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Sammanfattning

Hypoidvéxlar har anvants i stor utstrackning i bilar, -fiygnarin och andra applikationer under
artionden. De speciella fordelarna med hypoidvaxlar kommer med inneboende kontaktkomplexitet
med varierande krokning och glidning i bade profi ochdikgning. Spalingfel ar katastrofala

och maste hantes med grundligredskapdesign. Analytiska metoder har flera begrimgar.
lterativ utveckling baserad p&xperiment &r dyr och tidskravande med olka icHiajara
parametrarsom arsvara att tolkka. Denna avhandling syftar til att utveckla en metod for att berakna
kontakttmattningslivslangden for tering av spahg med finitaele mentmetoderExperime nt

har spelat en viktig roll for att forstd orsaksfaktorerna for fel, bestammattningsivslangden

och for att studera de viktigaste systemdesignparanmetr En feanalys av den skadade
kugdlanken utfddes, viket fortydligade felens orsaksfaktorer och den underliggande
feimekanismerna

Driten ar fokus for denna avhandling, en finitaelementmodell utvecklades ANM8OL-HFM

och restspanningarna  Overlagradesmed FEM-verktyget MSC-Marc. En  slutlig
ekementutmattningsanalys utfordes neEMFAT och komponentens utmattningstid bestésn

Den beréknade utmattningslivsliangddwrreleradesmed fysiska provningssultat genom att
tilampa statistisk Weibutinalys i kombinabn med probabilistiskaivsiangdsnodeller

Malet meddenna avhandling &r att utvecldm metod for att uppskatta utmatigslivslangan och

att tillampa metoden for att beraknabulkmaterialets utmattningslivslangd for ethypoidrev.
Pavekningsfaktorer som metoden for kontaktanalys, olka typereagpanningar pa grund av
ythardning ochkubblastring utmattningskriterier, friktion, materialegenskaper studeras i denna
avhandling for att utveckla dennanetodfor att predikterakontaktutmattningslivsiangsh

Bulkmaterialegenskaperna fdnardhet representerade utmattningsegenshapenema exakt.
Skalad normalspanningi kritska planutmattningskriterier befanns vara mer lamplig for
kontaktanalys med forspanningar och raitiell icke-proportionell kontaktspanningiatu an
andra egengiper med FEMFAT. Metodbaserad kontaktanalysmetod visade sig vara mer lamplig
for uppskattning av ytutmattningslivslangd trots de inneboende fordelarna  med
hybridytaintegralmetoden och dessera exakta friktionsrepresentation. Defsade sig att
inkludering av friktion i modelen intenarkantforandrade livslangdenviket visade att paverkan
av hadhet, smorjning av ytornach kontakttemperatur pa skjuvspannimgagr for stor for att
forsummas. Kontaktutmattninggslangden oOkade med en fakteh,4 ganger pa grund av
kugghjulring jamfort med yardning, viket indikerar restspanningsverkan For att uppskatta
utmattningslivslangden vid inledningen av ytfel kunde en fulistindig korrelan med



utmattningstestresultaten inte uppnas och orsakerna til awikelser identifierades tydligt. Det
skadade omrade som indikeras av denna berdkningsmetod korrelétatied den skada som
observerades under testerna. Observationerna och berakningarnaadediidigt fel i kuggen

med forklaring awmekanismen for fel hos kulgnken med hjélp aektuelt kontaktforhallande

Nyckelord:  Hypoidvéxel, rullande  kontaktutmattning,  utmattningslivslangd, FEM,
vaxelkontaktlivsiangd, spalling, fysistestning, umnattningsanalys.
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Abstract

Hypoid gears have been used extensively in automplalesospace, marinand other applications

for decades. The special advantages of hypoid gears come with inheremt contplexities of
varying curvature and slidingn both profle andlengthwise direction. Spaling faiure is
catastrophicand needs to be addressed with deeper roots in gear désiytical methods
present several limitationslterative development dm experimentation is expensive atimhe
consunng with different noniinear parameterdifficult to interpret Ths thesis airm to develop a
method to calculate contact fatigue life for initiation of spaling using finite element methods.
Experiments hae played a major role in understang the causal factors for faiuredetermining

the fatigue life and to study the major system design paramétdéadure analysis ofhe fractured
flank is performed It clarified the design causal factors for failuredahe mechanism of faiure.

Pinion being the vulnerable part is the focus of this thedmwite 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 attte component fatigue life is determined. The calculated
fatigue lfe is compared with physical testing resulisihg Weibull statistical analysis in
combination with probabilistic bearing lfe modets formulate emphaticalcorrelation rethods

The goal d this thesis is to establsh a method to estimate fatigue liféakiyg up example of
compuing subsurface fatigue life of a hypoid piniofihe influence factors likehe method of
contact analysis, different types of residual stresses due to casengpralach shot peening, fatigue
criteria, friction, material properties are studied in this thesis to develop a consterite
methodologyto computing contact fatigue life.

The bulk material properties based on hardnegsesented fatigue properties rexaccurately

Scaled normal stress in critical plane fatigue criteria was found more suitable for contact analysis
with pre-stresses and mulixial norproportional contact stress state FEMFAT. Finite element

based contact analysis method was foundetaore suitable for subsurface fatigue dstimation
despite the inherent advantages dhe hybrid surface integral methodand its accurate
representation of frictianit 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 nedlbmbétt fatigue life increased

by a factor of 4.4 times due $hot peeningof gears in comparisomith case hardeningndicating

the influence of residual stressd=or the estimation of fatigue life at the initiation of faiure, a
complete correlation with the fatigue test results could not be achieved and reasons for deviations
were clearly identied. The area of damage indicated by this computation method correlated with
the damage observed during tedtise observations and calculations indicated premature failure
of pinion with explanation of mechanism of faiure of pinion flank using contadit@os.
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physical testing fatigue analysis
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NOMENCLATURE

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

Notations

Symbol Description

o timestep in seconds

Y&  Elemental volume

| Proportionality constant for LundbeRplmgren calculation

” Compressive residual stresses

. Vo Mises stresses at each element

. Von-Misses stress fatigue limit

T Orthogonalshear stresses

T 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 sirface at corresponding maximum stress occurrence
A Material constant foloannidesHarris model for life calculation

D Damage Value (Fatigue)

K1 Material constant for Lundberg Palmgremodel forlife calculation
MCH Weibull slope for case hardened speanteased on testing

MSP Weibull slope for case hardened and ghe¢ned specimebased on testing
N Limiting number of load cycles atparticular stresdevel

Ne Number of cycles determined statistically from Weibul analysis
Np  Pinion speed in rpm

S Probaoilty of survival

Zp Number of teeth othe pinion

Abbreviations

ANSOL HFM Advanced Numerical solutions Hypoid face miled

CAE ComputerAided Engineering

FEM Finite element methods

GKN KOP GKN Automotive (EPowertrain) Koping
MPa Megapascal

NA Not Applicable

N-m Newtornrmeter

NVH Noise Vibration and Harshness

PTU Power transfer unit



RDU
Rpm
S/N Curve
WSF
XRD

Rear Drive Unit

Rotations per minute

Fatiguelimit stress vghe number ofcycles curve
White Structure Flaking

X Ray Diffractometer
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1 INTRODUCTION

This chapter describes the background of the thegis the impetance and purpose of the
project. It introduces the reader tmnportant terminologies, the methodology followed
explaining the work breakdowrsince the working area is very broad, it descrilibs
boundariesof this thesis and the delimitatiofs the computational approach

1.1 Background

Evolution of power transmission sysie aied downsizing of prime moverand flexible
positioning, making it suttable for different application requirements. One such application is
power transferfrom the engine to wheelsn automdiles A drivetrain that distributes power
between wheels gerally operates in demanding conditions undeide range of torques and
speeds.

Smaller or lighter componentsmeancompact packagingthus makingmore interior room for
passenger vehicles and more cargo area for utility vehioids lesser emissionsard better
eficiency Most importantly longlasting quality or durabilty of components mean lesser cost
of ownership or maintenance and overall energy savigdifferent stages othe products
lifecycle. Atthe product design level, higherformance dretrains often demand balancing of
conficting metrics like functionality, compactness, operating range, power density, efficiency,
NVH, cost and maintenance/ endurance lfe of transmission systems. Deterntiring
endurance life of the components witlyHar certainty becomes one of the driving factiors
ascertain overallperformance. The high performing components are expected tosurvive
demaxing load cycles, simutaneously performingita best efiiciency and NVihrougho ut

its operational life Thus determining the extent of damage at different stages of life wil further
help in quantifying acceptableperformance. In some of the extreme cases lke aerospace
applications, fatigue life is either safatytical or financially impactful. With increasg
demands of reducinghe mean time between mainte nanbesaksand the quest for higher life

of components, it is equally important to understandintpact ofinfluence factors that cause
failure in the syst@ and improve the design knowledge

Gears arean important part of any transmission unit which is the main link that transmits
motion/ forces and most of the performance metda€s drivetrainare directly driven by the
design and performance of gears. Gears in mesh have aunique relative motigh thrface
contact. Gear flanKatigue failure is oneof the typical failure modes as the contactingfeses
undergo fatigue damagaderrepeated loading due to different tribological conditioBased

on the extent of damag&hich rangs from few miaons toafew milimeters of craters at the
surface, it directly affectshe kinematics of meshing and force transmission that may intiate
catastrophic failure of the system.

At a macro level, gear design involves balancing between specific slslidg,to roll ratio,
overlap ratio,contact ratio,pressure angle, profishift, spiral angle andoffset that directly
impacts different metrics dhe overall performance of the drivetrairtGKN Automotive, a
company that pioneers in developmesuihd mass mandacturing of driveline solutions for
reputed automotive brandwmve a keen interest in thestimation of endurancelife of their
components that can reduce the prototyping/testing time and hence time to market. From a
future point of view withthe evoluion of highspeed electric propulsion systenestimation

of contact fatigue lifedue to increased speepeses more challengesnd with a project that
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initiates a study in thisfield helps in futureproofing designgind buids a knowledge basdth
areliable method of approach

The main product of interest for this thesis isnddeetdrive andfour-wheeidrive systems that
transfer power fronthe engine and distribute to dbur wheels based on torque demaras
shown inFigure 2. An allwheeldrive system consists ofo pairs ofhypoid gear setseach &
front and rear As shown inFigure 1, in a typical alF-wheeldrive system,power transfer unit
(PTU) is connected to thengine and output shaft transfers power ta¢adrive unit RDU)
through a propeller shaft and a CV joint. At tie&ar, RDU receivepower frompropeller shaft
coupled toa pinion that drives ring gears The iing gearis connected tdalfshafts through
clutch packsateach sideThe output from RDU is connected to wheels through tripod joints
and half shafts.The hypoid gear pamwsed in different unitsdiffer in the hand of spiral and
active flanks mesh differentlypased orthe direction of power trasfer The RDU is of keen
interest in this thesisHypoid gears arealso used in other products that include open
differentials, final drive units etddypoid gearsarewidely adopted in automotive transmission
systems as they provide space advantage avittoffset pinionas compared to spiral bevel
gears. Itavoids the intrusion oftransmission tunneinside the cabinThere is a change in
profie/geometry of the gears to accommodatee thinematics ofoffset gears. This indeed
results in high sliding bothlong theface and at pitch line with high roling contactpressure
High contact pressure and sliding spéBd®), result in flank damage that is studied in this
thesis. GKN KOP has been developing and manufacturiinge units for several years andsha
faced premature faiure$n some of the test cast#mt did not correlatevith the conventional
standardcalculations These failure modes and causes wil also dmmajor resourcefor study
andvalidation during this thesis.

Disconnect Unit

Transmission P
JE' [:,& i
/ 8 B Disconnect Mode
PTU :
Bl Parts are rotating
Propshaft —— ] Parts are on down time

Differential eliminated by two
independent controllable couplings

Figure 1 lllustration of an allwheel drive systemith pictures othepower transfer unit (PTU), readrive unit
(RDU), hypoid gear set can be observé KN KOP, n.d.)
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Figure 2 Typicalfour-wheel drive transmission units withdifferent arrangement dfypoid gears at front and
the rear for, transverse engine (on left) and longitudinal engine (on rigei).

Contactfatigue can becategorizedas surface fatigueand subsurce fatigue. Generally, the
type of failures observedare frosting, scoring, micro and macro pitting scuffing, fretting,
flaking, spaling andcase crushingsome of which are seen lfigure 3.

Figure 3 lllustration of failure seen on pinion flank showing different levels of danf&ie\N KOP, n.d.)

Gear flank failure is a subjective terohefined based on the extent of impact of surface damage
to theregured performance ajears It can be quantified based te size of the crater or the
effect on performancen terms ofthe kinematics of meshing, efficiency and NVIMicro

pitting and frosting are not catastrophicand are nobf significant importance imypoid gears

in theautomotive industryand is not seen in testingpalling, the gradual progression of deeper
and wider pits that flake offhaterial debrisforming bigger craters leads tatastrophic flank
damageand it is of keen interest in this #i® The process is gradual and makes it is difficult

to ascertain point inttiation déilure in terms of impact on meshirgfficiency or NVH. Contact
fatigue has beethe 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 [#0,1357]. Most of the stude are
under simpler contact conditons in gears and beanmtjs fatigue criterion tested for a
reasonable samplset with different extent of damage lke micro pitting, spaling, severe wear
etc[19,7, 60,46]. Studies revealhat the computation of everal influencig factorsarehighly
tedious and relatively inaccurate fodicating theintiation of spaling fatigue[16, 17, 45)].

The combination otwo-dimensionalrelative sliding and roling velocities (magnitude and
direction) under varying threglimensional radi of curvature material properties surface
treatments heat treatments, operating spédettsques temperatures, loading sequence can
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meke the problem more complicatd@7]. It is verydifficult to isolate thehreshold magnitudes
and extentof impact of influence factorson fatigue life.

The ultimate purpose of engineering simulatiols to make a reasonable engineering
judgement and design decision makingséd orthe results of computatonsCommercially
available gear design tools likeIMoS calculates fatigue life baden ISO, DIN, Niemen
Winter and AGMA standardsire not suitable to compute fatigue life for spalinGuch
smplified theories for hypoid gear applicaton have many idealizations and assumptions in
calculation where most of the influence parameters amglemented as derating factors in
fatigue lfe computation Nonlnear influence of tribological parameters poses numerous
challenges to generalize a model to predict contact fatigueTdfels with advanced numerical
capabilties ike ANSOL HFM for computdéion of threedimensional kinematics with macro
and microgeometry. laccuratelycomputes the dry contact stresses defbrmations but do

not have capabilities to capture the effect of lubricant, ressinassesand temperatureThe
causs for fatigue may be unique in each pair bypoid gearsdue tovaried complexity in
tribological conditionsand playa major role inthe computation ofatigue life. It was found

that theinability to separate surface and subsurface initiated fatdgeposes more lallenges

to apply fatigue criterion and perform fatigue ppsbcesikg based omlry contact stresses

case ofspaling And it is the scope of this thesis developa method to isolate the causes with
individual simulations.

1.2 Purpose

The main purposefahis work is to develop a methodology fhe estimationof contact fatigue
life attheinitiation of spalling for hypoid gears usingacomputational approach

It is of keen importanceao understand the impact of influence factorsspaling andto expbre
methods and capabiities obmpuation Besides,understandinghe role ofresidual stresses,
material propertiesare also important for fatigue life computation In addition to this
evaluaibn of the fatigue criterion to be employe® necessaryValidation and verification of
the contact stresses and resultdaiigue life predictecbased ortorelaion with physical test
data orthe extent of darageis an integral requirement for this thesihis should alsdnelp in
improving theunderstanding ahe area of challenges that need more knowledge and ftools
estimation of contact fatigue with a computational model.

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

1. State of the arexplanation orthe mechanism of contact fatigue ilise relevant to
observationswith physical fatigue testingat GKNKOP,

Estimation of surface and subsurface stresgesiry and smoothcontct.

Computation of fatiga Iife for constant load cycle@Voher tests)

Verification andvaldation of esults usng physical test data

Compile above goals as a method for estimation of fatigue life at intiation of failure

ahrwN

The thesismust answerthe following questions:

What are the influence factotiat carbeincluded in the model and extent of imgact
What exteh of damage is acceptable afailure for point ofspaling initiatiorf?

How does spaling intiate and at how many cycles does it ifitiate

What are thdimitations and challengesto befocused asfuture work?

00T
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1.3 Delimitations

The objective of any simulations ensuring thathe model tacapturs physics close to reality

At the same time simplification makes the models easier to study mpliedionally efficie nt

with acceptable trade off on accurachhus, several assumptions and delimitations are made
due to different driving factors lketime constraints, imited understandingof current
understanding ofmechanics lack of availabilty of commercial toolswith required
computational capabiities, complexity to replicate work in a commercial fast pacgg set
availability of resourcesr datapertaining to different aspects of the simulatidke material
propertiesin fatigug Iubricant propertiesthermal behaviour Each point stated discussed in
detail insubsequent sections.

The main points used faimplification are as stated below:

1. The design of gear geomethyased on various objectives that inclusigftey factors in
pitting and root bendingare also ensured prior to this thesis during iterative design
processand wil not beperformedin this thesis.

2. The methods of testihng and the torque levels aaleulated based on the testing
standard prior to the project anthis thesis assumes the testing conditions are ideal

3. Effect of varying mesh stifinesslue to compliance of connecting elements likariogs
are not conglered in the computation of stress.Dynamic behaviour of contact
interaction is not included in the model.

4. Kinematics of meshingand contact stiffnesss assumed to be ideaboth before and
after damageAlowable extent of damage isabed on observation and literature.

5. The propagation of damage is not modelled in this thd@$is effects of plasticity due
to load sequence effect amot accounted for fatigue life estimatiorDamage
accumulationis considered linearWear of the surfacé& not considered.

6. Thermal degradation of materiapropertiesand lubricant parametersdue to frictior
heatand its influence opremature faiures dhe surfaceis not modelled.

