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(ABSTRACT)

An analytical treatment of the fatigue performance of a cam-roller follower system as
influenced by residual stresses induced by grinding, is developed. An approach based on an
extended Hertzian analysis is used to determine the 3-D contact stress fields, which are then
combined by elastic superposition with the residual stress fields. These residual stresses were
measured previously by the x-ray diffraction technique and represent a range of grinding protocols
from mild to abusive.

The maximum cyclic component, generally occurring subsurface, is then identified in
terms of an effective stress amplitude and mean which are used with a fatigue damage model to
predict fatigue crack initiation. Results, pending experimental confirmation, appear reasonable and
provide a useful basis for optimizing cam performance in terms of manufacturing and design

parameters.



ACKNOWLEDGMENTS

Financial support for this research was provided under the National Science Foundation
Strategic Manufacturing Initiative project #230-11-110F-108-323622-1.

I would like to thank my advisor, Dr. R.W. Landgraf, for his support and help throughout
this work, Dr. N.S. Eiss, Dr. A.C. Loos and Dr. L. Meirovitch for their time and interest, as well
as Dr. N.E. Dowling and Dr. R.W. Hendricks.

I wish to express my gratitude to Dr. J.R. Mahan, coordinator of the exchange program
between Virginia Tech and the Université de Technologie de Compiégne (France), that permitted
me to enroll the Master’s program of the Engineering Science and Mechanics department.

Special thanks are due to colleagues I worked with everyday : Robbie Cunningham, Dilip Vijay,
Scott Courtney, Mike Stawovy, Greg Moeller, Heidi Allison and Robin Ott.

“Grand Merci” to the “French connection” which was here everyday during these two
years in Blacksburg : Delphine Jestin, Anne-Claire Christiaen, Anne Vilette and Eric Toffin, and to
my American friends : Bob Smith, Robert Bennett, Mike Pastor and Jim Dolan.

Finally, I would like to thank all my family, my parents and grand-parents, for their

encouragement and support during all my studies.

