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Sammanfattning 
Hypoidväxlar har använts i stor utsträckning i bilar, flyg-, marin- och andra applikationer under 
årtionden. De speciella fördelarna med hypoidväxlar kommer med inneboende kontaktkomplexitet 

med varierande krökning och glidning i både profil och längdriktning. Spallingfel är katastrofala 
och måste hanteras med grundlig redskapsdesign. Analytiska metoder har flera begränsningar. 
Iterativ utveckling baserad på experiment är dyrt och tidskrävande med olika icke-linjära 

parametrar som är svåra att tolka. Denna avhandling syftar till att utveckla en metod för att beräkna 
kontaktutmattningslivslängden för initiering av spalling med finitaelementmetoden. Experiment 

har spelat en viktig roll för att förstå orsaksfaktorerna för fel, bestämma utmattningslivslängden 
och för att studera de viktigaste systemdesignparametrarna. En felanalys av den skadade 
kuggflanken utfördes, vilket förtydligade felens orsaksfaktorer och den underliggande 

felmekanismerna. 

Driften är fokus för denna avhandling, en finitaelementmodell utvecklades med ANSOL-HFM 

och restspänningarna överlagrades med FEM-verktyget MSC-Marc. En slutlig 
elementutmattningsanalys utfördes med FEMFAT och komponentens utmattningstid bestämdes. 
Den beräknade utmattningslivslängden korrelerades med fysiska provningsresultat genom att 

tillämpa statistisk Weibullanalys i kombination med probabilistiska livslängdsmodeller. 

Målet med denna avhandling är att utveckla en metod för att uppskatta utmattningslivslängden och 
att tillämpa metoden för att beräkna bulkmaterialets utmattningslivslängd för ett hypoidrev. 

Påverkningsfaktorer som metoden för kontaktanalys, olika typer av restspänningar på grund av 
ythärdning och kulblästring, utmattningskriterier, friktion, materialegenskaper studeras i denna 

avhandling för att utveckla denna metod för att prediktera kontaktutmattningslivslängden. 

Bulkmaterialegenskaperna för hårdhet representerade utmattningsegenskaperna mera exakt. 
Skalad normalspänning i kritiska planutmattningskriterier befanns vara mer lämplig för 

kontaktanalys med förspänningar och multi-axiell icke-proportionell kontaktspänningsstatu än 
andra egenskaper med FEMFAT. Metodbaserad kontaktanalysmetod visade sig vara mer lämplig 

för uppskattning av ytutmattningslivslängd trots de inneboende fördelarna med 
hybridytaintegralmetoden och dess mera exakta friktionsrepresentation. Det visade sig att 
inkludering av friktion i modellen inte markant förändrade livslängden, vilket visade att påverkan 

av hårdhet, smörjning av ytorna och kontakttemperatur på skjuvspänningarna är för stor för att 
försummas. Kontaktutmattningslivslängden ökade med en faktor 4,4 gånger på grund av 

kugghjulning jämfört med ythärdning, vilket indikerar restspänningspåverkan. För att uppskatta 
utmattningslivslängden vid inledningen av ytfel kunde en fullständig korrelation med 
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utmattningstestresultaten inte uppnås och orsakerna till avvikelser identifierades tydligt. Det 
skadade område som indikeras av denna beräkningsmetod korrelerade väl med den skada som 

observerades under testerna. Observationerna och beräkningarna indikerade tidigt fel i kuggen 
med förklaring av mekanismen för fel hos kuggflanken med hjälp av aktuellt kontaktförhållande. 

Nyckelord: Hypoidväxel, rullande kontaktutmattning, utmattningslivslängd, FEM, 

växelkontaktlivslängd, spalling, fysisk testning, utmattningsanalys. 
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Abstract 
Hypoid gears have been used extensively in automobiles, aerospace, marine and other applications 
for decades. The special advantages of hypoid gears come with inherent contact complexities of 
varying curvature and sliding in both profile and lengthwise direction. Spalling failure is 

catastrophic and needs to be addressed with deeper roots in gear design. Analytical methods 
present several limitations. Iterative development from experimentation is expensive and time 

consuming with different nonlinear parameters difficult to interpret. This thesis aims to develop a 
method to calculate contact fatigue life for initiation of spalling using finite element methods. 
Experiments have played a major role in understanding the causal factors for failure, determining 

the fatigue life and to study the major system design parameters. A failure analysis of the fractured 
flank is performed. It clarified the design causal factors for failure and the mechanism of failure. 

Pinion being the vulnerable part is the focus of this thesis, a finite element model was developed 
on ANSOL HFM and the residual stresses were superposed on MSC Marc. A finite element fatigue 
analysis is performed on FEMFAT and the component fatigue life is determined. The calculated 

fatigue life is compared with physical testing results using Weibull statistical analysis in 
combination with probabilistic bearing life models to formulate emphatical correlation methods. 

The goal of this thesis is to establish a method to estimate fatigue life by taking up example of 
computing subsurface fatigue life of a hypoid pinion. The influence factors like the method of 
contact analysis, different types of residual stresses due to case hardening and shot peening, fatigue 

criteria, friction, material properties are studied in this thesis to develop a conscience for the 
methodology to computing contact fatigue life. 

The bulk material properties based on hardness represented fatigue properties more accurately. 
Scaled normal stress in critical plane fatigue criteria was found more suitable for contact analys is 
with pre-stresses and multi-axial non-proportional contact stress state on FEMFAT. Finite element 

based contact analysis method was found to be more suitable for subsurface fatigue life estimation 
despite the inherent advantages of the hybrid surface integral method and its accurate 

representation of friction. It was found that inclusion of friction in model did not change the fatigue 
life significantly, showing that the influence of hardness, surface topographies lubrication and 
contact temperature on shear stresses are too large to be neglected. Contact fatigue life increased 

by a factor of 4.4 times due to shot peening of gears in comparison with case hardening indicat ing 
the influence of residual stresses. For the estimation of fatigue life at the initiation of failure, a 

complete correlation with the fatigue test results could not be achieved and reasons for deviations 
were clearly identified. The area of damage indicated by this computation method correlated with 
the damage observed during tests. The observations and calculations indicated premature failure 

of pinion with explanation of mechanism of failure of pinion flank using contact conditions. 
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NOMENCLATURE 

The notations and abbreviations used during this project are described in this section. 

 

Notations 

Symbol Description 

æt timestep in seconds 

Ўὠ Elemental volume 
‌ Proportionality constant for Lundberg-Palmgren calculation 

„  Compressive residual stresses 

„   Von- Mises stresses at each element 

„  Von-Misses stress fatigue limit 
† Orthogonal shear stresses 

†  Maximum shear stress 
c  Stress exponent 

e  Weibull slope 
h  material depth exponent to include the effect of inclusions 
n Number of load cycles in one mesh cycle 

ts number of time steps for one complete mesh cycle 
z Depth from surface at corresponding maximum stress occurrence 

A Material constant for Ioannides Harris model for life calculation 
D Damage Value (Fatigue) 
K1 Material constant for Lundberg Palmgren model for life calculation 

MCH Weibull slope for case hardened specimen based on testing 
MSP Weibull slope for case hardened and shot-peened specimen based on testing 

N Limiting number of load cycles at a particular stress level 
Ne Number of cycles determined statistically from Weibull analysis 
Np Pinion speed in rpm 

S Probability of survival 
Zp Number of teeth on the pinion 

Abbreviations 

ANSOL HFM Advanced Numerical solutions Hypoid face milled 

CAE Computer-Aided Engineering 

FEM Finite element methods 

GKN KOP GKN Automotive (E-Powertrain) Köping 

MPa Mega-pascal 

NA Not Applicable 

N-m Newton-meter 

NVH Noise Vibration and Harshness 

PTU Power transfer unit 
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RDU Rear Drive Unit 

Rpm Rotations per minute 

S/N Curve Fatigue-limit stress vs the number of cycles curve 

WSF White Structure Flaking 

XRD X Ray Diffractometer 
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1 INTRODUCTION 

This chapter describes the background of the thesis with the importance and purpose of the 
project. It introduces the reader to important terminologies, the methodology followed, 

explaining the work breakdown. Since the working area is very broad, it describes the 
boundaries of this thesis and the delimitations for the computational approach. 

1.1 Background 

Evolution of power transmission systems aided downsizing of prime movers and flexib le 
positioning, making it suitable for different application requirements. One such application is 

power transfer from the engine to wheels in automobiles. A drivetrain that distributes power 
between wheels generally operates in demanding conditions under a wide range of torques and 

speeds.  

Smaller or lighter components mean compact packaging, thus making more interior room for 
passenger vehicles and more cargo area for utility vehicles with lesser emissions and better 

efficiency. Most importantly, long-lasting quality or durability of components mean lesser cost 
of ownership or maintenance and overall energy savings at different stages of the productôs 

lifecycle. At the product design level, high-performance drivetrains often demand balancing of 
conflicting metrics like functionality, compactness, operating range, power density, efficiency, 
NVH, cost and maintenance/ endurance life of transmission systems. Determining the 

endurance life of the components with higher certainty becomes one of the driving factors to 
ascertain overall performance. The high performing components are expected to survive 

demanding load cycles, simultaneously performing at its best efficiency and NVH throughout 
its operational life. Thus, determining the extent of damage at different stages of life will further 
help in quantifying acceptable performance. In some of the extreme cases like aerospace 

applications, fatigue life is either safety-critical or financially impactful. With increasing 
demands of reducing the mean time between maintenance breaks and the quest for higher life 

of components, it is equally important to understand the impact of influence factors that cause 
failure in the system and improve the design knowledge. 

 Gears are an important part of any transmission unit which is the main link that transmits 

motion/ forces and most of the performance metrics of a drivetrain are directly driven by the 
design and performance of gears. Gears in mesh have a unique relative motion through surface 

contact. Gear flank fatigue failure is one of the typical failure modes as the contacting surfaces 
undergo fatigue damage under repeated loading due to different tribological conditions. Based 
on the extent of damage, which ranges from few microns to a few millimeters of craters at the 

surface, it directly affects the kinematics of meshing and force transmission that may initiate 
catastrophic failure of the system. 

At a macro level, gear design involves balancing between specific sliding, slide to roll ratio, 
overlap ratio, contact ratio, pressure angle, profile-shift, spiral angle, and offset that directly 
impacts different metrics of the overall performance of the drivetrain. GKN Automotive, a 

company that pioneers in development and mass manufacturing of driveline solutions for 
reputed automotive brands have a keen interest in the estimation of endurance life of their 

components, that can reduce the prototyping/testing time and hence time to market.  From a 
future point of view with the evolution of high-speed electric propulsion systems, estimation 
of contact fatigue life due to increased speeds poses more challenges and with a project that 
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initiates a study in this field helps in futureproofing designs and builds a knowledge base with 
a reliable method of approach. 

The main product of interest for this thesis is all-wheel-drive and four-wheel-drive systems that 
transfer power from the engine and distribute to all four wheels based on torque demand as 

shown in Figure 2. An all-wheel-drive system consists of two pairs of hypoid gear sets, each at 
front and rear.  As shown in Figure 1, in a typical all-wheel-drive system, power transfer unit 
(PTU) is connected to the engine and output shaft transfers power to the rear-drive unit (RDU) 

through a propeller shaft and a CV joint. At the rear, RDU receives power from propeller shaft 
coupled to a pinion that drives ring gears. The ring gear is connected to half-shafts through 

clutch packs at each side. The output from RDU is connected to wheels through tripod joints 
and half shafts. The hypoid gear pair used in different units differ in the hand of spiral and 
active flanks mesh differently based on the direction of power transfer. The RDU is of keen 

interest in this thesis. Hypoid gears are also used in other products that include open 
differentials, final drive units etc. Hypoid gears are widely adopted in automotive transmiss ion 

systems as they provide space advantage with an offset pinion as compared to spiral bevel 
gears. It avoids the intrusion of transmission tunnel inside the cabin. There is a change in 
profile/geometry of the gears to accommodate the kinematics of offset gears. This indeed 

results in high sliding both along the face and at pitch line with high rolling contact pressure. 
High contact pressure and sliding speed (PV), result in flank damage that is studied in this 

thesis. GKN KOP has been developing and manufacturing drive units for several years and has 
faced premature failures in some of the test cases that did not correlate with the conventiona l 
standard calculations. These failure modes and causes will also be a major resource for study 

and validation during this thesis. 

 

Figure 1 Illustration of an all-wheel drive system with pictures of the power transfer unit (PTU), rear-drive unit 

(RDU), hypoid gear set can be observed.. (GKN KOP, n.d.) 
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Figure 2 Typical four-wheel drive transmission units with a different arrangement of hypoid gears at front and 

the rear for, transverse engine (on left) and longitudinal engine (on right).[39] . 

Contact fatigue can be categorized as surface fatigue and subsurface fatigue. Generally, the 
type of failures observed are frosting, scoring, micro and macro pitting, scuffing, fretting, 
flaking, spalling, and case crushing, some of which are seen in Figure 3. 

   

Figure 3 Illustration of failure seen on pinion flank showing different levels of damage. (GKN KOP, n.d.) 

Gear flank failure is a subjective term, defined based on the extent of impact of surface damage 

to the required performance of gears. It can be quantified based on the size of the crater or the 
effect on performance in terms of the kinematics of meshing, efficiency and NVH. Micro 
pitting and frosting are not catastrophic and are not of significant importance in hypoid gears 

in the automotive industry and is not seen in testing. Spalling, the gradual progression of deeper 
and wider pits that flake off material debris, forming bigger craters leads to catastrophic flank 

damage and it is of keen interest in this thesis. The process is gradual and makes it is difficult 
to ascertain point initiation of failure in terms of impact on meshing efficiency or NVH. Contact 
fatigue has been the topic of interest in industry and academia for many researchers using both 

experimental and computational approach. Extensive studies have been made to understand the 
mechanism of failure, to predict the contact fatigue life [10,13,57]. Most of the studies are 

under simpler contact conditions in gears and bearings with fatigue criterion tested for a 
reasonable sample set with different extent of damage like micro pitting, spalling, severe wear 
etc [19,7, 60,46]. Studies reveal that the computation of several influencing factors are highly 

tedious and relatively inaccurate for indicating the initiation of spalling fatigue [16, 17, 45]. 
The combination of two-dimensional relative sliding and rolling velocities (magnitude and 

direction) under varying three-dimensional radii of curvature, material properties, surface 
treatments/ heat treatments, operating speeds/ torques, temperatures, loading sequence can 
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make the problem more complicated [67]. It is very difficult to isolate the threshold magnitudes 
and extent of impact of influence factors on fatigue life. 

The ultimate purpose of engineering simulations is to make a reasonable engineer ing 
judgement and design decision making based on the results of computations. Commercia lly 

available gear design tools like KIMoS calculates fatigue life based on ISO, DIN, Niemen-
Winter and AGMA standards are not suitable to compute fatigue life for spalling. Such 
simplified theories for hypoid gear application have many idealizations and assumptions in 

calculation where most of the influence parameters are implemented as derating factors in 
fatigue life computation. Nonlinear influence of tribological parameters poses numerous 

challenges to generalize a model to predict contact fatigue life. Tools with advanced numerica l 
capabilities like ANSOL HFM for computation of three-dimensional kinematics with macro 
and microgeometry. It accurately computes the dry contact stresses and deformations, but do 

not have capabilities to capture the effect of lubricant, residual stresses, and temperature. The 
causes for fatigue may be unique in each pair of hypoid gears due to varied complexity in 

tribological conditions and play a major role in the computation of fatigue life. It was found 
that the inability to separate surface and subsurface initiated fatigue also poses more challenges 
to apply fatigue criterion and perform fatigue post-processing based on dry contact stresses in 

case of spalling. And it is the scope of this thesis to develop a method to isolate the causes with 
individual simulations. 

1.2 Purpose 

The main purpose of this work is to develop a methodology for the estimation of contact fatigue 

life at the initiation of spalling for hypoid gears using a computational approach. 

It is of keen importance to understand the impact of influence factors on spalling and to explore 
methods and capabilities of computation. Besides, understanding the role of residual stresses, 

material properties are also important for fatigue life computation. In addition to this, 
evaluation of the fatigue criterion to be employed is necessary. Validation and verification of 
the contact stresses and resultant fatigue life predicted based on correlation with physical test 

data on the extent of damage is an integral requirement for this thesis. This should also help in 
improving the understanding of the area of challenges that need more knowledge and tools for 

estimation of contact fatigue with a computational model. 

The goals of the project in concrete terms can be stated as follows: 

1. State of the art explanation on the mechanism of contact fatigue failure relevant to 

observations with physical fatigue testing at GKNKOP. 
2. Estimation of surface and subsurface stresses in dry and smooth contact. 

3. Computation of fatigue life for constant load cycles (Wohler tests). 
4. Verification and validation of results using physical test data. 
5. Compile above goals as a method for estimation of fatigue life at initiation of failure 

The thesis must answer the following questions: 

a. What are the influence factors that can be included in the model and extent of impact? 

b. What extent of damage is acceptable as a failure for point of spalling initiation? 
c. How does spalling initiate and at how many cycles does it initiate? 
d. What are the limitations and challenges to be focused as future work? 
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1.3 Delimitations 

The objective of any simulation is ensuring that the model to captures physics close to reality. 
At the same time simplification makes the models easier to study and computationally effic ient 
with acceptable trade off on accuracy. Thus, several assumptions and delimitations are made 

due to different driving factors like time constraints, limited understanding of current 
understanding of mechanics, lack of availability of commercial tools with required 

computational capabilities, complexity to replicate work in a commercial fast paced setup, 
availability of resources or data pertaining to different aspects of the simulations like material 
properties in fatigue, lubricant properties, thermal behaviour. Each point stated is discussed in 

detail in subsequent sections. 

The main points used for simplification are as stated below: 

1. The design of gear geometry based on various objectives that include saftey factors in 
pitting and root bending are also ensured prior to this thesis during iterative design 
process and will not be performed in this thesis. 

2. The methods of testing and the torque levels are calculated based on the testing 
standards prior to the project and this thesis assumes the testing conditions are ideal. 

3. Effect of varying mesh stiffness due to compliance of connecting elements like bearings 
are not considered in the computation of stress. Dynamic behaviour of contact 
interaction is not included in the model. 

4. Kinematics of meshing and contact stiffness is assumed to be ideal, both before and 
after damage. Allowable extent of damage is based on observation and literature. 

5. The propagation of damage is not modelled in this thesis. The effects of plasticity due 
to load sequence effect are not accounted for fatigue life estimation. Damage 
accumulation is considered linear. Wear of the surface is not considered. 

6. Thermal degradation of material properties and lubricant parameters due to friction/ 
heat and its influence on premature failures at the surface is not modelled. 

7. Tooth interior and tooth-root fatigue and the effect of peak stresses near the root of the 

active flank are not studied in this thesis. Thus, the transition of residual stresses 
between the case and core of the tooth is not of interest. 

8. It is assumed that there is no double flank loading or edge loading during mesh. 
9. Practical experimentation with significant sample space is not done for this thesis. 

However, the correlation of previous experimental results is done for verification. The 

thesis does not involve the evaluation of the computation modelôs accuracy. 
10. The fatigue criteria may be chosen based on the availability of material fatigue data. 

11. The compressive residual stresses are assumed to be unchanged during the tests. 
12. This study mainly focuses on the initiation of spalling and does not include failure 

considerations for micro pitting or propagation of pitts or spalls. 

13. The extent of lubrication starvation and its effects are not studied in this thesis. It is 
assumed that there is an ideal lubrication condition in contacts. It is assumed that the 

presence of lubrication does not alter the contact pressure distribution due to the EHL. 
14. Material nonlinearity and hardness gradients are not considered and it is assumed that 

the material properties are uniform and elastic for contact analysis. 

15. Effect of surface parameters like surface roughness, hardness and effect of friction due 
to lubrication, hardness, material and coatings are not of scope in this thesis. 

Note: This thesis is severely affected by the COVID-19 pandemic, with impact on the 
performance and timelines. Some of the delimitations, choice of methodology and effect of 
uncontrollable parameters on the objectives and the computational accuracy are not studied. 
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Finetuning and verification of the model for newer designs and testing conditions were not 
possible as there was very limited time and access to complex simulation tools. 

1.4 Methodology 

A pre-study is conducted to understand the mechanism of damage on pinion flanks from 

previous physical test cases in RDUs at GKN KOP. The work involves identifying the mode 
of failure, mechanism and arriving at an explanation backed by rolling sliding contact fatigue 

theory to formulating concrete objectives for further research. This is followed by the 
formulation of a computational approach to predict the contact fatigue life. 