7. Toothinterior and bothroot fatigue and the effect of peak stresses ribaroot of the
active flank are not studied in this thesis Thus, the transiton of residual stresses
betweenthe case and core of the tooth is not of interest

8. Itis assumed that there is no double flank loadinggdge loadingduring mesh.

9. Practical experimentation with significant sample space is not diomethis thesis.
However, the correlation of previous experimental resuls donefor verification The
thesis does not involve the evaluationttefc o mput ati on model 6s acc

10.The fatigue crite@ may be chosen basedtba availability of material fatiguedata

11.The compressivaesidual streses are assumed to be unchangkaing thetests

12.This study mainly focuses dahe intiation of spaling and does not include failure
considerations for mior pitting or propagation gditts or spalls

13.The extent of lubrication starvation and its effects are not studied in this thesis. It is
assumed that there @nideal lubrication condition in contact is assumed that the
presence of lubrication doestraidter thecontactpressure distribution due toe EHL.

14.Material nonlinearityand hardness gradients are not considesed { is assumed that
the material properties are uniform and elafic contact analysis

15. Effect of surfaceparameterdike surfaceroughness, hardness and effect of friction due
to lubrication, hardness, material and coatiage not of scope in this thesis.

Note: This thesis is severely affected the COVID-19 pandemic, with impact on the
performance and timelines. Some of thenditgitions choice of methodology and effect of
uncontrollable parameters on the objectives and the computational acaveawt studied
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Finetuning and verification of the model for newer designsl testing conditionsvere not
possibleas there was veriynited time and access to complex simulation tools

1.4 Methodology

A pre-study is conducted to understand the mechanismdarhageon pinion flanks from
previous physical test casas RDUs at GKN KOP. The work involves identifying the mode
of failure, mechaism and arriving atan explanation backed bgling slding contact fatigue
theory to formulaing concrete objectives for further researchhis is folowed bythe

formulation of a computational approach to predict the contact fatigue life.

As seen inFigure 4 the thesis is divided into 6 different stages

1.

2.

4.

Pre-study: The gear failure observed in GKNKOP is studied to understand the nature
of falure and unddying cause to set the objectives for the studies
Literature review. In this stagegexisting knowledgeof roling contact fatigue study
applied to hypoid gears agathered Important focus is given the method of contact
analysis, materialsfatigue criteria,fatigue life estimation techniques.
Contact analysis Finte element based computation aointact stressewith constant
friction coefficients indry contat is performed Critical stresses and contact parameters
are studied ANSOL HFM is used for the analysis.
Fatigue analysis The residual stresses areperposed on contact stressesfirite
element fatigue analysis is performed wdflerent multiaxial fatigue theories that can
predict the contact fatigue lfe
Validation: The computational approach is evaluated, and iteratons are performed
with different influence factors to verify the results. The results are valdated against
the testing data.
Results In this section, thestateof-the-art explanation for damage mechanism is

documented with evidence on causal factors from theoretical

and experimental

observations. The fatigue life edicted,and the verified methodology is formed to
compute the contact fatigue life and study of causal factors in the CAE process.

Pre-Study

Literature
Study

Contact
Analysis

Fatigue
Analysis

Validation

* Background Study, Set Objectives
+ Pinion Failure Analysis from Physical test

+ State of the art studies, State Hypothesis for Failure,
» Formulate Methedology of study, Set Delimitations

+ Contact Modeling, Meshing and Initial Conditions,
+ 3D Stress results in critical area

+ Study critical plane stresses and point of initiation of Damage
» Computation of Endurance life for Wholer and Varying load

+ BEvalutate Contact condition with observation in physical tests
* Wholer test test data correlation and verification

« State of the art explaination of casual factors for contact fatigue
+ Prediciton of contact fatigue life
» Method of Implementation in CAE process

Bl d d B

Figure 4 Methology with workflow chart
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2 FRAME OF REFERENCE

Thechapter is thsummary of the existing knowledgecontact fatiguand former performed
researchabout rolling sliding contact fatigue theoriésat can be applied to hypoid geafhis
chapteralso presents the theoretical reference frame thatasessary for the performed
research and modieng of contact and fatigue.

Gears have beamost common elements fonechanicaltransmission, known for the unique
relative motionof contact bodies rotated abdbeir axesproducing amotion at desiredspeed
with leverage to the forckeing transmitted Generally, gears aremeshing cylinders with tooth

cut on them transmitting motion with successive engagement with rotatiotme primitive
form of gearing [38]. The following sectins wil describe about the problem in detal and
existing knowledge specificallyor different aspects lke contact analysis, kinematics, contact
fatigue and influence factonsith ilustrations from previous research.

2.1 Theory of gearing

Gears are used &snsmission 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 abiity to transmit motioa cahstant speedThis

profle can becorrected to reduce the effects of noisesar, 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 helicgears
3. Perpendicular shafts: Bevel Gears and Worm gears.

The desired output motiorof the gearing is to maintain the ratio of angular speeds to be
constant.As shown inFigure 5, two simple spur gearseparatedbyac ent r e di st ance
the contact profles are higher kinematic paot at i ng ab o wdt atni@dstie® centr
contacting bodies mesh, the contact points folow the shape of the contact profle with a
constant pressure angle. The vectorfeihce of tangential and normal components of
peripheral speedsi\and ¥, at point of contact is the profle speed directed althagjoint

tangent of the profiles. The normal component of the peripheral speedsdvw. must be

equal for continuousransfer of motionand avoid both interferenceor separation of profiles
causing discontinuity. T ensuresaconstant ratio of:and¥:ensuringthe transfer of motion

without acceleration.The point C takeshe same constant position as the profiles rotatecat r

from the centre and peripheral speeds are contact and equal at that point for both contacting
bodies. Thus, there iBo mutual sliding about this point and the imaginary circles drawn
through this point from centre, is subjected to pure roling about their centres taadheory

of gearing, it is known as pitch circleochieve the constant and continuous transonissif

motion theclosestprofie of the contact bodieknownto us isinvolute. The involute of a circle

is theroulette obtained by rolinga stiffly held straight thread about the surface of a cylinder.

It is important to observe here that the mutualiraj speeds at the contact increase with the
distance between the pitch piaddition o@8theand mo
tangential rotation speeds also increase with the increase in distance from contact point to pitch
point. It is apparenthat at pitch point, the sliding speed is zero and below pitch point sliding
speeds is negative and above pitch point the sliding speed is pdsieatio of these sliding
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speeds to the mean peripheral speeds is knovansbde to roll ratiowhich s different at
different points along the prefil (and face width in case of hypoid geaf3Y)].

a

Figure 5 Relative motion both rolling and rotation of two contact bodies with involute pr¢8igs

2.1.1 Bevelgears

Bevel gears araised 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 perpendiculaGenerally, level 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 classifleaised on tooth traqaofie along face widthinto:

a. Circular
b. Elongded epicycloid
c. Elongated hypocycloidal

2.1.2 Hypoid gears

Hypoid gears discussed in this thesis are a variant of bevel gearsa wihintersecting
perpendicular axisMost important feature of the hypoid ge#@dhat they have offset pinion
from the centre athe ring gealas seen ifrigure 6. The bigger gear is called ring gear and the
smaller gear is caled pinion as a convention. They kawang tooth depth along face width
or facemilling design Generally, for lmger ring gears with higher ratiotiet pinion is
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hypocycloidal in profle along the face widtlproduced bya generation with continuous
indexing while the gear is circulan profile along the face widtproduced bysingle indexing
per tooth

Face Milling Design

PO

Irtoruacton .
-t '2 e~ /,I
—_—

- =

Figure 6 lllustration of a typical hypoid ged67]

For posttive offset, thehift is in the same direction athe spiral anglefor right-hand spiral of
thering gear As thepinion can have highespiral angle than ring gear with increased aoffet
gves a bigger pinian This translates tamcreased torque transmission capaciy in relatively
compact space and higher total contact ratio that enables sient opefagohypoid gears
have inherentadvantages due to the offset axis of the pinion for automotive application where
the transmission shaftan be mounted lower, along with complete lsady achieving lower

the centre of gravity and at the same time avoid intrusion of tr@smission tunteinto the

cabin space.

2.1.3 Hypoid gear geometry and contactconditions

Hypoid gears have many geometric parameters due to its compddxathyape and kinematics

The gear pair is designed to reduce contact, root bending stresses and transmission error. The
geometry and the machine settings influence conaessure pattern significantlyThis

reflects instressdistribution andsome of the important featurese discussed in this section.

Offset It is the unique feature of hypoid gearslt is the distance btween axis of the gear and
pinion measured from theentreas shown inFigure 6. The offset results inunique kinematic
conjugation oftheoretically hypoid 3D surfaces[81] as shown inFigure 7. As the pinion
displacesaway from the centre axis, the face widthd sliding speedsignificantly increas.

Figure 7 Generating gear witttheoreticalhelical cones for hypoitboth surfaces[81]

25



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 §1] as shown inFigure 8. The reference point for mean spiral angle is generally
defined at the centre of the face width.generally affects theribological conditions like
directions of ontact forcesgsliding speedsilong the face widthcontact stressesndrelative
curvature The hand of spiral and the direction of drive torque also significaaffbets the
contact conditions.It should be noted that the spiral angle continuously ggsarfrom the toe

to the heeindicating variation in curvatur@long the face widtldifferent for gearand pinion

Figure 8 Theoretical representation ofeanspiral angle and the generating plap#l]

Profile Shift: The gears are generally designed to have zero profie celificient meaning

sum of the profie shifts are zeron®of the members have positive profie shit whie the other

as compensating negative profile sf#©]. As seen inFigure 9, for different profie shift, there

is a change imoot thickness the profile curvature othe tooth, the radius of blending near root

and the tip This resuls in different stressprofles under load In addition tothis, the sliding

and roling speeds and directionasre aftered with the change in profle shift, which affects the
lubricant flm formation along the tooth profildt is alsoensued that there is no undercutting

and he tooth tip is not pointy or shaigmnd minimumtop land is ensuredwhile selecting the

tool geometry and machine setting detaidn general, the profle shifts along with tooth
thickness modifications and spiral angles are used to obtain desired geetrgem balance
specific sliding speeds and the root and the flank load capacites 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 geometigteractionsasseiated with changes.

ABRPR

Xy = 0.0 Xy = 0.1 Xp= 0.2 X =0.3
Xy, = 0.4 Xp= 0.5 Xy = 0.6 Xy, = 0.7

Figure 9 lllustration of variation of tooth profile for different profile shif9]
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Pressure angle Pressure angle is the angle subtended by line of adt@mn perpendicular

to the gear tootland line of tangent to pitch circlet any normal section along the face width

as seen irFigure 10. It is important to note that the profie of the gears in hypoid gears can be
asymmetrical and mallave different pressure angle on both the sides. For different pressure
angle tle contact parameters change resuliing in different stress profies. The pressure angle is
decided based on operating conditions on active side of the flank transmitting itocjve
direction. Pressure angle along with the modigeusedto tune theprofile contact ratio and

load capacities in root bending and contact, along with 88k The working pressure angle

and the pressure angle gemeda by the tool slightly varies from the design pressure angle
which can lead to different contact geometry.

Figure 10lllustration of Pressure angle in a normal section at contact between pinion and [@igel.

Crowning: Crowning can be defined #snk modifications withsmall curvatureof the surface
along a particular directiothatreduce the sensitivityto the displacement of contact patch due

to misalignments induced by shaft deflectons manufamy and assembly deviations and
other geometrical deviationdt is measurd both along profle and lengthwise direction of the
tooth of pinion and geatft indeed leads to smaller contact pattern depending on oveol
geometry It may also resultni higher contact pressures and concentration of stresses locally
due to sharp curvatures which may not blend wHfis can alsoaffect the micro elasto
hydrodynamic lubrication conditions due to change in curvature locally.

Ease off: As seen with crowngy and other complexities icontact 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
caled easeff analysis. Unlke cyindrical gears, the flank modifications are not considered as
deviation from basic rack profile for hypoid geatsstead,tooth contact is defined using
meshing parameters where crowning isassignedout considered asrasulant fitting contact
surface between conjugatinggear and pinion This tooth contactmeshing parameters are
computedfor different roll angles of pinion and gear at different mesh posttigusictional
variables representthe threedimensional surfaces atnstantaneousmeshing positions.The
minimum distance obtained between contact at each position of rotation on the tootrdlank
known asinstantaneousease of [39]. This is calculated for overall tooth for one complete
mesh gcle and the enveloping surface obtained from minimum of all instantaneous ease offs
at different mesh positions is known as contact distanceveyall ease off. This calculation
provides visualization of surfaces, to study local modifications lke cngwfor conjugating

tooth flanks. These contact distanceserepresented as a deviation from a plasseseen in the
figure which is generally addressed as eas¢3%9f. As shown in theFigure 11, the ease off
topography, defined by five differermiarameterscan help indirect correlation andanalysis of
tooth form and position or displacement aointact patterrboth with and without loadlt is
desirable to have wide spread of the contaetr on the flank anfbr instance, to increase the
length of contact pattern over face width, the length wise crowing can be re@Stesufh
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contact pattern optimization can be done using the ease off topography par§B®terhis
process is continuedh iterationsto arrive at optimum geometry and ease off topography, where
the load capacities armeaximized with reduced transmission error.

+

4 Profile crowning

B L SN
S +
: Pressure angle change

+
Spiral angle change

Figure 11Quantitative desgption of a typical ease off topograph$9]

Contact conditions: The kinematics of working and contact conditions change depending on
the resultant tooth profile both along height and face width. The involuéle pexplained in

Figure 5, show the sliding and roling conditions only along the profie. In addition to this,
there is a sliding velocity component in the lengthwise direction which makes hypoid gears
unique. Tle sliding velocity is not zero near the pitch line for hypoid gears and this helps in
maintaining lubricant fim as compared to pure roling on pitch point in other geascontact
conditions like sliding veloctties, radii of curvature, contsitessare affected by the geometry

of the gear. Generally, smaller module, postive profile shit and larger pressure angle is ideal
conditions for larger radi of curvature and increased contact fatigue life due to reduced surface
stresses39]. The offset can be increased and thereby increasingpif& angle on a hypoid

pinion resulting in higher contact ratio with increase the {badring areaHowever, sliding
velocity along the lengthwise directiorFidure 12), generally increases with offset or spiral
angle. This is can directly reduce the contact fatigue lfe due to higher surface stresses and
higher slide to roll ratios. It is important to balance the offset and the profie shitvéo ha
optimum sliding speeds necessary for the formation of lubrication 38 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 c@ve 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 flm thickness, stresses, and the slidimjng conditions locally. The manufacturing

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 tihipaints of mesh at all
torques, there is significant clearence betweenaubie flanks.

wheel axis t Lengthwise

Drive side
(concave)

D —wheel flank
' \ pinion flank heel

coast side
(convex)

pinion axis

Figure 12lllustration of sliding velocities a contact pointin hypoid gear contact surfa¢&9]

2.1.4 Shaft deflection and convention

The gears are mounted on shafts that are supported by bearingsyp@ide gears experience
forcesin three directions namely axial, radial, and tangential. The complete setup is mounted
onrigid housing.As a system, there is compliance due to deflection of gear tooth, gear body,
shafts, bearings,and housing. This compliance creatatisplacement of the contact pattern on
the tooth that varies with different loading cond#orit is important to note #t thestresses
arevery sensttive to these misalignments as there is sharp variation in contact couaditipes
experimental studief32].

Pinion
Pinion rotation Movement
about origin +G+R
+alpha, +beta

L 7 Pinion

r Movement
+P+H

Y

Figure 13Conventions of EPG Alpha or VHR Beta for defmaxel deflection<]

The convention shown ifrigure 13, helps in individually representing the displacements in
four different ceordinates. E or V represents the pnidisplacement away from the centre
towards the side as positive. G or R represents the displacement of the ring gear axialy towards
the pinion as positive. P or H represents the displacement of the pinion axially away from the
ring gear as positive. Alghor 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 intersection
angle more than 90 These conventions are used to define the misalignments during £ase of
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 fatiGlare or contact fatigue
failure. Generaly, welldesigned,and lubricated gears, fail due to root bending fatignehigh
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cycle fatigue testingThe design parameters determine the mode of fadlsrbe safety factors

in bending and contact failuregeaassessedell in the design stageblowever, due to differe nt
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
thar behaviour compared to simulations.

2.2.1 Toothroot breakage

The breakage dahe tooth by initiation of cracks due toyclic bending stressesat the root of

the tooth is typical in gearsn lcase of hypoid gears, due to varying stresses in a single mesh
cycle that not onlyinducesthe bending stresses but also twisting stresses on the tooth. The
failure mode is catastrophic fracture of tirg gear or the pinion. Generally, due to positive
offset, the pinions are bigger, and the ring gears are more suscéptimot failure as seen in

this design where the ring gears have failed in root bending fatigue at higher tdngues.
14illustrated one of the instances of gear faiure initiated at the heel and a parttadttn is
chipped off in ring gears.

Figure 14Tooth root failure and tooth chip off in ring ge@®BKN KOP, n.d.)
2.2.2 Toothinterior fatigue failure

The tooth root internal fatigue failure wést observedin case hardenediler gears where

there is doublesided loading of the flanf40]. The primary reason for faiure is improper
selection of hardening depth and the subsurface residual stressipiibfiecase core trabisin

zone. This mode of failure is dependent on contact stresses and is dificult to observe in visual
inspection andeads tocatastrophic failureof the tooth Generally, the failure initiates below

the surfacein the interior of the tooth core and prgpges to the other end of the too#s
llustrated inFigure 15, thereby chipping off the tooth. The angle of tooth chip offteeep and
generally initiates higher on the tooth profie.

(

loaded flanks

tm

peints on path of contact =
\  points on path of contact R

>

crack initigtion
and direction of
propagation

crack initiation
secondary cracks

Figure 151llustration of tooth interior fatigue failure with description of crack initiation and propagatib®j [
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2.2.3 Gear flank (surface) failure

The flank surface failure ithe primary focus of this thesis andetle are different modes of
failure of the flank, depending on the definition of failuaed the operational requirement for
applicaton. The £rm damage is subjective as the gear pair can transmit power without
catastrophic faiuredespite initiation of daage for some of the falure modelke micro

pitting. However, some of them lead to catastrophic faiure and is unaccelialdpaling or

tooth chip off In this thesis the extent of damagecceptabledepends on the NVH requireme nt

of the gear paiand the extent of impact on safety against catastrophic failure of the system.
The contact conditons and operating conditions largely contribute to the contact fatigue
phenomenon causing different types of faiure discussed in subsequent sédtongortant

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 agears
subjectedto durability testing or any further usage. Running in thesgkelps in setting
in of contacting surfaceby breaking very sharp asperiies it increases conformity of
surfaces or real area of contathis wil decrease surface roughness and due to lighter
loads, forms a favourable surface topography for smoaiperation of gearsmproper
run in can also lead to residual tensie stressdiseisurface

2. Initial wear:
Wear is a phenomenon the occurs throughout the operational life of the gears at
different rates depending on the operation conditions.algiedual erosion of material,
mainly deeper asperities, and removal of material from weaker surface cracks. It can be
termed asbrittle failure of patches due tgasticplastic asperityinteraction.

