 
being in the contact area is calculated using the following expression (Wang and 
Hadfield 2000a) 

p=A/A0 (Al. 1) 

where p is contact probability, Aa is area of ball surface, A is area of contact track 
and the A is approximately calculated by 
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A=4 mRisinw (A1.2) 

where a is the contact radius, R1 is the radius of the ceramic ball. If R, = 6.35 mm, a 

= 0.21, mm co = 35.3°, hence p=0.02. As can be seen from the calculated result, 

the possibility of a crack being on the contact track is only two percent. 

Consequently, it is nearly impossible to guarantee the crack being on the contact 

path if the ceramic ball is just randomly placed in the collet. 

Y 

A ing crack 
18 X 

Load (L) 

aRg 
(x. Y) 

(b) 

lubrication oil 

UdIfilt; wall 

(0 
1 

steel ball I--- 
- ,ý 

-450 

.= 90o -- ---- - -------- 
steel cup 

(a) ö=0 S-O. Sa ö-a 8=I. Sa 
(c) 

Figure Al.! Loading configuration and ring crack position within the contact path 

(Wang and Hadfield 2000a) 

The geometric position of the crack is described using two geometrical 

parameters as shown in figure A 1.1(b). One is d, which represents the distance from 

the centre of the crack circle to the central line of the contact track. Another is ß, 

which is the angle of the chord of ring crack (arc AB) to the central line. From a 

mathematical viewpoint, the positions are infinite and twelve typical locations are 

shown (figure A 1.1 c). Tests must comply with certain experimental procedures to 
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ensure the crack is on the contact path. This is will be addressed in the followings. 

A 1.2 The method for positioning a ring crack 
I'hc crack orientation is critical important in rolling contact fatigue and it is a 

key to investigating failure mechanisms. The crack should be in the same position to 

each test. To achieve this, the crack location tool (figure A 1.2) should be used. The 

experimental procedure for crack location is described as follows (Wang and 

IIadlited): 

. Observe the ring crack under a microscope with UV light, and at the same time, 

draw a circle line around the crack (1-2mm diameter) indicating its direction. 

2. Put the marked ceramic ball on the location setting tool as shown in tigure A 1.2. 

3. Measure the height (I. 17mm) starting from the top surface of the ball and turn 

the hall in the direction indicated. 

4. 'I'he height (h) is calculated by equation h= rucliu. ti - (radius x cos(p) (see figure 

A 1.3). In the present study, rucli: i., 6.35mm, contact angle q) = 35.3°, hence h= 
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1.17mm. 

5. Press the ball into the collet. 

Figure A1.3 Schematic illustration showing how a crack is located on the target 

position (Wang and Hadfield 2000a) 
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APPENDIX 2 

CONTACT STRESS FIELDS 

The stress fields within the Hertzian elastic contact field are well documented 

(Huber 1904, Lawn and Wilshaw 1975, Timoshenko and Goodier 1951, Johnson 

1985) and are given by the following expressions, in cylindrical coordinates r, B, z: 

or, 
-1-2v 
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P. 2r 
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+2 
UI/2 uz +a2z2 
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where 

U= 
2{(r2 

+z2 -a2)+[(r2 +z2 -a)2 +4a 2Z211/2) (A2. le) 

The principal normal stresses, defined such that ai >_ a2 >_ a3 nearly 
everywhere, are: 
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The maximum principal shear stress is: 

rmax -2 
(a1 -a3)* (A2.3) 

The angle a between the crack path and specimen free surface is found from: 

2r 
tan 2a =- (°l -03) 

(A2.4) 

The stress trajectories of a2, being a hoop stress, are circles around the z axis. 

Stress trajectories for a, and a3 can be determined from equation (A2.4). The 

important feature of the indentation stress field for the initiation of a conical fracture 

in brittle materials is the tensile region in the specimen surface just outside the area 

of contact. Hertzian cone cracks tend to follow the minimum principal stress a3 

trajectory since it is orthogonal to the maximum principal stress a. 
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MECHANICAL AND PHYSICAL PROPERTIES OF 

SILICON NITRIDE 

Table A3.1 Mechanical and physical properties of silicon nitride (Jahanmir 1994) 

Processing route 
Properties 

Sintered Hot-pressed Reaction- Sintered Hot isostatic 
bound reaction- pressing 

bound 

Density 3.2 3.2 2.5 3.3 3.2 
(glcm3) 