As seen in Figure 4 the thesis is divided into 6 different stages:  

1. Pre-study: The gear failure observed in GKNKOP is studied to understand the nature 
of failure and underlying cause to set the objectives for the studies. 

2. Litera ture review: In this stage, existing knowledge of rolling contact fatigue study 
applied to hypoid gears are gathered. Important focus is given the method of contact 
analysis, materials, fatigue criteria, fatigue life estimation techniques. 

3. Contact analysis: Finite element based computation of contact stresses with constant 
friction coefficients in dry contact is performed. Critical stresses and contact parameters 

are studied. ANSOL HFM is used for the analysis. 
4. Fatigue analysis: The residual stresses are superposed on contact stresses. A finite 

element fatigue analysis is performed with different multiaxial fatigue theories that can 

predict the contact fatigue life. 
5. Validation: The computational approach is evaluated, and iterations are performed 

with different influence factors to verify the results. The results are validated against 
the testing data. 

6. Results: In this section, the state-of-the-art explanation for damage mechanism is 

documented with evidence on causal factors from theoretical and experimenta l 
observations. The fatigue life is predicted, and the verified methodology is formed to 
compute the contact fatigue life and study of causal factors in the CAE process. 

 

Figure 4 Methodology with workflow chart 
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2 FRAME OF REFERENCE 

The chapter is the summary of the existing knowledge on contact fatigue and former performed 
research about rolling sliding contact fatigue theories that can be applied to hypoid gears. This 

chapter also presents the theoretical reference frame that is necessary for the performed 
research and modelling of contact and fatigue. 

Gears have been most common elements for mechanical transmission, known for the unique 
relative motion of contact bodies rotated about their axes producing a motion at desired speed 
with leverage to the force being transmitted. Generally, gears are meshing cylinders with tooth 

cut on them, transmitting motion with successive engagement with rotation in the primit ive 
form of gearing [38]. The following sections will describe about the problem in detail and 

existing knowledge specifically for different aspects like contact analysis, kinematics, contact 
fatigue and influence factors with illustrations from previous research. 

2.1 Theory of gearing 

Gears are used as transmission elements where high reliability and durability are required in 
relatively compact space. Generally, gears have an involute profile at meshing tooth which 

makes them most versatile due to their ability to transmit motion at a constant speed. This 
profile can be corrected to reduce the effects of noise, wear, and other undesirable effects. 
Gears are majorly classified on motion required between two rotating shafts as follows: 

1. Parallel shafts: Spur gear Helical gears 
2. Skewed shafts: Crossed helical gears 

3. Perpendicular shafts: Bevel Gears and Worm gears. 

The desired output motion of the gearing is to maintain the ratio of angular speeds to be 
constant. As shown in Figure 5, two simple spur gears separated by a centre distance of óaô and 

the contact profiles are higher kinematic pair rotating about their centres óO1ô and óO2ô. As the 
contacting bodies mesh, the contact points follow the shape of the contact profile with a 

constant pressure angle. The vector difference of tangential and normal components of 
peripheral speeds v1 and v2, at point of contact is the profile speed directed along the joint 
tangent of the profiles. The normal component of the peripheral speeds, vn1 and vn2 must be 

equal for continuous transfer of motion and avoid both interference or separation of profiles 

causing discontinuity. This ensures a constant ratio of ɤ1 and ɤ2 ensuring the transfer of motion 
without acceleration. The point C takes the same constant position as the profiles rotate at rw2 

from the centre and peripheral speeds are contact and equal at that point for both contacting 

bodies. Thus, there is no mutual sliding about this point and the imaginary circles drawn 
through this point from centre, is subjected to pure rolling about their centres and in the theory 
of gearing, it is known as pitch circle. To achieve the constant and continuous transmission of 

motion the closest profile of the contact bodies known to us is involute. The involute of a circle 
is the roulette obtained by rolling a stiffly held straight thread about the surface of a cylinder. 

It is important to observe here that the mutual sliding speeds at the contact increase with the 
distance between the pitch point óCô and moving contact point óYô. In addition to this, the 
tangential rotation speeds also increase with the increase in distance from contact point to pitch 

point. It is apparent that at pitch point, the sliding speed is zero and below pitch point sliding 
speeds is negative and above pitch point the sliding speed is positive. The ratio of these sliding 
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speeds to the mean peripheral speeds is known as a slide to roll ratio which is different at 
different points along the profile (and face width in case of hypoid gears) [39]. 

 

Figure 5 Relative motion both rolling and rotation of two contact bodies with involute profiles [38]  

2.1.1  Bevel gears 

Bevel gears are used to transfer power between perpendicular and intersecting, or non-

intersecting shafts. They can also be used to transmit power between slightly skewed shafts 
that are not perpendicular. Generally, bevel gears can be majorly classified based on the tooth 
trace along the face width as: 

a. Straight bevel gears 
b. Skewed bevel gear 

c. Spiral bevel gear 

Spiral bevel gears can be further classified based on tooth trace profile along face width into: 

a. Circular 

b. Elongated epicycloid 
c. Elongated hypocycloidal 

2.1.2 Hypoid gears 

Hypoid gears discussed in this thesis are a variant of bevel gears with a non-intersec t ing 

perpendicular axis. Most important feature of the hypoid gears is that they have offset pinion 
from the centre of the ring gear as seen in Figure 6. The bigger gear is called ring gear and the 
smaller gear is called pinion as a convention. They have varying tooth depth along face width 

or face-milling design. Generally, for bigger ring gears with higher ratios the pinion is 
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hypocycloidal in profile along the face width produced by a generation with continuous 
indexing while the gear is circular in profile along the face width produced by single indexing 

per tooth.  

 

Figure 6 Illustration of a typical hypoid gear [67]  

For positive offset, the shift is in the same direction as the spiral angle for right-hand spiral of 
the ring gear. As the pinion can have higher spiral angle than ring gear with increased offset, it 

gives a bigger pinion. This translates to increased torque transmission capacity in relative ly 
compact space and higher total contact ratio that enables silent operation. The hypoid gears 
have inherent advantages due to the offset axis of the pinion for automotive application where 

the transmission shaft can be mounted lower, along with complete car body achieving lower 
the centre of gravity and at the same time avoid intrusion of the transmission tunnel into the 

cabin space. 

2.1.3 Hypoid gear geometry and contact conditions 

Hypoid gears have many geometric parameters due to its complexity of shape and kinematics. 
The gear pair is designed to reduce contact, root bending stresses and transmission error. The 
geometry and the machine settings influence contact pressure pattern significantly. This 

reflects in stress distribution and some of the important features are discussed in this section. 

Offset: It is the unique feature of hypoid gears. It is the distance between axis of the gear and 

pinion measured from the centre as shown in Figure 6. The offset results in unique kinematic 
conjugation of theoretically hypoid 3D surfaces [81] as shown in Figure 7. As the pinion 
displaces away from the centre axis, the face width and sliding speeds, significantly increase. 

  

Figure 7 Generating gear with theoretical helical cones for hypoid tooth surfaces. [81]  



 26 

Spiral Angle: The angle subtended by the tangent to the tooth curvature at any point of the 
gear flank connecting the line of tangent point at the apex of pitch angle drawn in the generating 

gear plane [81] as shown in Figure 8. The reference point for mean spiral angle is generally 
defined at the centre of the face width. It generally affects the tribological conditions like 

directions of contact forces, sliding speeds along the face width, contact stresses, and relative 
curvature. The hand of spiral and the direction of drive torque also significantly affects the 
contact conditions. It should be noted that the spiral angle continuously changes from the toe 

to the heel indicating variation in curvature along the face width different for gear and pinion. 

 

Figure 8 Theoretical representation of mean spiral angle and the generating plane [81]  

Profile Shift: The gears are generally designed to have zero profile shift coefficient, meaning 
sum of the profile shifts are zero. One of the members have positive profile shift while the other 

as compensating negative profile shift [39]. As seen in Figure 9, for different profile shift, there 
is a change in root thickness, the profile curvature of the tooth, the radius of blending near root 

and the tip. This results in different stress profiles under load. In addition to this, the sliding 
and rolling speeds and directions are altered with the change in profile shift, which affects the 
lubricant film formation along the tooth profile. It is also ensured that there is no undercutt ing 

and the tooth tip is not pointy or sharp and minimum top land is ensured while selecting the 
tool geometry and machine setting details. In general, the profile shifts along with tooth 

thickness modifications and spiral angles are used to obtain desired gear geometry to balance 
specific sliding speeds and the root and the flank load capacities between pinion and the wheel. 
It is hard to describe direct influence of each parameter in isolation on contact fatigue as there 

are many complex geometry interactions associated with changes.  

 

Figure 9 Illustration of variation of tooth profile for different profile shift. [39]  
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Pressure angle: Pressure angle is the angle subtended by line of action drawn perpendicular 
to the gear tooth and line of tangent to pitch circle at any normal section along the face width 

as seen in Figure 10. It is important to note that the profile of the gears in hypoid gears can be 
asymmetrical and may have different pressure angle on both the sides. For different pressure 

angle the contact parameters change resulting in different stress profiles. The pressure angle is 
decided based on operating conditions on active side of the flank transmitting torque in drive 
direction. Pressure angle along with the module is used to tune the profile contact ratio and 

load capacities in root bending and contact, along with noise [39]. The working pressure angle 
and the pressure angle generated by the tool slightly varies from the design pressure angle 

which can lead to different contact geometry. 

 

Figure 10 Illustration of Pressure angle in a normal section at contact between pinion and wheel.[81]  

Crowning : Crowning can be defined as flank modifications with small curvature of the surface 
along a particular direction that reduces the sensitivity to the displacement of contact patch due 

to misalignments induced by shaft deflections manufacturing and assembly deviations and 
other geometrical deviations. It is measured both along profile and lengthwise direction of the 

tooth of pinion and gear. It indeed leads to smaller contact pattern depending on overall tooth 
geometry. It may also result in higher contact pressures and concentration of stresses locally 
due to sharp curvatures which may not blend well. This can also affect the micro elasto-

hydrodynamic lubrication conditions due to change in curvature locally.  

Ease off: As seen with crowning, and other complexities in contact calls for accurate 

calculation and modelling of the tooth geometry with sophisticated tooth contact analysis with 
and without load. This helps in design of optimal tooth geometry modifications with a process 
called ease off analysis. Unlike cylindrical gears, the flank modifications are not considered as 

deviation from basic rack profile for hypoid gears. Instead, tooth contact is defined using 
meshing parameters where crowning is not assigned but considered as a resultant fitting contact 

surface between conjugating gear and pinion. This tooth contact meshing parameters are 
computed for different roll angles of pinion and gear at different mesh positions. Functiona l 
variables represent the three-dimensional surfaces at instantaneous meshing positions. The 

minimum distance obtained between contact at each position of rotation on the tooth flank are 
known as instantaneous ease offs [39]. This is calculated for overall tooth for one complete 

mesh cycle and the enveloping surface obtained from minimum of all instantaneous ease offs 
at different mesh positions is known as contact distance or overall ease off. This calculat ion 
provides visualization of surfaces, to study local modifications like crowning for conjugating 

tooth flanks. These contact distances are represented as a deviation from a plane as seen in the 
figure which is generally addressed as ease off [39]. As shown in the Figure 11, the ease off 

topography, defined by five different parameters can help in direct correlation and analysis of 
tooth form and position or displacement of contact pattern both with and without load. It is 
desirable to have wide spread of the contact area on the flank and for instance, to increase the 

length of contact pattern over face width, the length wise crowing can be reduced [39], such 
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contact pattern optimization can be done using the ease off topography parameters [83]. This 
process is continued in iterations to arrive at optimum geometry and ease off topography, where 

the load capacities are maximized with reduced transmission error. 

 

Figure 11 Quantitative description of a typical ease off topography [39]  

Contact conditions: The kinematics of working and contact conditions change depending on 
the resultant tooth profile both along height and face width. The involute profile explained in 
Figure 5, show the sliding and rolling conditions only along the profile. In addition to this, 

there is a sliding velocity component in the lengthwise direction which makes hypoid gears 
unique. The sliding velocity is not zero near the pitch line for hypoid gears and this helps in 

maintaining lubricant film as compared to pure rolling on pitch point in other gears. The contact 
conditions like sliding velocities, radii of curvature, contact stress are affected by the geometry 
of the gear. Generally, smaller module, positive profile shift and larger pressure angle is ideal 

conditions for larger radii of curvature and increased contact fatigue life due to reduced surface 
stresses [39]. The offset can be increased and thereby increasing the spiral angle on a hypoid 

pinion resulting in higher contact ratio with increase the load-bearing area. However, sliding 
velocity along the lengthwise direction (Figure 12), generally increases with offset or spiral 
angle. This is can directly reduce the contact fatigue life due to higher surface stresses and 

higher slide to roll ratios. It is important to balance the offset and the profile shift to have 
optimum sliding speeds necessary for the formation of lubrication film [39]. The smaller side 

of the pinion towards the axis is called the toe and the side of the tooth towards the periphery 
is called heel and the pinion concave side or ring gear convex side is the drive side for gear pair 
in this thesis. There are several geometric factors both macro and micro that affect the overall 

curvature of the tooth. As mentioned above the curvature affects the tooth separation or 
lubricant film thickness, stresses, and the sliding-rolling conditions locally. The manufactur ing 
and assembly tolerances can cause minor change in kinematics of gear mesh and hence some 
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stress concentrations if not taken proper care of. It is ensured that at all points of mesh at all 
torques, there is significant clearence between non-active flanks. 

 

Figure 12 Illustration of sliding velocities at a contact point in hypoid gear contact surfaces [39]  

2.1.4 Shaft deflection and convention 

The gears are mounted on shafts that are supported by bearings. The hypoid gears experience 

forces in three directions, namely axial, radial, and tangential. The complete setup is mounted 
on rigid housing. As a system, there is compliance due to deflection of gear tooth, gear body, 
shafts, bearings, and housing. This compliance creates a displacement of the contact pattern on 

the tooth that varies with different loading conditions. It is important to note that the stresses 
are very sensitive to these misalignments as there is sharp variation in contact conditions as per 

experimental studies [82].  

 

Figure 13 Conventions of EPG Alpha or VHR Beta for defining axel deflections [2]  

The convention shown in Figure 13, helps in individually representing the displacements in 
four different co-ordinates. E or V represents the pinion displacement away from the centre 

towards the side as positive. G or R represents the displacement of the ring gear axially towards 
the pinion as positive. P or H represents the displacement of the pinion axially away from the 
ring gear as positive. Alpha or beta represents the angle between the pinion and the gear axis 

and is positive for displacements of pinion away from the gear axis (increasing the intersect ion 
angle more than 900). These conventions are used to define the misalignments during ease off 

synthesis and loaded tooth contact analysis. It is important to note that the errors in mounting 
made in the assembly are not considered as a part of EPG alpha in this thesis. 

2.2 Gear failure 

Gear failures can be majorly classified into root bending fatigue failure or contact fatigue 
failure. Generally, well designed, and lubricated gears, fail due to root bending fatigue in high 
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cycle fatigue testing. The design parameters determine the mode of failure as the safety factors 
in bending and contact failures are assessed well in the design stages. However, due to different 

changes in the operating conditions, gears may fail in other failure modes. Operating conditions 
of lubricant, temperatures, heat treatment, surface treatment and misalignments may change 

their behaviour compared to simulations. 

2.2.1 Tooth root breakage 

The breakage of the tooth by initiation of cracks due to cyclic bending stresses at the root of 

the tooth is typical in gears. In case of hypoid gears, due to varying stresses in a single mesh 
cycle, that not only induces the bending stresses but also twisting stresses on the tooth. The 

failure mode is catastrophic fracture of the ring gear or the pinion. Generally, due to positive 
offset, the pinions are bigger, and the ring gears are more susceptible to root failure as seen in 
this design where the ring gears have failed in root bending fatigue at higher torques. Figure 

14 illustrated one of the instances of gear failure initiated at the heel and a part of the tooth is 
chipped off in ring gears. 

 

Figure 14 Tooth root failure and tooth chip off in ring gear (GKN KOP, n.d.) 

2.2.2 Tooth interior fatigue failure 

The tooth root internal fatigue failure was first observed in case hardened idler gears where 

there is double-sided loading of the flank [40]. The primary reason for failure is improper 
selection of hardening depth and the subsurface residual stress profile in the case core transition 

zone. This mode of failure is dependent on contact stresses and is difficult to observe in visual 
inspection and leads to catastrophic failure of the tooth. Generally, the failure initiates below 
the surface in the interior of the tooth core and propagates to the other end of the tooth, as 

illustrated in Figure 15, thereby chipping off the tooth. The angle of tooth chip off is steep and 
generally initiates higher on the tooth profile. 

 

Figure 15 Illustration of tooth interior fatigue failure with description of crack initiation and propagation [19]  
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2.2.3 Gear flank (surface) failure 

The flank surface failure is the primary focus of this thesis and there are different modes of 

failure of the flank, depending on the definition of failure and the operational requirement for 
application. The term damage is subjective as the gear pair can transmit power without 

catastrophic failure despite initiation of damage for some of the failure modes like micro 
pitting. However, some of them lead to catastrophic failure and is unacceptable like spalling or 
tooth chip off. In this thesis, the extent of damage acceptable depends on the NVH requirement 

of the gear pair and the extent of impact on safety against catastrophic failure of the system. 
The contact conditions and operating conditions largely contribute to the contact fatigue 

phenomenon causing different types of failure discussed in subsequent sections. It is important 
to understand two different types of process that may help or reduce contact fatigue. 

1. Run-in:  

Running in of gears is the most important process performed before the gears are 
subjected to durability testing or any further usage. Running in the gears helps in setting 

in of contacting surfaces by breaking very sharp asperities as it increases conformity of 
surfaces or real area of contact. This will decrease surface roughness and due to lighter 
loads, forms a favourable surface topography for smoother operation of gears. Improper 

run in can also lead to residual tensile stresses in the surface 
2. Initial w ear: 

Wear is a phenomenon the occurs throughout the operational life of the gears at 
different rates depending on the operation conditions. It is a gradual erosion of material, 
mainly deeper asperities, and removal of material from weaker surface cracks. It can be 

termed as a brittle failure of patches due to elastic-plastic asperity interaction. 

Both phenomena ideally produce a surface that is free from high-stress concentration points, 

that can conjugate well, for low to medium loads. They result in reduced abrasive friction, 
increased contact conformity with a higher real area of contact for load sharing between the 
surfaces. The surfaces are grey and lose their lustre after subjecting to these tests. Due to 

repeated plastic deformation, the surfaces are generally work-hardened to a certain extent after 
this process [55]. Generally, with advancement in material, surface treatment and case 

hardening techniques, the hardness of the surface is maintained such that the damage caused 
by run-in and fatigue wear is very minimal with ideal lubrication. Generally, flank failure is 
due to the usual contact fatigue mechanisms that will be discussed in subsequent sections. 

Unusual surface failures that can accelerate contact fatigue mechanisms are discussed below: 

Scoring: Due to lubricant film breakdown, there is a plastic ploughing and elastic shakedown 

at the surface where the higher asperities dig into the mating gear, causing a sharper but deeper 
dent in the mating gear with wider scratches. This process is called scoring and can easily lead 
to stress concentration and point of initiation of pitting as seen in Figure 16. Generally, when 

the pinion and the gear are of same hardness, there is more affinity towards scoring. By design, 
the hardness of the pinion is kept slightly higher as it undergoes more fatigue. 

 

Figure 16 Scoring marks seen near the pitch line.  (GKN KOP, n.d.) 
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Scuffing: Scuffing is micro melting of the material due to high contact temperature and transfer 
of material to the mating gear. Scuffing is generally seen with branching marks on the surface 

and is mainly due to lubrication breakdown [45]. It is a surface damage mechanism caused by 
overloading at relatively low speeds classified as cold scuffing and that associated with high 

temperature and high speeds is classified as hot scuffing Figure 17. It can cause the accelerated 
failure of the gear pair. This cannot be classified as contact fatigue, but the damaged caused 
momentarily during scuffing can accelerate another destructive mechanism due to changed 

surface topography and hardness at the surface due to heat as small chunks of the metal near 
the surface melts and pulls off the weaker crack tips from the surface. 