Both phenomenaideally produce a surface that is free frdwighstress concentration points,

that can conjugate wel, for low to medium loads. They result in redabeasive friction,

increased contact conformity with higher real area of contact for load sharing between the
surfaces. The surfaces are grey afmke their lustre after subjecting to these teddsie to
repeatedplastic deformationthe surfaces are generaly wédirdened t@certain extent after

this procesg[55]. Generally, with advancement in materiedurface treament and case
hardening techniques, the hardness of the surface is maintained such that the damage caused
by runin and fatigue weass very minimal with ideal lubrication. Generally, flank faiure is

due to the usual contact fatgue mechanisms that wildibcussed in subsequent sections.
Unusual surface failures that can accelerate contact fatigue mechanisms are discussed below:

Scoring: Due to lubricant flm breakdown, there is a plastic ploughing and elastic shakedown
at the surface where the highempeatties dig into the mating gear, causing a sharper but deeper
dent in the mating gear with wider scratches. This process is salahg and can easily lead

to stress concentration and point of intiation of pitting as seéigure 16. Generally, when

the pinion and the gear are of same hardness, there is more affinity towards 8yodegign,

the hardness of the pinion keptslightly higher as it undergoes more fatigue

Figure 16 Scoring marks seen near the pitch lingGKN 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. Scufiing is generally seen with hirenenarks on the surface

and is mainly due to lubrication breakdoy#b). 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 scifignge 17. It can causehe accelerated

failure of the gear paiThis cannot be classified as contact fatigue, but the damaged caused
momentarily during sdfing can acceleratarother destructive mechanism due to changed
surface topography and hardness at the surface due tasheatall chunks of the metal near

the surface melts and pulls off the weaker crack tips from the surface.

Figure 17lllustration of scuffing in pinion(left), ring gear (right3p]

Rippling and ridging: Both the phenomenon éspecially seen in hypoid geaas branchesfo
a tree When there is lubrication breakdown, there is oonius and excessive weatein the
lengthwise direction When lengthwise sliding is highegroovesare createdn the sliding
direction, due to material removal as seerfFigure 18 (left). But this is not scuffig asthere
is no material transfer. Generally, the grooves are deepeth@ntbde of failure is known as
ridging. Such modifications on surface topography create undesirable effects on NVH
performance of gears due to friciamduced vibrationswith the stick-slip effect Coefficient
of friction drops as sliding velocity increase towards tif&ppling occurswith EP-lubricants
when stress limits amexceededHowever,the amount of material removed is few micromgh
pattern perpendicular tihe diredion of sliding as illustrated ifrigure 18 (right). This cannot
bedirectly termed aafailure, but it can be am-processstage for futureridging damageBoth
phenomenacan lead to accelerated failure undetingjt

Figure 18lllustration of ridging (left) rippling (right) surface failure mode89].

2.2.3.1 Micro pitting

Micro pitting is fatigue damage of surface with small pits and crack#at dten occursin
parallel with excessive fatigue wealt is flanking of smaller cracks (<20um}hat originate
from the surfacedue to high contact pressures under negative specific sldglubrication
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breakdown [12,39]. Thus, the Iubricant properties, surface roughness and operating
temperatures contribute significantly to micro pittinhe cracksoften reattach butbreaking

the tip of the crackieaving a dentis seen irFigure 19 (left). Micro pitting is generallymild,

and cracks are parallel to the surfagell distributed butdo notcause catastrophic faiure in
hypoid gears.This can induce variation in micro stress distribution and reduced contact
stifness andherebycreating undesirable noises in the transmissidicro pitting weaken the
surface of gears with micro stress variation which significantly reduces surface fatigue life due
to roling sliding contact fatigue 1f].

Figure 19An illustration of micro pitting in surface (left) and cressction of the pit (right)12]
2.2.3.2 Pitting

Generaly, pits are craters that are characterised by their de@@ (& and similar width.
Contact fatigue heories explainthe damage mechanic®f pitting majorly based on two
different underlying phenomena One of thewel-establishedtheories suggestthat loaded
asperities are subjected to tensie stresses in the whthe roling contact, causing crack
initiation at the surface4fl]. The cracks grow deeper as tip detaches due to extreme contact
pressureslow radii of curvature in the region of negative sldingnother longstanding
hypothesis predics that the smaller cavities or cracks in the surfacepassurisedwith oil and
onthe application of high roling pressure, the cracks btostrodethe material and form small
pits [47]. Pitting can be iniited by both thenechanisms,but it is important to note that the
initiation of pitting is not necessarilfrom lubrication starvationand is influenced by the local
contact conditions In addition to this existing micro pits and surface cracksay alsofurther
grow into adeeper pitas more material detaches from the surf@®everal pits in local vicinity
can join leading to catastrophic faiure of the surfaseshown inFigure 20.

Figure 20lllustration of pits and spreading of pits leading to flank failuj@9]
2.2.3.3 Spalling

The review on roling contact fatigue states tlid@he evolution of RCF damage leading to a
fatigue spall involves a threstage process) shakedown, )i steadystateelastic response, and

i) instability. Localized plastic deformation and development of residual stresses are
precursors to fatigue damage, and therefore the abiity to compute the 3BPpddssic stress

fields that accants for cyclic loading and traction effects, and acknowledge microstructural
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changes, is a necessary tool 8.oThe same authorn f y i n

further states that this phenomenon occurs localy witiesgmm areaat mutktiple locations.

Spalling isthe most catastrophic contact fatigue mechanism that can lead to flank fraksure
seen inFigure 21, characterised by shallow walls at one end and deep wal attibe with

depth equal to the 85 times the semi width of the contaci].[ The damage is classified as
spaling when the craters are wider and deeper with several times the size of pitting and has
higher fracture aredt is caugd by excessively loaded contdeading tocracks initiated below

the surfaceand propagate to the surface causing flanking of matdtaWwever, spaling can

also besurface intiateddepending on the depth of thexximum Hertzian stressed4echanism

of initiation can be similar tthe mechanism of pitting as mentioned tlie previous section for
surfaceinitiated spaling. Plastically collapsed ligaments with higher stress concentration at
the cracks and edges of pits meet the initiated cracks belosurteee leading to faster crack
propagation and flacking of materigd8]. Weaker subsurface material due to repeated cyclic
loading causes fatigue to initiate below the surface and \widdefectsbelow the surface,
acceleratethe growth of cracks towards the surfadéor subsurface induced spaling, the
surface roughness and lubrication ao¢ of significant importance. However, faurface
initiated spaling the existing pits act as spots of highess concentration whetiee edges of

pits plastically deform and redistribute the contact stresses leading to relaxation of residual
stresses. This accelerates the growth of pitel meeting of multiple pits in close vicinity,
leading to flacking of the surface with comparatyeshallow depths.

Asperity height A Pit

Approx. <3 um

10um

Typically 20~100 um
025¢~035¢)

|

Note: ¢ is the half width
of contact length.

Figure 21Typical characteristic of spalleft), morphology of subsurface cradkight) [7,8]

2.2.3.4 Case-crushing

Due to improper selection dfardening 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 meerial in the casdardened zone. The case crushing can be characterized by colapsed
longitudinal cracks thabpenat the surfacesFigure 22 clearly shows the loss of thick case

layer uniformly exposing the corear the tip.

Figure 22 Case crushing observed in pinion with chip off of case seenthetroth tip [64].
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2235 Chip-off

Chip off or flank fracture is the final stages of spaling or seitég where the cracks
propagate from the surface towards the tigrother side of the tooth causing chipping off the
entire tooth flank as seen kfigure 23.

Figure 23Tooth chipoff caused by severe pitting and flank fract (®KN KOP, n.d.)

The reason can be overloading high on the flank. This is the most catastrophic faiure as a big
chunk of metal is dislodged bigh-speedinterfering with moving omponentsand 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 cbtitat causes contact fatigue

2.3.1 Macrostresshistory

The hypoid gears have curvature on the tooth that vary in both profile direction and lengthwise
direction. Due to this, the contact patch is ellpticgFigure 24-right) and is distributed
diagonally as it moves to different roll positions with changthg size of contact patchs
shownin Figure 25. The load intensity and the sliding velocities vary along the major axis of
the contact elipseat different roll posttions as seenkhiigure 24 (left).

Figure 24Representation of pinion tooth withevariation ofsliding velocitypressure and load intengileft)
and contact ellipse with contact pressure variatwithin the contact patcfright) [19] .

Figure 25Representation ahoving contacwith red arrows representing the relative gratude and direction
of sliding velocity(tooth is represented as a hollow surface)
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Figure 26 Collection of peak pressure ali roll positions on the pinion tooth(left), geartooth (right)

The contact pressure distributiaepends on local radii of curvature and load intensity and the
collection of contact pressure throughout the tooth is showfigire 26. In addition to the
normal compressive stresses, the orthogonal shear stességher in dry contact due to
sliding in both the directions. However, as sliding in profle direction iszeapa even at the

pitch point, there is no squeeze out of lubricant due to pure roll pressure. Thus, the contact
distribution is influenced byhe 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.

Position 1 Position 2 Position 3
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Figure 27 Representation adhe contact surfacwith cylinder ovetheflat surface without frictiorfleft) [50,51]
and the stag of stress underincreased friction at different pointsin contact below the surface [Eght)
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The maximum octahedral shear stress occurs just below the contactaatgtsswn iFigure

27 (right). The maximum orthogonal shear stresses occur in front of and behind the point of
contact and have opposite sigigl]. Generally, for low friction contactc¢f= 0.04 to 0.06),

the peak values afithogonal 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 (45 to the surface). The orthogonal shear stresses change their sign as tbé conta
patches slide or roll as shown kiigure 28. Since their signs change, their range is higher and
is akey contributor to subsurface crack intiation.

As the coefficient of friction increases peak orthogonal sk#asses raise to the surfa@ [
and overlap with the region of peak normal stresses as shdwiguie 27 (right). This type of
loading is nonproportional loadinfFigure 28-right, shear and normal stresses are out of phase
with reversing stress cycles unlke classical fatigue probleBhs The multiaxial stress
histories due to moving elipse at different roll poss$, constantly change directions of
principal axes of stresses, and thus critical plane is used to compute the fatigue life.
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Figure 28Representation of orthogonal shear stress in the region front of and behind the s@rdeariation
of stresses ata pointis shown the grapij52,8].

2.3.2 Micro stress history and influence of surface parameters

In addition tothe macro stresse#jere are continuouscyclc micro stres variations due to

rough surfacein the roling slding contactas seen inFigure 29. Surface conditions like
lubrication parameters, fim thickness, surface roughness and operating temperature
significantly influence surfacenitiated contact fatigue. The surface roughness plays a major
role inthe determination of surface fatigue lif@]]. The ratio of height of the asperities to the
thickness of the oil flm, the slidéo roll percentage, are major indioed of severity ofimpact

due tosurface 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
temperattes. Inthe case of elasttydrodynamic Ilubrication, theontactpressure is slightly
higher with a distinct peak as compared to smooth Hertzian distribution of contact peessure
seen inFigure 29 (left). This resits in re-distribution ofcontact stress fieldIf the asperity
interaction is not considered, there is significant change in magnitudef shear stresses as
seen with comparison iRigure 29 (right) [16, 49, 53, 61]. This needs numerical analysis of
contact with lubricant witithreedimensonal curvature which proves a significant differennce

in minimum fim thickness as compared to conventional moddk The example is indicative

only and the difference in pressure distribution can change icamiify depending on the
contact conditions.

EHL POlnl l d—
- = -~ Henzian | | Pinion angle=0.084 rad |

Pressure (GPa)
2 2 =
Pressure (GPa)

N

0+
4

2 0
Direction of Entraining Motion (-)

Figure 29lllustration ofthedifference between Hertzian and EHL pressure distribution (kaf)illustration
of microscopigressure variation (middletress distribution due teariationofpressure (right]61, 16] .

The plastic interaction of asperities that undergroscopic stress variationss seen ifrigure
29, causedatigue of the surface materialg], which is known as the primary causesofface
initiated contact fatigue. It includes theinfluence of temperatures it affects the viscosity and
may further reduce the thickness of lubricant .filin the interaction of contact surface from
engagement to disengagement, the magnitude and the direction of the slidingandrias
described inFigure 30the subsurface arglrfacestresses also vary
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Figure 30lllustration of surface and subsurface stress conditions with sliding conditions along pi®jle [

The ®verity of contact conditons may result areduced thickness of lubricant fineading

to interaction of asperitesand therebyincreasing sliding friction Negative slidinginduces
tensile stressesn thesurfa@ in downstreanand positive slidingnducestensile stressest roll
outstde as shown ifrigure 30. There isavery thin lubricant fim in negative sliding region and
thereby friction increases due &sperites which break through the lubricamicrease in
fricion amplifies the tensile stress staigrrounding high pointentering the contactbelow
the pitch line. Similarly, due to very low slding speeds just ababe pitchline, friction
amplifies the tensile stress state behind exitiiglh points[41]. It is inefficient to capture this
microscopic panomenon at the scale of workiig hypoid gear and there are no commercial
tools [68] available to include these effects and thus this research is reserved for future work
with submodels for study athe critical region idenfied in this thesisHowever in heavy and
concentrated loadinghe normal and shear stress supegpdse to friction Thesehigh stresses

in concentrated local contact conditioasethe subject of interest for subsurface based fatigue
analysis with dryHertzian contact fricton for this thesislo understand the influence of
friction, two extreme conditions are considerambéfiicient of fricton = 0 and 0.12)

2.3.3 Review of contactfatigue models

There are different theories to predict contact fatigee biised on the contact stresses in gears
of simpler geometry resampling contact conditions of rolétest of them are very good for
comparative studies of the design parametard not direct estimation of fatigue .ifeThe
estimation of life is majorly classified based on the region of intiation difire 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 fatgue: Depends on the subsurface stresses inthteedimensional
contact, isolated from the micro stresses at the surface. The depth of the peak stresses
and the magnitudendicates fatigue life

Based on the method of computation of fatigug theoriescan be classified into

1. Probabilistic and empirical models: Certain stresses and their depth is used
indicative of predicting the probabilty of survival for the entire tooth flank surface.

a. Lundberg and Palmgren Model: This theoryassumedsubsurface ingition of
cracks. Fostressed subsurfaceolume, the orthogonal shear stresses and the depth
of maximum value i£oupled withstochastically distributed defectsnmaterial that
are determined exponentiallyrhis is coupled with Weibuliveakestink theory to
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find the probabiity of survival for the stress dewith greater about of volume
This theory assumedlealy smooth lubricated surface wikhear accumulation of
damage without consideration ofriction-induced orthogonal shear stresses at
surface leading to surfaceinitiated failures and residual stressesannot be
accounted fomn this theory Mostly suited for bearings

b. loannides and Haris Model: A modification of Lundberg?almgren theory was
proposed with octahedral shear stresses to accauntsidual stressed 38]. it
was formulated to overcome the limitations of previous theory, where it considered
the localised volume of material under stresses Wileshold stress below which
there is no contact fatiguelt 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, anoot be
directly implemented in this thesis. However, the rest of the deviations are only
accounted for in experimental correlation of resulidh known material constants
detemined by previous experiments conducted specifically for gears. However, these
theories(also Zaretsky mod¢b9]) can hold good with known values from experiments
and cannot beppied in a CAE process where contact conditicare sensitive to design
changes[16] without consistent testing datBlowever, these theories can give good
estimate of the region of failure.

. Deterministic theories: Classical method o& 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 Imiting S{IB€3).
Several theoriesonsidered crack initiation and crack propagation to tune the damage
acwmulation parameter based on the experimentatiiogenerate RCF S/N cury8].
However, thestress or straibbased calculation using multiaxial fatigue criteria for
computation of local fatigue lifevith linear accumulation of damage for crack initiation
is considered in this thesidhe application of material properties &esion, bending
and shear lmits determine on a specimend do not involve component level
experimentationto derive material properties
a. Findleyds fatigue <criteria
Findley considered critical planith the sum of normal component and the shear
components for the computation of fatigue indéxi nd | e y Owereclbosefot er i a
experimentationin determining fatigue life 40, 43]. It uses datigue sensitivity to
normal stresasmaterial propeyt This criterion needs further experimentation of
determiningFi n d | e yfatterbasedasskssment of damageddRCF S/N curve.
It is also important to note that this theory assumes the normal stresses and shear
stresses are-phase butoling contact stresses vary out of phase.
b. Dagvanés <criteria:
This is the most widely applied criteria for determining theiga¢ life for out of
phase multiaxial roling contact problemit.is simple in defintion and considers
inear relation of alowable shear stress vatbsitive hydrostatic stressddowever,
this criterion fails to capture effect of any mpropagating dects or crackand
negative hydrostatic stresses. Since it is important to understand the effect of
compressive residual stresseshis thesis this criterionis not applicable.[58].
c. Liu and Mahadevancriteria:
This is widdy accepted criteria foroling contact fatigue problems and have found
favourable caelation testing [58]. This criterion holds goodor out of phase multi
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axial loading with a clear definition of fatigue lifeat crack intiation It separates
the fracture plang(where the crack is observedjrom the critical stress plane
(material plane where fatigue damage is evaluatew) defines the fracture plane
based otmmaximum normal stress amplitud®9, 60]. It differs from other theories
as it considersrtical plane orientationbasedon the fully reversedatigue strength
with different damageeffect for pure tension, compression,and shear loadingind
their interrelation It considers amplitude normal, shear, hydrostatic stseand
important effect of mean stresensttivity (important ascontactstresses have high
mean stregs Fatigue life at crack intiation and fracture both can be determined.
The knowledge d critical stressesand material propertiesonsideredin this
criterion can be used foselection of criteria on FEMFAT in this thesis

Studies are performed estrairbasedcriteria ke modified Browri Mileri Morrow multia xial
fatigue criterionwith significant emphasis on mean str§sg and Coffin-Manson hypothesis,
SmithWatsonTopper [18]. However, due tthe lack ofreliable fatigue datdor materid used

and they are neglected in this #® In addition tothis, aack promgation studiesare also
performedto compute fatigue life from stress intensity factatsdefects or cracks initiated
below the surfaceusing submodeland experimentatio56]. Since the iterest of this thesis is

to compute the life ahe intiation of crack, the crack propagation sub modeling is reserved
for future work based othe results of this thesis.