Acknowledgments it



TABLE OF CONTENTS

1. INTRODUCGTION...cccirttrricrntrisseressnsareesssssecstasesssessssssassessasssssssaesssnssssssssssssssnnesssensssssssssssensasssesssnsessases 1
2. BACKGROUND ...ccciicirivrieeecntreeresssssnntasessssnsessesssssnsesssessnsmssssrasssssansesasesssssssssssssssasssssssessnssensronsesssses 4
2.1 CONTACT STRESSES....ciiueiiteeireeiereaeiseeeeseeisssassiesesasnsssanesessssssnssasesanssseesesansesesseeesseseasneseeesnsessesntsanssesnses 4
2.2 HERTZIAN THEORY ..uutiiieieee ettt ceetreiee e eeaeeetteseeaeeeesnseseaassseeasesasssnassesseseasssasanssseasanssssanaasseessnsssenonesans 4
2.3 PLASTICITY .ottt ieeieee e oottt e e et e e e et eeeaeeeeesaetseateeeeseseesamseadaneeseeesteeeeessansersssessennsssnnseseassannseeenaseenas 6
2.4 FATIGUE ANALYSIS....ooiieiiieiiieteeeeeeee e eeteesatesesseeeeeastseesaseeaeeesesaessseeeasnsesesessseeeseeessannnsenasseeaesaseeasasaasen 8
2.5 RESIDUAL STRESS FIELDS ..uviiiiiuerieeeeeiieitreeeesenstueeessesstansesesaaasnsnssessasanssansesessessteseaeesaaasesaaaaseseesasssenees 10
3. STRESS ANALYSIS .. cirttirreeerrunensressesesssasesssrsssssesssssnssssanssssrssssserssssssssssasessasssesssrstssssssssssnnsassssnsens 13
3.1 CONTACT STRESSES - CASE OF TWO PARALLEL CYLINDERS w..eovviiiiteeieeeeeeeeeeeeneeeesenneesesaeesannranesinseees 13
3.1.1 Area of contact and pressure diStribULION . .........ooiiiiiiiiiieciee et e e s e e e eas 13
3.1.2 Limitations of the Hertzian method .........ooooiiiiiiiiiieiiee et meanesaneeeaene 15
3.2 DETERMINATION OF THE CONTACT STRESSES ... .uuviiiieiiiieeeeieeiesierereeseeeinneeeseseesesasneseseassaeenseaeeseseeenaeens 16
3.2.1 SHUAY OF tWO CASES 1oiuiieiiiiisie ittt ettt et e e e e ereeebesseesaeaaaesaesssessaeseeesseesssnesrssaesnsaanssasens 16
3.2 1T Plan SEIESS. ...t ettt et e e et e e et e ettt e et e et rteeearee s eeanteanesteaantnaeaeeenrrntreesaaareentann 16
3.2.1.2 PlANE SHAIL c..eeiioteeecee e e e e et ee e st e e s e e e eaeeeeemee s seneessteeseememeam s tas e eeeeesmtesssseitnsnssaeeeanstasanranan 17
32,2 PlaANE SEIESS. it iiiiiei ittt et ee et st e e e e e e e s e et e e e et e e e e aaes st eee s teeeaatr e anetaneneeaiarraeaares 17
3.2.2.1 Stresses 1M APt ittt et e enae e e bt ae et e e ennn e e e nan e e neaees 18
3.2.2.2 Maximum values of the difTErent SrESSES........oouiiiiireiieeeee e e e ceaee e e e ree e e s seseereeeesene e aeneeeneanes 19
3.2.3 PLANE SITAIM Lo oot ittt e e e e e e e e e 22
3.2.4 PrINCIPAL SITESSES ...eutiiiiterieteettereareeteieerateeaeemeesee st eseeasereeeaeaneesbeateree et aeasamsensaeseesseemseeaanesbesenaenee 22
3.3 RESULTS ...ttt ettt e et e ettt s e e et e e e ea st e s eaae e s e eneseeesnaseeaaeesseanbesesontenss s ntsaesessensarneeesananes 24
3.3 d PIANE SEICSS. .oeitiii ittt et e se e e s et e e st e e st e ee e et s seanaeeseaaateseeeianearaeetaraens 24
3.3.2 PIANE SITAII ...ovvviiiceie et et st e et e s e e e s ame e e s eeasaaessenseesaasnneesesseensnnnsesearrneans 29
3.3.3 PrINCIPAL SIIESSES ...euviiiiiiiie ettt ettt et eesteess e teetseeaeete e s e eansameesaneeamneeanseanessaessensnaas 30
3.4 RESIDUAL STRESSES (RS) .. .o iiuei ettt et et ettt e et e et e eaeeeat e e e e e s eaneeaeaeeeenreans 33
3.4.1 Actual stress field ........c.cceoeee et e et eeeeeeeeeeeeeeetteeeeeeeeeeeeetmsaiaeeeeeenraiaeeeeaeereannrsnrens 36

Table of contents iv



5.1.2 Smith Watson Topper Model (SWT)........ocoiecirierriieeiereerrtenirese et e etee et eeeeeesse e sseesssesseassassens 55
51,3 S0CIE MOAEL....ccciiiieceeeee ettt ettt eee e e et s e e v e s v e ree s e te e s ae e s seanseeaseeaaeseenssensesaesanans 56
5.2 SELECTION OF THE MOST DAMAGED PLANE .......evvttiiiiiieeeeeeieeeteeeeseseseeeneeeeseeeeeasasaeesasemmeeaeesesessssesssesen 58
5.3 RESULTS OF THE LIFE PREDICTION ....coiiiiiiiiiiiretiieeeerreseeeetesssasssssnsssssenenstensnenseseessesseessssessessmsssssnsnsaanes 59
5.3.1 SmUth WatSOR TOPDET ... eeeuiierieieieriecire e re et e s e e testaestesete e taes s aertse e beesseeessessssnsserasersenesens 59
53,2 SOCKE 1ot iee ettt ettt e e st e e e e —t e e ae et e e e ene et eaeeeeeaeeaaaaaa e aanenaaeaesseeeeananaanressanns 60
I T 10\, () ¢ ¢ )| 20O SRR 61
5.3.4 VoI MISES @i oCtIVE SEIESS. .o ittt e ettt eeeee e e e e e e e e e e e aeasaaessseaaaeeneasesssanas 64
5.3.5 Assembly residual Stress fIeld ......ocveiieiii i e s ear e e eeaaes 65
6. DISCUSSION .oiieiirireeetirnrecsissseesssressssessssssssssassesssssesssnssessssssrsssessessasssossssnstsssessossasassssssasessarssnsassases 68
7. CONCLUSTONS .. crirrrrrettrrersesstetsterssssesesssssssaressssssesssssssssesesssssssssasassasssssssssssssssasarassesasssssssssssssnnsens 75
T.1 CONCLUSIONS ....oooiieiieeetieeeiee et eett e et s et e eateeetss s s e stsansssaetesstssaneessseeessaesessssesessaeeesanaessasssnntsssrnesnsen 75
7.2 RECOMMENDATIONS L..oiiiieiiit ittt e ee et et e e eesseee s et e ts e e eeeaeaeeeseeeee e s e et e e s e ae e ettt e et mnasam s seessnsanarann 77
8. REFERENCES...... o cevetereirrirceneeerteratersesessessssssssssssessasessssseiosasssessssssssssessssssnsasasssasssassnnsessassnsasassnsnne 78
9. APPENDIX A : MATERIAL PROPERTIES OF AISI S2100 ...ccicceireceeeereeceeraeeseecensnrasesssasessesosses 80
10. APPENDIX B : RESIDUAL STRESS GRAPHS ....oiiiiiiietiertereieneerensrreseesesessssmsesasessnssssssssasees 81
11. APPENDIX C : TABLES OF PREDICTED SERVICE LIVES ..ucuouiueueueeerereeesssecesesnsssssessesesossssscs 85