 

Figure 17 Illustration of scuffing in pinion(left), ring gear (right)[39]  

Rippling and ridging:  Both the phenomenon is especially seen in hypoid gears as branches of 
a tree. When there is lubrication breakdown, there is continuous and excessive wear rate in the 

lengthwise direction. When lengthwise sliding is higher, grooves are created in the sliding 
direction, due to material removal as seen in Figure 18 (left). But this is not scuffing as there 

is no material transfer. Generally, the grooves are deeper, and the mode of failure is known as 
ridging. Such modifications on surface topography create undesirable effects on NVH 
performance of gears due to friction- induced vibrations with the stick-slip effect (coeffic ient 

of friction drops as sliding velocity increase towards tips). Rippling occurs with EP-lubricants 
when stress limits are exceeded. However, the amount of material removed is few microns with 

pattern perpendicular to the direction of sliding as illustrated in Figure 18 (right). This cannot 
be directly termed as a failure, but it can be an in-process stage for future ridging damage. Both 
phenomena can lead to accelerated failure under pitting. 

   

Figure 18 Illustration of ridging (left) rippling (right) surface failure modes [39]. 

2.2.3.1 Micro pitting 

Micro pitting is fatigue damage of surface with small pits and cracks that often occurs in 

parallel with excessive fatigue wear. It is flanking of smaller cracks (<20µm) that originate 
from the surface due to high contact pressures under negative specific sliding and lubricat ion 
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breakdown [12,39]. Thus, the lubricant properties, surface roughness and operating 
temperatures contribute significantly to micro pitting. The cracks often re-attach but breaking 

the tip of the crack, leaving a dent as seen in Figure 19 (left). Micro pitting is generally mild, 
and cracks are parallel to the surface well distributed but do not cause catastrophic failure in 

hypoid gears. This can induce variation in micro stress distribution and reduced contact 
stiffness and thereby creating undesirable noises in the transmission. Micro pitting weaken the 
surface of gears with micro stress variation which significantly reduces surface fatigue life due 

to rolling sliding contact fatigue [16]. 

  

Figure 19 An illustration of micro pitting in surface (left) and cross-section of the pit (right) [12]  

2.2.3.2 Pitting 

Generally, pits are craters that are characterised by their depth (<100 µm) and similar width. 
Contact fatigue theories explain the damage mechanics of pitting majorly based on two 

different underlying phenomena. One of the well-established theories suggests that loaded 
asperities are subjected to tensile stresses in the wake of the rolling contact, causing crack 

initiation at the surface [41]. The cracks grow deeper as tip detaches due to extreme contact 
pressures, low radii of curvature in the region of negative sliding. Another long-stand ing 
hypothesis predicts that the smaller cavities or cracks in the surface are pressurised with oil and 

on the application of high rolling pressure, the cracks burst to erode the material and form small 
pits [47]. Pitting can be initiated by both the mechanisms, but it is important to note that the 

initiation of pitting is not necessarily from lubrication starvation and is influenced by the local 
contact conditions. In addition to this, existing micro pits and surface cracks may also further 
grow into a deeper pit as more material detaches from the surface. Several pits in local vicinity 

can join leading to catastrophic failure of the surface as shown in Figure 20. 

 

Figure 20 Illustration of pits and spreading of pits leading to flank failure. [39]  

2.2.3.3 Spalling 

The review on rolling contact fatigue states that: ñThe evolution of RCF damage leading to a 
fatigue spall involves a three-stage process: i) shakedown, ii) steady-state elastic response, and 
iii) instability. Localized plastic deformation and development of residual stresses are 

precursors to fatigue damage, and therefore the ability to compute the 3D elastic-plastic stress 
fields that accounts for cyclic loading and traction effects, and acknowledge microstructura l 
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changes, is a necessary tool for quantifying raceway fatigue damageò [8]. The same author 
further states that this phenomenon occurs locally within one sq-mm area at multiple locations. 

Spalling is the most catastrophic contact fatigue mechanism that can lead to flank fracture. As 
seen in Figure 21, characterised by shallow walls at one end and deep wall at the other with 

depth equal to the 0.35 times the semi width of the contact [7]. The damage is classified as 
spalling when the craters are wider and deeper with several times the size of pitting and has 
higher fracture area. It is caused by excessively loaded contact leading to cracks initiated below 

the surface and propagate to the surface causing flanking of material. However, spalling can 
also be surface initiated depending on the depth of the maximum Hertzian stresses. Mechanism 

of initiation can be similar to the mechanism of pitting as mentioned in the previous section for 
surface-initiated spalling. Plastically collapsed ligaments with higher stress concentration at 
the cracks and edges of pits meet the initiated cracks below the surface leading to faster crack 

propagation and flacking of material [48]. Weaker subsurface material due to repeated cyclic 
loading causes fatigue to initiate below the surface and voids or defects below the surface, 

accelerate the growth of cracks towards the surface. For subsurface induced spalling, the 
surface roughness and lubrication are not of significant importance. However, for surface-
initiated spalling, the existing pits act as spots of high-stress concentration where the edges of 

pits plastically deform and redistribute the contact stresses leading to relaxation of residual 
stresses. This accelerates the growth of pits, and meeting of multiple pits in close vicinity, 

leading to flacking of the surface with comparatively shallow depths. 

 

Figure 21 Typical characteristic of spall (left), morphology of subsurface cracks (right) [7,8]  

2.2.3.4 Case-crushing 

Due to improper selection of hardening depth or improper case hardening, the maximum 

Hertzian stresses may occur below the case depth causing crushing of the case against softer 
material and hence failure is initiated subsurface. This leads to flaking and detachment of the 

surface material in the case-hardened zone. The case crushing can be characterized by collapsed 
longitudinal cracks that open at the surfaces. Figure 22 clearly shows the loss of thick case 
layer uniformly exposing the core near the tip. 

 

Figure 22 Case crushing observed in pinion with chip off of case seen near the tooth tip [54]. 
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2.2.3.5 Chip-off 

Chip off or flank fracture is the final stages of spalling or severe pitting where the cracks 

propagate from the surface towards the tip of another side of the tooth causing chipping off the 
entire tooth flank as seen in Figure 23.  

 

Figure 23 Tooth chip-off caused by severe pitting and flank fracture. (GKN KOP, n.d.) 

The reason can be overloading high on the flank. This is the most catastrophic failure as a big 
chunk of metal is dislodged at high-speed interfering with moving components and measures 

are taken to stop the test before failure. 

2.3 Rolling-sliding contact fatigue theory review 

Before understanding the contact fatigue theories, it is important to understand the type of 
contact and the variations of stresses in the contact that causes contact fatigue 

2.3.1 Macro stress history 

The hypoid gears have curvature on the tooth that vary in both profile direction and lengthwise 
direction. Due to this, the contact patch is elliptical (Figure 24-right) and is distributed 

diagonally as it moves to different roll positions with changing the size of contact patch as 
shown in Figure 25. The load intensity and the sliding velocities vary along the major axis of 

the contact ellipse at different roll positions as seen in Figure 24 (left). 

  

Figure 24 Representation of pinion tooth with the variation of sliding velocity, pressure and load intensity (left) 

and contact ellipse with contact pressure variation within the contact patch (right) [19] . 

 

Figure 25 Representation of moving contact with red arrows representing the relative magnitude and direction 

of sliding velocity. (tooth is represented as a hollow surface) 
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Figure 26 Collection of peak pressure at all  roll positions on the pinion tooth(left), gear tooth (right). 

The contact pressure distribution depends on local radii of curvature and load intensity and the 
collection of contact pressure throughout the tooth is shown in Figure 26. In addition to the 

normal compressive stresses, the orthogonal shear stresses are higher in dry contact due to 
sliding in both the directions. However, as sliding in profile direction is non-zero even at the 
pitch point, there is no squeeze out of lubricant due to pure roll pressure. Thus, the contact 

distribution is influenced by the presence of lubricant in the contact. Generally, the order of 
width of the contact patch is very small when compared to the size of the tooth. This contact 

patch displaces its position on the tooth for different torques due to deformation of the shaft 
and compliance in the bearings etc. 

   

Figure 27 Representation of the contact surface with cylinder over the flat surface without friction (left) [50,51]  

and the state of stress under increased friction at different points in contact below the surface (right) [52]  

The maximum octahedral shear stress occurs just below the contact at 45° as shown in Figure 

27 (right). The maximum orthogonal shear stresses occur in front of and behind the point of 
contact and have opposite signs [51]. Generally, for low friction contact (cof= 0.04 to 0.06), 
the peak values of orthogonal shear stresses at upstream and downstream of the contact parallel 

and perpendicular to the surface and octahedral shear stresses are right below the contact 
surface (450 to the surface). The orthogonal shear stresses change their sign as the contact 

patches slide or roll as shown in Figure 28. Since their signs change, their range is higher and 
is a key contributor to subsurface crack initiation. 

As the coefficient of friction increases peak orthogonal shear stresses raise to the surface [9] 

and overlap with the region of peak normal stresses as shown in Figure 27 (right). This type of 
loading is nonproportional loading (Figure 28-right, shear and normal stresses are out of phase) 

with reversing stress cycles unlike classical fatigue problems [8]. The multi-axial stress 
histories due to moving ellipse at different roll positions, constantly change directions of 
principal axes of stresses, and thus critical plane is used to compute the fatigue life. 

 

Roll -in Roll -out 

Roll -out Roll -in 

Roll -out Roll -in 
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Figure 28 Representation of orthogonal shear stress in the region front of and behind the contacts and variation 

of stresses at a point is shown in the graph [52,8] . 

2.3.2 Micro stress history and influence of surface parameters 

In addition to the macro stresses, there are continuous cyclic micro stress variations due to 

rough surface in the rolling sliding contact as seen in Figure 29. Surface conditions like 
lubrication parameters, film thickness, surface roughness and operating temperature 

significantly influence surface-initiated contact fatigue. The surface roughness plays a major 
role in the determination of surface fatigue life [41]. The ratio of height of the asperities to the 
thickness of the oil film, the slide to roll percentage, are major indicators of severity of impact 

due to surface roughness. The presence of a lubricant not only changes the contact friction 
conditions but also acts as a coolant in dispensing the heat generated due to high contact 

temperatures. In the case of elasto-hydrodynamic lubrication, the contact pressure is slight ly 
higher with a distinct peak as compared to smooth Hertzian distribution of contact pressure as 
seen in Figure 29 (left). This results in re-distribution of contact stress field. If the asperity 

interaction is not considered, there is no significant change in magnitude of shear stresses as 
seen with comparison in Figure 29 (right) [16, 49, 53, 61]. This needs numerical analysis of 

contact with lubricant with three-dimensional curvature which proves a significant difference 
in minimum film thickness as compared to conventional models [61]. The example is indicat ive 
only and the difference in pressure distribution can change significantly depending on the 

contact conditions. 

 

Figure 29 Illustration of the difference between Hertzian and EHL pressure distribution (left), and illustration 

of microscopic pressure variation (middle) stress distribution due to variation of pressure (right) [61, 16] . 

The plastic interaction of asperities that undergo microscopic stress variations as seen in Figure 
29, causes fatigue of the surface material [l6], which is known as the primary cause of surface-

initiated contact fatigue. It includes the influence of temperature as it affects the viscosity and 
may further reduce the thickness of lubricant film. In the interaction of contact surface from 

engagement to disengagement, the magnitude and the direction of the sliding varies and as 
described in Figure 30 the subsurface and surface stresses also vary. 
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Figure 30 Illustration of surface and subsurface stress conditions with sliding conditions along profile [19]  

The severity of contact conditions may result in a reduced thickness of lubricant film leading 

to interaction of asperities and thereby increasing sliding friction. Negative sliding induces 
tensile stresses on the surface in downstream and positive sliding induces tensile stresses at roll 

outside as shown in Figure 30. There is a very thin lubricant film in negative sliding region and 
thereby friction increases due to asperities which break through the lubricant. Increase in 
friction amplifies the tensile stress state surrounding high points entering the contact, below 

the pitch line. Similarly, due to very low sliding speeds just above the pitchline, friction 
amplifies the tensile stress state behind exiting high points [41]. It is inefficient to capture this 

microscopic phenomenon at the scale of working in hypoid gear and there are no commercia l 
tools [68] available to include these effects and thus this research is reserved for future work 
with sub-models for study of the critical region identified in this thesis. However, in heavy and 

concentrated loading, the normal and shear stress superpose, due to friction. These high stresses 
in concentrated local contact conditions are the subject of interest for subsurface based fatigue 

analysis with dry Hertzian contact friction for this thesis. To understand the influence of 
friction, two extreme conditions are considered (coefficient of friction = 0 and 0.12). 

2.3.3 Review of contact fatigue models 

There are different theories to predict contact fatigue life based on the contact stresses in gears 
of simpler geometry resampling contact conditions of rollers. Most of them are very good for 

comparative studies of the design parameters and not direct estimation of fatigue life. The 
estimation of life is majorly classified based on the region of initiation of failure as: 

1. Surface fatigue: Depends on micro stress cycles at the surface involving the influence 

of lubricant properties, surface roughness and contact temperature, micro material 
properties 

2. Subsurface fatigue: Depends on the subsurface stresses in the three-dimensiona l 
contact, isolated from the micro stresses at the surface. The depth of the peak stresses 
and the magnitude indicates fatigue life. 

Based on the method of computation of fatigue life, theories can be classified into: 

1. Probabilistic and empirical models: Certain stresses and their depth is used 

indicative of predicting the probability of survival for the entire tooth flank surface. 
a. Lundberg and Palmgren Model: This theory assumed subsurface initiation of 

cracks. For stressed subsurface volume, the orthogonal shear stresses and the depth 

of maximum value is coupled with stochastically distributed defects in material that 
are determined exponentially. This is coupled with Weibull weakest link theory to 
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find the probability of survival for the stress field with greater about of volume. 
This theory assumed ideally smooth lubricated surface with linear accumulation of 

damage, without consideration of friction- induced orthogonal shear stresses at 
surface leading to surface-initiated failures and residual stresses cannot be 

accounted for in this theory. Mostly suited for bearings 
b. Ioannides and Harris Model: A modification of Lundberg-Palmgren theory was 

proposed with octahedral shear stresses to account for residual stresses [13,8].  it 

was formulated to overcome the limitations of previous theory, where it considered 
the localised volume of material under stresses with threshold stress below which 

there is no contact fatigue. It considered a concept of threshold stress and 
corresponding material parameters and was more accurate compared to Lundberg-
Plamgren as it could also include the effect of residual stresses.  

In addition to this, the load rating for the surface for computation of life, it cannot be 
directly implemented in this thesis. However, the rest of the deviations are only 

accounted for in experimental correlation of results, with known material constants 
determined by previous experiments conducted specifically for gears. However, these 
theories (also Zaretsky model [69]) can hold good with known values from experiments 

and cannot be applied in a CAE process where contact conditions are sensitive to design 
changes [16] without consistent testing data. However, these theories can give good 

estimate of the region of failure. 

2. Deterministic theories: Classical method of a deterministic theory is the maximum 
normal stress theory, where fatigue limit is determined by the maximum normal stress 

in the contact which is expected to be below certain fatigue limiting stress (ISO). 
Several theories considered crack initiation and crack propagation to tune the damage 

accumulation parameter based on the experimentation to generate RCF S/N curve [8]. 
However, the stress or strain-based calculation using multiaxial fatigue criteria for 
computation of local fatigue life with linear accumulation of damage for crack initia t ion 

is considered in this thesis. The application of material properties are tension, bending 
and shear limits determine on a specimen and do not involve component level 

experimentation to derive material properties 
a. Findleyôs fatigue criteria 

Findley considered critical plane with the sum of normal component and the shear 

components for the computation of fatigue index. Findleyôs criteria were close to 
experimentation in determining fatigue life [40, 43]. It uses a fatigue sensitivity to 

normal stress as material property. This criterion needs further experimentation of 
determining Findleyôs risk factor-based assessment of damage and RCF S/N curve. 
It is also important to note that this theory assumes the normal stresses and shear 

stresses are in-phase but rolling contact stresses vary out of phase. 
b. Dag-Vanôs criteria:  

This is the most widely applied criteria for determining the fatigue life for out of 
phase multiaxial rolling contact problems. It is simple in definition and considers 
linear relation of allowable shear stress with positive hydrostatic stresses. However, 

this criterion fails to capture effect of any non-propagating defects or cracks and 
negative hydrostatic stresses. Since it is important to understand the effect of 

compressive residual stresses in this thesis, this criterion is not applicable. [58]. 
c. Liu and Mahadevan criteria :  

This is widely accepted criteria for rolling contact fatigue problems and have found 

favourable correlation testing [58]. This criterion holds good for out of phase mult i-
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axial loading with a clear definition of fatigue life at crack initiation. It separates 
the fracture plane (where the crack is observed) from the critical stress plane 

(material plane where fatigue damage is evaluated) and defines the fracture plane 
based on maximum normal stress amplitude [59, 60]. It differs from other theories 

as it considers critical plane orientation based on the fully reversed fatigue strength 
with different damage effect, for pure tension, compression, and shear loading and 
their interrelation. It considers amplitude normal, shear, hydrostatic stress and 

important effect of mean stress sensitivity (important as contact stresses have high 
mean stress). Fatigue life at crack initiation and fracture both can be determined. 

The knowledge of critical stresses and material properties considered in this 
criterion can be used for selection of criteria on FEMFAT in this thesis. 

 

Studies are performed on strain-based criteria like modified BrownïMillerïMorrow multiaxia l 
fatigue criterion with significant emphasis on mean stress [57] and Coffin-Manson hypothesis, 

Smith-Watson-Topper [18]. However, due to the lack of reliable fatigue data for material used 
and they are neglected in this thesis. In addition to this, crack propagation studies are also 
performed to compute fatigue life from stress intensity factors at defects or cracks initiated 

below the surface using sub-model and experimentation [56]. Since the interest of this thesis is 
to compute the life at the initiation of crack, the crack propagation sub modelling is reserved 

for future work based on the results of this thesis. 

2.3.4 Thermo mechanical fatigue in contact 

In addition to other mechanisms of surface deterioration, thermo-mechanical fatigue is a major 

contributor. It is a well-known fact that the elastic modulus and other material properties or 
microstructure and hardness deteriorate with an increase in temperature. The most important 

effect of this is the reduction of fatigue limits of materials with an increase in temperature. 
Generally, to below-par performance of natural cooling of the lubricant, the operating 
temperature of the lubricant gradually rises as the test progresses. When the specific film 

thickness is low, asperity interaction with rolling and especially with sliding significant ly 
increases the local contact temperature to several 100s of 0C [62]. This not only deteriorates 

the surface but also deteriorates the lubricant properties. This high temperature in a very 
concentrated area of contact surface creates thermal shocks due to low conduction. Repetition 
of such contact condition at multiple locations in close vicinity creates thermal tides below the 

surface as well. leading to local yielding. These stresses add to the existing contact stresses and 
will lead to the initiation of small but well-distributed cracks distributed over the entire patch 

of the surface with lubrication starvation and finally lead to accelerated failure. 

2.4 Advanced gear contact analysis 

The contact mechanics of hypoid gear meshing is complex and cannot be computed by basic 
Hertzian theory. There are several robust algorithms for three-dimensional finite element 
contact analysis with commercially available tools from ANSYS, MSC MARC and ABAQUS 

which are industry benchmarks. ANSOL is one such non-linear contact analysis algorithm 
specially made for advanced calculation for gears and bearings. Most of the contact analysis 

algorithm built with some modification for robust and efficient computation, based on two 
major methods namely: 

1. Penalty method 

2. Augmented Lagrange method 
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It generally works based on the convention of a master surface and a slave surface with node-
to-node contact or node to segment or segment to segment contact in the transfer of contact 

forces [63]. Most of the general-purpose commercial FE tools require setting up of contact 
model, with a selection of element type and iterative discretization refinement. Most 

importantly, tuning of parameters like penalty factor, penetration, stiffness for contact 
algorithm can be custom for each iteration of design to achieve converge. This can be 
cumbersome and time-consuming processes, especially for nonlinear contact analysis. In this 

thesis, the material nonlinearity is not considered in contact analysis, whereas the nonlinear ity 
due to deformation of the contact, and other associated boundary conditions are automatica l ly 

considered by ANSOL. 

For the accurate computation of contact stresses, it is important to capture the three-
dimensional variation of curvature and the load intensity, including the effect of manufactur ing, 

i.e the influence of cutter geometry on the macro and microgeometry of the gears. ANSOL 
HFM is a program that works based on a surface integral method to generate the geometry with 

the required resolution. In addition to this, there is a displacement of the contact surfaces due 
to compliance in the system and is considered by ANSOL. 