Flexural 
strength 600 800 210 825 1000 
(MPa) 

Fracture 
toughness 4.5 5.0 3.6 - 6.0 
(MPa m"") 

Elastic 
modulus 276 317 165 297 310 

(GPa) 

Poisson's ratio 0.24 0.28 0.22 0.28 0.28 

Hardness 14 20 10 19 20 
(GPa) 

Thermal 
expansion 3.4 3.2 2.8 3 5 3.5 
coefficient . 

x10°C 
Thermal 

conductivity 28 30 6 30 32 
(Wm, °C-`) 
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APPENDIX 4 

BOUNDARY ELEMENT METHOD 

A4.1 INTRODUCTON 

The boundary element method (BEM) also known as the boundary integral 

equation method is now widely used in many engineering disciplines as an 

alternative numerical technique to the finite element method (Brebbia at a] 1984, 

Trevelyan 1994). The boundary integral equation method was proposed for the fluid 

applications in the 1950's, and was applied to mechanical analysis in the late 1960's. 

The boundary element method emerged as a more generally applicable technique 

during the 1970's, and has been developed substantially in the following years. The 

attraction of the boundary element method can be largely attributed to the reduction 

in the dimensionality of the problem; for three-dimensional problems, only the 

surface of the domain needs to be discretized. This means that the boundary element 

analysis results in a substantial reduction in data preparation. Furthermore, this 

simpler description of the body means that region of high stress concentration can be 

modelled more efficiently as the necessary high concentration of grid point is 

confined to one less dimension. Another important feature of the boundary clement 

formulation is that it provides a continuous modelling of the interior since no 

discretization of the interior is required; this leads to a high resolution of interior 

stresses and displacements (Brebbia and Dominguez 1992). 

A4.2 THE BOUNDARY ELEMENT FORMULATION IN ELASTICITY 

A4.2.1 Applying the reciprocal theorem 

The direct boundary element formulation for elastostatic problems can be 

derived from the reciprocal theorem, or Betti's reciprocal theorem. The reciprocal 

theorem states that, for any two possible loading conditions which are applied 

independently to a structure such that it remains in equilibrium, the work done by 

taking the forces from the first load case and the displacements from the secondary 
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load case is equal to the work done by the forces from second load case on the 

displacements from the fist load case. The reciprocal theorem can be expressed as 

Lb"ud fl + Jt*ud r= Lbu 'dQ + JTtU `dI, IF, (A4.1) 

where the domain ) with boundary F and the domain 1] with boundary r* 

encompass the states (u, t, b) and (u*, t*, b") respectively, u and u` are displacements; 

t and t; are tractions and b and b* are body forces. A special case in which there are 

no body forces in one state (real load case), i. e. b=0, is now considered. So, the 

reciprocal theorem becomes 

Sb*udc + irt*ud r= Irt1u1, (A4.2) 

We can choose the right form of the complementary load case to make the 

equations much simpler, and to lead to the boundary integral equation. 

A4.2.2 Choosing the complementary load case 
The load case (u, t, b) represents the real loading for which we are trying to 

find the stresses and displacements. The load case (u*, t', b) is completely arbitrary 

and can be chosen carefully to make the equations much simpler. It is very helpful 

to choose the complementary load case a type of point force. The form the point 
force takes a Dirac delta function, which is of a mathematical convenience than an 

engineering reality. It represents a point force acting over an infinitesimally small 

area at some position p in the domain n. The Dirac delta function for all points y in 

the domain S1 is defined as follows 

A(P, Y) _ 
() y*p 
00 y_p 

(A4.3) 

Jn A(p, y)dQ =1 (A4.4) 

The volume integral term in equation (A4.2) can be removed using this choice of 
complementary load case. This integral term can be rewritten as 

ja (p, Y)ud Cl 

Since the integral of the Dirac delta function is equal to 1, and the value of the 
displacement u at p is u(p), the entire volume integral reduce to 
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fL\(p, y)udci = u(p) 

Hence, the equation (A4.2) becomes 

u (p )+ frt'ud r= frtu *d r (A4.5) 

A4.2.3 The boundary integral equation 
The direct boundary element formulation relating the boundary 

displacements to boundary tractions can be obtained from equation (A4.5) by 

considering the limiting process as an internal point goes to the boundary. 