2.3.4 Thermo mechanical fatiguein contact

In addition to other mechanisms of surfacdederation, thermemechanicalfatigue is a major
contributor. It is awel-known fact that the elastic modulus and other material properties or
microstructure and hardnessleterioratewith anincrease in temperaturdhe most important
effect of this $ the reduction offatigue limits of materialswith anincrease in temperature.
Generally, to belowar performance of natural cooling of the Ilubricatihe operating
temperature of the lubricant gradualtses as the test progress&ghen the specific film
thickness is low,asperity interaction with roling and especialy with sliding significantly
increases the local contact temperattoeseveral 100sf °C [62]. This not only deteriorates
the surface but also deteriorates thbritant properties. This high temperature dnvery
concentrated area of contastrface createshermal shocks due to low conduction. Repetition
of such contact conditon at multiple locations in close vicinity creatrsal tidesbelow the
surface asvell. leading to local yielding These stresses add to the existing contact stresses and
wil lead tothe intiation of small but weldistributed cracks distributed owvéhe entire patch

of the surface with lubrication starvation and finally leadatzetrated faiure

2.4 Advanced gear contact analysis

The contacimechanics of hypoid geaneshingis complex and cannot be computed by basic
Hertzian theory There are several robusigorthms for threedimensional finite element
contact analysisvith commercidly avaiable tools from ANSYS, MSC MARC and ABAQUS
which are industry benchmark®dNSOL is one suchnonlinear contact analysis algorithm
specialy made fomdvanced calculation fogears and bearingdMost of thecontact analysis
algorithm buit with sone@ modification for robust and efficient computation, based on two
major methodsnamely:

1. Penalty method
2. Augmented Lgrange method
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It generally works based dhe convention of a master surface and a slave surfacenole
to-node contactor node to segmenbr segment to segment contactthe transfer of contact
forces [63]. Most of the generalpurpose commercial FEtools require setting up of contact
model, with a selection of element typeand terative discretization refinementMost
importantly, tuning ofparameterslke penalty factor, penetration, stiffnes®r contact
algorthm @n becustom for each iteratiorof design to achieve converge. This cde
cumbersomeand timeconsuming processs, especially for nonlinear conta@nalysis. In this
thesis,the material nonlinearity is not considered in contact analygiereasthe nonlinearity
due to deformation of the contaend other associated boundary condtions aatematically
considered by ANSOL

For the accurate computian of contact stresses, it is important to capttiie three
dimensionalvariation of curvature and the load intensitycluding theeffect of manufacturing,
L.e the influence of cutter geometry on the macro and microgeometry of the ABESSL
HFM is a program that works based asurface integral method to generate geemetrywith

the required resolution In addition to this there isa displacement of the contact surfaces due
to compliance in the system andcignsideredoy ANSOL.

Figure 31Size of contact patch in relation to the size of overall contacting surfatieegear tootlfleft). Close
view of the contact pressure contour (rigft).

Based on the generated surfacesursediscretization is performedutomatically on macro
geometry. The instantaneous gear contact patch is several times smaller than the overal size
of the contact surface as seenFigure 31 (left). The contat pressure sharphvaries in the

contact patclas seen irFigure 31 (right). This contact patch ewesto different roll positions

and thus it is necessary to have vaigher refinementof meshin the entire toothThis can

make the FE model very complex and inefficient. To counter this problem, ANSOL performs
adaptive remeshingwith high refinement at the contact patch and a smooth transiton in the
vicinity for eachroll positions ANSOL is a seraanalytical FEM tool that eliminates the need

to approximatethe hypoid surfaces as eladtialf spacedor computation.

grid r

[T

Finite Elements
\

subsurface grid q tij

field point 1

Figure 32Meshattached to body with separate computational grid(left) matchifigioé element fieldvith
surface comptational grid(right). [1]
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ANSOL considers a mnimum 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 templadtsetiresent the tooth.

For making this process computationally efficient, ANSOL employs a combinatidrENf

with a surfacentegral form of the Bassinesq solutia [1].

Two fields with computational grid and finite element mess shown irFigure 36 (left) are

used Superposition by interpolation of the results from the refined surface grid with the course
subsurface finite element field as shown Figure 32 (right). The qualty of surface and
subsurface stresses computed are very important in fatigue computaton and ANSOL tunes the
optimum contact parameters automatically for convergence. A similar method can be used for
future work to include stace topography and lubrication.

2.5 Material properties and surface treatments

The subsurface contact stresses for higher contact \widdkes the case and core material
properties at depth also very importa@4]. The general meerial properties favourabldor

gears includehardenability, and wear resistancén addiion tohigh toughness, fatigue strength,
yield and ultimate strengtimportantly, characteristicsthat give the distinctive advantagesre
homogeneity (smallerand statistically lesser surface and subsurface defectsjpstructure
(austenitegrain sizg, stabiity with machining. In additon to these features, surface treatment,
heat treatment and alloying elements also play a decisive role in fatigue perforimanag@r

steels lke 18CrNiMo7-6, 20MnCr5,42CrNiMo [3,4,24]. Commercidly it is not viable to
include most of thedecisive &ctors mentioned above find their influence on fatigue lifein a
computational model. divever the impact of defect size and hardness can be measured along
with fatigue strength individually in tensiorgompression,and shear with influence of mean
stress. The maximum equivalent stress distribution in the subsurface area decides the optimal
hardness and case deptB][to achievethe required ductility of the core material.

Material properties in combination witBuitable fatigue criteria are keyin determining the

fatigue life [59]. Material properties are used to defindNSurve, Haigh diagram and the stress

strain curve,and critical stressethat are required for computation of fatigue lif€he 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 abiity of the material to resist plastic
deformation of the material for longer cycles of contact stre3$ese are studies withatigue

imits defined based ot he Vi cker 6s har dnesasagalenifomon t h
the surfaceand have found good correlatiof24]. Detais of therelation of hardness with

material propertiesre discussed in the appendix

2.6 Prestress methods (residual stress superposition)

The geas are sibjected to heat treatment and special surface treatment. General heat treatment
is case hardening. In special cases, additiondily gears are shpeened. This inducehigh
compressive residual stresses near the susfdeeh helps in countering anynsle stresses

near the surface and reduces the growth of cracKse basic principle of superposition of
residual stresss based on lnear elastic fracture mechanics theory. Presence of high
compressiveresidual stresses near the surface does not aflagkscto propagate deep&here
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are several methodssedto replicate the residual stresses in the finite element calculations
thermal boundary conditons are used to map the compressive residual dbeleseshe
surface withthe stressfree surface40]. In one of the previous thesis at GKN K@ fdiffere nt
methods were explored and linear superposition with intial conditon method is adottsd

thesis. The adopted methodods not consider free stress conditimmsthe surfaceThe map of
stresses is as extracted frahe results of XRD testssimilar to the oneshown inFigure 33.

The actual residual stress profile used in this gshissdlescribed in there-Study section. These

XRD tests represerthe stress variatioras a function oflepth up tcafew 100s ofmicrons.
Assumptions are made to map the stresses up to case depth based on lt@ralinere] is

sharp variation in residual stresses near the surface and straightens in the depth direction
towards the coras seein Figure 33[3]. The residual gEss in caseore transitionzoneis not

known and it is assumed thdie tensiletransition happens below the caseorRhis thesis the
equibrium tensie stresst the case core transition is neglecasithe subsurface stress peaks
arewithin the casgfew milimeters from the surface. This shall be clarified in the subsequent
sections.The inttial conditions for residual stresses replicate hydrostatic compressive stresses
state as per the assumption that there are compressive principal stresseshmant soesses

due to heat treatmentL3, 24]. Since it is hydrostatic stresses, the directions of induced principal
stressedn moving contact are unaltered.

Residual stress (MPa)
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Figure 33 Graph illustrating the residual stress distribution along depth for different surface treatf8¢nts

2.7 Finite elementfatigue analysis

Finte element fatigue analysis is used to study the effect otitieal stresshistory in one
complete mesh cycle to conip fatigue Ife. The fatigue computations are performed on the
threedimensional tooth with finite element mesREMFAT, the commercial tool used
considers the threedimensional stress field at surface and subsurfdteconsiders stress
amplitudes at eig other nodes surrounding each node to compute the stress gradients that
inluence local fatigue life. For multiaxial fatigue analysis,calculates the equivalent stress
history in each planatindividual nodesand selects one plane at which stresse<rdtical for
damage computation. There are certain fiters 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 equivalergsséis 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 valued principal normal stresses, A andA are scaled
based orthe 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 ampltudéress based on stress history.

B. Modified equivalent stresdn critical plane criteria:
The equivalent stresses are calculated based on ampltude normal stress, amplitude
shear stresses and the ratio of alternating tensile strength to akernating shegin.str
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 dernating tensile limit to the alternating shear limit is unique to the material and

is very critical for calculation of equivalent stresses for both the criteriaddition to this the

effect of mean stress should be obtained from tesiiing criteria above must & 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 calculgtédilent stresses in
critical plane. The material characteristic graph or S/N curve is used for selecting the number
of cycles for correspondingquivalent stresses in comparisorfatigue limits. Modified Miner

rule is used for accounting for accumuanti of damageas shown inFigure 34. It is a biinear

rue where it folows a classic miner rule for stresses above fatigue @Besides also
considers the stresses below the fatigue Imit for damage accumulatib@ calculation that
follows a different slope as shown kagure 34.
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Figure34 SN curve illustrating Modified Miner and several other types for finding limiting number of cycles
for stresses below fatigue limit14]. 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 intiation of crack. Linear damagaccumulation rule based on Palmgiimer
approximation is usedLB, 19 which assumes consumption of life due to each stress cycle at
gven stress level is the same, regardless of whether the cpasss 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 alack of knowledge of the crack
propagation and material propertidsis reserved for future work.

In this case the damage is computed as the ratibeaf u mb e r of cycles on t
the Iimiting number of cycles at correspondi
Since the tooth flank loading cosmonds tane complete mesh cycle, the inverse of damage

is the local fatigue life.For a single mesh cyclelamage distribution is obtained on the tooth

surface fromeEq 1 and the local fatigue life is also obtained.

'Oé Eql
- q
5 p
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3 DEVELOPED METHOD FOR MODELLING

In this chapter the working process is described. structured proces$or moddliing and
simulationfor thestudy of gear contact and computation of fatigue life

3.1 Modelling workflow

The Engineeringdesign problem considered in this thesis is related to understanding contact
fatigue andanalysis of possible influence factassociated with design of hypoid gear pairr.

The design process carried out in prior to this thesis at GKN and teneral degh process
is as ilustratedin subsequent section

3.1.1 Designprocedureforhypoidgears

Generally, the design objective is to obtain a gear set that operates with required durabilty and
under acceptable noise conditions with minimum cost and time forfanéming 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 gemnetry definition: The starting values lke offset, outer cone diameter of
wheel, number of teeth, hand of spiral and ratio are decided based on torque, speed and
applicaton. This wil help in overall calculation of starting values of major geometries
ke spiral angle, pressure angle, profle shit, module etc, using equivalent cyindrical
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. Macro Geometry calculations The macro geometry calculations are done based on
the starting values obtained in the previous step. The load capacies are calculated
based on 1SO10300 or equivalent standards for hypoid gears. The geometries are
optimized forbalance of load capacites. The saftey factors are assessed at consoldated
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 alowable
saftey factors for further optimization.

3. Ease off synthesis The fitting surfaces are calculated for conjugation of macro
geometry along with suitable flank modificat®. 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 lodoased misalignments due to shaft
deflections, manufacturing and assembly a@@ns 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 tpat 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
topogaphies are used to defne a finte element model of tooth. The geometry
interaction under different loading conditons are studied in this step. At different
consolidated loading conditions, the contact stresses, distributions, specific sliding, root
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bendng stresses, curvature at sensttive 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 procdss important to obsees the
resutant contact parameters from macro geometry and ease off that result in critical
contact conditons that influence contact fatigide gear pair is designed using a tool
called KiMoS, which is dedicated for design and analysis of Bevel gearst &fl the
parameters necessary for design, calculation, ease off synthesis and loaded tooth contact
analysis and the neutral fle was available which can help in modeling the hypoid gear
pair for contact analysis

. Final design: Most of theabovesteps a& done in ceordinated in sequential manner to

help an iterative design and learning procése. gear behaviour within the system of
shafts bearings and housings are established for understanding influence of
misalignments and assembly conditiorifd undestand the contact behaviour under
inluence 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 loathis @an 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 hardnessgenerally @cided based on optimum hardness
depthbased of depth of shear stress and the contact width at different torque levels
Currently, he gear and pinion are set to same hardness using carburizing method of
heat treatment based on previous tesémgerience.The gear pairare shot peened both

on the flank and root based simesses andaftey factos requirement

. Verification and Validation: The gear geometry, machine settings and gihecess

or systemparameters related twontact behaviourare established and inspected with
quality control standards to ensure gears geometry is within accetateidances The
resutant hardness and the residual stresses gradient are tested for further validation.
Once tle design angrocesgparametersaarewell established, thefficiency, durability

and NHV test proceduseare formulated. The complete system is subjected to running

in procedures based on standar@nerally, the gear pair is testedo estimate the
durabilty of different components in the sgst in reduced number of cydethan

actual loading conditionausing accelerated testing methodde tests are designed
based orsystemrequirementsto satisfy givenfatigue duty cycles foroad load data as

a target defined by automakerSorresponding tdhe road load datahe torque and

speed values are consoldateding the duty values to design VElohler test (constant
torqueand speedand a key life test bins ofdifferent constant torque and speeat)d
dynamic testingfor durability and reliabiliy analysis Different failure modes and
inluence 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 survival
rate of gears under testing conditions.

These activities from design conception tstitg) was already done prior to this thesEihe
final design data and physical testing observations are used in this thesis for estimating contact
fatigue life andfaiure analysis

3.1.2 Contactfatigue 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 geometryease off. A typical procedure
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Is representedn Figure 35 that depicts the existing procedure. There are set@pébased
inluence parameter based enhancements added to such standard procedure in this thesis.

I'inite element contact The maximum Contact latigue lives Contact latigue S—N curve
model of gear contact pressure
l ) E ;:.I. ~
i A3 B0
| v ,,:u - .
T - 4
Multiaxial fatigue Faticue damage

criteria

accumulation rules

L = Life prediction
The torque history of The probability densitics of mean ”
output axle torque and amplitude The standard loud
spectrum

Figure 35Typical design to contact fatigue workflow in hypoid gear desigr.
There are two major branches of approach to computing contact fatigue, namely

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

2. Surface fatigue: The failure @ssumed to be premature due to lubrication starvation
and increased temperature and it is generally termed as roling slding contact fatigue
with high shear in the surface stress states being a major contributor for fatigue. There
are several other mechams with asperity loading and micro stress cycles with tensile
stresses at the surface leading to intiation of micro cracks at the surface.

The key focus of this thesis is subsurface fatigue. The procedure hasvisegerification of

the methods adopd that are discussed in the subsequent sections. Since the capabilties 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 anletias two

terative loops for contact analysis and fatigue analysis to ascertain accuracies of stresses and
fatigue life.

The Simulation variants as describedlable 1 are decided based on requirements to sthdy t
contact analysis methods, the effect of friction, effect of the material properties, heat treatment,
guantified in terms of residual stresses and fatigue criteria.

Tablel Tabulation ofthe variants of simulations performed

Methad 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 thg Modified equivalent
critical plane stress inthe critical plane
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3.2 Modelling of hypoid gear pair

Table2 Gear details

Gear type Hypoid Gear

Driver Pinion (ground)

Hand of pinion Left

Loaded flank onring 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 peene

Table 2 gives basic informatioraboutthe hypoid gear pams obtained from the design process
performed prior to this thesidApart fran this, important gear geometry likg/poid offset, face
width, profle shift, spiral angle, pressure angk@ameters, modificationsgaseoffs are used to
define the gear sethe main model for simulation is for high torque RDU at constant torque
640 Nmat 1200 rpm.

ANSOL HFM is atool used to generate gear pair with finte element mesh and extract stress
states and other tribological parameters. It is a program that runs in the background of a user
interface called HFMGuide that makes it eagg use conmands to setuphe analysis for
computation of stress and other functions.

3.2.1 Pre-processing

The hypoid gear model is set up for simulation stage by skgg different toolsas follows:

1. Import geometrical gear data:
Hypoid gear design and calculation ftealed KIMOS is employed in generating the
gear details with macro and micro geometry parameigmns. pinion and gear details
are imported fromtheKi Mo S f il e into HEBM. ki p6 for mat
Under the OEDITO6 menu, t he sulkmemuhdéd EBAFI
measurement units for analysis are generally taken from the imported file itself, but one
can ensure this under the same submémthis analysis it is set to default as{¥m.
All the macro and micro geometry details are automatically amddpopulated in the
respective categories by HFM progra@.ne can check the same
0 GE A Rvbich contain the gear aoro geometries, modificationsThe material
parameters are as per thefinition in KIMOS file and are directly iported ad set to
defaultt.

2. Defineinitial conditions:
The analysis parameters are set ur@e3 Y S T Eubhienu Major system parametes
like driving gear, driving side of ring gearpefficient of friction, torquein N-mm and
speedn rpmare input under thisubmenu.

3. Define Misalignment:
MADOASSEMBLYERRORS® option enables the user to consider the misalignment due
to deformation undelbads in the systenThe shift or displacementsn contact patch is
defined by V, H, R and Betavalues are extracted frosystem models tit on another
system calculation tool caled Romax. These values are defined in terms of mm and
degree respectively.V H R Beta is synonymous to E P G Alplmacoordinatesystem
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The value of EPG Alpha changes for different torques and speeds and bleould
individually changedfor different torqueand speed combinatiom eachsimulation

4. Define contact analysis parameters:
Under 0 S E Tdifd?edt amedysis usettingsnust be made Initially, the contact
separation tolerancé SEP T OL Go O.llseyond evhich the tool skips the contact
object

5. Defining the mesh or grid:
Geometry is very complex threedimensional curvature mesh should include the
varying radii of curvatureand sufficient discretization is very essentiéhe variable
NPROFDIVSis thenumber of contact patches or céligt wil be used across the width
of the contact zonelt is set to max possible value i.e Be variable NFACEDIVS
controls the number of contact patches or ¢b#g wil be used along the length of the
contact zonendis set to max possible value i.e.38is wil ensure highest refine me nt
of the contact patcho capture contact stress more accurately
In addition to this, the ADAPTIVEGRID is enabled which makes the contact grid
changesized adapvely in the profé direction. Due to moving lifelliptical contact
the refinement of gridas shown inFigure 36 wil be required at different positions in
contact patch for accurate computaton of contact pressure distributios. isThi
important as the contact stress and helatigue computation is highly dependent on
the stress gradient and the magnitudes.