 

Figure 31 Size of contact patch in relation to the size of overall contacting surface on the gear tooth (left). Close 

view of the contact pressure contour (right) [1]. 

Based on the generated surfaces, course discretization is performed automatically on macro 
geometry. The instantaneous gear contact patch is several times smaller than the overall size 

of the contact surface as seen in Figure 31 (left). The contact pressure sharply varies in the 
contact patch as seen in Figure 31 (right). This contact patch moves to different roll positions 

and thus it is necessary to have very higher refinement of mesh in the entire tooth. This can 
make the FE model very complex and inefficient. To counter this problem, ANSOL performs 
adaptive re-meshing with high refinement at the contact patch and a smooth transition in the 

vicinity for each roll positions. ANSOL is a semi-analytical- FEM tool that eliminates the need 
to approximate the hypoid surfaces as elastic-half spaces for computation.  

  

Figure 32 Mesh attached to body with separate computational grid(left) matching of finite element field with 

surface computational grid (right). [1]  
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ANSOL considers a minimum distance around the contact patch as a finite space and computes 
the relative displacement of the discrete points within the contact zone using the classical 

tribological approach. For the rest of the area, it uses the classical finite element approach to 
compute the displacement of elements isolated from the contact zone. ANSOL combine this 

result using a proprietary surface matching method of two templates that represent the tooth. 
For making this process computationally efficient, ANSOL employs a combination of FEM 
with a surface-integral form of the Boussinesq solution [1]. 

Two fields with computational grid and finite element mesh as shown in Figure 36 (left) are 
used. Superposition by interpolation of the results from the refined surface grid with the course 

subsurface finite element field as shown in Figure 32 (right). The quality of surface and 
subsurface stresses computed are very important in fatigue computation and ANSOL tunes the 
optimum contact parameters automatically for convergence. A similar method can be used for 

future work to include surface topography and lubrication. 

2.5 Material properties and surface treatments 

The subsurface contact stresses for higher contact width makes the case and core material 
properties at depth also very important [64]. The general material properties favourable for 

gears include hardenability, and wear resistance, in addition to high toughness, fatigue strength, 
yield and ultimate strength. Importantly, characteristics that give the distinctive advantages are 
homogeneity (smaller and statistically lesser surface and subsurface defects), microstruc ture 

(austenite grain size), stability with machining. In addition to these features, surface treatment, 
heat treatment and alloying elements also play a decisive role in fatigue performance in major 

steels like 18CrNiMo7-6, 20MnCr5, 42CrNiMo [3,4,24]. Commercially it is not viable to 
include most of the decisive factors mentioned above to find their influence on fatigue life in a 
computational model. However, the impact of defect size and hardness can be measured along 

with fatigue strength individually in tension, compression, and shear with influence of mean 
stress. The maximum equivalent stress distribution in the subsurface area decides the optimal 
hardness and case depth [19] to achieve the required ductility of the core material. 

Material properties in combination with suitable fatigue criteria are key in determining the 
fatigue life [59]. Material properties are used to define S-N curve, Haigh diagram and the stress-

strain curve, and critical stresses that are required for computation of fatigue life. The size, 
surface roughness, residual stresses, chemical compositions, heat treatment, operating 
temperature, the methods of manufacturing of material can change the local fatigue limits of 

the material [24,19]. The hardness defines the ability of the material to resist plastic 
deformation of the material for longer cycles of contact stresses. There are studies with fatigue 

limits defined based on Ὄȟ the Vickerôs hardness value on the pinion surface as a gradient from 
the surface and have found good correlation [24]. Details of the relation of hardness with 

material properties are discussed in the appendix. 

2.6 Prestress methods (residual stress superposition) 

The gears are subjected to heat treatment and special surface treatment. General heat treatment 
is case hardening. In special cases, additionally, the gears are shot-peened. This induces high 

compressive residual stresses near the surface which helps in countering any tensile stresses 
near the surface and reduces the growth of cracks. The basic principle of superposition of 
residual stress is based on linear elastic fracture mechanics theory. Presence of high 

compressive residual stresses near the surface does not allow cracks to propagate deeper. There 
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are several methods used to replicate the residual stresses in the finite element calculations, 
thermal boundary conditions are used to map the compressive residual stresses below the 

surface with the stress-free surface [40]. In one of the previous thesis at GKN KOP [5], different 
methods were explored and linear superposition with initial condition method is adopted in this 

thesis. The adopted method does not consider free stress conditions on the surface. The map of 
stresses is as extracted from the results of XRD tests, similar to the one shown in Figure 33. 
The actual residual stress profile used in this thesis is described in the pre-Study section. These 

XRD tests represent the stress variation as a function of depth up to a few 100s of microns. 
Assumptions are made to map the stresses up to case depth based on literature [3]. There is 

sharp variation in residual stresses near the surface and straightens in the depth direction 
towards the core as seen in Figure 33 [3]. The residual stress in case-core transition zone is not 
known and it is assumed that the tensile transition happens below the case. For this thesis, the 

equilibrium tensile stress at the case core transition is neglected as the subsurface stress peaks 
are within the case, few millimeters from the surface. This shall be clarified in the subsequent 

sections. The initial conditions for residual stresses replicate hydrostatic compressive stresses 
state as per the assumption that there are compressive principal stresses and no shear stresses 
due to heat treatment [15, 24]. Since it is hydrostatic stresses, the directions of induced principa l 

stresses in moving contact are unaltered. 

 

Figure 33  Graph illustrating the residual stress distribution along depth for different surface treatments [3]  

2.7 Finite element fatigue analysis 

Finite element fatigue analysis is used to study the effect of the critical stress history in one 
complete mesh cycle to compute fatigue life. The fatigue computations are performed on the 
three-dimensional tooth with finite element mesh. FEMFAT, the commercial tool used 

considers the three-dimensional stress field at surface and subsurface. It considers stress 
amplitudes at eight other nodes surrounding each node to compute the stress gradients that 

influence local fatigue life. For multiaxial fatigue analysis, it calculates the equivalent stress 
history in each plane at individual nodes and selects one plane at which stresses are critical for 
damage computation. There are certain filters chosen to selectively pick nodes and angle of 

critical planes to improve computational efficiency. The difference between both the criteria 
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depends on the method of calculation of equivalent stresses and the criteria for selection of 
critical plane. In this thesis, two fatigue criteria are selected for evaluation. 

A.  Scaled normal stress in critical cutting plane criteria:  

The amplitude, and mean values of principal normal stresses ʎ, ʎ and ʎ are scaled 
based on the ratio of minimum to maximum normal stresses which gives a measure of 
the dominance of shear loading. The critical plane is selected based on the ratio of stress 

amplitude limit to the maximum induced amplitude stress based on stress history. 
B. M odified equivalent stress in critical plane criteria :  

The equivalent stresses are calculated based on amplitude normal stress, amplitude 
shear stresses and the ratio of alternating tensile strength to alternating shear strength. 
In this case, the shear stresses are weighted directly for reduced operating fatigue life. 

The critical plane is selected based on the magnitude of equivalent stresses along the 
history of equivalent stresses at different time steps. 

The ratio of alternating tensile limit to the alternating shear limit is unique to the material and 
is very critical for calculation of equivalent stresses for both the criteria. In addition to this the 
effect of mean stress should be obtained from testing. The criteria above must be suitable for 

material properties used in this thesis and also the superposition of negative hydrostatic stresses 
used to replicate residual stresses. 

2.8 Damage and accumulation 

High cycle fatigue damage analysis is done based on the calculated equivalent stresses in 
critical plane. The material characteristic graph or S/N curve is used for selecting the number 

of cycles for corresponding equivalent stresses in comparison to fatigue limits. Modified Miner 
rule is used for accounting for accumulation of damage as shown in Figure 34. It is a bilinear 

rule where it follows a classic miner rule for stresses above fatigue limit. Besides, also 
considers the stresses below the fatigue limit for damage accumulation in the calculation that 
follows a different slope as shown in Figure 34.  

 

Figure 34 S-N curve illustrating Modified Miner and several other types for finding limiting number of cycles 

for stresses below fatigue limit. [14]. Damage vs number of cycles (right) 

It is important to note that the damage value corresponds to the local fatigue life at which there 
is the initiation of crack. Linear damage accumulation rule based on Palmgren-Miner 
approximation is used [13, 19] which assumes consumption of life due to each stress cycle at 

given stress level is the same, regardless of whether the stress cycle is the first, or last, or an 
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intermediate cycle in the life of the component. There are other damage nonlinear damage 
accumulation methods adopted in the literature. Since there is a lack of knowledge of the crack 

propagation and material properties, it is reserved for future work. 

In this case the damage is computed as the ratio of the number of cycles on tooth flank ónô to 

the limiting number of cycles at corresponding stress level óNô derived from the S/N curve. 
Since the tooth flank loading corresponds to one complete mesh cycle, the inverse of damage 
is the local fatigue life. For a single mesh cycle, damage distribution is obtained on the tooth 

surface from Eq 1 and the local fatigue life is also obtained. 

Ὀ
ὲ

ὔ
ρ Eq 1 
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3  DEVELOPED METHOD FOR MODELLING  

In this chapter, the working process is described. A structured process for modelling and 
simulation for the study of gear contact and computation of fatigue life. 

3.1 Modelling workflow 

The Engineering design problem considered in this thesis is related to understanding contact 

fatigue and analysis of possible influence factor associated with design of hypoid gear pair. 

The design process is carried out in prior to this thesis at GKN and the general design process 
is as illustrated in subsequent section.  

3.1.1  Design procedure for hypoid gears 

Generally, the design objective is to obtain a gear set that operates with required durability and 

under acceptable noise conditions with minimum cost and time for manufacturing and testing. 
The design procedure of hypoid gears is complex and based on the design objectives, the 

method of approach can change. A generic overview of the design process concerned with 
contact geometry of gear pair can be as follows: 

1. Basic geometry definition:  The starting values like offset, outer cone diameter of 

wheel, number of teeth, hand of spiral and ratio are decided based on torque, speed and 
applicaiton. This will help in overall calculation of starting values of major geometries 

like spiral angle, pressure angle, profile shift, module etc, using equivalent cylindr ica l 
gear references for load capacity calculation. Most of the times, commercial gearbox 
manufacturers have fixed or known range of starting values from previous designs.  

2. M acro Geometry calculations: The macro geometry calculations are done based on 
the starting values obtained in the previous step. The load capacities are calculated 
based on ISO10300 or equivalent standards for hypoid gears. The geometries are 

optimized for balance of load capacities. The saftey factors are assessed at consolidated 
equivalent load cases to maximize load capacity for relative comparison. Depending on 

the type of failure, the allowable saftey factors are ensured. If the gears are found to be 
under sized, then the starting values are altered to increase size and obtain allowable 
saftey factors for further optimization.  

3. Ease off synthesis: The fitting surfaces are calculated for conjugation of macro 
geometry along with suitable flank modifications. The ease off at all points of the flank 

is synthesized. In this step the desired contact pattern is obtained and optimized. Along 
with flank modifications, the effect of load-based misalignments due to shaft 
deflections, manufacturing and assembly deviations are incorporated to study contact 

pattern. It is important to note that this step also involves inclusion of the machining 
kinematics and resultant surface. It is an iterative process where the micro geometry is 

changed until a desirable contact pattern without any concentration of pressure or 
curvature is ensured. The desired contact engagement and disengagement motion is 
obtained with optimized contact pattern. 

4. Loaded Tooth Contact analysis: The synthesised tooth geometry along with ease off 
topographies are used to define a finite element model of tooth. The geometry 

interaction under different loading conditions are studied in this step. At different 
consolidated loading conditions, the contact stresses, distributions, specific sliding, root 
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bending stresses, curvature at sensitive areas of flank and the transmission error are 
assessed. The ease off topographies are fine tuned to obtain a balance of all the decisive 

factors within acceptable limits in an iterative process. It is important to observe the 
resultant contact parameters from macro geometry and ease off that result in critical 

contact conditions that influence contact fatigue. The gear pair is designed using a tool 
called KiMoS, which is dedicated for design and analysis of Bevel gears. Most of the 
parameters necessary for design, calculation, ease off synthesis and loaded tooth contact 

analysis and the neutral file was available which can help in modelling the hypoid gear 
pair for contact analysis. 

5. Final design: Most of the above steps are done in co-ordinated in sequential manner to 
help an iterative design and learning process. The gear behaviour within the system of 
shafts bearings and housings are established for understanding influence of 

misalignments and assembly conditions. To understand the contact behaviour under 
influence of micro geometry modifications and displacement of the gear pair, the gears 

are manufactured with processes selected based on design requirements and are tested 
for contact pattern with and without load. This can give a clear indication of kinematics 
and contact pressure distribution. Once this is ascertained, the flank modifications are 

modified suitably to minimize the transmission error through iterative testing process. 
The gear material and the hardness are generally decided based on optimum hardness 

depth based of depth of shear stress and the contact width at different torque levels. 
Currently, the gear and pinion are set to same hardness using carburizing method of 
heat treatment based on previous testing experience. The gear pair are shot peened both 

on the flank and root based on stresses and saftey factors requirement. 
6. Verification and Validation : The gear geometry, machine settings and other process 

or system parameters related to contact behaviour are established and inspected with 
quality control standards to ensure gears geometry is within acceptable tolerances. The 
resultant hardness and the residual stresses gradient are tested for further validat ion. 

Once the design and process parameters are well established, the efficiency, durability 
and NHV test procedures are formulated. The complete system is subjected to running 

in procedures based on standards. Generally, the gear pair is tested to estimate the 
durability of different components in the system in reduced number of cycles than 
actual loading conditions using accelerated testing methods. The tests are designed 

based on system requirements to satisfy given fatigue duty cycles for road load data as 
a target defined by automakers. Corresponding to the road load data, the torque and 

speed values are consolidated using the duty values to design a Wohler test (constant 
torque and speed) and a key life test ( bins of different constant torque and speed) and 
dynamic testing for durability and reliability analysis. Different failure modes and 

influence of different system parameters are tested and the data is further analysed to 
either iterate and optimize gear design or to approve the gear design based on surviva l 

rate of gears under testing conditions.   

These activities from design conception to testing was already done prior to this thesis. The 
final design data and physical testing observations are used in this thesis for estimating contact 

fatigue life and failure analysis. 

3.1.2  Contact fatigue modelling 

Typical modeling workflow for design with focus on contact fatigue include includes, design, 
contact analysis, computation of stresses, consolidation of load cases, computation of fatigue 
life and iterative design process for optimization of geometry and ease off. A typical procedure 
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is represented in Figure 35 that depicts the existing procedure. There are several tool-based 
influence parameter based enhancements added to such standard procedure in this thesis. 

 

Figure 35 Typical design to contact fatigue workflow in hypoid gear design. [57]  

There are two major branches of approach to computing contact fatigue, namely 

1. Subsurface fatigue: The failure is assumed to be a natural phenomenon where the bulk 
material under the surface is subjected to rolling contact alternating stresses under ideal 
surface conditions. The subsurface stresses are the key contributor to this type of fatigue 

2. Surface fatigue: The failure is assumed to be premature due to lubrication starvation 
and increased temperature and it is generally termed as rolling sliding contact fatigue 

with high shear in the surface stress states being a major contributor for fatigue. There 
are several other mechanisms with asperity loading and micro stress cycles with tensile 
stresses at the surface leading to initiation of micro cracks at the surface. 

The key focus of this thesis is subsurface fatigue. The procedure has stage-wise verification of 
the methods adopted that are discussed in the subsequent sections. Since the capabilities of 

computational tools and accuracies of modelling influences factors are uncertain, it is important 
to do an iterative study for full scale computationally efficient model. This method has two 
iterative loops for contact analysis and fatigue analysis to ascertain accuracies of stresses and 

fatigue life. 

The Simulation variants as described in Table 1 are decided based on requirements to study the 

contact analysis methods, the effect of friction, effect of the material properties, heat treatment, 
quantified in terms of residual stresses and fatigue criteria. 

Table 1 Tabulation of the variants of simulations performed 

Method of analysis FE Surface Integral hybrid 

with FE 

Coefficient of friction 0 0.12 

Material Properties Material A Material B 

Heat treatment Case hardened Shot peened 

Fatigue Criteria Scaled normal stress in the 
critical plane 

Modified equivalent 
stress in the critical plane 
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3.2 Modelling of hypoid gear pair 

Table 2 Gear details 

Gear type Hypoid Gear  

Driver Pinion (ground) 

Hand of pinion Left 

Loaded flank on ring gear Convex 

Loaded flank on pinion Concave 

No of teeth Pinion 12 

No of teeth Gear 31 

Ratio 2.5833 

Heat treatment Case hardened and Shot peened 

Table 2 gives basic information about the hypoid gear pair as obtained from the design process 

performed prior to this thesis. Apart from this, important gear geometry like hypoid offset, face 
width, profile shift, spiral angle, pressure angle, diameters, modifications, ease-offs are used to 

define the gear set. The main model for simulation is for high torque RDU at constant torque 
640 Nm at 1200 rpm. 

ANSOL HFM is a tool used to generate gear pair with finite element mesh and extract stress 

states and other tribological parameters. It is a program that runs in the background of a user 
interface called HFM-Guide that makes it easy to use commands to setup the analysis for 

computation of stress and other functions. 

3.2.1 Pre-processing 

The hypoid gear model is set up for simulation stage by stage using different tools as follows: 
1. Import geometrical gear data:  

Hypoid gear design and calculation tool called KIMOS is employed in generating the 

gear details with macro and micro geometry parameters. The pinion and gear details 
are imported from the KiMoS file in ó.kipô format into HFM. 
Under the óEDITô menu, the submenu óSPAFILEô is used to import the ókipô file. The 

measurement units for analysis are generally taken from the imported file itself, but one 
can ensure this under the same submenu. In this analysis, it is set to default as N-mm. 

All the macro and micro geometry details are automatically read and populated in the 
respective categories by HFM program. One can check the same under, óPINIONô, 
óGEARô, which contain the gear macro geometries, modifications. The material 

parameters are as per the definition in KIMOS file and are directly imported and set to 
default. 

2. Define initial  conditions: 

The analysis parameters are set under óSYSTEMô submenu. Major system parametes 
like driving gear, driving side of ring gear, coefficient of friction, torque in N-mm and 

speed in rpm are input under this submenu. 
3. Define Misalignment: 

óDOASSEMBLYERRORSô option enables the user to consider the misalignment due 
to deformation under loads in the system. The shift or displacements in contact patch is 
defined by V, H, R and Beta values are extracted from system models built on another 

system calculation tool called Romax. These values are defined in terms of mm and 
degree, respectively. V H R Beta is synonymous to E P G Alpha in coordinate system. 
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The value of EPG Alpha changes for different torques and speeds and should be 
individually changed for different torque and speed combination in each simulation. 

4. Define contact analysis parameters: 

Under óSETUPô menu, different analysis settings must be made. Initially, the contact 

separation tolerance óSEPTOLô is set to 0.1 beyond which the tool skips the contact 
object.  

5. Defining the mesh or grid: 

Geometry is very complex three-dimensional curvature mesh should include the 
varying radii of curvature and sufficient discretization is very essential. The variable 

NPROFDIVS is the number of contact patches or cells that will be used across the width 
of the contact zone. It is set to max possible value i.e 8. The variable NFACEDIVS 
controls the number of contact patches or cells that will be used along the length of the 

contact zone and is set to max possible value i.e 50. This will ensure highest refinement 
of the contact patch to capture contact stress more accurately. 

In addition to this, the ADAPTIVEGRID is enabled which makes the contact grid 
change sized adaptively in the profile direction. Due to moving line/elliptical contact 
the refinement of grid as shown in Figure 36 will be required at different positions in 

contact patch for accurate computation of contact pressure distribution. This is 
important as the contact stress and hence fatigue computation is highly dependent on 

the stress gradient and the magnitudes. 

 

Figure 36 Illustration of a pinion tooth adaptive mesh refinement near the moving contact for computation at 

each time step. (ANSOL, n.d.) 