Table of contents v



LIST OF FIGURES

Figure 1-1: Valve train MOdel. ..ottt ee e et e e et s s s eeesnesasneeans 2
Figure 1-2: (a) Flat-faced follower and (b) roller follower [Engineering Science datal...........ccccccceoee. 3
Figure 2-1: Pressure distribution between two curved bodies in contact [Juvinall]. .....cccocevieovviccercenenan, 5
Figure 2-2: Monotonic and cyclic stress - strain curves of AISI 52100........ccccvveeiiiiieiieeieeeeee e 7
Figure 2-3: Example of relaxation 0f the MEAN SIIESS™.........c.co.ovuivereeeeeereeerseeesesreesemssssssssesesssessesesensesens 8
Figure 2-4: Strain - life curve for the steel AISI 52100, ..o 9
Figure 2-5: Lobe nomenclature( 0°nose, 60°:0opening ramp, 180°:base circle, 300°:closing ramp )

L OUIEIIEY ] ettt ettt ettt e et e ettt ete e e nteeta e e ae e e nabestsee st e e anssannne e ntnaeaannsaeaneeans 11
Figure 2-6: Different directions of measurement along camshaft [Courtney]. .......cccovveveeerieivereeecccenens 11
Figure 2-7: Axial residual stresses vs. depth on the base circle for several lobes [Courtney]........cccoveeeee 12
Figure 3-1: Contacting parallel cylinders [HEarn].........coveeveeiiiineeeirieie e s s eee s 13
Figure 3-2: Contact pressure distribution [JUvVINAll].......ccooiiiiiiiniiieeii et 14
Figure 3-3: Example of Mohr’s circle for (a) plane stress and (b) plane strain conditions. .......c.cccoeeceeenee. 16
Figure 3-4: Plane stresses in the ¥-Z PIANE. ....c.iciiiiiiiiiiiiece et eva e e e ne e e emeeeeenanes 17
Figure 3-5: Normal stress (a) in the y-direction and (b) in the z-direction over the contact area at

different depths [JUVIRAIL]...ooii ittt bt e e eeeb e ceae e asseaseansssnaeeeesenneeeeeane 20
Figure 3-6: Shear stress in the y-z plane over the area of contact at different depths [Juvinalll. ............... 21
Figure 3-7: Directions of the plane stresses going through the area of contact [Juvinall]............c.occoeeeee. 21
Figure 3-8: Normal stress in the x-direction over the area of contact for different depths {Juvinall]. ........ 22
Figure 3-9: Maximum values of the normal stresses (a) o, and (b) o, vs. depth for different locations

around the cam lobe, considering several ratios RE/RC (RC= 12 MM)...c..ccoiiriiiiiriercieeiieeeereeeeneenne 25
Figure 3-10: Maximum values of t,, vs. depth for different locations around the cam lobe,

considering several ratios RE/RC (RC = 12MM). ..coiiiiiiiiiiiii et etee e s etemee s e e e aaee e 26
Figure 3-11: Plane stresses over a range -4b to 4b along the y-axis at a depth z = b/8 on the base