Figure 36lllustration ofa pinion toothadaptivemeshrefinement near the moving contact for cortgiion at
each time steANSOL, n.d.)

NTIMESTEPS option can be used to define the time stepmiasi static simulation,
where gear mesh cycle is divided into different time windomanalysis and is defined

with sufficient dscretization. In this thesis, 21 timestepsY0 are chosen for better
refinement of stressedistribution due to moving lingelliptical contact at varying
geometry with different radii of curvaturduration for each time step can be defined

u n d BELTAD MED .As seen in Eq 2, the time durati¥o can be calculated using

the rotation speed of piniod ,the number of teeth on the pini@bh ando the number

of time steps. The objective is to obtain one ful mesh cycle of one of the tooth on the
pinion. The product of time step and duration gives complete time of analysis. The
folowing formula gives the relation,

.. 11
Yo L Eq2
wu o0i p
All the other input parameters are set to defalite model has sufficient details for
performng contact analysis.The contact analysis is performed with two diferent
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approach and results can be extracted for both approaches without any change in the
model setup described in this sectidie contact model is set up as ilustrated in the
Figure 37, However. ANSOL performs the computation for 1 single tooth sitable
boundary conditions to consider the rest of the tooth.

Figure 37 An illustration of finite element model of thear pair. [2]
3.2.2 Post-processing

The 6 STARTANALOG option is wused to ABSOMHFMt e t h
program is sermanalyticalFEM and computes the geometry andnstructsthe grid or mesh

based orthe moving eliptical contact and discretizes adaptiveigarlocal contact patchlt

computes different tribological parameters likeeedimensional surface with local radii of

curvature, roling and sliding speeds, contact logehsity force/length), contact patchidth

based on serndnalytical methods. Thiglatais further used to compute locdeformation,
contactpressure, thdistribution ofcontact stress and strain tensatsgliscrete points basedh

hybrid surface integrafinite element model[1]. Certain options are discussed in further

sections to take the direct finite element method alternativEig. next stage postprocessing

where the results of the simulation modet stored in postproc.dat fine.

There arédwo approachs to posprocessing:

1. Hybrid surface integral finte elementapproach
2. Finite element approach

3.2.2.1 Extraction of results
The postprocessingis done intwo stages:

1. Extraction of tribological parameters usinPATTERNO command Generally, the
contact pressureoling and sliding velocities, maximum wvanisses, and orthogonal
shear stress ithe subsurface is also extracted io@ordinate system alorigngthwise,
profle and depthThe output is &vo-dimensionalmap ofthe distribution of parameters
along fice and profie. Thelistribution can be studied from a .txt fie.

2. EXPORTFHERESULTS option can be used to extract results in a finite element mesh
This FE model contains finite element mesh that can be exporté® R format
(standard results format fodastranresutt fles). This fle 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 exportedeficontains stresses aggregated for specifisibrm grid

51



size for all roll postions This toolcanexport only one tooth at a time with selectable
windows ofroll positions identified by timestepsin a mesh cycle.

Figure 39 An illustration ofmesh discretizatiofor thickness anélemental coordinate systesith the
numbering conventiof2]
The settings for extraction of results for two different approaches of contact analysis differ
and is mentioned in subsequent sections.

3222 Finite element parameters

The following settings are used in the EXPORTFERESULTS option:

1. Elemerts selectionThe elements used are quadrdxahedral elementas they have
middle nodes that help to aggregate stresses more accurately. Since pinion is of interest
in this thesis, theinion surfaceis selected Each element 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 showiigume 38. NZETA is set to 24 as
we needa higher number of elements dhe face in proportion tahe number of
elements on the profie.
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3. Defining surface refinement: Surface refnement option is enabled to refine the
elements near theontactsurface.
a. SURF_NXI and SURF_NZETA define the number of elements near the edge
of the ends of the teeth nehe toe, hel and the tooth tpSURF_NETA defines
the number of elements in the depth directas shown irfFigure 39
b. The SURF_A corresponding to eachtbé directions define the density of
elements inthe gven direction The density can be defineduch thathigher
refnement of elements closer ttee surface withanincreasing thicknesslong
the depthThis helps in superimposing the residual stresses in the layers formed
based on thickness of elementsdépth diection. The settings for distribution
of mesh density is as per settings ilustrated=igure 40 (left). This wasfound
to be appropriate focapturing both contact stresgriations 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 I]. The option statetbelow arenot selectedor purefinite element method.
a. The no st i mportant setting h emaleed The t he
finite element methodare used in combinatiowith surface integral solutions
to compuing the threedimensional stressdistributions in the finite elenent
field with higher refinementin and around thedeformedelliptical contact
b. Finte element feld is defined using DI STMI N6 , pettingathee t e r
minimum distance from contagioint wherelocal compliance or deformation
is used to compute stressd3enerally, nearest contact points asearchedto
sample the finite element space arowashtact pointto compute stresse$he
recommended val uaethirdofthe doDthh&ght Mrhinknm)i s
The distribution of strees inFigure 40 (right) gves an ilustrationof finite
contact zone is and corresponding stresseand that zone is alstomputed

It was found that the discretization and the size of elements significantly affected

the results and keemportance is given to tune the discretizatiand capture the
required featuredor both the methods

53



m
=
=
=

[FINION

|FINIONTOOTH

B2(E
515 I
[}

m

LEMENTTYPE [QUADRATIC

=B = ﬁ
E=) | Sl |5
=1 |2
EI =
= |z
=]zl
] L]

=

ZETA, |24

REFINESURFACE

SURF_M_x |-|
BOBE0DEE

LRF_A x| |u.1uuuuuuuunnnnuuu

) ] el el Lelf el 1

[=] w2
=
[~
B
- |

o

URF_M_ETA |3

I;I;

ol

LRF & ETA |u. 4000000000000000

o

LURF_MN_ZETA |1 :I

o

URF & ZETA 0.1000000000000000
ODEE |

LUSE LOCAL FIELD v
|3.3332999999999399

==
ie
=
=] =
B

—

OOTHBEGIN |2

=
OOTHEND |2 :l
=
=

=]
=
=
]
=
]
|

=] —
=]
=]
=
=
2]
[ * |

m

EGINSTEP |1

===
==] | =
-En
gl =
= |
X H

Figure 40Mesh settingsto export results on ANSOL HFM (left). An lllustration of Meshed tooth refinement and
deformation zoa(right)

3.3 Visualization

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

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

HyperView can be used to import the OP2 fles and visualize the stresses in detail along
lengthwise, profile and crossection. The export solverdeck option can be used to export only

the finite element mesh as a Nasté&bub fle for superimpositin of residual stress in MSC
Marc.
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Figure41An illustration of rolling(blue)and sliding velocitgred) indicating directionat three different teeth
withline/ellipticalcontact pressure distribution in line contact in IGLASSWER

3.4 Pre-stressing (residual stresses)
The residual stresses due to case hardening and shot peening are as described-stuthg Pre

sectionFigure 45 (left). Suitable finte element mesh layers are created ISANL 6. OP 2 0
to capture ts variation of both contact stresses and the residual strestssufficient
resolution Though there is higher discretizationthe deptlshown ongraphs(Figure 45-left),
the thickness of the layers Bselected to obtain good aspect ratictha meshwhich otherwise

would lead toavery high number of elementand numerical instabilitiesin the analysis

Method of prestressing witthe inttial condition on MSC Marc Mentat:

1. The Nastan mesh fle is imported in .bdf format.
2. Faceflood, nodebasedelements selection and contsdt options are majorly used to

select and define element layef$ie mesh layers are grouped based on stress variation
and element sets are creassishown irFigure 42.

3. The nitial condition ofthe stress states defined using stress tensorsThe dobal
coordinate systens usedas the geometry is complex define local sysem based on
depth, profle, and face coordates It is important to be noted that there is no
displacement assigned to the elemeantsl only stresses are defined in initial conditio ns

4. The residual stress variation curve laesharp variation with steegradients,and it is
divided into different ®ps based on element thickness and depth and the corresponding
interpolated stress values is assigned to the layer of elements.
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Figure42An illustration of layers of elements along the depth of tooth pradifmed from the sirface
3.4.1 Definition of residual stresses

Each layer is assigned imtial conditiors based on the depth from the surfaceThe initial
stress condition on MSC Marc Meniatdefined as:

1. Thenormal stresse ,A andA set to respectycompressiveresidual stresses in
all three directionsbased on the depth.
2. Shearstresscomponentsz ,z andz are set toero

The advantage of this setup is that the contact stressiamisecire unaltered as discussed in

frame of réerence. The boundary conditon of fixed displacement used at thebaseof the

tooth, as itis necessaryo complete the analysis set thpugh thereareno stress calculations

The analysis is set up with quasiiterative method and since there are fmite element
calculations involved, the solution isobtained very less time. The resualy fle with mesh
geometryand map of residual str essfle forcfatigue post expor
processingand superimposition of residual stresses.

3.5 Fatigue life computation

As the objective isto compute fatigue lifeat intiation of spaling failure, the stresses and
inluence factors are selected accordindiye fatigue evaluation is done acommercialtool
caled FEMFATQ specializedin finite elementbasedatigue calculation The tool has differe nt
options to computefatigue damage based on stresggadients, material propertieesidual
stressesstatisticalfactors, and several othanfluertial factors

ANSOL gves threalimension stress stafer each roll postion in the movingeliptical

contact, the roling and sliding speeds along the line. @ng stress cycle at any point on the

gear tooth corresponds to one complete mesh cycle from engagement to disengagement of the
gear tooth.To accormodate the complexavariety of stress states, uttiaxial fatigue analysis

is done on the complex stress states at each time step to compute ddnsagase of contact

fatigue fals into transient multiaxial, nonproportional cyclic loading and te appopriate
moduecall ed O6Trans Max0][14).dtis dond usimdsinple sagavise EMF AT
definition of the fatigue evaluation model

56



3.5.1 Model setup

FEMFAT has stage wise model setup from defining the mesh georaathstressesas
mentioned below:

1. Finte element meshs importede i t her i n Nastr an (exporigc | for
with predefined surfacelayers rom MSC MARG.

2. Import of stressresults for transientcontactanalysis The results extract
fle in HFM, contains resultfor all roll positions All the stress fles imported are at the
same torque and speed but different roll positions

It is important to ensure that the mesh geometyyorted in differentstages have same mesh
structure and are cosgnt throughout the subsequent steps in the anafysis.load cycle is
equivalent to the stresses experienced at the casudate from engagement to disengage me nt
of a tooth at all the roll positions.Different load levels can be evaluated to obtain the
cumulative damageby repeating similar procedure and FEMFAT cumdlatte damage
linearly.

3.5.2 Material models

The naterial definition isone of themportant aspectf fatigue life estimation.The material

can withstand higher mean stresses when seljdotcontact stressek3]. Material properties

are used to define -N curve, Haigh diagram and the stresti®in curve, and critical stresses
that are required for computation of fatigue Iife on FEMFARe naterial definitionis done

using material generatowith base material otasehardenedlow carbon aloy steebn
FEMFAT and specific hardness requirement in FEMFAT based on theory discussed in Frame
of reference

Table3 Material properties from FEIFAT

Material Properties| Tensionin MPa| Shearnn MPa
Material A| Ulimate 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 inr#ige 3. Two different types of materials are
used in this thesj namely,

1. MateriatA is defined based on hardness requirement on the suédte |
2. Material B is defined based on ISO 633623] for contact stress limits for case

hardened alloy steels.
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3.5.3 Fatigue evaluationcriteria

The fatigue evaluation is based on the stress components for different timesteps in one
complete mesh cycleThe stress state represemtaiti axial nonproportional cyclic variation

of stress tensocomponents The fatigue criteria comtered in this thesis is selected based on
equivalent stress analysis, to closely represent proven theoriekiuliddahadevan 0], and
Findl ey 6 #4243 mhetneals are dicussed in depth in the appendix section.
FEMFAT two different multi axial fatigue criteria have beemompared in this thesis, namely

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

Fitters are choserof selecting nodes with mean stress value greater than 30% of the utimate
strength of the material. And critical plane is searched for at intervals °dérl@quivale nt
stress analysis. These settings help in improving computational efficiency.

3.5.4 Influence factors for fatigue evaluation

Further to the abovenentioned fatigue criteria, there are several factors considerdatigue
life calculation The influence factors are used to account for

Relative stress gradients surroundingnodes
Statistical vaiation of material properties

Size factor of the component

Impact of mean stress plus alternating stresses
The heat treatmenaind Constant residual stress
Inluence of rotating principal stresses

™o o0T e

The survival probabiity of the specimen material is asdutoebeideally 97.5 %. The physical
tesing with lower sample ige in automotive industriesfollow standards o060% survival
probabilty. Thus, the fatigue life is calculated for 50% probabiity of failure, helpidgect
correlation with physical test da (GKN KOP, n.d.) A constant residual stress influence is
considered for equivalent stressalysis Several other fiters are used for improving
computational eficiencyEffect of repeatecdbhdng sequenceand plasticity S neglected.

3.5.5 Damage accumulationand 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 intiation fatigue test. In addition to this modified miner rule is used on
FEMFAT to account for damage due to the stresses below the fatigue lmit on the S/N curve.
The number of load cycles limits at any stress level in tension or caiopras 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 lfe locally ateach point in onemplete mesh cycle for intiation of spaling failure.

Method of computation of fatigue life:

The damage distribution is more concentrated at the critical stress locations that indicate the
highest probabiity of intiation of spaling crack&eneraly, the definition of spaling[7]
depth is defined by the width of contaghich is approximately 1mnjFigure 56]. Thus 1 sq
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mm area is considered in critical area to obtain the compongmiefdife from local fatigue

life. As shown inFigure 43, the damage is concentrated at multiple locations indicating that
failure may intiate at multiple locations. Damage initiated at two different locationsmaay
leading to a bigger cradR5]. 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 ofdamagen the pinion flanKleft).Highlighted citical location for initiation of
failure with changed scale (right).

The focus of this thesis is pinion as it is more wvulnerable to contact fatigue and most of the
llustrations and the results aneegarding pinion. However a similar method can be folowed
for gear tooth to find the contact fatigue life rofy gear tooth as well.

3.5.6 Empirical correlation

The experimental results are correlated using Weibull statistical analy@ks The
experimental data for multiple tests with case hardened angeboed samples are used. The

life of the gears obtained are assigned median ranks or percentage probability of faiure based
on 50% confidace interval. This percentage probabilty of faiure is plot against the life (No.

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

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

This Weibull exponent can be used with probabilstic ribeolke LundbergP?almgren for
computing the local fatigue life based on the subsurface shear strfBssesalculation of the
local contact fatigue life from using LundbePglmgren criteria is as pEq 3 where the local
stress, depth and the subsiwefamlume is considered.

P 0] T Yo
‘\‘Y d

Eq3

The Eq 3represents the probabiity of survival for individuadlumetric element for subsurface

fatigue life based on the maximuarthogonal sheastresses and the deptitmaximum stresses

[13]. If a probabiity of survival of 50% is substituted and Eg 3can be modified to find the

L50 or the local life at 50% probabilty of survival. This local life can be used to compute the
life of the compoant using Weibull weakest link theory. The constants c, &e picked up

form previous research world3,10,76]. Though thestrength, lubrication conditions and the
inclusions difer for the material used in this test, the Weibul exponeandethe constani

helps in compensating for the changes to be incorporated in the equation to suit the current test
conditions. If tests are performed at difierent torque level and tlesstevels 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 fatiglee If&0

in the Eq 4is the local life at 8 % probabiity 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 statisycas. anal

In this case the analysis is done for both specimens with case hardened and shot peened test
data and the Weibull slope and the constanis tuned according to the dataRigure 75from

MCH is Weibull sbpe for case hardened specimen and MSP for case hardened greksieat
specimen This theory assumes the time interval between fatigue life intiation and failure
propagation is negligibleThus, thelfe atfatigue initation for50% probabiity of surval can

be obtained fromhe Eq 4

P a Eq4

Ou T 0 a o
™ T Yw

L10 and L50obtained from experimental dagaalso used to tune the material constants. The
global life of the pinion tooth is obtained frotine Eq5where cumulative effect of local life of
each element is considered based on Weibull probabiity of survival.

ov Tt Ou Tt Eq5

In Eq 3 and Eq 4he termt denotes different stresses orthogonal shear stré&éssesmputing

the fatigue life. For modified Lundbefalmgren 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 gradie of residual stresses based onthe corresponding depth of maximum
shear stresses are used to obtain effective maximum shear stress a€séen in

Eq6

The loannides Harris model represented Hry6 and Eq7 can be usetb compute probability
of survival discretely with the effect of a fatigue limit valu The fatigue limit can be locally
defined based on hardness gradient along the depth wheraisem stresses are maximum.

a@ 00 , Qw, , Eq7
Y Q
. . .p a - Eq8
Ouv T + 0 E— o
™ |, ” Yo

The parameter K and the Weibul exponent e can be tuned or ftted to testing data in order to
account for material parameters and the local lubrication conditiondarsitoi 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 Imit to obtain surface fatigue
life.
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4 RESULTS

In this chapterthe resultsof the simulationsdescribed in the previoushapter arecompiled,
analyzed,and compared witkhe existingknowledge anfdr theory presented in the frame of
reference chapteilhe results and observationspkliminary failure analysisare described
in this section.