NTIMESTEPS option can be used to define the time steps in quasi static simulat ion, 
where gear mesh cycle is divided into different time window for analysis and is defined 

with sufficient discretization. In this thesis, 21 timesteps, Ўὸ are chosen for better 
refinement of stresses distribution due to moving line/elliptical contact at varying 

geometry with different radii of curvature. Duration for each time step can be defined 

under óDELTATI MEô. As seen in Eq 2, the time duration Ўὸ can be calculated using 
the rotation speed of pinion ὔ , the number of teeth on the pinion ὤ and ὸί the number 

of time steps. The objective is to obtain one full mesh cycle of one of the tooth on the 

pinion. The product of time step and duration gives complete time of analysis. The 
following formula gives the relation, 

Ўὸ
ρςπ

ὤὔ ὸίρ
 Eq 2 

All the other input parameters are set to default. The model has sufficient details for 
performing contact analysis. The contact analysis is performed with two different 
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approach and results can be extracted for both approaches without any change in the 
model setup described in this section. The contact model is set up as illustrated in the 

Figure 37, However. ANSOL performs the computation for 1 single tooth with suitable 
boundary conditions to consider the rest of the tooth. 

 

Figure 37 An illustration of finite element model of the gear pair. [2]  

3.2.2 Post-processing 

The óSTARTANALô option is used to simulate the contact of the gear pair. ANSOL-HFM 

program is semi-analytical-FEM and computes the geometry and constructs the grid or mesh 
based on the moving elliptical contact and discretizes adaptively near local contact patch. It 

computes different tribological parameters like three-dimensional surface with local radii of 
curvature, rolling and sliding speeds, contact load intensity (force/length), contact patch width 
based on semi-analytical methods. This data is further used to compute local deformation, 

contact pressure, the distribution of contact stress and strain tensors, at discrete points based on 
hybrid surface integral-finite element model [1]. Certain options are discussed in further 

sections to take the direct finite element method alternatively. The next stage is post-processing 
where the results of the simulation model are stored in postproc.dat fine. 

There are two approaches to post-processing: 

1. Hybrid surface integral- finite element approach 
2. Finite element approach 

 
3.2.2.1 Extraction of results 

The post-processing is done in two stages: 

1. Extraction of tribological parameters using óPATTERNô command. Generally, the 
contact pressure, rolling and sliding velocities, maximum von-misses, and orthogonal 

shear stress in the subsurface is also extracted in a coordinate system along length-wise, 
profile and depth. The output is a two-dimensional map of the distribution of parameters 
along face and profile. The distribution can be studied from a .txt file. 

2. EXPORTFERESULTS option can be used to extract results in a finite element mesh. 
This FE model contains finite element mesh that can be exported in ó.OP2ô format 

(standard results format for Nastran result files). This file contains the Finite element 
mesh structure with stress and strain tensors, for different time steps along the mesh 
cycle. Though the software computes the stresses based on the adaptive grid 

discretization, the exported file contains stresses aggregated for specified uniform grid 
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size for all roll positions. This tool can export only one tooth at a time with selectable 
windows of roll positions identified by time steps in a mesh cycle. 

 

Figure 38 An illustration of contact grid with coordinate system reference [2]  

 

Figure 39 An illustration of mesh discretization for thickness and elemental coordinate system with the 

numbering convention. [2]  

The settings for extraction of results for two different approaches of contact analysis differ 

and is mentioned in subsequent sections. 

3.2.2.2 Finite element parameters 

The following settings are used in the EXPORTFERESULTS option: 

1. Elements selection: The elements used are quadratic hexahedral elements as they have 
middle nodes that help to aggregate stresses more accurately. Since pinion is of interest 

in this thesis, the pinion surface is selected. Each element has 20 nodes. 
2. Defining the mesh grid for 3D tooth body: NXI, NETA, NZETA are the number of 

elements in the teeth coordinate system as shown in Figure 38. NZETA is set to 24 as 

we need a higher number of elements on the face in proportion to the number of 
elements on the profile. 
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3. Defining surface refinement: Surface refinement option is enabled to refine the 
elements near the contact surface. 

a. SURF_NXI and SURF_NZETA define the number of elements near the edge 
of the ends of the teeth near the toe, heel and the tooth tip. SURF_NETA defines 

the number of elements in the depth direction as shown in Figure 39 
b. The SURF_A corresponding to each of the directions defines the density of 

elements in the given direction. The density can be defined such that higher 

refinement of elements closer to the surface with an increasing thickness along 
the depth. This helps in superimposing the residual stresses in the layers formed 

based on thickness of elements in-depth direction. The settings for distribut ion 
of mesh density is as per settings illustrated in Figure 40 (left). This was found 
to be appropriate for capturing both contact stress variations as well as residual 

stresses. 
4. Hybrid Surface integral finite element field settings: This option uses the Hertzian 

field, local relative displacement of surface to compute the local and global stresses 
accurately [1].  The option stated below are not selected for pure finite element method. 

a. The most important setting here is the óUSE LOCAL FIELDô enabled. The 

finite element methods are used in combination with surface integral solutions 
to computing the three-dimensional stress distributions in the finite element 

field with higher refinement in and around the deformed elliptical contact.  
b. Finite element field is defined using óDISTMINô parameter, setting the 

minimum distance from contact point, where local compliance or deformation 

is used to compute stresses. Generally, nearest contact points are searched to 
sample the finite element space around contact point to compute stresses. The 

recommended value for óDISTMINô is one-third of the tooth-height (minimum). 
The distribution of stresses in Figure 40 (right) gives an illustration of finite 
contact zone is and corresponding stresses around that zone is also computed. 

It was found that the discretization and the size of elements significantly affected 
the results and keen importance is given to tune the discretization and capture the 

required features for both the methods. 
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Figure 40 Mesh settings to export results on ANSOL HFM (left). An Illustration of Meshed tooth refinement and 

deformation zone(right) 

3.3 Visualization 

The kinematics of motion or the variation of stresses, sliding velocities, directions and contact 
pattern can be visualized using HFM IGLASSVIEWER as shown in Figure 41. This can be 

used to identify the critical area at different roll positions with animations of gear mesh and 
identify different requirements. Any abnormal distributions of magnitude or pressure or 
stresses if found can be used to observe and iterate for accurate tuning of the model. 

HyperView can be used to import the OP2 files and visualize the stresses in detail along 
lengthwise, profile and cross-section. The export solver-deck option can be used to export only 

the finite element mesh as a Nastran ó.bdfô file for superimposition of residual stress in MSC 
Marc. 
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Figure 41 An illustration of rolling (blue) and sliding velocity (red) indicating directions at three different teeth 

with line/elliptical contact pressure distribution in line contact in IGLASSVIEWER 

3.4 Pre-stressing (residual stresses) 

The residual stresses due to case hardening and shot peening are as described in the Pre-study 

section Figure 45 (left). Suitable finite element mesh layers are created in ANSOL ó.OP2ô file 
to capture this variation of both contact stresses and the residual stresses with suffic ient 
resolution. Though there is higher discretization in the depth shown on graphs (Figure 45-left), 

the thickness of the layers is selected to obtain good aspect ratio in the mesh which otherwise 
would lead to a very high number of elements and numerical instabilities in the analysis. 

Method of prestressing with the initial condition on MSC Marc Mentat: 

1. The Nastran mesh file is imported in .bdf format.  
2. Face-flood, node-based elements selection and control-set options are majorly used to 

select and define element layers. The mesh layers are grouped based on stress variation 
and element sets are created as shown in Figure 42. 

3. The initial condition of the stress state is defined using stress tensors. The global 
coordinate system is used as the geometry is complex to define local system based on 
depth, profile, and face coordinates. It is important to be noted that there is no 

displacement assigned to the elements and only stresses are defined in initial conditions. 
4. The residual stress variation curve has a sharp variation with steep gradients, and it is 

divided into different steps based on element thickness and depth and the corresponding 
interpolated stress values is assigned to the layer of elements. 



 56 

 

Figure 42 An illustration of layers of elements along the depth of tooth profile defined  from the surface. 

3.4.1 Definition of residual stresses 

Each layer is assigned to initial conditions based on their depth from the surface. The init ia l 
stress condition on MSC Marc Mentat is defined as: 

1. The normal stresses, ʎ , ʎ  and ʎ  set to respective compressive residual stresses in 

all three directions based on the depth. 

2. Shear stress components, ʐ , ʐ  and ʐ  are set to zero 

The advantage of this setup is that the contact stress directions are unaltered as discussed in 

frame of reference. The boundary condition of fixed displacement is used at the base of the 
tooth, as it is necessary to complete the analysis set up though there are no stress calculations. 

The analysis is set up with a quasi-iterative method and since there are no finite element 
calculations involved, the solution is obtained very less time. The resulting file with mesh 
geometry and map of residual stresses can be exported as a ó.OP2ô file for fatigue post-

processing and superimposition of residual stresses. 

3.5 Fatigue life computation 

As the objective is to compute fatigue life at initiation of spalling failure, the stresses and 
influence factors are selected accordingly. The fatigue evaluation is done on a commercial tool 
called óFEMFATô, specialized in finite element based fatigue calculation. The tool has different 

options to compute fatigue damage based on stresses, gradients, material properties, residual 
stresses, statistical factors, and several other influential factors. 

ANSOL gives three-dimension stress state for each roll position in the moving ellipt ica l 
contact, the rolling and sliding speeds along the line vary. One stress cycle at any point on the 
gear tooth corresponds to one complete mesh cycle from engagement to disengagement of the 

gear tooth. To accommodate the complex, a variety of stress states, multiaxial fatigue analysis 
is done on the complex stress states at each time step to compute damage. This case of contact 

fatigue falls into transient, multiaxial, non-proportional cyclic loading and the appropriate 
module called óTrans Maxô is selected on FEMFAT [14].  It is done using a simple stage-wise 
definition of the fatigue evaluation model. 
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3.5.1 Model setup 

FEMFAT has stage wise model setup from defining the mesh geometry and stresses as 

mentioned below: 

1. Finite element mesh is imported either in Nastran model format like ó.datô (exported 

with predefined surface layers from MSC MARC). 
2. Import of stress results for transient contact analysis. The results extracted in ó.OP2ô 

file in HFM, contains results for all roll positions. All the stress files imported are at the 

same torque and speed but different roll positions. 

It is important to ensure that the mesh geometry imported in different stages have same mesh 

structure and are consistent throughout the subsequent steps in the analysis. One load cycle is 
equivalent to the stresses experienced at the contact surface from engagement to disengagement 
of a tooth at all the roll positions. Different load levels can be evaluated, to obtain the 

cumulative damage, by repeating similar procedure and FEMFAT cumulates the damage 
linearly. 

3.5.2 Material models 

The material definition is one of the important aspects of fatigue life estimation. The material 

can withstand higher mean stresses when subjected to contact stresses [18]. Material properties 
are used to define S-N curve, Haigh diagram and the stress-strain curve, and critical stresses 
that are required for computation of fatigue life on FEMFAT. The material definition is done 

using material generator with base material of case-hardened low carbon alloy steel on 
FEMFAT and specific hardness requirement in FEMFAT based on theory discussed in Frame 

of reference.  

Table 3 Material properties from FEMFAT 

 Material Properties Tension in MPa Shear in MPa 

Material A Ultimate Strength  2210 1282 

Yield Strength 1340 774 

Pulsating Strength 1059 738 

Alternating Strength 888 513 

S/N curve slope 13 - 

Material B Ultimate Strength 3000 1732 

Yield Strength 2400 1386 

Pulsating Strength 1500 1029 

Alternating Strength 1275 736 

S/N Curve Slope 11  

The material properties used are as shown in the Table 3. Two different types of materials are 
used in this thesis, namely, 

1. Material-A is defined based on hardness requirement on the surface [24] 
2. Material B is defined based on ISO 6336-5 [23] for contact stress limits for case 

hardened alloy steels. 
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3.5.3 Fatigue evaluation criteria 

The fatigue evaluation is based on the stress components for different timesteps in one 

complete mesh cycle. The stress state represents multi axial non-proportional cyclic variation 
of stress tensor components. The fatigue criteria considered in this thesis is selected based on 

equivalent stress analysis, to closely represent proven theories like Liu-Mahadevan [60], and 
Findleyôs Criteria [42,43]. The models are discussed in depth in the appendix section. In 
FEMFAT two different multi axial fatigue criteria have been compared in this thesis, namely: 

1. Scaled normal stresses in critical plane 
2. Modified equivalent stresses in critical plane 

Filters are chosen for selecting nodes with mean stress value greater than 30% of the ultimate 
strength of the material. And critical plane is searched for at intervals of 100 for equiva lent 
stress analysis. These settings help in improving computational efficiency. 

3.5.4 Influence factors for fatigue evaluation 

Further to the above-mentioned fatigue criteria, there are several factors considered for fatigue 

life calculation. The influence factors are used to account for: 

a. Relative stress gradients in surrounding nodes 

b. Statistical variation of material properties 
c. Size factor of the component 
d. Impact of mean stress plus alternating stresses 

e. The heat treatment and Constant residual stress 
f.  Influence of rotating principal stresses 

The survival probability of the specimen material is assumed to be ideally 97.5 %. The physical 
testing with lower sample size in automotive industries follow standards of 50% surviva l 
probability. Thus, the fatigue life is calculated for 50% probability of failure, helping direct 

correlation with physical test data (GKN KOP, n.d.). A constant residual stress influence is 
considered for equivalent stress analysis. Several other filters are used for improving 
computational efficiency. Effect of repeated loading sequence and plasticity is neglected. 

3.5.5 Damage accumulation and fatigue life computation 

Linear damage accumulation is considered without the influence of loading sequence meaning 

the effect of equivalent stresses at a node is same irrespective of it being at the starting or 
ending stage of crack initiation fatigue test. In addition to this modified miner rule is used on 

FEMFAT to account for damage due to the stresses below the fatigue limit on the S/N curve. 
The number of load cycles limits at any stress level in tension or compression is obtained from 
the S/N curve for the material. The new limit for number of cycles is formed based on the 

calculated equivalent stresses in the critical plane. This is further used to calculate the damage 
or fatigue life locally at each point in one complete mesh cycle for initiation of spalling failure. 

Method of computation of fatigue life: 

The damage distribution is more concentrated at the critical stress locations that indicate the 
highest probability of initiation of spalling cracks. Generally, the definition of spalling [7]  

depth is defined by the width of contact which is approximately 1mm [Figure 56]. Thus 1 sq 
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mm area is considered in critical area to obtain the component fatigue life from local fatigue 
life. As shown in Figure 43, the damage is concentrated at multiple locations indicating that 

failure may initiate at multiple locations. Damage initiated at two different locations may meet 
leading to a bigger crack [25]. Thus, another average is taken for peak damage in close vicinity 

and the inverse of this average damage value is fatigue life of the component. 

            

Figure 43 Typical distribution of damage on the pinion flank (left). Highlighted critical location for initiation of 

failure with changed scale (right). 

The focus of this thesis is pinion as it is more vulnerable to contact fatigue and most of the 
illustrations and the results are regarding pinion. However, a similar method can be followed 
for gear tooth to find the contact fatigue life of ring gear tooth as well. 

3.5.6 Empirical correlation 

The experimental results are correlated using Weibull statistical analysis [74]. The 

experimental data for multiple tests with case hardened and shot-peened samples are used. The 
life of the gears obtained are assigned median ranks or percentage probability of failure based 
on 50% confidence interval. This percentage probability of failure is plot against the life (No. 

of revolutions) to obtain Weibull shape parameter and characteristic life. The statistical results 
for further calculations are derived from equation of the line. The method and calculation files 

are only applicable to cases with experimental data on all the components failed, but the 
Weibull analysis changes if few components have survived through the stipulated life. 

This Weibull exponent can be used with probabilistic theories like Lundberg-Palmgren for 

computing the local fatigue life based on the subsurface shear stresses. The calculation of the 
local contact fatigue life from using Lundberg-Palmgren criteria is as per Eq 3, where the local 

stress, depth and the subsurface volume is considered. 

ὰὲ
ρ

Ὓ

ὔ‌ † Ўὠ

ᾀ
  Eq 3 

The Eq 3 represents the probability of survival for individual volumetric element for subsurface 
fatigue life based on the maximum orthogonal shear stresses and the depth at maximum stresses 

[13]. If a probability of survival of 50% is substituted and the Eq 3 can be modified to find the 
L50 or the local life at 50% probability of survival. This local life can be used to compute the 

life of the component using Weibull weakest link theory. The constants c, h, ‌ are picked up 
form previous research work [13,10,76]. Though the strength, lubrication conditions and the 

inclusions differ for the material used in this test, the Weibull exponent e and the constant ὑ 
helps in compensating for the changes to be incorporated in the equation to suit the current test 
conditions. If tests are performed at different torque level and the stress levels are recorded, the 
stress exponent, depth exponent and the material constant can be tuned with more accuracy and 

can be further used to new designs at virtual analysis stages to predict the fatigue life. The L50 

in the Eq 4 is the local life at 50 % probability of survival where +  represents all the constants 
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which can be tuned from the experimental results. This can be different for different operating 
conditions materials and heat treatment and can be tuned using the Weibull statistical analysis. 

In this case the analysis is done for both specimens with case hardened and shot peened test 

data and the Weibull slope and the constant +  is tuned according to the data in Figure 75 from 
MCH is Weibull slope for case hardened specimen and MSP for case hardened and shot-peened 
specimen. This theory assumes the time interval between fatigue life initiation and failure 

propagation is negligible. Thus, the life at fatigue initation for 50% probability of survival can 
be obtained from the Eq 4. 

ὒυπ ὑὰὲ
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L10 and L50 obtained from experimental data is also used to tune the material constants. The 

global life of the pinion tooth is obtained from the Eq 5 where cumulative effect of local life of 
each element is considered based on Weibull probability of survival. 

ὒυπ ὒυπ  Eq 5 

In Eq 3 and Eq 4 the term † denotes different stresses orthogonal shear stresses for computing 
the fatigue life. For modified Lundberg-Palmgren criteria, the orthogonal shear stresses is 

replaced by effective stresses that which is sum of residual stresses and maximum shear stress 
[13]. From this the gradient of residual stresses based on the corresponding depth of maximum 
shear stresses are used to obtain effective maximum shear stress as seen in Eq 6. 
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The Ioannides Harris model represented by Eq 6 and Eq 7 can be used to compute probability 
of survival discretely with the effect of a fatigue limit value. The fatigue limit can be locally 

defined based on hardness gradient along the depth where von-mises stresses are maximum.  
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Eq 8 

The parameter K and the Weibull exponent e can be tuned or fitted to testing data in order to 
account for material parameters and the local lubrication conditions similar to Lundberg-

Palmgren criteria. This method can account for fatigue limit and the hardness gradient and it 
can also be applied to surface normal stresses with normal stress limit to obtain surface fatigue 
life. 
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4 RESULTS  

In this chapter the results of the simulations described in the previous chapter are compiled, 
analyzed, and compared with the existing knowledge and/or theory presented in the frame of 

reference chapter. The results and observations of preliminary failure analysis are described 
in this section. 

4.1 Pre-study (preliminary failure analysis) 

The hypoid gear pairs are tested mainly to study oil circulation, durability, efficiency and NHV 
performance. Under durability testing, the gear pair is tested for constant load and constant 

speed called Wohler testing and another variant with blocks of different loads and speeds called 
key life testing performed until the failure. Before durability testing procedure órun-inô is 

performed to check working of gear pair and other elements, including lubrication. During 
órun-inô, the gear pair is subjected to operation at different speeds and torques for a shorter 
time. The focus of this thesis is mainly to predict the life of gear pair at 640 Nm torque and 

1200 rpm speed, in correlation with Wohler testing. Various examinations are performed 
before and after tests and will be discussed in the subsequent sections. Most of the testing and 

analysis was already performed before the beginning of this thesis and the existing data is used 
to study the damage mechanisms and undermining reasons for the spalling failure. It was 
observed that the pinion has suffered a flank failure. Thus, a large part of the focus in this 

section is on the experimental observations, contact parameters, stresses, and fatigue life of the 
pinion. The testing conditions and some of the design variants vary in some of the pictures 

mentioned below with respect the heat treatment, oil circulation conditions, materials, and 
surface treatments. 

4.1.1 Examination of pinion before tests 

The pinion and the ring gear are subjected to inspection before testing. The pinion is case 
hardened before it undergoes surface treatment like phosphate coating and the shot peening. 

The failed samples are subjected to analysis with micro hardness testing, microstruc ture 
analysis, fracture analysis, surface topography analysis, residual stress profile analysis and 
wear profile analysis, both before and after testing to detect or clarify the reasons for failure at 

GKN KOP. Pre-existing small pits or the cracks can act as small oil reservoirs to supply oil in 
times of lubrication starvation and squeeze out. However, it can also lead to bursting of cracks 

due to high oil pressure [47]. 