Circle With Po = 220 KShi.ioiiiiiiiiii ettt et see s saeene e st e e e st eenaesensaeseneeannenee 27
Figure 3-12: 3-D graph of oy vs. y and depth on the base circle. ..o 28
Figure 3-13: 3-D graph of &, vs. y and depth on the base Circle. ......cooiiiiiiiiiiiiiiieececeeee e 28
Figure 3-14: 3-D graph of 7, vs. y and depth on the base circle. .........cc.ocoiiiiiiniiiiiiiicce 29
Figure 3-15: 3-D plot of o, vs.y and depth on the base Circle. ....ociooviiiiiiiiieiiicic e 30
Figure 3-16: Example of the rotation of the principal directions at a depth b/4 over the first part of a

CYCIE (213D K ¥ € 0] ittt e e e e st aebe e st b e e e bt s e bt e s e e nne e beea s st e e e anteeaes 31
Figure 3-17: Surface residual stress around cam (0°: nose, 60°: opening ramp, 180°: base circle,

300°: closing ramp) in the axial direction [COUTNEY]. ..ccoviiiiiiiiiieee et e e 34
Figure 3-18: Residual stress in the (a) axial and (b) circumferential direction on the ramp for several

10BES [COUMMEY . ...ttt ettt ettt et b s et see e s bt e et e sbe e e ameeamne e e aas 35
Figure 3-19: (a) Contact stress and (b) residual stress fields on the base circle vs. depth. .........ccoeeevvenn. 37
Figure 3-20: Actual stress ficlds over a range -4b to 4b along the y-axis at a depth z = b/8 for the base

circle of (a) the burned and (b) the unbumed 10DES. .....ccoviiiieii e 33
Figure 4-1: Yield surfaces in the two dimensional stress system [Liebowitz]. ......cccooveeniniiniiniininee. 42
Figure 4-2: (a) Effective Tresca stress and (b) effective von Mises stress over a range of maximum

Hertzian pressure from 200 ksi to 300 ksi at a depth of 0.2b for several cases. ......cccccoevoeieveecnennne. 45
Figure 4-3: Effective (a) Tresca and (b) von Mises stresses over a range of maximum Hertzian-

pressure from 200 ksi to 300 ksi at a depth of 0.73b for several cases. ........ccoevveviiinicinrcciccccriceee, 46

List of figures vi



Figure 4-4: Example 0f @ StIESS CYCIE. ...ciiiiuiiiiiieieieetieeeieientetese s esteseets et ts s e e sessaesaeesansas s et aseessesanas 48
Figure 4-5: Effective Tresca stress on the base circle of the (a) burned and (b) unburned lobes over a

range from -4b to 4b on the y-axis at different depths. ......cccceeveviiiiecieecretrrrer e 51
Figure 4-6: Relaxation of the mean stress on the base circle of the (a) burned and (b) unburned lobes

fOr dIfFErent AEPLRS. . .c.eiiiee e e e s st s e s et st et b e me e asens 52
Figure 5-1: Maximum shear stress and associated normal stress around a crack [Socie]. .c.eeceeveercncnnene. 56
Figure 5-2: Morrow's model predictions on the base circle vs. the maximum Hertzian pressure for

SEVETAL CASES. ..eeeuriieieieiiie it eeieeste st e st e eette e taeesaetaentesseeamsanesesasbas s sssaanseasessaeesassaanseeeassnnessnseesnsasass 62
Figure 5-3: Morrow's predictions (a) on the nose (b) on the ramp vs. the Hertzian pressure for several

GBS, 1ttt ettt e e et e e a et ot e et et e e s e be e s b s et sene st s tan et eseee e e s e e nbn e s aeseaes s e s e s rasaeas 63
Figure 5-4: Morrow life predictions on the base circle of lobe 2 vs. the maximum Hertzian pressure,

using Tresca and von Mises effeCtive SIIESS. ...o.i i et e sae s 64
Figure 5-5: Residual stresses in the circumferential direction for lobe 4 and 6 and for Ford data

which consider the assembly residual SITESSES. .....oouiivieiriirirei ettt 66

Figure 3-6: Morrow's model predictions on the base circle of lobe 4 and 6 with or without the
assembly residual stresses for a range of maximum Hertzian pressure between 200 ksi and 300