4.1 Pre-study (preliminary failure analysis)

The hypoid gear pairs are testadinly to study oil circulation,durability, eficiency andNHV
performance Under durabilty testing, the gear pair is tested for constant dodctonstant

speed cale Wohler testing andanother variant wittblocks of different loads and speeds caled

key life testing performed until the failure Before durabiity t e st i ng rpwindisedur e
performed to check working of gear pair and other elements, including dtimic During

0 r-u m dne geat pair is subjectetd operationat different speeds and torquis a shorter

time. The focus of this thesis Buainly to predictthe life of gear pair at 640 Nm torque and

1200 rpm speedn correlation with Wohler testing Various examinations are performed

before and after tesand wil be discussed in the subsequent sectidost of thetesting and

analysis vasalready performedeforethe beginning of this thesis and thesting data is used

to study the damage meclsans and undermining reasons for the spaling faiure. It was
observed that the pinion has sufferadlank failure. Thus, a large part ofthe 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 conditmatgrials, and

surface treatments.

4.1.1 Examinationof pinionbefore tests

The pinion and tle ring gearare subjected to inspection before testinghe pinion is case
hardened before it undergoes surface treatrddentphosphate coating and the shot peening.
The faled samples are subjected to analysis with micro hardness testing, microstructure
analysis, fracture analysis, surfat@pographyanalysis, residual stress profle analysis and
wear profle analysis, both before and after testing to detect or clarify the reasons for faiure at
GKN KOP. Preexisting small pits or the cracks can act asa$noil reservoirs to supply oil in

times of lubrication starvation and squeeze bigwever,it can also lead to bursting of cracks

due to high oil pressurgt7].

2

Surface cracks Surface pits

Figure 44lllustration of pits and cacksat the surface gphosphatd pinion before testind GKN KOP, n.d.)
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As shown inFigure 44, the surfaces have exhibited some small cracks and pits in the order of

20 to 30 pmfor plosphate surfacesSince there is no researgoantifying effect of surface

defects inthe acceleration of fatigue faiure, concrete conclusions cannot be made ion the
impact. From the role of cracks or pits, it can be speculated that cracks can ast ashsgh

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

0 30 60 90 120 150
Depth from Surface [pum]

Residual Stresses (-ve) [MPa]
|

Figure 45Residual stress profildeft), hardnesgprofile (right) as a function of depth from suriafright) (GKN
KOP, n.d.)( Magnitudes are masked).

The residual stress profle for shpgening is seein Figure 45 (left). High compressive
residual stresses can be observed near the surface with sharp variation, whie it gets
straightened in thafter a certain depth. However, the residual stresses ilustrated 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 profle based on cagi. Gmihafly,

the residual stress profie in case hardening is also measured and is not shown here. More than
10% of deviation in residual stresses can leaghtaneven variation of residual stresses which

can lead to change in ovératress distribution and contact fatigue. However, the distribution

of residual stresses is uniform along the profle and lengthwise direction on both sides of the
tooth and are is within 5% of deviatioi34]. Variation of hadness as a function of depth from
surface is ilustrated ifrigure 45 (right). The hardness requirement at the surface and until the
case depth is found to be as per requirema&st. Also, there is deviation of more than 8 %
seen in hardness along length wide directi@b].[The effect of this deviation needs further
investigation. However, the measurements were at the root at three different locations in the
lengthwise directon and hardness was not measured on the flank since it is destructive
technique of measuremenrA similar profie is assumed on the fiank.

. h : S Y-
Qo A 8 % v N . ST . | -~
A, T T S R o gAY N s
" S BB S Ly
" . ," "y 5 L - . .“'.

' AR AR v Gt ~::.’}", : L ')

Figure 46lllustration ofthesection of the pinion surface exhibitingalhtracks and pits at the surface for a
shotpeened pinion surfacéGKN KOP, n.d.)
Figure 46, ilustrates deeper pits and comparatively bigger cracks for thepeboed 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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Several
small defects

— ST

Figure 47 Surface defects below the surfagketched gecimenin stereomicroscop§GKN KOP, n.d.)36]
As seen irFigure 47, the subsurface defects voids are in the order of 20 um which may
contribute to ptential sites of micro stress concentrations under the surface and may accelerate
fatigue. The effect of the defects based on their s be studied with statistical distribution
in models and is reserved for future woHowever, i was also observettiat usage of Ovako
steel with generally less@thomogeneitiesalso gave similar fatigue life in testing, indicating
that the subsurface defects are cmtise for contact fatigue Apart from this grinding burns
on the surface can also lead to local iaidensie stresses, acting as potential sights of crack
nucleation or spots of stress concentration for pitting or flacking of sui&icee examination
of surface forgrinding burnswere not madei is assumd 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 surfaeghness is important
in study ofasperity level damage mechanismEhis can help the surface fatigue modelling
which is reserved for future scopghe threedimensionalsurface profie of the pinion with
respect to a master template is measured fopitien and the deviatiof actual profiefrom
the master profie is recorded before testing. This is aseal templatdor further analysis of
wear in different parts of the pinion surface after testing.

4.1.2 General observationsfrom pinion failure

The sigrs of flank failure observedhelp in distinguisting betweensurface and subsurface
initiated failures Any defectsor micro-cracks below thesurface or micro pitonthe surface
grow gradually leading to catastrophicpaling and tooth chip off{7]. Figure 48 ilustrates
different test samples with differetypes and extenof failure.

Figure 48Failure of pinion inpitting (left) and spalling (rightyvith different extent of damag&KN KOP, n.d.)
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Figure 48-1 shows faiure that may have originated from pits at the surface with comparatively
less damageFigure 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, spals are
comparatively shallower but wider pits, one side relatively deep with steep wdadrather

side is shallow with wal merging smoothly with the surface at an inclination. It is formed by
gradual and progressive enlargement of pits or opening of cracks as they servestas $igh
concentration zones at the edge of an existing pit ogimerof multiple pits 28,41]. The
observed failure is similar to the lterature as sedrigare 48, Figure 49, Figure 50.

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

shows surface intiate crack pemadihg deeper leading the opening ofabigger chunk othe

crack tip. In Figure 49, the widespread of deeper piEnd tooth chipoff illustrated indicate
possibilities of subsurface failure wittespcrack proggationfrom the surface Deeper craters

with steep cracks indicate weak subsurface, indicating inadequate residual stresses below the
surface. Thus, thiscan be a combination of subsurface inttiation of failures, growing to meet
the surface damageausingwider and deeper craters. In summafaiure may have intiated

at multiple locations on the surface and subsurface, leading to accelerated catastrophic failure.
This can also lead to more severe overloading conditons as the damaged area grows as shown
in Figure 49-2 where the fallure has intiated at a lower point on the tooth and propagated
internally leading to chip offSeveredamage on single tooth and lower extent of damage or no
damage otthe rest of the toth is observed. This clarifies that there is severe overloading due

to inttiation and local relaxation of residual stress or hardress.failures generally observed

in hypoid gears have exhibited gradual pitting spread over the ®#jkirj this casethe failure

has intiated from smaller surface damage wiiie rest of the fank remained undamaged.

This may indicateunfavorable contact conditions in the local damage area before failline.

contact or lubcation conditions are betteo 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 picr@swlysis

of the surfaces at different stages of ife of the pin@suggested fdbetter insights of damage
mechanism and underlying reasons for failuliecan also be observed that the kinematics of
meshing and loatbearing between different too#haltered as theontactcompliance of tooth

is altered due to pitting and spalling, leading to overloading of single tooth, causing accelerated
spaling faiure onthe adjacent toothAs highlighted inFigure 49, where the crack has
internally propagated leading to chip off of the tooth.

Figure 49Pictures illustrating tooth chip off indicating subsurface propagation offatigue fa{(iGkN 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 colap3ihg [
occurring as asecondary mode of failurevhie growth of maar pits can be primary mode of
failure. Generaly the morphology of gradual spaling is cyclone type, Bigure 50-1
llustrates ridging morphology or the ratcheting marki the region of fracture indicating that
surfacecrackinttiation andacceleratedpeel off materialat multiple locations leading to severe
spaling. In a certain area of the gear flank, there are marks of scoring and small piting in
region belowthe pitch ine as observed lRigure 50-1. This canconfirm that the initial failure

mode of either pitting or failure of lubrication in case of scoribere are clear signs of
frosting with minute observation oRigure 50-2 andFigure 48-2, indicating good conformity

in contact. It also confrms that there are no signs of micro pitting, indicating that the lubrication
film is active at other parts of the flankn 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 intiated at the
root and has propagated towards thetypally 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 accelerategsulting in rupture 31]. Thefiner ridges on the fracture surfaceFigure

50-2 also suggest that the failure aggradualand the cracks have propagated paralel to the
surface due to higher compressive residual stresses that do not allow deefpster
propagation. Theole of residual stresses can be obsgriaetweerfigure 50 and Figure 49.

The tooth flank flacking ighe nature of &ilure. It is peculiar formation of cracks known as

white etching cracks avhi t e s timgu(?&/$Fu The eardy dalure osome of the gear

flanks the white etching areas searfFigure 48 andFigure 49atsurface and subsurface fracture
areaalong the transformatin of the microstructurebserved,indicate that the faiure may be
associated with WSF phenomeno@enerally, white etching intiates from the surface when

the local surface pressure soncentrated andligh especially in the region of high sligt

spreads as the pressure distributes duedal plastic deformation affecting deepersubsurface
volume. This can further decompose the oil quality as wielis associated with hydrogen
generation accelerating the accumulation of damadgs effect is seemn the region with
negative slidingand high surface tractiont is highly influenced by the oil properties and the
additives that promote chemical interaction in penetration of hydrogen into the seitfeee

making the surface brittle or it makes sutiece weaker wittpenetration intoinclusions that

trap hydrogen It is closely associated with gear meshimgrations andincrease the risk of
cracking. This answers the questions of why there are no failures at other torques or speeds.
This phenomenoraccelerates with increase in operating speeds which was clearly observed in
KLT tests It generally occurs in continuously operating testing as dbastant high
temperature at contact accelerate the damage accumulation leading to premature faiure due to
continuous rubbing of crack31, 72]. The crack rubbing wil generally lead to macro pitting

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

Figure 50Picture illustrating highedeep cratersvith critical details of marks on gear flarf{iGKN KOP, n.d.)
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The wear profle analysis of the tooth adjacent to the damaged tooth has shown very small
margin of material removed (leskah 20 pm) It clarifies of no significant abrasion in the
tooth, indicating that the failure is premature without significant wear or pitkiiccoscopic
surface analysiscan improve the clarity of material transfer due to adhesionBut it is not
perforned in this hesis.Since most of the samples do not show widespread micro pitting which

is generally caused by lubrication starvation, it indicates tbaly aspecific area of gear is
overloaded causing roling pressumduced surface cracks and macrting.

4.1.4 Crack propagationanalysis

The propagation of crack is gradual and sfowcomponents with high compressivesidual
stress stateear the surfaceThe crack propagation direction is studied by different means

a. Slice by slice investigation difie presence of cracks in a particular direction only
b. Morphology of cracks and branching direction of cracks

Figure 51lllustrating of crack initiation and propagation with crack branches. Shallow or sharp crack opening
(left) and Dep crack opening with subsurface defect (rigfEKN KOP, n.d.)

The ridges inthe fractured area ifrigure 50-2 gave some insightgito the damage mechanism.
The direction of crack prpagation, branching of cracks and angle of craden beseenin
Figure 51 clarffies that the cracks are intiated from the surfaed propagated deepédihe
sharper angle with surface Irigure 51 (left), also confirmed higher compressive residual
stresses near the surface, wikligure 51 (right), indicates the compressive stresses were lower
alowing higher penetration of the cracksesuting in surface cracks meeting weaker
subsurface material, which is clarified by the marks showimgbranching of cracksThe
tribological conditionscorresponding tdocal sectional data of cracks ilustrated Figure 51

is not available. Thusfurther analysis could not be conductedthe influence of slidingand
surface parametersind is reserved for future worlBut it is clear from the pictures and
conclusions that it is surfaceinitiated flank failre

4.1.5 Thermal impactinvestigation

Evolution of residual stresses in the region of pitting or spaling can change overal distribution

of contact stresses causing accelerated failure as the pit edges experience stress concentration
[33]. In addition to the other causes for stress concentrati@nicrostructure in Figure 52 is

found to beuncommon forcasehardenedand shotpeened pinion As it was observed from

nature of faiure with WSHaiure which can alter themicrostructure due to hydrogen
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embrittiement. This can also be the effect of the transition of material propertiesor
microstructure due to thermomechanical fatigue at temperature peaks in confduts.
progressive hardness dabration was observed only in the pinion after the tests, whie 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 &nd elast
shakedown due to harder ring gear roling 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 propagatido iakiced material strength

and fatigue lmits, leading to premature faiure with spaling and flank frag@2g 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 gewrsnost importantly
indicate the condition of lubrication in the contact.

Figure 52Microstructureof the pinion section near the surfa@@KN KOP, n.d.)

The test unit is tested as per the torqaed speeds. The oil is heated up té®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 progressest that torque level.

As torque haincreasedthe effectsthe temperature has increaseuk tothe loading sequence
andpreheatas seen irFigure 53. The point of keen observation herehst at higher torques,

the speeds are comparatively lower, where the temperatures have increased steeply It indicates
important points about lubrication conditons where oil is less viscous at relatively high
temperature added to conditions of low relative sliding, has resultesh imability to form
lubricant layer, hence causing higher friction and higher tooth tempera@oesbination of
very high pressure and low sliding velocities can cause higher damihgmuted to bulk
temperaturesmore thanl50 to 180C. Other tests witthigh speedst high torques have also
shown signs of accelerateddamage which can be attributed to lack of adequate supply of oil
and not inability to formubricant layer At high torques, the contapiressureis high, but due

to high temperatureyiscaosity drops,asoil does notcool despite having fans.

At different instances of constant speed and torque, the gear paiasteav trend of reduced
temperature as seen from 0 to 3000 se&igure 53. It indicakes of an improvement in
conformity of contacandthat the surfaces are sensttive to displacement in contact patch as the
distribution of contact pressusnd curvatures varyFaiure of contacting surfaces are detected
either based on unacceptable NVHloeakage 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 measuredibrations. Vibration signal showsignificant changes in kurtosis value
indicating at least 2@o 3% earlier initiation of failure before fracture. Atthough the extent of
failure cannot be predictedBT]. Since this thesis fases on finding the number of cycles at
initiation of failure, this can be used to-celate the calculation with the life at fracture.

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 000 6500 7000 7500 8000 st
o

Figure 53Variation of temperature for oil (green) and tooth subsurface (aeg function btimefor heating
cycle.(GKN KOP, n.d.)

4.2 Contact parameter

Thering gearpinion contactanalysis modelis set up on ANSOL HFM as discussed in previous
sections Typically, the type of contactin this caseis the relative mdion of eliptical contact
surfaces with sliding and roling in both directions of contactThe contact conditons are very
essential to understanfhctors that lead tthe surface and subsurfadatigue of gears.lt is
important to note that the resuliscussed 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 paramdiagstesults discussed in this section

is with the following conditions:

Pinion Torque = 640 Nm

Pinion Speed = 1200 rpm

Contact analysis method= Hybrid Surface Integr&linite Element method
Coefficient of Fricton = (dry contact)

P whE

The distribution of different contact parameteesar the contactgichis a collection of discrete
calculations representing21 different roll positions. It includesone complete mesh cycle ie
from intiation of contact to exit of contact for a particular tooth on the pinide time taken
to computethe contact paranters discussed belowasabout30 minutes

4.2.1 Contactpressure

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 toa#ar 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 intiation of contact. The distribution of pressure is uniform

in the middle part bthe 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) orthe load intensity or contact compliance which #iedclar
in subsequent sections. Local pressure peak is 4061 MPa. It is on the higher side and shows

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

Pressure Distribution in MPa 4000

350 ‘

Contact Pressure in

—10koe

407 50
Tip 50 Hed

Figure 54Maximum pessuredistribution onpinion Flank.

4.2.2 Load intensity and Hertzian semi-width
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Figure 56 Semicontact width at different poisbn pinion flank
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The load intensity is the force per unit length of contact computed at different roll posttions in
a mesh cycleFigure 55 clearly shows a uniformly distributed but high contact load in the
middle of thepinion 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 semicontact width is the half of the overall width of the contpatchat a partular roll
position for deformed contact under lodd. Figure 56, it is important to observe that the
contact semi width is higher in the region of higher load intensityich can result in
comparatively lower siss. However, there is higher contact pressudewer contact load
intensity and lower contact width in the region near the mobich may reflect in the stresses
seen inthe subsequent section

Reflecting theobservationof lower contact width near the aty andthe higher contact pressure
is a result of the high relative curvature sesim Figure 57 near the root otthe heel side of
the tooth. This clearly shows the importance ofrtiative curvature orthe flank for gear and
pinion This curvature also plays a major part in the sliding and rolinguding lubrication
between the gear flanks. This is mostlyline with the existing knowledge about the reason
for higher contact pressure and the critical atint@nditons leading to contact fatigue.

Max=1.75 Maximum Relative Curvature 1.4
(%) 1
2 16| 1.2
2819 0.8
ég 1.2{
7.1.0|
2308 0.6
% 0.6]
s 04l 0.4
0.21 Toe
Root 15 0.2
20 ~75
25 N 0

=50
=25

>~ 0
25 Al F
50 ong Face
75

Tip 7100 gl

Figure57Maximum Relative curvature at different points on Pinion Flank
4.2.3 Slidingand rolling velocities

The sliding and roling speeds are critical in determining the overall comiaditions and the
distribution of lubricant in the interface and hence the contact stresses. As &agmeib3

(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 deigara58

(right). The effect 6sliding speed is necessary in considering the effect of friction in the
contact and the relation of sliding and roling speeds indicate lubrication conditions.

The direction of roling velocity is perpendicular to maximum relative curvature in the tontac
patch. The effect of sliding speed is better understood with its relationship with roling speeds
l.e. specific sliding and the slide to roll ratio. It represents the lubricant fim thickness and hence
the contact fatigue 1f]. 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 sufficie nt
sliding speed is important for the formation of lubricant layer. This is not detussthis

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 58and Figure 59 negative sliding speeds are higher near the root and the roling speeds
are relatively low which is not ideal for formation of the lubricant layer, similarly, the positive
but low sliding speeds and her roling 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.
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Figure 58Slidingvelocity on pinion plank in mmfgeft). lllustration of pinion tooth flank at one of the roll
positions highlightinghenegative sliding region
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Figure 59Rolling 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 withdh relative radius of curvaturs resulting inlower contact width and

hence higher contact pressure. The result of these contact parameters are very high locally
concentrated contact stresses seen irFigure 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 tlee higher volume under stresselhis gives a distinct

indication of areasfanitiation of fatigue. Generally, contact stresses are compressive in nature

and characterized by the maximum or minimum principal stresses and orthogonal shear
stressesHowever, this is a slding contact condition with more compkmxeedimensional

gear flanks. Thusmaximum Vornrmisses stresses, or octahedral shear stresgetheir depth

from the surfacegive a good measure for summarizing theeedimensionalstress states for
simplified understanding.
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The depth at which the maximum stresses gvgood measure of the probabilty of survival

of the subsurface vol ume as seen on the We]
Palmgren approach for contact fatigue. The maximum shear stresses near to the surface
indicates higher volume under stres®l digher probabiity 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.
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Figure 61 Depth from surface at which octahedral shear stress is maximum

The stresses ilustrated in this section is based omythad surface integratfinite element
contact analysis methodrhere is variation in the stress distribution and stress magnitude in
the finite element method. The effects of the change in stresses on fatigue lfe for different
methods wil be seen in the subsequentises of the thesis. Similarly, the effects fadtion

and the influence of residual stresseghe fatigue life wil be discussed in subsequent sections.