 

Figure 44 Illustration of pits and cracks at the surface of phosphated pinion before testing. (GKN KOP, n.d.) 
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As shown in Figure 44, the surfaces have exhibited some small cracks and pits in the order of 
20 to 30 µm for phosphate surfaces. Since there is no research quantifying effect of surface 

defects in the acceleration of fatigue failure, concrete conclusions cannot be made on their  
impact. From the role of cracks or pits, it can be speculated that cracks can act as sites of high 

stress concentration where the residual stresses can relax causing reduced hardness leading to 
nucleation of cracks from these sites. The failure can originate due to propagation of these 
cracks or growth of edge of the pits during testing [33,41]. 

   

Figure 45 Residual stress profile (left), hardness profile (right) as a function of depth from surface (right) (GKN 

KOP, n.d.).( Magnitudes are masked). 

The residual stress profile for shot-peening is seen in Figure 45 (left). High compressive 
residual stresses can be observed near the surface with sharp variation, while it gets 

straightened in the after a certain depth. However, the residual stresses illustrated are up to 
depth of 0.15 mm and beyond which the trend of variation of stresses is not known. Certain 

assumptions are made to estimate the residual stress profile based on case depth [4]. Simila r ly, 
the residual stress profile in case hardening is also measured and is not shown here. More than 
10% of deviation in residual stresses can lead to an uneven variation of residual stresses which 

can lead to change in overall stress distribution and contact fatigue. However, the distribut ion 
of residual stresses is uniform along the profile and lengthwise direction on both sides of the 

tooth and are is within 5% of deviation [34]. Variation of hardness as a function of depth from 
surface is illustrated in Figure 45 (right). The hardness requirement at the surface and until the 
case depth is found to be as per requirement [35]. Also, there is deviation of more than 8 % 

seen in hardness along length wide direction [35]. The effect of this deviation needs further 
investigation. However, the measurements were at the root at three different locations in the 

lengthwise direction and hardness was not measured on the flank since it is destructive 
technique of measurement. A similar profile is assumed on the flank. 

 

Figure 46 Illustration of the section of the pinion surface exhibiting small cracks and pits at the surface for a 

shot-peened pinion surface. (GKN KOP, n.d.), 

Figure 46, illustrates deeper pits and comparatively bigger cracks for the shot-peened surface 

which can also act as potential stress risers. As mentioned above, these pits or cracks can also 
act as sites for nucleation of damage and hence accelerate the fracture process. 
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Figure 47 Surface defects below the surface of etched specimen in stereomicroscopy (GKN KOP, n.d.) [36]  

As seen in Figure 47, the subsurface defects or voids are in the order of 10-20 µm which may 

contribute to potential sites of micro stress concentrations under the surface and may accelerate 
fatigue. The effect of the defects based on their size can be studied with statistical distribut ion 
in models and is reserved for future work. However, it was also observed that usage of Ovako 

steel with generally lesser inhomogeneities also gave similar fatigue life in testing, indicat ing 
that the subsurface defects are not caused for contact fatigue. Apart from this grinding burns 

on the surface can also lead to local residual tensile stresses, acting as potential sights of crack 
nucleation or spots of stress concentration for pitting or flacking of surface. Since examinat ion 
of surface for grinding burns were not made, it is assumed that there are no grinding burns on 

the surface. In general, for contact fatigue investigations, surface topography is also measured. 
Similarly, surface roughness or topographies are not measured or documented. The variation 

in surface topographies and identification of region with higher surface roughness is important 
in study of asperity level damage mechanisms. This can help the surface fatigue modelling 
which is reserved for future scope. The three-dimensional surface profile of the pinion with 

respect to a master template is measured for the pinion and the deviation of actual profile from 
the master profile is recorded before testing. This is used as a template for further analysis of 

wear in different parts of the pinion surface after testing. 

4.1.2 General observations from pinion failure 

The signs of flank failure observed help in distinguishing between surface and subsurface 
initiated failures. Any defects or micro-cracks below the surface or micro pits on the surface 
grow gradually leading to catastrophic spalling and tooth chip off [7]. Figure 48 illustra tes 

different test samples with different types and extent of failure.  

  

Figure 48 Failure of pinion in pitting (left) and spalling (right) with different extent of damage (GKN KOP, n.d.) 
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Figure 48-1 shows failure that may have originated from pits at the surface with comparative ly 
less damage. Figure 48-2, hint on the propagation of surface or subsurface initiated cracks 

leading to the opening of crack on both sides within the surface. In general, spalls are 
comparatively shallower but wider pits, one side relatively deep with steep wall and another 

side is shallow with wall merging smoothly with the surface at an inclination. It is formed by 
gradual and progressive enlargement of pits or opening of cracks as they serve as high-stress 
concentration zones at the edge of an existing pit or merging of multiple pits [28,41]. The 

observed failure is similar to the literature as seen in Figure 48, Figure 49, Figure 50. 

From Figure 48-1 shallow and wide spreading of pits at surface can be observed. Figure 48-2 

shows surface initiate crack penetrating deeper leading to the opening of a bigger chunk of the 
crack tip. In Figure 49, the widespread of deeper pits and tooth chip-off illustrated, indicate 
possibilities of subsurface failure with steep crack propagation from the surface. Deeper craters 

with steep cracks indicate weak subsurface, indicating inadequate residual stresses below the 
surface. Thus, this can be a combination of subsurface initiation of failures, growing to meet 

the surface damage-causing wider and deeper craters. In summary, failure may have initiated 
at multiple locations on the surface and subsurface, leading to accelerated catastrophic failure. 
This can also lead to more severe overloading conditions as the damaged area grows as shown 

in Figure 49-2 where the failure has initiated at a lower point on the tooth and propagated 
internally leading to chip off. Severe damage on single tooth and lower extent of damage or no 

damage on the rest of the tooth is observed. This clarifies that there is severe overloading due 
to initiation and local relaxation of residual stress or hardness. The failures generally observed 
in hypoid gears have exhibited gradual pitting spread over the flank [27]. In this case, the failure 

has initiated from smaller surface damage while the rest of the flank remained undamaged. 
This may indicate unfavorable contact conditions in the local damage area before failure. The 

contact or lubrication conditions are better to interpret using microscopic analysis of the 
surface, to detect any possible material transfer. However, in these tests, such deeper analysis 
was not possible, as the tests were already completed. In the future, the microscopic analysis 

of the surfaces at different stages of life of the pinion is suggested for better insights of damage 
mechanism and underlying reasons for failure. It can also be observed that the kinematics of 

meshing and load-bearing between different tooth is altered as the contact compliance of tooth 
is altered due to pitting and spalling, leading to overloading of single tooth, causing accelerated 
spalling failure on the adjacent tooth. As highlighted in Figure 49, where the crack has 

internally propagated leading to chip off of the tooth. 

  

Figure 49 Pictures illustrating tooth chip off indicating subsurface propagation of fatigue failure (GKN KOP, 

n.d.) 
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4.1.3 Nature of failure 

In the Figure 50-1 the depth of the spalls are higher, with possible ligament collapsing [7] 

occurring as a secondary mode of failure, while growth of macro pits can be primary mode of 
failure. Generally, the morphology of gradual spalling is cyclone type, but Figure 50-1 

illustrates ridging morphology or the ratcheting marks in the region of fracture indicating that 
surface crack initiation and accelerated peel off material at multiple locations leading to severe 
spalling. In a certain area of the gear flank, there are marks of scoring and small pitting in 

region below the pitch line as observed in Figure 50-1. This can confirm that the initial failure 
mode of either pitting or failure of lubrication in case of scoring. There are clear signs of 

frosting with minute observation on Figure 50-2 and Figure 48-2, indicating good conformity 
in contact. It also confirms that there are no signs of micro pitting, indicating that the lubricat ion 
film is active at other parts of the flank. In Figure 50-2 deeper wall in the crater at the bottom 

of the tooth and the shallow wall towards the top indicates that the crack has initiated at the 
root and has propagated towards the top typically in the direction of sliding. This can also be 

clarified with the finer ridges in the bottom and courser ridges in the top where the fracture 
may have accelerated resulting in rupture [31]. The finer ridges on the fracture surface in Figure 
50-2 also suggest that the failure was gradual and the cracks have propagated parallel to the 

surface due to higher compressive residual stresses that do not allow deeper or faster 
propagation. The role of residual stresses can be observed between Figure 50 and Figure 49. 

The tooth flank flacking is the nature of failure. It is peculiar formation of cracks known as 
white etching cracks or white structure þaking (WSF). The early failure of some of the gear 
flanks the white etching areas seen in Figure 48 and Figure 49 at surface and subsurface fracture 

area along the transformation of the microstructure observed, indicate that the failure may be 
associated with WSF phenomenon. Generally, white etching initiates from the surface when 

the local surface pressure is concentrated and high, especially in the region of high slip. It 
spreads as the pressure distributes due to local plastic deformation, affecting deeper subsurface 
volume. This can further decompose the oil quality as well. It is associated with hydrogen 

generation, accelerating the accumulation of damage. Its effect is seen in the region with 
negative sliding and high surface traction. It is highly influenced by the oil properties and the 

additives that promote chemical interaction in penetration of hydrogen into the surface either 
making the surface brittle or it makes subsurface weaker with penetration into inclusions that 
trap hydrogen. It is closely associated with gear meshing vibrations and increase the risk of 

cracking. This answers the questions of why there are no failures at other torques or speeds. 
This phenomenon accelerates with increase in operating speeds which was clearly observed in 

KLT tests. It generally occurs in continuously operating testing as the constant high 
temperature at contact accelerate the damage accumulation leading to premature failure due to 
continuous rubbing of cracks [71, 72]. The crack rubbing will generally lead to macro pitting 

in the region of negative sliding or high slide to roll ratios. 

  

Figure 50 Picture illustrating higher deep craters with critical details of marks on gear flank (GKN KOP, n.d.) 
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The wear profile analysis of the tooth adjacent to the damaged tooth has shown very small 
margin of material removed (less than 20 µm). It clarifies of no significant abrasion in the 

tooth, indicating that the failure is premature without significant wear or pitting. Microscopic 
surface analysis can improve the clarity of material transfer due to adhesion. But it is not 

performed in this thesis. Since most of the samples do not show widespread micro pitting which 
is generally caused by lubrication starvation, it indicates that only a specific area of gear is 
overloaded causing rolling pressure-induced surface cracks and macro pitting. 

4.1.4 Crack propagation analysis 

The propagation of crack is gradual and slow for components with high compressive residual 

stress state near the surface. The crack propagation direction is studied by different means 

a. Slice by slice investigation of the presence of cracks in a particular direction only 

b. Morphology of cracks and branching direction of cracks 

  

Figure 51 Illustrating of crack initiation and propagation with crack branches. Shallow or sharp crack opening 

(left) and Deep crack opening with subsurface defect (right). (GKN KOP, n.d.) 

The ridges in the fractured area in Figure 50-2 gave some insights into the damage mechanism. 

The direction of crack propagation, branching of cracks and angle of cracks can be seen in 
Figure 51 clarifies that the cracks are initiated from the surface and propagated deeper. The 
sharper angle with surface in Figure 51 (left), also confirmed higher compressive residual 

stresses near the surface, while Figure 51 (right), indicates the compressive stresses were lower 
allowing higher penetration of the cracks, resulting in surface cracks meeting weaker 

subsurface material, which is clarified by the marks showing the branching of cracks. The 
tribological conditions corresponding to local sectional data of cracks illustrated in Figure 51 
is not available. Thus, further analysis could not be conducted on the influence of sliding and 

surface parameters and is reserved for future work. But it is clear from the pictures and 
conclusions that it is a surface-initiated flank failure. 

4.1.5 Thermal impact investigation 

Evolution of residual stresses in the region of pitting or spalling can change overall distribut ion 

of contact stresses causing accelerated failure as the pit edges experience stress concentration 
[33]. In addition to the other causes for stress concentration, the microstructure in Figure 52 is 
found to be uncommon for case hardened and shot-peened pinion. As it was observed from 

nature of failure with WSF failure which can alter the microstructure due to hydrogen 
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embrittlement. This can also be the effect of the transition of material properties or 
microstructure due to thermomechanical fatigue at temperature peaks in contacts. The 

progressive hardness deterioration was observed only in the pinion after the tests, while there 
is no significant change in hardness for the gear. This clarifies local lubrication failure and 

thermomechanical fatigue. This can lead to a damage mechanism called ploughing and elastic 
shakedown due to harder ring gear rolling and sliding with normal and traction forces on a 
softer pinion. As a result, excessive pitting due to increased contact stresses (as an effect of 

relaxed residual stresses) and accelerated crack propagation due to reduced material strength 
and fatigue limits, leading to premature failure with spalling and flank fracture [32]. Due to 

this reason, to reduce this affinity of ploughing, the hardness on ring gear is generally 5 % 
lower. 

High contact temperatures can be clarified by the recorded temperatures 0.2 mm below the 

tooth. Though the contact temperatures are several folds higher, this can indicate the trend of 
variation of contact temperature during operation of the life of the gears and most important ly 

indicate the condition of lubrication in the contact. 

 

Figure 52 Microstructure of the pinion section near the surface (GKN KOP, n.d.) 

The test unit is tested as per the torques and speeds. The oil is heated up to 900C before 

testing, to understand the influence of torque at high temperatures. Initial torque as seen are 
lower, while the speeds are higher which resulted in high peaks and temperatures settle as the 

test progresses at that torque level. 

As torque has increased, the effects the temperature has increased due to the loading sequence 
and preheat as seen in Figure 53. The point of keen observation here is that at higher torques, 

the speeds are comparatively lower, where the temperatures have increased steeply It indicates 
important points about lubrication conditions where oil is less viscous at relatively high 
temperature added to conditions of low relative sliding, has resulted in an inability to form 

lubricant layer, hence causing higher friction and higher tooth temperatures. Combination of 
very high pressure and low sliding velocities can cause higher damage attributed to bulk 

temperatures more than 150 to 1800C. Other tests with high speeds at high torques have also 
shown signs of accelerated damage which can be attributed to lack of adequate supply of oil 
and not inability to form lubricant layer.  At high torques, the contact pressure is high, but due 

to high temperature, viscosity drops, as oil does not cool despite having fans.  

At different instances of constant speed and torque, the gear pair show a clear trend of reduced 

temperature as seen from 0 to 3000 sec in Figure 53. It indicates of an improvement in 
conformity of contact and that the surfaces are sensitive to displacement in contact patch as the 
distribution of contact pressure and curvatures vary. Failure of contacting surfaces are detected 

either based on unacceptable NVH or breakage of tooth. Unacceptable NVH comes from 
altered contact compliance of failed gears due to pit formation. Due to high contact ratio and 
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high contact area, the hypoid gears generally do not show significant signs of catastrophic 
failure with measured vibrations. Vibration signal shows significant changes in kurtosis value 

indicating at least 20 to 30% earlier initiation of failure before fracture. Although the extent of 
failure cannot be predicted [37]. Since this thesis focuses on finding the number of cycles at 

initiation of failure, this can be used to co-relate the calculation with the life at fracture. 

 

Figure 53 Variation of temperature for oil (green) and tooth subsurface (red) as a function of time for heating 

cycle. (GKN KOP, n.d.) 

4.2 Contact parameter 

The ring gear-pinion contact analysis model is set up on ANSOL HFM as discussed in previous 

sections. Typically, the type of contact, in this case, is the relative motion of elliptical contact 
surfaces, with sliding and rolling in both directions of contact. The contact conditions are very 

essential to understand factors that lead to the surface and subsurface fatigue of gears. It is 
important to note that the results discussed in subsequent sections are independent of the effect 
of lubricant, surface roughness, temperature, and surface parameters that may change the 

distribution of contact pressure and dependent parameters. The results discussed in this section 
is with the following conditions: 

1. Pinion Torque = 640 Nm 
2. Pinion Speed = 1200 rpm 
3. Contact analysis method= Hybrid Surface Integral ï Finite Element method 

4. Coefficient of Friction = 0 (dry contact) 

The distribution of different contact parameters near the contact patch is a collection of discrete 

calculations representing 21 different roll positions. It includes one complete mesh cycle i.e 
from initiation of contact to exit of contact for a particular tooth on the pinion. The time taken 
to compute the contact parameters discussed below was about 30 minutes. 

4.2.1 Contact pressure 

Figure 54 represents the variation of maximum pressure moving on the pinion flank from point 

where there is initiation of contact i.e. at root of the tooth, near the heel and slides towards the 
toe tip of the tooth where it exit. The Pressure distribution in this case is highly concentrated 
towards the root of the pinion near initiation of contact. The distribution of pressure is uniform 

in the middle part of the flank. Distinct peaks of pressure can be observed with maximum 
pressure at the middle of the face and near the root. This can be typical because of the relative 
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radius of curvature (geometry) or the load intensity or contact compliance which are clarified 
in subsequent sections. Local pressure peak is 4061 MPa. It is on the higher side and shows 

that small part of the flank is overloaded which can directly reflect in magnitude and 
distribution of the contact stresses. 

 

Figure 54 Maximum pressure distribution on pinion Flank. 

4.2.2 Load intensity and Hertzian semi-width 

 

Figure 55 Load intensity distribution on pinion flank 

 

Figure 56 Semi contact width at different points on pinion flank 
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The load intensity is the force per unit length of contact computed at different roll positions in 
a mesh cycle. Figure 55 clearly shows a uniformly distributed but high contact load in the 

middle of the pinion flank with comparatively lower load near the root. The contact pressure 
distribution in the centre can be correlated with the high load intensity at the centre. 

The semi-contact width is the half of the overall width of the contact patch at a particular roll 
position for deformed contact under load. In Figure 56, it is important to observe that the 
contact semi width is higher in the region of higher load intensity, which can result in 

comparatively lower stress. However, there is higher contact pressure, lower contact load 
intensity and lower contact width in the region near the root which may reflect in the stresses 

seen in the subsequent section. 

Reflecting the observation of lower contact width near the root, and the higher contact pressure 
is a result of the high relative curvature seen as in Figure 57 near the root on the heel side of 

the tooth. This clearly shows the importance of the relative curvature on the flank for gear and 
pinion. This curvature also plays a major part in the sliding and rolling, including lubricat ion 

between the gear flanks. This is mostly in line with the existing knowledge about the reason 
for higher contact pressure and the critical contact conditions leading to contact fatigue. 

 

Figure 57 Maximum Relative curvature at different points on Pinion Flank 

4.2.3 Sliding and rolling velocities 

The sliding and rolling speeds are critical in determining the overall contact conditions and the 

distribution of lubricant in the interface and hence the contact stresses. As seen in Figure 58 
(left), the sliding velocity, in this case, is higher towards the tip near the heel which is typical. 
Since this graph shows the magnitude of the sliding velocity. There is a distinct area of negative 

sliding near the root on the heal side of tooth with peak in sliding speeds seen in Figure 58 
(right). The effect of sliding speed is necessary in considering the effect of friction in the 

contact and the relation of sliding and rolling speeds indicate lubrication conditions. 

The direction of rolling velocity is perpendicular to maximum relative curvature in the contact 
patch. The effect of sliding speed is better understood with its relationship with rolling speeds 

i.e. specific sliding and the slide to roll ratio. It represents the lubricant film thickness and hence 
the contact fatigue [16]. These parameters signify that high sliding speeds are not necessarily 

bad or on the contrary, low sliding speed is not necessarily good for contact fatigue as suffic ient 
sliding speed is important for the formation of lubricant layer. This is not discussed in this 
thesis as the analysis assumes there is no influence of surface parameters and lubrication which 

is directly influenced by sliding conditions and pressure distribution. For instance, comparing 
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Figure 58 and Figure 59 negative sliding speeds are higher near the root and the rolling speeds 
are relatively low which is not ideal for formation of the lubricant layer, similarly, the positive 

but low sliding speeds and higher rolling speeds are also not good for formation of lubricant 
layer, where we have observed contact fatigue damage. The region of low lubricant film 

thickness or high slide to roll ratio results in high micro pressure cycles due to direct interaction 
of rough surfaces causing friction and high heat, causing very low local fatigue limits. 