K. et e ettt et st e s et e beebe b e st st et e eaeeateebe bt enee et e et e beebent s 66
Figure 6-1: Life predlctlons according to Morrow model as a function of the grinding conditions and

the maximum Hertzian pressure (a) on the base circle, (b) on the ramp and (c) on the nose. ............ 71
Figure 6-2: Loads around the cam lobe caused by the valve train for two camshaft rotation speeds......... 72
Figure 10-1: (a) Axial and (b) circumferential residual stresses vs. depth on the nose of the different

1ODES [COUMIEY . oottt ettt e e et et e e et e e e sbaeeaseesetraeensaaeanssaeesbeesssasaennssaeeneeeanesan 82
Figure 10-2: (a) Axial and (b) circumferential residual stresses vs. depth on the r'xmp of the different

1ODES [COUTINEY]. . oeoee et e et e s et e e etae e e e esaeeeestneeseessmseaeesnissaesameneeaeaesnbbeeeesareens 83
Figure 10-3: (a) Axial and (b) circumferential residual stresses vs. depth on the base circle of the

different 10bes [COUTNEY]. ....viiiiiiiiiiii ettt ettt e st e e e e et e et e e snee e eeseeeanenesneeennes 84

List of figures vii



LIST OF TABLES

Table 3-1: Residual stress tensors on the base circle for several lobes [Courtneyl.........ooovviivvccnivivereennnenn. 33
Table 3-2: Number of grinding passes and depth of cut per grinding pass [Courtney]........cccccceeveevreeannes 34
Table 3-3: Location and magnitude of the highest maximum shear stress in the case of the base circle

WILH Do = 220 KSI. 1oiriitieeticitieciiete et eeeets et e st s e e e s e s he e ba s e et e e s s e ansa et e e st e eseeensseeanetannneennannee 40
Table 5-1: Life prediction from Socie's model on the base circle of lobe 2 over a range of Hertzian

pressure from 200 KSi 10 300 KSi. .uvecviiiiieiieeiiiiitie et teeie sttt eeen e sresease et eeneeeen 60
Table 5-2: Life predictions from Morrow parameter at the base circle for (a) lobe 2, (b) lobe 8 and (c)

no residual stresses over a range of maximum Hertzian pressure from 200 ksi to 300 ksi................. 61
Table 6-1: Failure locations below the surface on the base circle over a range of pressure between 200

ksi and 300 ksi for the different 1obes. ..o 71
Table 6-2 : Structure of the routine developed. .........cooiiiiiiiiiii e 74
Table 11-1: Service life predictions from Morrow model on the nose. ......ccooiveiimriicie e 85
Table 11-2: Service life predictions from Morrow model on the ramp. .......occoeriiiiiiniiiie e 86
Table 11-3: Service life predictions from Morrow model on the base circle. ........cocoivviniiciiiinii. 87
Table 11-4: Service life predictions from Morrow model using von Mises effective stress on the nose

O OB 2. e e et e e r et e et e e e n e aaa e neneanraaeas 87

List of tables viii



1. INTRODUCTION

Major efforts are currently underway in industry to better understand the effects of
manufacturing processes on component performance. Fatigue performance is of particular interest
because of its sensitivity to a host of processing variables. Increased understanding and control of
these variables could lead to more optimized service performance. -

The work presented herein is focused on the cam of an automobile engine. The cam opens
and closes the valves through the valve-train (see Figure 1-1), by rotation of the camshaft. The cam
may be in contact with a flat-faced follower or a roller follower, as illustrated by Figure 1-2. The
flat-faced follower entails friction loads, while the roller follower, because of rolling contact with
the cam, generates only normal loads. In that case, the cam is subject to a fatigue failure due to the
cyclic stresses induced by each revolution of the shaft. Traditionally, camshafts were made of cast
iron; more recently, in order to reduce weight problems and improve performance, cam lobes are
now pressed onto a tubular shaft, after going through a series of complex manufacturing operations
involving hot forging, induction hardening, tempering and grinding. While all these processes may
affect the fatigue life, grinding is of particular importance because of the residual stress fields
created in the cam lobe subsurface.