4.4 Failure mechanism

4.4.1 Hypothesis and failureanalysistree

Based on the observations in the prelmindajure analysis, the following mechanisms can

be attributed to contact conditions at 64@GNorque and 1200 rpm Wohler tedisiring run

in, improper lubrication of other factors may have caused tensie residual stresses at the surface
(in addition to décts due to surface treatmenthe damage mechanism starts with surface
intiation frosting, pit formation, smal crack detachmeamd finally leads to flank fracture

Micro pitting plays a major role in indicating the weaknesghefsurface. Howeverin 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 residimabkses and hardnessligh
temperatures can also cause decreased viscosity and local starvation of lubriGiréace
crack inttiation and propagatioareaccelerated due to overloading tire concentrated area of

the surfacedue to altered contact &tiess and kinematics of meshiagthe test progresse#\s
aresult, mutiple piteand cracks at surfagein subsurface cracks leading to flackigowever,

at higher torques, the contact conditions are not concentrated leadtaguriform distribution

of stresses leading to comparatively lesser damage.

It indicated thathe primary cause of faiures surface fatigue and involves the micro stress
cycles due to surface topography and lubrication starvation. However, fricion and contact
conditions locdy are severe enough to weaken the subsurface volume due to high tensie and
shear stresses in the contathis indicates a different mechanism of the faiure, known as
white gructure flacking asexplainedin previous sectignleading to premature failr [71, 72].
However, due to increased complexitgurface topography and lubrication wil not be
evaluated. The failure mechanism analysis seen kiigure 62Error! Reference source not
found., where spaling due to subsurface stress wil be evaluated in this thesis basgd on
contactsubsurface stressesgth friction.
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Inclusion or In
homogenity
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- S d Ploughing
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Figure 62Failure analysigree
4.4.2 Damage mechanism and causes
As seen in the previoushapters two distinct damage mechanism can be observed.
Mechanism 1:
From previous observationgontact pressure, relative curvature, and negative slding speeds

in the regionbelow pitch line ear towards the heel revel that this area is under very high
contact stresses due to lower contact area and higher load intdedtgles, Figure 63 (left)
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indicates pressure peak in the regionnefgative sliding, of a pinion (red arrows pointing
downward andopposite to the direction of roling) By convention, the lubrication film
thickness wil be comparatively lower, causing damage ioitiafrom this patch of the tooth.
This is clarified with pressure peaknmating part of the ring gear as seeriigure 63 (right).
This cancause high subsurface shear at this point and indeed high normal stresseslin the r
in side (Figure 30) of the contact leading faittiation of surface craclkr sulsurface shede1].
Due to highstressesplastic deformatioroccursin this location. With many of the pictures of
failure, in the prestudy sections the crack maybaoriginated from the lower part of the tooth
just above(roll in side) the region of peak shear stresx propagated deeply or towards the
tip in the sliding direction. And the contact conditiodgrify the reasons for the inttiation of
failure in this region for both intiation oftrackand weakening of subsurface volume due to
high stresses.

Figure 63Contact patch with sliding velocity directions and contact pattern(picture in picture) for pinion(left)
andring gear(righ).
Mechanism 2:

With similar observation of contact condtigngust above the pitch line where faiure wear
observed. Bpecially, low sldingspeedsas shown inFigure 64Ermor! Reference source not
found. (right) and concentratedhigh load intensity as shown Figure 64 (left), in the same
region leads tohigher tensie stresses in the wdkal-out side)of the sliding contact peh
[4]]. This is ideal for initiation of damagd.ack of adequate fim thickness due to low relative
sliding and high load intensity in the same region leads to higher shear caused by Tiei®n
weakensvolume of material de to high temperature with reduced hardness at the suffaise
can cause deepergin the vicinity. In addition to this, atthe wake of this sliding contact patch,
higher tensile stressemreideal for initiation and opening of cracks, which on megtine
weaker subsurface volume, gets acceleratdmvever, due to compressive stress cycles the
material will not get detached@he damage mechanism wil be initially dominated by pitting
in this region, as observed in pstudy. There are observations inferior propagation of cracks
leading to chip off.But decrease ihardnessallows plastic deformation.With existing sites of
pits with stress concentration accelerates growth of craters wider and deeper keading
premature spaling and fiank fracture

Figure 64Picture 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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Itis important to note that both the mechanismsinalieating to a concentratedocal region of
damage and it is sedmom faiure analysisthat there is n@omplete lubrication failuremicro

pitting or flank surface failure at other parts of the flaifke contact conditons mentioned are
very favourable to the mechanism of white etch surface flacking and deterioration of surface
leading to acceleratedonlinear damage accumulation and pre mature failure of gears.

4.5 Fatigue life

The equivalent stress analy based multaxial finite element fatigue analysis is performed on
FEMFAT. Ths sectionconsists of study with different influence factors like methods of
contact analysis, friction, residual stress, and fatigue critdili® comparison of different
patameters isbased orthe weakest link in the contact analysis ie. where the damage is
maximum. Thus, the minimum local fatigue life for intiation of spaling crackédsparameter
usedto representhe scale of damage fdifferent influence factorsin the following sections,
different condtions are represented with the following naming convention

Hybrid SurfacelntegratFinite element methoddHertd

Finite element method¥Ed

Coefficient of fricton (CoF= 0 fa 60

Coefficient of fricion (CoFF0 . 12:f6 60. 12

Without any heat treatmentNo Prestress

With Case hardening hetaeatment:dCH Prestress

With Case Hardening and Shot Peening Hiemttment:dCH+SP Prestreés
Modified Equivalent stress in critical plane criteridMod Eq Stress
Scakd normal stress in critical plane criteré@Bcld Normad

TFQ o0 T R

4.5.1 Influence of contact analysis method

There are two different methods of contact analysis adopted in this fRasiomparison is
important as the maximunsontactstresses and the distribution tbé stresses over the flank
differ for both the methadDue to this,aregion of critical stress or initiation of fatigue crack
also differs. As seen inFigure 65, the trend for the inverse of maximum damage lesser for

t he 6 He r indicéting migheér hsttedses and sharper distribution of peak stresses both at
surface and s ub s ur f a ccensidersAsharpt variation 6irH the tomtdict me t |
parameters, some of the areas result in high stresses andssbaggradientand thereby
higher fatigue damageThis has reflected in lowelocal fatigue life for different cases of
friction, prestress, and material properties scaled normal stress in critical plane criteria
However, the stress concentrationshish may have resulted in the conservategimation of
fatigue lfe in Hertz approactis seen inFigure 65, prestressing for Hertapproach shows a
decreasing trend witlthe superposition of residual stress doecase hardeningvhich is not
acceptable This changemay indicae that compressive residual stresdess a negative effect
on equivalent stressgsedicted by Hertz approach. The comparison of material properties
Figure 66 showsa reasonable trend in reduction of fatigue life fateriatA in comparison to
materialB for FE approach. Theeffect of material property is marginally lessdue to
comparatively high magnitude of contact stresses predictetientz aproach The effect of
friction is contrasting for higher friction in case of Hertzian approecimpared to the FE
approach This indicaes that Hertzian approach smore suitable method of computation of
surface stressesghile the overall surface and subface stresses are wel representetiarrE
approachHowever,the stresslamagedistribution wil be more importantto compare differe nt
methodsand wil be discussed in subsequent sections.
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Inverse of maximum local Damage

Mat-B; CH Prestress 3,77E+07
CoF=0 3,77E+06

n FE
Mat-A; No Prestress; 3,07E+05
CoF= 0.12 2,86E+04 Hertz
Mat-B; No Prestress; 2,45E+07
CoF=0 3,92E+06
Mat-A: No Prestress: 2,62E+05
CoF=0 ' ' 5,78E+04

1,0E+00 1,0E+02 1,0E+04 1,0E+06 1,0E+08

Figure 65Comparison ohybrid surfaceintegral FE vspurefinite elementmethods using inverse of maximum
damage ominimum 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 materials
comparedin Figure 66 here have two distinct characteristics. Material A is dependent on the
buk material properties defined based on hardmdsseasthe materiaiB is defined based on

the contact stress limits from theQStandards which are based on gear testing. The fatigue
criteria are scaled normal stress the critical plane for all the simulation and the interfacial
friction is neglected for all conditons defined in the grapk.seen inFigure 66 material A
shows comparatively closer to real values on material properties as well as fatigue lfe where
Material B is overdetermining the fatigue life. In additon to this material A in combination
with Hertzian approach is procing most conservative results due to high stresses and
comparatively lower fatigue lmitsWe can see thairestressing show marginal change in local
fatigue life in FE approach and it is not because of material properties as se#refpoavious
section. Snce this is a multiaxial fatigue analysis, we can see thasubsurface stresses are
important and bulk material propertiesepresented by materidl is more suible in
determining the fatigue life and the contact fatigue limits often overdeterthin fatigue life.
Properties for materieB is found based on testing for maximum principal stresses. Tihus,
should also be noted thtite combination of certain material properties and fatigue criteria are
important to correlate with each other i 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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Inverse of maximum local Damage
FE :CH “ 3|77E+07
Prestress 3,B4E+05
B mat-B
Prestress 5,78E+04
S ey
Prestress 2,62E+05
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Figure 66 Comparisonof Material A vs Material Busingtheinverse ofnaximum damage eninimum 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 cortipg the fatigue damageln this case the
interfacial fricton is neglected for all simulation conditionSigure 67 shows clear contrast
where modified equivalent stresses in critical plane is more conserva@mpared to scaled
normal stresses in critical plane. This holds good for both conditons with and without prestress
independent of material properties. Since this is a caseomproportional loading, the
modified equivalent stresses in critical planeeclly add the effect of normal and the shear
stresses which peak at different time steps resulting in higher equivalent stresses and
conservativeestimationof fatigue life irrespective of prestressindgn principle, the fatigue life
increases with the diler residual stresses induced by shot peening. Howévethe
calculations withmodified equivalent stressesiteria, prestressinglue to case hardening plus
shot peeninghas resulted itower fatigue life instead of higher fatiguén Figure 67, the trend

for increasing prestress@xreasingfatigue life iscloserto realty for scaled normal stresses.
Thus, it can be inferred thahe scaled normal stress criteeaemore suited for multiaxial nen
proportional loading especially with prestress sing to account for residual stresses. Though the
shear stresses are wetkighted in modified equivalent stress criteria, it is not suited for this
case.As mentionedin the previous sectiorhere it is clarified thathe scaled normal stress in
critical plane and the materil is the right combination of material properties for computation

of ife at crack intiation.
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Inverse of maximum local DamEge
= Mod Eq Stres
FE; Mat-A;NH 2,13E+04 q
Prestress 1,50E+05
Scld Normal

Hertz; Mat-B; 2,00E+04
CH Prestress 3,V7E+06
s Ma“““
CH+SP 1,11E-|:05
Prestress | | | | | 2,62E+05

1,0E+00 1,0E+01 1,0E+02 1,0E+03 1,0E+04 1,0E+05 1,0E+06 1,0E+07

Figure 67 Comparisonof modified equivalent stress criteria anstalednormal stress irritical Plane criteria
usingtheinverse of maximum damage or minimum local fatigue life

45.4 Influence of friction

The method otontactanalysis and the coefficient of friction wil be used to understand the
inluence of friction. The scaled moal stress criteriaare assumed for all the simulation
conditions. MateriatA is considered based observations seen in previous sections. Increase
in friction increases the shear stresasgtraises to the surface resulting aigher volume of
mataial near surfaceunder maximum stresses abaver fatigue life As seen inFigure 68
Hertzian approacls observed to include the effect of friction more accuratele estimation

of stresses at the surfac@kng it more suitable for implementing the effect of frictidfigure

68 clear contrast in fatigue life reduction widmincrease inthe coefficient of friction. On the
other hand,the FE approach does not shawignificant change in the local fatigue life fan
increase in friction.The coefficient of friction 0.12 is very high for gear interface. Generally,
without the influence of surface parameterghia calculation, the change in stresskses not
show the exponential difference forcoefiicient of friction below 0.2 to 0.3.Comparing the
effect of case hardeningn Figure 68 friction increases the orthogonal shear stresses, the
compressive residual stresses haveompaatively lesser effect on them and the marginal
change seen for FE approach with and without case hardening is justifiddelenfluence of
fricion on fatigue Ilfe is better represented when coupled with the effects of surface
topographies, lubricationand temperature. In this cagbe analysis is purely dry contact
analysis assuming no influence of surface parametédnss, the changes seen in fatigue life
are very marginal as compared to the physical conditidim®ugh the differences in the
minimum bcal fatigue lifearemarginal, higher volume is under damage due to higher friction
resulting in reduced component lifddowever, with the selected method in computation,
friction does not show significant influence on strasd hence fatigue life.
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Figure68 Comparisonof Cases witta coefficient of friction 0 and 0.1@singtheinverse of maximum damage
or minimum local fatigue life for

455 Influence of heat treatment or surfacetreatment

Based on the observation made in the previsections, 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: MaterialA

3. Fatigue Criteria’ Scaled Normal stress the critical plane

4. Coefficient ofFriction: O

The finite element method was selected as there were some of the stress distribution and stress
concentration problems with Hertzian approaide distribution of damage and the influence

of residual stressedue to @se hardening and shot peening is discussed in this seldtien

fatigue lfe is calculated based on the average damadesip mm(contact width) of area
(highlighted inFigure 69) aroundthe peak damageregion on the surface of the pinion flank

The trend of damage and hot spot for point of initiation of fatigue remains the same
irrespective of the prestress conditioRigure 69 shows the distribution of damagever the

gear flank highlighting the area of peak damage.

Figure 69lllustration of damage distribution over pinion flank

It is important to observe the critical area of damagehe flankin Figure 69, which represent

the probable area of initiation of spaling faiure. There are multiple areas of peak dasnage

seen inFigure 70 which indicates that failure may intiate from different locations amd th
propagation of failure may accelerate due to more peak damage area in close Vibiaiy.
damage values represented in the subsequent figures are local nodal damage values per mesh
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cycle. The fallure region may not completely correlate as the presdrigericant can alter the
distribution of contact pressure and contact stresses. Since this simulation does not include

inluence of surface parameters, the indicated region of damage may slightlyAmatiier
reason can be slightly altered kinematicsmeshing due to deterioration in the surface and

stifness of linked components.

3.82 e06
9.82e07

6.82e07
3.82e07
9.82e08
6.82 e08
3.82e08
9.82e09
9.82e10
1.99e 30

Figure 70Damage distribution on pinion flank highlighting critical area for condition without prestress

The damage iconcentratedaround thepeak areaas seenn Figure 70. The lfe of the
component at the point of initiation of failure is given by the average of damage values around
the concentrated area highlightetHlowever, the damage is morevidespreadfor condition
without prestress
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Figure 71Damage distribution fopinion flankwith case hardening prestresses highlighting the critical areas

The change in damage distribution due to superposition of residual stiees$ss compared

to Figure 70leading toareduced area gfeak damage valuas Figure 71 due to prestressing.

Apart from the areas with peak damage, most of the areas shokigure 71 indicates a
significant reduction in stresses and hence the damage vah@wmh the prestress values are
comparatively smaller, it has shown a significant reduction in the contact stresses around the
peak damage regionresulting in lesser volume under risk of failureAbout 2.34 times
improvement in fatigue life is observedfor case hardeningas compared to without any

prestressing as seenfiable 1.

The damage dsbution for case hardening plus shot peermglustrated inFigure 72. High
residual stressdsave significantly reduced peak damage value and the distribution of damage
Is not concentratedunlike the other c&s. This shows the high residual stresses has resulted in
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the significantly reduced contact stresses and hence improved fatigue lfe. However, the
hotspotsindicated inFigure 72 for peak damage in the same postias the other two cases

seen inFigure 71, Figure 70. Itis important to note that thereaghange in scale for the damage

value as the minimum most damage value on thi fim the case afio-prestress condition

(Figure 70) is higher than peak damage in the case of case hardening with shot peening prestress
(Figure 71). As observed fronirable 4, There is a 11 times improvement in fatigue life for

case hardening with shot peening as compared to no prestress conditon and there is 4.71 times
improvement in fatigue life for shot peening as comparedhéospecimen with just case
hardening. It is important to note that the material fatigue Imits 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.
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Figure 72Damage distribution for pinion flank with case hardening and shot peening prestresses highlighting
the critical areas

Table4 Table of average fatigue life of pinion for different prestress conditions

Maximum | Averagge Fatigue ife
Damage | Damage| (No of cycle9

3.81 E6 7.1 EO7 1.4 Milion No Prestress
299E6 | 3.08E07| 3.27 Milion Case Hardened

Prestress type

- Case Hardened
3.7E7 6.49 EO8 15.4 Milion + Shot Peened

The test conditions for above talalee:

Torque: 640 Nm

Speed1200 rpm

Probabilty ofsurvival: 50 %

Damage value pamesh cycle = one pinion revolution
No friction

®oo0 TR

4 5.6 Testdatacorrelation or validation

As seen in the pretudy there are several ®sbonducted at GKN KP 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 lfe and failure region on the flaiike gears are intially rdim according to
standards and are subjected to constant- laahstant spek 06 W° hl er 6 tests.
tabulated in Table 4 are with assumption that there is no interfacial friction and may
overdetermine the fatigue lifeAs seen inFigure 73, there is a lot of variation in the test results
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as the gears are tested under various condiions of lubrication mechanisms, working
temperatures, cooling, which lead to variatons. However, the calculations assume ideal
condition of lubrication and do not @aunt for the influence of surface parameters, it will
generally overdetermine the fatigue life. The calculated fatigue life is at the point of inttiation
of spaling faiure whereas the fatigue life shown in test data represent a catastrophic failure.
Thuws, a direct correlation is not possible. However, there are some tests conducted at GKN
KOPwhich indicate that the initiation of spaling failuresdetected abo®0 to 30 % before

the failure which may help in interpreting this correlati37].