   

Figure 58 Sliding velocity on pinion plank in mm/s (left). Illustration of pinion tooth flank at one of the roll 

positions highlighting the negative sliding region 

 

Figure 59 Rolling velocity on pinion flank in mm/s 

4.3 Contact stresses 

Contact stresses are the testimony of all the contact parameters discussed above. It has clearly 

indicated the area with high relative radius of curvature is resulting in lower contact width and 
hence higher contact pressure. The result of these contact parameters are very high locally 
concentrated contact stresses as seen in Figure 60. Apart from this the lower contact width, 

lower sliding speeds coupled with higher load intensity in the region above the pitch line in the 
middle of the tooth also gives rise to the higher volume under stresses. This gives a distinct 

indication of areas of initiation of fatigue. Generally, contact stresses are compressive in nature 
and characterized by the maximum or minimum principal stresses and orthogonal shear 
stresses. However,, this is a sliding contact condition with more complex three-dimensiona l 

gear flanks. Thus, maximum Von-misses stresses, or octahedral shear stresses and their depth 
from the surface give a good measure for summarizing the three-dimensional stress states for 

simplified understanding. 
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The depth at which the maximum stresses give a good measure of the probability of surviva l 
of the subsurface volume as seen on the Weibullôs weakest link theory with Lundeberg-

Palmgren approach for contact fatigue. The maximum shear stresses near to the surface 
indicates higher volume under stress and higher probability of failure. This trend is seen in 

Figure 61 higher stresses below the pitch line near the root and lower depth of stresses 
indicating potential hotspot for initiation of a fatigue crack. 

 

Figure 60 Maximum octahedral shear stress on pinion flank 

 

Figure 61  Depth from surface at which octahedral shear stress is maximum 

The stresses illustrated in this section is based on the hybrid surface integral-finite element 
contact analysis method. There is variation in the stress distribution and stress magnitude in 

the finite element method. The effects of the change in stresses on fatigue life for different 
methods will be seen in the subsequent sections of the thesis. Similarly, the effects of friction 
and the influence of residual stresses on the fatigue life will be discussed in subsequent sections. 

4.4 Failure mechanism 

4.4.1 Hypothesis and failure analysis tree 

Based on the observations in the preliminary failure analysis, the following mechanisms can 
be attributed to contact conditions at 640N-m torque and 1200 rpm Wohler tests. During run-

in, improper lubrication of other factors may have caused tensile residual stresses at the surface 
(in addition to defects due to surface treatments). The damage mechanism starts with surface 
initiation frosting, pit formation, small crack detachment and finally leads to flank fracture. 

Micro pitting plays a major role in indicating the weakness of the surface. However, in this 
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case, there are no signs of micro pitting in the vicinity of failure which suggests adequate 
lubrication in the initial stages of testing. Due to this friction increases and thus higher 

temperature at the contact leading to relaxation of residual stresses and hardness. High 
temperatures can also cause decreased viscosity and local starvation of lubrication.  Surface 

crack initiation and propagation are accelerated due to overloading in the concentrated area of 
the surface due to altered contact stiffness and kinematics of meshing as the test progresses. As 
a result, multiple pits and cracks at surface join subsurface cracks leading to flacking. However, 

at higher torques, the contact conditions are not concentrated leading to the uniform distribut ion 
of stresses leading to comparatively lesser damage. 

It indicated that the primary cause of failure is surface fatigue and involves the micro stress 
cycles due to surface topography and lubrication starvation. However, friction and contact 
conditions locally are severe enough to weaken the subsurface volume due to high tensile and 

shear stresses in the contact. This indicates a different mechanism of the failure, known as 
white structure flacking as explained in previous section, leading to premature failure [71, 72]. 

However, due to increased complexity, surface topography and lubrication will not be 
evaluated. The failure mechanism analysis seen in Figure 62Error! Reference source not 

found., where spalling due to subsurface stress will be evaluated in this thesis based on dry 

contact subsurface stresses with friction. 

 

Figure 62 Failure analysis tree 

4.4.2 Damage mechanism and causes 

As seen in the previous chapters, two distinct damage mechanism can be observed.  

Mechanism 1: 

From previous observations, contact pressure, relative curvature, and negative sliding speeds 
in the region below pitch line near towards the heel revel that this area is under very high 
contact stresses due to lower contact area and higher load intensity. Besides, Figure 63 (left) 



 74 

indicates pressure peak in the region of negative sliding, of a pinion (red arrows pointing 
downward and opposite to the direction of rolling). By convention, the lubrication film 

thickness will be comparatively lower, causing damage initiation from this patch of the tooth. 
This is clarified with pressure peak in mating part of the ring gear as seen in Figure 63 (right). 

This can cause high subsurface shear at this point and indeed high normal stresses in the roll-
in side (Figure 30) of the contact leading to initiation of surface crack or subsurface shear [41]. 
Due to high stresses, plastic deformation occurs in this location. With many of the pictures of 

failure, in the pre-study sections the crack may have originated from the lower part of the tooth 
just above (roll in side) the region of peak shear stress and propagated deeply or towards the 

tip in the sliding direction. And the contact conditions clarify the reasons for the initiation of 
failure in this region for both initiation of crack and weakening of subsurface volume due to 
high stresses. 

 

Figure 63 Contact patch with sliding velocity directions and contact pattern(picture in picture) for pinion(left) 

and ring gear(right). 

Mechanism 2:  

With similar observation of contact conditions, just above the pitch line where failure wear 
observed. Especially, low sliding speeds as shown in Figure 64Error! Reference source not 

found. (right) and concentrated high load intensity as shown in Figure 64 (left), in the same 
region, leads to higher tensile stresses in the wake (roll-out side) of the sliding contact patch 
[41]. This is ideal for initiation of damage. Lack of adequate film thickness due to low relative 

sliding and high load intensity in the same region leads to higher shear caused by friction. This 
weakens volume of material due to high temperature with reduced hardness at the surface. This 
can cause deeper pits in the vicinity. In addition to this, at the wake of this sliding contact patch, 

higher tensile stresses are ideal for initiation and opening of cracks, which on meeting the 
weaker subsurface volume, gets accelerated. However, due to compressive stress cycles the 

material will not get detached. The damage mechanism will be initially dominated by pitting 
in this region, as observed in pre-study. There are observations of interior propagation of cracks 
leading to chip off. But decrease in hardness allows plastic deformation. With existing sites of 

pits with stress concentration accelerates growth of craters wider and deeper leading to 
premature spalling and flank fracture. 

  

Figure 64 Picture illustrating high load intensity concentrated in the middle of the teeth just above pitch line 

(left). Contact patch with red arrows, representing relatively lower sliding speeds and higher stresses (right) 
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It is important to note that both the mechanisms are indicating to a concentrated local region of 
damage and it is seen from failure analysis that there is no complete lubrication failure micro 

pitting or flank surface failure at other parts of the flank. The contact conditions mentioned are 
very favourable to the mechanism of white etch surface flacking and deterioration of surface 

leading to accelerated nonlinear damage accumulation and pre mature failure of gears.  

4.5 Fatigue life 

The equivalent stress analysis based multi-axial finite element fatigue analysis is performed on 
FEMFAT. This section consists of study with different influence factors like methods of 
contact analysis, friction, residual stress, and fatigue criteria. The comparison of different 

parameters is based on the weakest link in the contact analysis i.e. where the damage is 
maximum. Thus, the minimum local fatigue life for initiation of spalling cracks is the parameter 

used to represent the scale of damage for different influence factors. In the following sections, 
different conditions are represented with the following naming convention: 

a. Hybrid Surface Integral-Finite element method: óHertzô 

b. Finite element method: óFEô 
c. Coefficient of friction (CoF)= 0 :  ó0 fô 

d. Coefficient of friction (CoF)= 0.12:  ó0.12 fô 
e. Without any heat treatment: óNo Prestressô 
f.  With Case hardening heat treatment: óCH Prestressô 

g. With Case Hardening and Shot Peening Heat treatment: óCH+SP Prestressô 
h. Modified Equivalent stress in critical plane criteria: óMod Eq Stressô 

i.  Scaled normal stress in critical plane criteria: óScld Normalô 

4.5.1 Influence of contact analysis method 

There are two different methods of contact analysis adopted in this thesis. This comparison is 

important as the maximum contact stresses and the distribution of the stresses over the flank 
differ for both the method. Due to this, a region of critical stress or initiation of fatigue crack 

also differs.  As seen in Figure 65, the trend for the inverse of maximum damage is lesser for 
the óHertzô method indicating higher stresses and sharper distribution of peak stresses both at 
surface and subsurface. As the óHertzô method considers sharp variation in the contact 

parameters, some of the areas result in high stresses and sharp stress gradients and thereby 
higher fatigue damage. This has reflected in lower local fatigue life for different cases of 

friction, prestress, and material properties for scaled normal stress in critical plane criteria. 
However, the stress concentrations which may have resulted in the conservative estimation of 
fatigue life in Hertz approach. As seen in Figure 65, prestressing for Hertz approach shows a 

decreasing trend with the superposition of residual stress due to case hardening which is not 
acceptable. This change may indicate that compressive residual stresses has a negative effect 

on equivalent stresses predicted by Hertz approach. The comparison of material properties in 
Figure 66 shows a reasonable trend in reduction of fatigue life for material-A in comparison to 
material-B for FE approach. The effect of material property is marginally lesser due to 

comparatively high magnitude of contact stresses predicted in Hertz approach. The effect of 
friction is contrasting for higher friction in case of Hertzian approach compared to the FE 

approach. This indicates that Hertzian approach is a more suitable method of computation of 
surface stresses while the overall surface and subsurface stresses are well represented in the FE 
approach. However, the stress/damage distribution will be more important to compare different 

methods and will be discussed in subsequent sections. 
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Figure 65 Comparison of hybrid surface integral- FE vs pure finite element methods using inverse of maximum 

damage or minimum local fatigue life for 

4.5.2 Influence of material properties 

The fatigue limits of the materials play a major role in determining fatigue life. The materia ls 

compared in Figure 66 here have two distinct characteristics. Material A is dependent on the 
bulk material properties defined based on hardness whereas the material-B is defined based on 
the contact stress limits from the ISO standards which are based on gear testing. The fatigue 

criteria are scaled normal stress in the critical plane for all the simulation and the interfac ia l 
friction is neglected for all conditions defined in the graph. As seen in Figure 66 material A 

shows comparatively closer to real values on material properties as well as fatigue life where 
Material B is overdetermining the fatigue life. In addition to this material A in combinat ion 
with Hertzian approach is producing most conservative results due to high stresses and 

comparatively lower fatigue limits. We can see that prestressing show marginal change in local 
fatigue life in FE approach and it is not because of material properties as seen from the previous 

section. Since this is a multiaxial fatigue analysis, we can see that the subsurface stresses are 
important, and bulk material properties represented by material-A is more suitable in 
determining the fatigue life and the contact fatigue limits often overdetermine the fatigue life. 

Properties for material-B is found based on testing for maximum principal stresses. Thus, it 
should also be noted that the combination of certain material properties and fatigue criteria are 

important to correlate with each other on the fracture plane and critical plane. In this case, the 
material-A gave conservative results as compared to material B with modified equivalent stress 
criteria which is not shown in this section. 
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Figure 66 Comparison of Material A vs Material B using the inverse of maximum damage or minimum local 

fatigue life 

4.5.3 Influence of fatigue criteria 

The fatigue criteria used include the method of calculation of equivalent stresses and the 

method of selection of critical plane for computing the fatigue damage. In this case the 
interfacial friction is neglected for all simulation conditions. Figure 67 shows clear contrast 
where modified equivalent stresses in critical plane is more conservative as compared to scaled 

normal stresses in critical plane. This holds good for both conditions with and without prestress 
independent of material properties. Since this is a case of non-proportional loading, the 

modified equivalent stresses in critical plane directly add the effect of normal and the shear 
stresses which peak at different time steps resulting in higher equivalent stresses and 
conservative estimation of fatigue life irrespective of prestressing. In principle, the fatigue life 

increases with the higher residual stresses induced by shot peening. However, in the 
calculations with modified equivalent stresses criteria, prestressing due to case hardening plus 

shot peening has resulted in lower fatigue life instead of higher fatigue. In Figure 67, the trend 
for increasing prestresses increasing fatigue life is closer to reality for scaled normal stresses. 
Thus, it can be inferred that the scaled normal stress criteria are more suited for multiaxial non-

proportional loading especially with prestress sing to account for residual stresses. Though the 
shear stresses are well-weighted in modified equivalent stress criteria, it is not suited for this 

case. As mentioned in the previous section, here it is clarified that the scaled normal stress in 
critical plane and the material-A is the right combination of material properties for computation 
of life at crack initiation. 
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Figure 67 Comparison of modified equivalent stress criteria and scaled normal stress in critical Plane criteria 

using the inverse of maximum damage or minimum local fatigue life 

4.5.4 Influence of friction 

The method of contact analysis and the coefficient of friction will be used to understand the 

influence of friction. The scaled normal stress criteria are assumed for all the simula t ion 
conditions. Material-A is considered based on observations seen in previous sections. Increase 
in friction increases the shear stresses as it raises to the surface resulting in a higher volume of 

material near surface under maximum stresses and lower fatigue life. As seen in Figure 68 
Hertzian approach is observed to include the effect of friction more accurately in the estimation 

of stresses at the surface making it more suitable for implementing the effect of friction. Figure 
68 clear contrast in fatigue life reduction with an increase in the coefficient of friction. On the 
other hand, the FE approach does not show a significant change in the local fatigue life for an 

increase in friction. The coefficient of friction 0.12 is very high for gear interface. Generally, 
without the influence of surface parameters in the calculation, the change in stresses does not 

show the exponential difference for coefficient of friction below 0.2 to 0.3. Comparing the 
effect of case hardening, in Figure 68 friction increases the orthogonal shear stresses, the 
compressive residual stresses have a comparatively lesser effect on them and the margina l 

change seen for FE approach with and without case hardening is justifiable. The influence of 
friction on fatigue life is better represented when coupled with the effects of surface 

topographies, lubrication, and temperature. In this case, the analysis is purely dry contact 
analysis assuming no influence of surface parameters. Thus, the changes seen in fatigue life 
are very marginal as compared to the physical conditions. Though the differences in the 

minimum local fatigue life are marginal, higher volume is under damage due to higher friction 
resulting in reduced component life. However, with the selected method in computation, 
friction does not show significant influence on stress and hence fatigue life. 
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Figure 68 Comparison of Cases with a coefficient of friction 0 and 0.12 using the inverse of maximum damage 

or minimum local fatigue life for 

4.5.5 Influence of heat treatment or surface treatment 

Based on the observation made in the previous sections, the following conditions were selected 

for the computing fatigue life of the pinion and comparison with physical testing: 
1. Method of contact analysis: Finite Element Method 
2. Material: Material-A 

3. Fatigue Criteria: Scaled Normal stress in the critical plane 
4. Coefficient of Friction: 0 

The finite element method was selected as there were some of the stress distribution and stress 
concentration problems with Hertzian approach. The distribution of damage and the influence 
of residual stresses due to case hardening and shot peening is discussed in this section. The 

fatigue life is calculated based on the average damage in 1 sq mm (contact width) of area 
(highlighted in Figure 69) around the peak damaged region on the surface of the pinion flank. 

The trend of damage and a hot spot for point of initiation of fatigue remains the same 
irrespective of the prestress condition. Figure 69 shows the distribution of damage over the 
gear flank highlighting the area of peak damage.   

 

Figure 69 Illustration of damage distribution over pinion flank 

It is important to observe the critical area of damage on the flank in Figure 69, which represent 
the probable area of initiation of spalling failure. There are multiple areas of peak damage as 

seen in Figure 70 which indicates that failure may initiate from different locations and the 
propagation of failure may accelerate due to more peak damage area in close vicinity. The 

damage values represented in the subsequent figures are local/ nodal damage values per mesh 
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cycle. The failure region may not completely correlate as the presence of lubricant can alter the 
distribution of contact pressure and contact stresses. Since this simulation does not include 

influence of surface parameters, the indicated region of damage may slightly vary. Another 
reason can be slightly altered kinematics of meshing due to deterioration in the surface and 

stiffness of linked components. 
 

 

Figure 70 Damage distribution on pinion flank highlighting critical area for condition without prestress 

The damage is concentrated around the peak area as seen in Figure 70. The life of the 
component at the point of initiation of failure is given by the average of damage values around 

the concentrated area highlighted. However, the damage is more widespread for condition 
without prestress. 
 

 

Figure 71 Damage distribution for pinion flank with case hardening prestresses highlighting the critical areas 

The change in damage distribution due to superposition of residual stresses is clear compared 
to Figure 70 leading to a reduced area of peak damage values in Figure 71 due to prestressing. 

Apart from the areas with peak damage, most of the areas shown in Figure 71 indicates a 
significant reduction in stresses and hence the damage values. Though the prestress values are 

comparatively smaller, it has shown a significant reduction in the contact stresses around the 
peak damage region resulting in lesser volume under risk of failure. About 2.34 times 
improvement in fatigue life is observed for case hardening as compared to without any 

prestressing as seen in Table 1. 

The damage distribution for case hardening plus shot peening is illustrated in Figure 72. High 

residual stresses have significantly reduced peak damage value and the distribution of damage 
is not concentrated, unlike the other cases. This shows the high residual stresses has resulted in 
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the significantly reduced contact stresses and hence improved fatigue life. However, the 
hotspots indicated in Figure 72 for peak damage in the same position as the other two cases 

seen in Figure 71, Figure 70. It is important to note that there is a change in scale for the damage 
value as the minimum most damage value on the flank in the case of no-prestress condition 

(Figure 70) is higher than peak damage in the case of case hardening with shot peening prestress 
(Figure 71). As observed from Table 4, There is an 11 times improvement in fatigue life for 
case hardening with shot peening as compared to no prestress condition and there is 4.71 times 

improvement in fatigue life for shot peening as compared to the specimen with just case 
hardening. It is important to note that the material fatigue limits also improve in case of case 

hardening and shot peening in addition to the effect of residual stresses which contribute to 
improvement in fatigue life. 

 

Figure 72 Damage distribution for pinion flank with case hardening and shot peening prestresses highlighting 

the critical areas 

Table 4 Table of average fatigue life of pinion for different prestress conditions 

Maximum 
Damage 

Average 
Damage 

Fatigue life 
(No of cycles) 

Prestress type 

3.81 E-6 7.1 E-07 1.4 Million No Prestress 

2.99 E-6 3.08 E-07 3.27 Million Case Hardened 

3.7 E-7 6.49 E-08 15.4 Million 
Case Hardened 

+ Shot Peened 

The test conditions for above table are: 

a. Torque: 640 Nm 
b. Speed: 1200 rpm 

c. Probability of survival: 50 % 
d. Damage value per mesh cycle = one pinion revolution 

e. No friction 

4.5.6 Test data correlation or validation 

As seen in the pre-study there are several tests conducted at GKN KOP with different test 
conditions for study of fatigue life of pinion and the results from the test can be used to co-
relate the fatigue life and failure region on the flank. The gears are initially run-in according to 

standards and are subjected to constant load- constant speed óWºhlerô tests. The results 
tabulated in Table 4 are with assumption that there is no interfacial friction and may 

overdetermine the fatigue life.  As seen in Figure 73, there is a lot of variation in the test results 
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as the gears are tested under various conditions of lubrication mechanisms, working 
temperatures, cooling, which lead to variations. However, the calculations assume ideal 

condition of lubrication and do not account for the influence of surface parameters, it will 
generally overdetermine the fatigue life. The calculated fatigue life is at the point of initia t ion 

of spalling failure whereas the fatigue life shown in test data represent a catastrophic failure. 
Thus, a direct correlation is not possible. However, there are some tests conducted at GKN 
KOP which indicate that the initiation of spalling failures is detected about 20 to 30 %  before 

the failure which may help in interpreting this correlation [37]. 

 
Figure 73 Physical Test data correlation with the calculation for pinion failure 

As we can see in Figure 73 the failure in physical testing has been premature due to lubricat ion 

starvation, high contact temperature and other causes accelerating the failure. The predicted 
fatigue life at initiation of failure from the calculation is more optimistic. Inclusion of accurate 
stress models, material models and addressing the delimitations of this analysis can help in the 

estimation of point of initiation and the point of unacceptable failure with more accuracy. 
However, the area of damage predicted, as seen in Figure 74 (right) and the causes are 

interpreted using calculation and correlate well with the physical testing data Figure 74 (left). 