Introducing a multiplier c(p), which depends on the boundary geometry at the point 
force, we can write (Brebbia at al 1984) 

c(p)u(p)+ ft ud r=f tu'dr (A4.6) 

The multiplier c(p) =1 when the fictitious point is completely inside the domain, c(p) 

=0 when it is completely outside the domain, and c(p) = 0.5 on a smooth boundary. 

It can be difficult to calculate the c(p) term analytically, and it is often best to avoid 

this calculation by using the row-sum method to find the diagonal terms in the 

influence matrix. 

A4.3 THE FUNDAMENTAL SOLUTIONS 

As shown in the previous section, the existence of the point force solutions is 

crucial important in the formulation of boundary element method. The choice of the 

Dirac delta function eliminates the volume integral in the reciprocal theorem 

statement, and therefore leads the way to the boundary-only description. In the 

following discussion some of the important fundamental solutions for the problems 

are given. 
The traction and displacement components at any field point y when a point 

force of this type is applied at a source point p can be obtained from classical theory. 
The most versatile fundamental solutions known as Kelvin's solution (Brebbia, 

1984), which describe the displacement and traction fields (u* and t) in infinite 

materials as a result of this applied load, is given by the following expressions. 
For two-dimensional problems: 
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And for three-dimensional problems: 

u`. 
[(3 

- 4v)i5ij + r' .r], '' 16aµ(1- v)r '' 
(A4.9) 

t; ý _ (1 )( 
Zý{ar 1-2v S.. +3rr. - 1-2v r. n. -r. ni) (A4.10) 

N 

where µ is the shear modulus and r is the distance between the source point p and 

the field point y. r; and rj are the components of r in the i and j directions. S; j is 

simply a multiplier which takes the value 1 when i =j and 0 when iýj. 

A4.4 NUMERICAL DISCRETIZATION 
The boundary integral equation (A4.6) describes the displacement and 

traction distributions around the boundary in terms of the integrals around the 

boundary F of the fundamental solutions. The integrations cannot be solved 

analytically except for special cases and therefore a numerical solution is required. 
The boundary r is divided into N boundary elements, so that the equation (A4.6) 
becomes (Brebbia at al 1984) 

nn 

C(P)U (P) + stud I'� _ lutdF,, (A4.11) 

On each element, the unknown displacement field u and the traction t field are 
approximated using interpolation functions. So for an element having m nodes, the 
displacement u at any point on the element can be found from the values of 
displacement (u1, U2, ..., um) at the modes: 

U-4lU1+42U2+. 
""+(mum 
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where the ý terms are the interpolation functions. The u can be written in the vector 

form: 

U= CDT U (A4.12) 

where 4DT = [ýi, ý2 ..., 4n, ] and uT = [ui, U2, ... + u, �]. A similar equation for the 

traction can be expressed in: 

t= CDT t (A4.13) 

Replacing u and t in equation (A4.11) by the vector forms of equations (A4.12) and 

(A4.13), then the equation (A4.11) can be rewritten as follows (Trevelyan 1994). 

c(P)u(P)+ 
fl t*ýTdrn)u =1 (1LM*DTdrn)t (A4.14) 

n=1 n=1 

In the equation A4.14, t* and u* are known for any pair of a source point p 

and a field point as they are simply fundamental solutions as given in equations 

A4.7 to A4.10. The cD vectors are simple functions based on the position of a point 

on an element. These functions are able to be integrated. The integrals of the 

fundamental solutions u* and t*, multiplied by the interpolation functions, will be a 

series of coefficients which multiply the nodal values of displacement and traction. 

These coefficients are called he,, for the results of integrating the 1* type 

fundamental solution and g;; for the u* type function. The i refers to the node at the 

source point, and the j refers to the node at the field point. When the integrations are 

performed over every element for any position of the source point, a simple equation 

relating all the nodal values of displacement and traction by a series of coefficients 

will be given. Having defined following expression (Trevelyan 1994). 

{h1 + c(p) i=j 
h,; = h, 

/ 
i* j, 

the whole system of equations can be written in the simple form 

IIu= Gt (A4.15) 
h11 h12 hin zi 911 912 gin r, 

h21 h22 hzn 112 921 922 g2n i, 

hn1 h 
n2 

1nn Ihn 
_g "I än2 ý'i 

nn 
In 

II U= G t 
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These matrices H and G are called the influence matrices, and the terms inside them 

influence coefficients. 
The boundary integral equation has been reduced to a matrix form (A4.15). 