Correlation of fatigue life between testing and calculation
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Figure 73Physical Test data correlation withe calculation for pinion failure

As we can see ifrigure 73the failure in physical testing has been premature dudrioation
starvation, high contact temperature and other causes accelerating the faiure. The predicted
fatigue life at initiation of failure fronthe calculation is more optimistic. Inclusion of accurate
stress models, material models and addressegldlimitations of this analysis can helpthie
estimation of point of intiation and the point of unacceptable failure with more accuracy.
However, the area of damage predicteals seen inFigure 74 (right) and tke causes are
interpreed using calculation and correlate well with the physical testing &agare 74 (left).

Figure 74lllustration of a failed pinion flank from physical testinghiighting damaged aredéft) (GKN
KOP, n.d.)and map of maximum damage value highlighting area of initiation of ifilom calculation(right)

Also there is a slight displacemenf area of fracture seedn Figure 74 (left). The predicted
region highlighted in area shown i for inttiation of crack The faiure seen on the physical
test(Figure 74-left) is onthe oll-in side isof highlighted area of intiation shown Rigure 74
(right). This indicates thathe is initiated below the pitch lineand propagated towards the top
due to higher shear stresseaised by sldingafter the opening dhe crak. This damage area
on the tooth confrms both the fatgue mechanisms hypothesised in the previous sections.
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4.5.7 Empirical correlation

The experimental data for 13 case hardened sarapiess shepeened sampleare assigned
median ranks or percentage prolitgbiof failure based on 50% confidence intervalhe
statistical parameters are obtained frBigure 75 Weibull probability plot

Percentage probability of failure

Weibull Probability Plot

Y =MCH X-38

.

Linear (failure probability for case hardening)

Linear (failure probability for shotpeening)

Life

Figure 75Weibull probability plot for experimental datarrelation

The Weibull shape parametdor both uapeened and shateened specimens are obtained as
MCH and MSP respectivelyThe values in the graph and exponents are masked due to
confidentiality. The life of the pinion at different probabiity of swal can be can also be
correlated from experimental data from the probabiity of survival plot. The life at 50%
probabilty of survival (L50) and 90%robabiity of survival (L10) can be obtained from
Figure 76. Smilar analysis is performed for both calsardened and sh@eened specimen.

110%
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40%
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Percentage probability of survival

Probability of survival

~

L10=1.9M
3.42 M

L50=

\

probability of survival for case hardening
forbability of survival for shotpeening

15.75M

L10 =8.01M

L50
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Life in No of cycles

Figure 76 Weibull percentage probability of survival vs life from experimental data

The data orcalbrated parameters for different models a@ shared in this thesis report. The
life predicted by different approach of computation are as tabulateabl#b.
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Table5 Fatigue data correlation with different methods of calculation

Life in Life
Method of calculson Million In Milion
cycles cycles

Case |Casehardened

Prestress type hardened| Shotpeened

Deterministic method based on multi axial fatigue 3.27 15.4

LundbergPalmgren probabilstic method based on 3.42 13.75
orthogonal shear stresses and nateconstants tuned as
per GKN-KOP test data

Modified LundbergPalmgren probabilistic method base| 5.44 11.83
on constants as petd, 76] and effective maximum slae
stresses wittsuper position of residual stresses

loannides, Harris model based onsmises stresses anq  3.56 NA
constants as per9,10] using a fatigue limit obtained
based on hardness gredti

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 sifital stresses and material fatigue

imit based on hardness gradient in last two cases are more advantageous with abilty to tune
different parameters for improving the accuracy futtehhe | oanni des and Hat
can also be used to obtain thefare fatigue based on the normal stresses at the surface and

the lubricant condttions.
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5 DISCUSSION AND CONCLUSIONS

This section includes the discussia@rmsl recommendatioren the merits and demerits of the
methods adopted and the results obtairide conclusionsare based on the inferences drawn
in this section as well ahe results section to answehe formulation of questions thate
presented in Chapter 1

5.1 Introduction

There are several delmitations and several methods adopted in this \lsdis needs
comprehensive review and discussion tlenselection of methods, themerits, and demerits.

It is important to understand ehworkarounds possible for mitigating the possible errors in
future. Chalenges posed by geometry, contact analysigermasition of residual stresses,
computation of fatigue, material properties and physical testing wilisbassedn subsequent
sections.

5.2 Geometry

The modeling and discretization of the macro and micro geomatgiuding the
manufacturing influenceare highly essential for contact analysis and calculation of stresses
The contact stresses are highly sensitivéhdéwariation of curvature on the gear or pinion flank

and their interactionFigure 77 represents theontact pressure pattern for a part of the mesh
cycle where it clearly showsconcentration 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
stifnress, and the relative movement and curvature of the gear
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Figure 77 The contact pressure pattern on pinion flank for part of a meste dyghlighting concentrated
pressure aredleft). Zoomed in view highlighting the pressure concentration below the ring gear tip (right)

Howeverit was a revelation that a manufacturing
the radius of the cuttethat helps in creating a smoother radius at the root creating a relief
between the pinion root and gear dif)er surface gnding. This modification helps in pushing

the contact pressure pattern from edge towards the middle of the flank thus avoiding edge
contact in gearHowever, very sharp variation in contact curvature and sufficient discretization
revealed that there is a nedge contact based stress concentration where the tip of the gear

flank presses against the pinion below the pitch line where th sharp variation in radius of
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curvature due to the manufacturing contact geomeltys can be further valdated in the
pressure distributioron rink gear flank(Figure 77-right) where the edge is free of Eses and
below the edge there is pressure concentration reflected in ring gear as well.

The sensitivity of elevated curvatuns resulting in high stresse$he contact area at the edge

can also be reduced due to sharper elements further increasingesisecsincentration values

in hybrid surface integrdinite element resultslt is both a necessity as wel as a source of
error in calculation of fatigue lfe as it shows localy elevated contact pressure making it an
inevitable addition in contact analysi 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 faiure of geatdigher torque, it can also lead to longer life than
expected at this torque due to favourable displacement of contact pHittevaver,as the gears

runrin, plastic deformationoccursnear the tip of the gear and root of the pinion wil result in
hardening and conjugation of the surfadiest reducing the stes concentration physicallgnd

also results in lesser damage value as the test progréssespresent such a correction in the
model, aparabolic distributionshould be considerealong the major axis of the contact elipse
Redistribution of stresses an be done based w®alues in the neighbouring nodest each roll
position and overwriting the concentrated areas with new stress vdibes.overwritten
stresses can be used to compute the fatigue life with favourable load sequence effect -using non
linear accumulation of damagd@his method makes it dificult 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 dhe computation © fatigue life are the accurate computation of
magnitude of contact stresses and the distributiogradientof contact stresses. In addition to

this the representation of nonlinear plasticity of the gear material is very important as most of
the gears irthe automotive domain is overloaded or loaded upa maximum extentand the
hardness drops below the surface changing the resistance to plastic deformation.

In this thesis there are two different methods of contact analysis studied Hybrid Surface
integral method is very promising and is apt for capturing all the contact parameters accurately.
Figure 78 (left) showssharp stress distribution at a particular roll position and typical contact
stress distributioras seen in therosssectionon Figure 78 (right). Though this methodime-

efficient for minute discretization it offersjt is very sensitive to variation in contact parameters
often overestimating the stresses thi sharp stress gradients resultirigp conservative
estimation of fatigue life. Physical testing is necessary to tune the contact stress paratoeters
predict contact stresses accurately major factor of consideration ithat there is high
discretizationthat adaptively changes with moving contact patch and the variation of stresses
is represented with higher discretizatidtiowever,for the computation of overall stress history
throughout the gear teeth, all the stresses are superposed on one mesh, stuth can

show very higkstress gradients further creating sources for errdieinomputation of fatigue

life as seen ifrigure 80(left). With anincrease 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 piticamould also be noted that
stress validation is not performed in this thesis and ANS@kssmed to be giving convergent
results based on automatic contact parameter selegkimh is tuned for convergence
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Figure 78lllustration of contact stress distributicat one of the roll positions (left). Sectional vidwstrating
the subsurface stress distribution of stregsaght) for hybrid surface integral method

Figure 79lllustration of contact stress distribution at one of the roll positions (left). Sectional view illustrating
the sibsurface stress distribution of stresses (right)dfare finite elemenmethod

The pure finite element method requires comparatively higher discretization to capture most of
the contact parameters. Howevérjs not sensitive to sharp variaton in cucras and this
method is more suited to obtain the overall trdeesensional subsurface stress distribution
while the hybrid approach is more suitable for surface stress distribd®seen inFigure 79,

the stresss are smeared out and wel distributed in the contact voltioevever, it shows

some areas of stress concentration near the position of peak load intenségn irfrigure 80

(right). This reason and remediatiofor this is not known.The stress values in pure finite
element verefound to be more realistic compared to the hybrid approach. Thiweghybrid
approach ipreferablein computing the surface and subsurface stress accurately, it is let down
by highstress concentrations and sensttivity to sharp geometric variations. This issue can be
mitigated by the solution provided tihe previous sectian
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Figure 80illustrations of stress distribution for all roll positions for Hybrid §ace integral method( left), Pure
finite element methogight)

Most of the times the sharp variations of contact parameters are wel captiybdd method

but due to lower discretization, the superposition of finer stress variation on a courseamesh ¢
create abnormal stress gradierts seen inFigure 80 (left) which can great errors ithe
computation of fatigue lifeThe concentration of stressies different approacheisasrefiected

in high damage in fatige computation leading to errors in calculatiomsh comparison as
shown inFigure 80. Though the computational method considered for Hybrid surface integral
method is more accurate as compared to FE method, négi\sy 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, fricion wil have a severe impaaif surface roughnessjubricaton, contact
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temperature and local relaxation of residual stressemamishear damageccumulaibn is
difficult to replicate using commercial tools.

5.4 Uncertainty in superposition of residual stresses

Prestressing of theinion flank is very essentiato replicatethe effect of residual stresses. Most

of the residual stresses are captured at the surface to a very shallow depth whie the subsurface
residual stress variation and transition of compressive residual stresses to tensie residual
stresses are n&hown. Since the subsurface contact stress peak at a significant depth due to
higher contact width, the subsurface residual stress distribution is very c&ined there is

lack of this knowledge, the residual stresses are assumed to be constant ceegamddepth

as discussed in the previous sectiofbe residual stressed the surfaceare zero But the
hydrostatic residual stresstate used in simulation considers compressive stregste

surface deviating fromthe actual stress state at thefase before loading the flankThis 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 @nsition of stresses and can create abnormal stress gradients contributing to
errors inthe computation of fatigue life.

At lower torques, the contact stresses are comparatively lower, with the introduction of direct
superposition of residual stresses tushot peening, it wil cancel out the actual effect of the
contact stresses. Since the contact stresses are compressive in additon 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 superpostion of residual
stresses may not be directly relevdm@icause of complex contact stresses and propagation of
crack or pit.In practice there is a variation of about 10% of residugssés on different parts

of the flank due to complex shape of the tooth during theatment, this is very hard to account

for in the model.
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Figure 81lllustration of varying thickness of the elements along profile direction

As seen inFigure 81, the thickness of the layers of elements used to replicate residual stresses
vary along the profle direction. Since the residual stresseapplied layer by layer, it can

alter the overall distvution of residual stresses. In addition to,ttige very high discretization

is needed to capture the sharp variaton of residual stresses near the. sUitigc is
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computationally very demanding and may neegry high aspect ratio of elements leadiog
artificially increasing the contact stifnes3he 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 tolicefe the residual stresseBesides, 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 lifehas numerous assumptions which are not of concern in this section.
Different parameters lkethe effect of stress qualty,material model, fatigue criteria and
damage accumulation compubati

The main source of error or uncertainty is the material model considered in this thesis. One of
the materialmodels considers the hardness based bulk material properties calculated based on
some thumb rules automatically in FEMFAT, while the other nadtenodel is based on the
maximum Hertzian contact stress imBoth 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 treatmenar inclusion of shotpeening Contact stress effects are unique and
needs different properties in tension and compressionthareffect of mean stresses. It needs
special weightage factor for orthogonal shear stresses. This treatment with the material property
in conbination with fatigue criteria is not clear withe model definition on FEMFAT.

Also, the relevance of bulk material properties to the contact stresses, especialy surface
stresses is a question unanswered. Some of the thesis and literatusegdadearelation 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 tasted under ideal conditions of sliding and rolling

for a different contact geometry and different contact stress state, its relevance to the complex
geometry and mutiaxial nonproportional contact stress state is not known. Another source of
error is wth 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 additon to all the abovenentioned paits, the effect of plasticity withthe effect of load
sequence is not considered in this thesis which can significantly change the residual stress state
and deteriorate or improve overal fatigue limit of the material. This is dificult to account for
but has a significant impact dhe accuracy of fatigue life computedn addition to this the
hardness varies with depth and this changhemmaterial property should be considered as a
gradient similar to layers of residual stresses which can improvacthwacy of fatigue life,

where subsurface intiated fatigue wil have different fatigue limit as compared to surface
intiated failure because of gradient material properfidg®e FEMFAT considers only surface
initiation of fatigue faiures and theubsulace crack intiation for spaling could not budied

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 lfe where as
the nomal 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 prestesscompared 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 cemed directy 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 roling contact fatigue life based S/N curves are more accurate when compared
to this method as tlgjeconsider mean stress effect and the alternating shear stresses varying out
of phase with compression and tension.

Linear damage accumulation based on modified miner or biinear rule is used for calculation
of damage value for one mesh cyd#owever, cortact deterioration and damage accumulation

is a nonlinear procesas there are compressive forces and stresses that try to cover the crack
instead of opening it. Thisan alter the results significantly. Methods to account this needs to
be formulatedwith consistent experimentation to tune the factors required for a computational
model.

There is little knowledge otine calculation of component fatigue life from local damage value

for intiation of failure. The most important but ambiguous assumption mathes ithesis is
averaging of the damage values basethesum of damage values from the hot spots with an
area equivalent to the contact width based on the definition of spaling. This is not a proven
method and does not have any other scientific badkintghe 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 gramiehighlighéd in Figure 82 alter the

fatigue life calculated significantly. It needs further aggregatiofoaal stresses based on the
stresses in the surrounding elememts discussed in the previous sections. Damage value
aggregation can also be considered as performed irthisss, but it needs a more scientific
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 elimittehance of considering
subsurface initiated faiures. If a new method is developed for aggregating the damage, the
threedimensionalspace should be used to aggregate damage to compute component life.

Figure 82Imagesillustrating the concentration of stresses and reflectiothiaconcentration of fatigue
damage.

Fatigue criteria selected are validated based on their suitability to accommodate for the multi
axial nonproportional stress state in the contact along itbstressing. However, theu-
Ma h a d e aritaria @ith associated material propertissmore suitable and proven criteria
used by many researchers. But FEMFAT does not offer modules with such criteria making the
fatigue criteria  comparable but not aately depicting proven criteria for roling slding
contact fatigue.

5.6 Deviation in results caused by delimitations

The delimitations have helped in simplification of this thesis, howevesxome of the factors
have significant effect orthe estimation of fatigue life accurately. The influence factors
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affecting the surface parameters lke, surface topography, surface roughness, Ilubrication,
contact temperature can significantly change the fatigue lfe of a compofiist. hasa
significant contribution to detierating the surfaceand making it moresuspectabldor pitting

initially and later will accelerate the flaking of the material at the edge of the pits due to altered
kinematics of meshingAccounting for these factors needs robust code which is notlalaila
commercially. Since these assumptions significantly affect fatigue life, these faeteds
deeper focuin future Some of them are discusseddetai with factors mentioned below.

Surface topography: The micro stress cycles due to waviness of seid@cshown in previous
sectionand the height of the asperities in relation to the lubrication flm thickness are critical
factorsthat indicate risk of fatigue Studieshave observed higher fatigue lie on the pinion by

a suitable topographynodification 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 wetlesigned gears with smooth contact surfaces in the computational model,
generally the contact fatgue damage wil be insignifica@®4][ With introduction of elasto

plastic interaction of asperities, the shear stresses raise to the surface increase in the risk of
surfacefailure. Higher the peak of the asperities greater the risk of faiure. disribution or
position of the asperites also changes the risk of failure as the area with higher slde to roll
ratios, have higher rate of wear thus breaking the high asperity @ealtiserebyreducing the

risk of failure B1]. 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 toaglic deformationof surface which
enhances fatigue life indirectlyPlasticity of the surface and elagidastic interaction of
asperities can have significaeffect on redistribution of maximum shear stresses atthe surface
This results in influence rofriction, the shear stresses raise to the surface resulting in higher
risk of faiure 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 negmgnthe

fatigue life at the surface. In addition to this an additional layer of hear either in the form of
additves o lubricant can significantly reduce the effect of fricton on shear stresses,
significantly reducing the risk of surface failure. &nthe hardness and fricion can make
significant impact on the fatigue life, neglecting them wil reduce the risk of failure predicted
at the surface to mostly zero. This is refiected upon in this thesis where the finte element
method without fricton des not show any significant impact of fricion oedistributed
stresses localy and the fatigue lmit&nother 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 localy reducing the fatigue life by
huge margin.Thus, fatigue life computed has significant deviation.

Thermal effects:Friction leads to other complications lke local peak temperafueto medl

to metal interaction and micro thermo mechanical fatigue cyclet elevated temperatures of
several 100 degrees, capable of transforming the state of the microstructure localy at the
surface. Starvedlubrication, the heat generated in contact can edasse significant material
transfer. This deteriorates the surface leadingsignificantly lower fatigue life. In addition to

these thermal effectbave significant impact on performance of lubricant due to the reduction
of lubricant viscosity with raieg temperature and gradual deterioration of oil qualtysome

of the observation there were clear indications of microstructure transformation which may
have been intiated by high local contact temperatlifés can create significant influence on
fatigue life due todeterioration in fatigue strength.Since it is neglected in this thesis, the
computed resultsnay be very optimistic compared to fatigue testing resuits
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