   

Figure 74 Illustration of a failed pinion flank from physical testing highlighting damaged area (left) (GKN 

KOP, n.d.) and map of maximum damage value highlighting area of initiation of failure from calculation (right) 

Also there is a slight displacement of area of fracture seen in Figure 74 (left). The predicted 
region highlighted in area shown in is for initiation of crack. The failure seen on the physical 
test (Figure 74-left) is on the roll-in side is of highlighted area of initiation shown in Figure 74 

(right). This indicates that the is initiated below the pitch line and propagated towards the top 
due to higher shear stresses caused by sliding after the opening of the crack. This damaged area 

on the tooth confirms both the fatigue mechanisms hypothesised in the previous sections. 
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4.5.7 Empirical correlation 

The experimental data for 13 case hardened samples and 5 shot-peened samples are assigned 

median ranks or percentage probability of failure based on 50% confidence interval. The 
statistical parameters are obtained from Figure 75 Weibull probability plot.  

 

Figure 75 Weibull probability plot for experimental data correlation  

The Weibull shape parameter for both un-peened and shot-peened specimens are obtained as 
MCH and MSP respectively. The values in the graph and exponents are masked due to 

confidentiality. The life of the pinion at different probability of survival can be can also be 
correlated from experimental data from the probability of survival plot. The life at 50% 

probability of survival (L50) and 90% probability of survival (L10) can be obtained from 
Figure 76. Similar analysis is performed for both case-hardened and shot-peened specimen. 

 

Figure 76 Weibull percentage probability of survival vs life from experimental data 

The data on calibrated parameters for different models are not shared in this thesis report. The 
life predicted by different approach of computation are as tabulated in Table 5. 
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Table 5 Fatigue data correlation with different methods of calculation 

Method of calculation 
 Life in 
Million 

cycles 

Life 
In Million 

cycles 

Prestress type 
Case 

hardened 
Case hardened + 

Shot peened 

Deterministic method based on multi axial fatigue 3.27  15.4  

Lundberg-Palmgren probabilistic method based on 

orthogonal shear stresses and material constants tuned as 
per GKN-KOP test data 

3.42  13.75  

Modified Lundberg-Palmgren probabilistic method based 
on constants as per [13, 76] and effective maximum shear 

stresses with super position of residual stresses 

5.44 11.83 

Ioannides, Harris model based on von-mises stresses and 
constants as per [79,10] using a fatigue limit obtained 

based on hardness gradient 

3.56 NA 

Each method has its own advantages based on the stresses used to compute fatigue. Since there 
were no further tests conducted to know the accuracy of the constants tuned, it is hard to 

understand the effect. But the combination of effect of residual stresses and material fatigue 
limit based on hardness gradient in last two cases are more advantageous with ability to tune 
different parameters for improving the accuracy further. The Ioannides and Harrisôs method 

can also be used to obtain the surface fatigue based on the normal stresses at the surface and 
the lubricant conditions.  

 



 85 

5  DISCUSSION AND CONCLUSIONS 

This section includes the discussions and recommendations on the merits and demerits of the 
methods adopted and the results obtained. The conclusions are based on the inferences drawn 

in this section as well as the results section to answer the formulation of questions that are 
presented in Chapter 1.  

5.1 Introduction 

There are several delimitations and several methods adopted in this thesis which needs 
comprehensive review and discussion on the selection of methods, their merits, and demerits. 

It is important to understand the workarounds possible for mitigating the possible errors in 
future. Challenges posed by geometry, contact analysis, superposition of residual stresses, 

computation of fatigue, material properties and physical testing will be discussed in subsequent 
sections. 

5.2 Geometry 

The modelling and discretization of the macro and micro geometry including the 
manufacturing influence are highly essential for contact analysis and calculation of stresses. 

The contact stresses are highly sensitive to the variation of curvature on the gear or pinion flank 
and their interaction. Figure 77 represents the contact pressure pattern for a part of the mesh 

cycle where it clearly shows a concentration of contact pressure below the pitch line. This trend 
was observed in the contact pressure, contact stresses, relative curvature descriptions in results 
as well. This pressure pattern is highly sensitive to relative curvature, contact compliance or 

stiffness, and the relative movement and curvature of the gear.  

  

Figure 77 The contact pressure pattern on pinion flank for part of a mesh cycle highlighting concentrated 

pressure area (left). Zoomed in view highlighting the pressure concentration below the ring gear tip (right) 

However, it was a revelation that a manufacturing geometry called ótopremô which represents 
the radius of the cutter that helps in creating a smoother radius at the root creating a relief 

between the pinion root and gear tip after surface grinding. This modification helps in pushing 
the contact pressure pattern from edge towards the middle of the flank thus avoiding edge 
contact in gear. However, very sharp variation in contact curvature and sufficient discretiza t ion 

revealed that there is a non-edge contact based stress concentration where the tip of the gear 
flank presses against the pinion below the pitch line where there is sharp variation in radius of 
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curvature due to the manufacturing contact geometry. This can be further validated in the 
pressure distribution on rink gear flank (Figure 77-right) where the edge is free of stresses and 

below the edge there is pressure concentration reflected in ring gear as well. 

The sensitivity of elevated curvature is resulting in high stresses. The contact area at the edge 

can also be reduced due to sharper elements further increasing the stress concentration values 
in hybrid surface integral- finite element results. It is both a necessity as well as a source of 
error in calculation of fatigue life as it shows locally elevated contact pressure making it an 

inevitable addition in contact analysis. This also hints that any misalignments or change in 
kinematics due to deterioration in bearings can alter the contact stress distribution leading to 

local peaks and accelerated failure of gears. At higher torque, it can also lead to longer life than 
expected at this torque due to favourable displacement of contact pattern. However, as the gears 
run-in, plastic deformation occurs near the tip of the gear and root of the pinion will result in 

hardening and conjugation of the surfaces that reducing the stress concentration physically and 
also results in lesser damage value as the test progresses. To represent such a correction in the 

model, a parabolic distribution should be considered along the major axis of the contact ellipse. 
Redistribution of stresses can be done based on values in the neighbouring nodes at each roll 
position and overwriting the concentrated areas with new stress values. The overwritten 

stresses can be used to compute the fatigue life with favourable load sequence effect using non-
linear accumulation of damage. This method makes it difficult for the user to select and work 

without keen observation of such deviations in contact pressure distributions. 

5.3 Uncertainty in computation of contact stresses 

Two important aspects of the computation of fatigue life are the accurate computation of 
magnitude of contact stresses and the distribution or gradient of contact stresses. In addition to 
this the representation of nonlinear plasticity of the gear material is very important as most of 

the gears in the automotive domain is overloaded or loaded up to a maximum extent and the 
hardness drops below the surface changing the resistance to plastic deformation. 

In this thesis, there are two different methods of contact analysis studied. The Hybrid Surface 

integral method is very promising and is apt for capturing all the contact parameters accurately. 
Figure 78 (left) shows sharp stress distribution at a particular roll position and typical contact 

stress distribution as seen in the cross-section on Figure 78 (right). Though this method time-
efficient for minute discretization it offers, it is very sensitive to variation in contact parameters 
often overestimating the stresses with sharp stress gradients resulting in conservative 

estimation of fatigue life. Physical testing is necessary to tune the contact stress parameters to 
predict contact stresses accurately. A major factor of consideration is that there is high 

discretization that adaptively changes with moving contact patch and the variation of stresses 
is represented with higher discretization. However, for the computation of overall stress history 
throughout the gear teeth, all the stresses are superposed on one mesh structure, which can 

show very high-stress gradients further creating sources for errors in the computation of fatigue 
life as seen in Figure 80 (left). With an increase in discretization, the peak stress values increase 

as the contact area in the mesh reduces, resulting in high stresses due to sharper edge of the 
ring gear pressing on relatively smaller contact patch in the pinion. It should also be noted that 
stress validation is not performed in this thesis and ANSOL is assumed to be giving convergent 

results based on automatic contact parameter selection which is tuned for convergence. 
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Figure 78 Illustration of contact stress distribution at one of the roll positions (left). Sectional view illustrating 

the subsurface stress distribution of stresses (right) for hybrid surface integral method 

  

Figure 79 Illustration of contact stress distribution at one of the roll positions (left). Sectional view illustrating 

the subsurface stress distribution of stresses (right) for pure finite element method 

The pure finite element method requires comparatively higher discretization to capture most of 

the contact parameters. However, it is not sensitive to sharp variation in curvatures and this 
method is more suited to obtain the overall three-dimensional subsurface stress distribut ion 
while the hybrid approach is more suitable for surface stress distribution. As seen in Figure 79, 

the stresses are smeared out and well distributed in the contact volume. However, it shows 
some areas of stress concentration near the position of peak load intensity as seen in Figure 80 

(right). This reason and remediation for this is not known. The stress values in pure finite 
element were found to be more realistic compared to the hybrid approach. Though the hybrid 
approach is preferable in computing the surface and subsurface stress accurately, it is let down 

by high-stress concentrations and sensitivity to sharp geometric variations. This issue can be 
mitigated by the solution provided in the previous section. 

  

Figure 80 illustrations of stress distribution for all roll positions for Hybrid surface integral method( left), Pure 

finite element method (right) 

Most of the times the sharp variations of contact parameters are well captured in hybrid method 

but due to lower discretization, the superposition of finer stress variation on a courser mesh can 
create abnormal stress gradients as seen in Figure 80 (left) which can great errors in the 

computation of fatigue life. The concentration of stresses for different approaches has reflected 
in high damage in fatigue computation leading to errors in calculations with comparison as 
shown in Figure 80. Though the computational method considered for Hybrid surface integra l 

method is more accurate as compared to FE method, its sensitivity creates errors that carry 
forward to errors in estimation of fatigue life. 

Finite element analysis recommended in this thesis has not shown significant effect of friction. 

However, friction will have a severe impact of surface roughness, lubrication, contact 
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temperature and local relaxation of residual stresses and nonlinear damage accumulation is 
difficult to replicate using commercial tools. 

5.4 Uncertainty in superposition of residual stresses 

Prestressing of the pinion flank is very essential to replicate the effect of residual stresses. Most 

of the residual stresses are captured at the surface to a very shallow depth while the subsurface 
residual stress variation and transition of compressive residual stresses to tensile residual 

stresses are not known. Since the subsurface contact stress peak at a significant depth due to 
higher contact width, the subsurface residual stress distribution is very crucial. Since there is 
lack of this knowledge, the residual stresses are assumed to be constant beyond certain depth 

as discussed in the previous sections. The residual stresses at the surface are zero. But the 
hydrostatic residual stress state used in simulation considers compressive stresses at the 

surface, deviating from the actual stress state at the surface before loading the flank. This may 
significantly alter the equivalent stresses computed in the fatigue analysis leading to errors in 
results. Since it is layer by layer assignment of steeped values of residual stress gradient, this 

is not a smooth transition of stresses and can create abnormal stress gradients contributing to 
errors in the computation of fatigue life. 

At lower torques, the contact stresses are comparatively lower, with the introduction of direct 
superposition of residual stresses due to shot peening, it will cancel out the actual effect of the 
contact stresses. Since the contact stresses are compressive in addition to the compressive 

residual stresses, crack propagation in contact is a nonlinear process which is not accounted for 
in this thesis. The linear elastic fracture mechanics based direct superposition of residual 

stresses may not be directly relevant because of complex contact stresses and propagation of 
crack or pit. In practice there is a variation of about 10% of residual stresses on different parts 
of the flank due to complex shape of the tooth during heat treatment, this is very hard to account 

for in the model. 

 

Figure 81 Illustration of varying thickness of the elements along profile direction 

As seen in Figure 81, the thickness of the layers of elements used to replicate residual stresses 
vary along the profile direction. Since the residual stresses are applied layer by layer, it can 
alter the overall distribution of residual stresses. In addition to this, the very high discretiza t ion 

is needed to capture the sharp variation of residual stresses near the surface. This is 
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computationally very demanding and may need a very high aspect ratio of elements leading to 
artificially increasing the contact stiffness. The thicknesses vary both in profile direction as 

well as face width direction. However, it is seen that the fatigue is initiating from the pitch line 
and near the vicinity, the thickness is uniform to replicate the residual stresses. Besides, the 

effect of residual stress relaxation due to local plastic deformation or pitting is not considered 
in this simulation. This can alter the overall contact stress distribution and create stress 
concentration. 

5.5 Uncertainties in computation of fatigue life 

Computation of fatigue life has numerous assumptions which are not of concern in this section. 

Different parameters like the effect of stress quality, material model, fatigue criteria and 
damage accumulation computation. 

The main source of error or uncertainty is the material model considered in this thesis. One of 
the material models considers the hardness based bulk material properties calculated based on 
some thumb rules automatically in FEMFAT, while the other material model is based on the 

maximum Hertzian contact stress limit. Both the material models are not tested and verified 
for the given material in question. And it is uncertain as to how the material properties vary 

with different heat treatment or inclusion of shot-peening. Contact stress effects are unique and 
needs different properties in tension and compression and the effect of mean stresses. It needs 
special weightage factor for orthogonal shear stresses. This treatment with the material property 

in combination with fatigue criteria is not clear with the model definition on FEMFAT. 

Also, the relevance of bulk material properties to the contact stresses, especially surface 

stresses is a question unanswered. Some of the thesis and literature have a good correlation for 
the bulk material properties, but the properties calculated in this thesis is based on hardness 
and not specific for the material which can be inducing the errors in fatigue life calculation. In 

addition to this most of the ISO materials are tested under ideal conditions of sliding and rolling 
for a different contact geometry and different contact stress state, its relevance to the complex 
geometry and multi-axial non-proportional contact stress state is not known. Another source of 

error is with material properties and accounting for residual stresses, case hardening properties 
are tested based on uniaxial bar tests where the tests give material properties which already 

account for residual stresses.  

In addition to all the above-mentioned points, the effect of plasticity with the effect of load 
sequence is not considered in this thesis which can significantly change the residual stress state 

and deteriorate or improve overall fatigue limit of the material. This is difficult to account for 
but has a significant impact on the accuracy of fatigue life computed. In addition to this, the 

hardness varies with depth and this change in the material property should be considered as a 
gradient similar to layers of residual stresses which can improve the accuracy of fatigue life, 
where subsurface initiated fatigue will have different fatigue limit as compared to surface-

initiated failure because of gradient material properties. The FEMFAT considers only surface 
initiation of fatigue failures and the subsurface crack initiation for spalling could not be studied 

in this thesis. The fatigue criteria employed in the FEMFAT, the Modified Equivalent stress in 
critical plane directly weighs the effect of shear stress on reduced contact fatigue life where as 
the normal stress is scaled by a factor in case of scaled normal stress criteria, though the fatigue 

life shown in case of modified equivalent stress criteria is conservative due to direct 
superposition of stresses, it is more suited for cases without prestress when compared to scaled 

normal stress criteria. Besides, for computation of contact fatigue life, the stress levels and 
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corresponding limiting number of cycles are based on the Hague diagram, and the S/N curve. 
The tension compression S/N curve is not considered directly and based on critical stress 

condition and relation of shear strength of material, a new S/N curve is generated on FEMFAT. 
Despite this, the rolling contact fatigue life based S/N curves are more accurate when compared 

to this method as they consider mean stress effect and the alternating shear stresses varying out 
of phase with compression and tension. 

Linear damage accumulation based on modified miner or bilinear rule is used for calculat ion 

of damage value for one mesh cycle. However, contact deterioration and damage accumula t ion 
is a nonlinear process as there are compressive forces and stresses that try to cover the crack 

instead of opening it. This can alter the results significantly. Methods to account this needs to 
be formulated with consistent experimentation to tune the factors required for a computationa l 
model. 

There is little knowledge on the calculation of component fatigue life from local damage value 
for initiation of failure. The most important but ambiguous assumption made in this thesis is 

averaging of the damage values based on the sum of damage values from the hot spots with an 
area equivalent to the contact width based on the definition of spalling. This is not a proven 
method and does not have any other scientific backing for the propagation of failure based on 

contact width based damage averaging. This is the biggest uncertainty that needs to be 
addressed with suitable scientific techniques in this thesis.  

The peak stress magnitudes and sharp stress gradient as highlighted in Figure 82 alter the 
fatigue life calculated significantly. It needs further aggregation of local stresses based on the 
stresses in the surrounding elements as discussed in the previous sections. Damage value 

aggregation can also be considered as performed in this thesis, but it needs a more scientif ic 
method. Also, the damage is considered only at the surface of the pinion flank for aggregation 

and not subsurface due to software limitations, which can eliminate the chance of considering 
subsurface initiated failures. If a new method is developed for aggregating the damage, the 
three-dimensional space should be used to aggregate damage to compute component life. 

   

Figure 82 Images illustrating the concentration of stresses and reflection in the concentration of fatigue 

damage. 

Fatigue criteria selected are validated based on their suitability to accommodate for the mult i-

axial non-proportional stress state in the contact along with prestressing. However, the Liu-
Mahadevanôs criteria with associated material properties is more suitable and proven criteria 

used by many researchers. But FEMFAT does not offer modules with such criteria making the 
fatigue criteria comparable but not accurately depicting proven criteria for rolling sliding 
contact fatigue. 

5.6 Deviation in results caused by delimitations 

The delimitations have helped in simplification of this thesis, however, some of the factors 

have significant effect on the estimation of fatigue life accurately. The influence factors 
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affecting the surface parameters like, surface topography, surface roughness, lubricat ion, 
contact temperature can significantly change the fatigue life of a component. This has a 

significant contribution to deteriorating the surface and making it more suspectable for pitting 
initially and later will accelerate the flaking of the material at the edge of the pits due to altered 

kinematics of meshing. Accounting for these factors needs robust code which is not availab le 
commercially. Since these assumptions significantly affect fatigue life, these factors need 
deeper focus in future. Some of them are discussed in detail with factors mentioned below. 

Surface topography: The micro stress cycles due to waviness of surface as shown in previous 
section and the height of the asperities in relation to the lubrication film thickness are critical 

factors that indicate risk of fatigue. Studies have observed higher fatigue life on the pinion by 
a suitable topography modification with longer wavelength on the ring gear, in mutual sliding 
direction along the face width and without reducing the composite root mean square roughness 

of surfaces. For well-designed gears with smooth contact surfaces in the computational model, 
generally the contact fatigue damage will be insignificant [84]. With introduction of elasto-

plastic interaction of asperities, the shear stresses raise to the surface increase in the risk of 
surface failure. Higher the peak of the asperities greater the risk of failure. The distribution or  
position of the asperities also changes the risk of failure as the area with higher slide to roll 

ratios, have higher rate of wear thus breaking the high asperity peaks, and thereby reducing the 
risk of failure [41]. The influence of surface topography was neglected in this thesis, which can 

result in deviation of predicted contact fatigue life significantly. 

Hardness and friction: Hardness is resistance to plastic deformation of surface which 
enhances fatigue life indirectly. Plasticity of the surface and elasto-plastic interaction of 

asperities can have significant effect on redistribution of maximum shear stresses at the surface. 
This results in influence on friction, the shear stresses raise to the surface resulting in higher 

risk of failure at the surface. However higher hardness results in lesser plasticity of the surface 
and the depth of shear stresses are generally kept lower in the subsurface region, improving the 
fatigue life at the surface. In addition to this an additional layer of hear either in the form of 

additives or lubricant can significantly reduce the effect of friction on shear stresses, 
significantly reducing the risk of surface failure. Since the hardness and friction can make 

significant impact on the fatigue life, neglecting them will reduce the risk of failure predicted 
at the surface to mostly zero. This is reflected upon in this thesis where the finite element 
method without friction does not show any significant impact of friction on redistributed 

stresses locally and the fatigue limits. Another important factor is the deterioration in hardness 
due to temperature creating a difference in hardness between the surfaces. This can result in 

significant ploughing and accelerated elastic shake down locally reducing the fatigue life by 
huge margin. Thus, fatigue life computed has significant deviation. 

Thermal effects: Friction leads to other complications like local peak temperature due to metal 

to metal interaction, and micro thermo mechanical fatigue cycle, at elevated temperatures of 
several 100 degrees, capable of transforming the state of the microstructure locally at the 

surface. Starved lubrication, the heat generated in contact can also cause significant material 
transfer. This deteriorates the surface leading to significantly lower fatigue life. In addition to 
these thermal effects have significant impact on performance of lubricant due to the reduction 

of lubricant viscosity with raising temperature and gradual deterioration of oil quality. In some 
of the observation there were clear indications of microstructure transformation which may 

have been initiated by high local contact temperature. This can create significant influence on 
fatigue life due to deterioration in fatigue strength. Since it is neglected in this thesis, the 
computed results may be very optimistic compared to fatigue testing results. 


