To solve the matrix equation, the n boundary conditions need to specify to reduce 

the n unknowns. This can be done by specifying the displacements and tractions. 

A4.5 THE DUAL BOUNDARY ELEMENT METHOD 

The dual boundary element method (Portela et al. 1992) is based on dual 

equations, which are the displacement and traction boundary integral equations. The 

dual boundary element method allows fracture mechanics problems to be solved 

when the two surface of the crack are part of the same zone. The advantages are: (1) 

the interface line or surface, which takes time to define as part of model, is removed; 
(2) the crack can extend an arbitrary length and direction in order to analyse the next 

step in crack propagation. The use of the dual boundary element method in three- 
dimensional crack growth analysis was presented by Mi and Aliabadi (1992), Mi 

and Aliabadi (1994) and Mi (1996). 

The displacement equation is the same as the boundary integral equation 
(Cruse 1977) 

(P) u (p) + frt * ud T' = 
frtu *df. (A4.16) 

The traction equation which is formed over one set of nodes defining the crack 
surface is the derivative of this equation 

-t -(P) + ni(P) JrTk;; 
ukdr = na )fU. 

ikkdF . (A4.17) Jr 

The term T* is the derivation of the traction fundamental solution t* and U* is the 
derivation of the displacement fundamental solution u*. Equations (A4.16) and 
(A4.17) constitute the basis of the dual boundary element method. 
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APPFNDIX 5 

CONTACT ANALYSIS 

Contact analysis is pertormcd using a boundary element method based 

computer modelling package BEASY (Computational Mechanics BFASY I998). 

Figure A5. I illustrates the model of a ceramic upper ball contacting with a steel 

lower ball. This model is axisymmetric, which simplifies the geometric re(lllll'etllellts 

to a plane model, rotated about the load axis. The reason for this consideration is 

that the friction coefficient is extremely low in lubricated rolling contact and hence 

its influence on the stress field is limited. Lubrication regime analysis indicates that 

a full film exists, which implies that a frictionless model is valid. 

I 
T 

x 
r 

mot. 
,, y 

`ý\ 

Figure A5.1 The axisymmetric model for contact analysis 
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The main objective for development by the analytical models of the contact 

problem is to obtain stress fields and displacements around the contact zone. The 

displacements are extracted from a specified area and applied to a three-dimensional 

contact volume model at a later stage. The accuracy of the numerical calculation at 

this stage is very important to eliminate any accumulated errors. To determine the 

numerical error, Hertz theory is used to validate the boundary element model. 

First of all, the influence of contact load on the maximum contact stress and 

contact radius is studied. Numerical calculations with different load are compared 

with the theoretical calculations using Hertz theory and the numerical calculation 

results are very close to analytical results. For example, the error is approximately 
0.15 percent for the maximum contact stress, and the error is 0.49 percent for 

contact radius. This means that the BEM model can provide highly accurate results. 
Figures A5.2 and A5.3 demonstrate the maximum principal stress and direct 

radial stress contours with the contact load of 490 N. The maximum tensile stress is 

positioned on a surface slightly out of the contact circle, and it reaches a maximum 

value of 860 MPa. Using Hertz contact theory, the analytical result with this load is 

857 MPa. The numerical contact radius is 0.205 mm for this load; the analytical 
result is 0.204 mm. Comparison of both calculated results shows that the numerical 
calculation result is very consistent with the analytical result. The maximum 
compressive stress is 5992 MPa and the analytical result for this load is 5589 MPa. 
Therefore the error is 0.05 percent only. 

Figure A5.4 shows Von-Mises (VM) stress contour. The maximum Von- 
Mises stress is positioned on the subsurface along the load axis at a depth of 0.12 

mm and the maximum value is 3.44 GPa. The shear stresses contours are shown in 
figure A5.5. The BEM predicts that the maximum shear stress is at 45° from the 
centre of contact, which is consistent with the analytical analysis in terms of Hertz 
contact theory. 
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Figure A5.2 Maximum principal stress contours around the contact zone 

Figure A5.3 Radial stress contours around the contact zone. 
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Figure A5.4 Von Mises stress contours around the contact zone. 
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Figure A5.5 Shear stress contours around the contact zone. 
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