This study is part of an ongoing three-year investigation of cam lobe grinding protocol
sponsored by the National Science Foundation, with participation from Ford Motor Company,
Litton Landis (grinding equipment), General Electric (grinding wheel abrasive) and American
Stress Technologies (residual stress measurements). The goal of this project is to understand and

hence control the performance of camshafts through appropriate manufacturing procedure. The
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individual tasks to be performed are:
- Generation of residual stress fields by grinding under different protocols
- Measurement of residual stresses and stress gradients

- Computation of temperature and stress distributions

- Measurement of thermal effects
- Effect of residual stresses on service performance

Some of these have already been accomplished, while others are in progress.

Rocker arm

Constraint spring

]
0O00QF]
s@ﬁ‘&(ﬂ

— N NANRNRNNNNRNNY
[NNNNNSANNNNNWNY

Push rod Valve

Follower
roller

Cam shoft Com

Figure 1-1: Valve train model.
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The present work deals with the effect of residual stresses on service performance. The
elements needed to predict the fatigue life are :
- Characterization of the multiaxial compressive stress field between the two
bodies in contact
- Determination of the cyclic stresses in the cam
- Consideration of the residual stress fields due to grinding
- Evaluation of the possible yielding

- Development of an appropriate fatigue model for compressive stress fields

p
l { P
. Rf )
.
’ Z
(a) ®)

Figure 1-2: (a) Flat-faced follower and (b) roller follower [Engineering Science data].

The major goal of this task is to combine these elements into a reliable predictive model that will

account for all manufacturing and performance parameters. The validity of this model is to be

verified using a standard laboratory cam fatigue test system, called SVI*. This model is intended to

provide a basis for improved design tools useful for optimizing cam performance as well as for

other contacting mechanisms such as gears and bearings.

* From the Specialized Vehicles Inc. company which distributes them.,
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2. BACKGROUND

2.1 Contact stresses

The first scientist concentrating on contact stresses was H.R. Hertz' about one century
ago. He developed an elastic theory to compute the pressure and the shape of the area of contact
between two curved bodies. This early work was extended by Smith and Liu® who characterized
the stress field due to tangential and normal loads, in contact problems. Moyar and Morrow’
applied this analysis principally to bearings and gears, and Littman and Widner* showed that
failure occurs and propagates subsurface in such components.

Currently, analytical methods and finite element analysis are used to evaluate contact
stresses, especially for the contact between bodies of finite dimensions (Keer and Mura® and de
Mul and Kalker®) to model the stresses at the edge of the solid. Experimental techniques are also
still considered, such as photoelasticity (Shukla and Nigam’), to compute contact stress fields.
Other trends in this domain are oriented towards understanding the behavior of the material during
this rolling contact (Hahn and Bhargava®) in order to identify relevant deformation and failure

mechanisms.

2.2 Hertzian theory

Contact stresses are local compressive stresses developed between two contacting bodies
and are the cause of damage and failure in many systems. Examples include gears, bearings, rails
and cams. The Hertzian method is used to study these contact problems. Following is a brief
summary of the general case of contact between two curved bodies; more details can be found in

Hearn® and Juvinall'®.
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The two curved bodies considered are assumed to exhibit elastic and isotropic behavior.
The contacting surface is an ellipse, with major axis equal to 2a and minor axis to 2b. The pressure

distribution on this contact area can be represented as a semi-ellipsoid, as shown on Figure 2-1. The

Figure 2-1: Pressure distribution between two curved bodies in contact [Juvinall].

maximum Hertzian pressure, po, occurs in the middle of this contacting surface, and the pressure

at any point (X, y) on this surface can be determined from:

x'Z 2
— - —-= 2.1
p pO a2 b- ( )
where pq is given by:
3P
Po = nab (2:2)
where P represents the load and the values of a and b are computed as follows:
PP PV
= — =1 3A— 23)& (2.4
an13A4A b’t 2 (23)&(2.4)

where m, n and A are functions of the geometry, especially the radii of the contacting bodies, and A
is a function of the elastic constants of the materials in contact, given by:
1-v? 1-v}

= = 2.5
A E + E, (2.5)

where E; and E, are the Young’s moduli, and v, and v, are the Poisson’s ratios of the two

materials. Therefore by knowing the geometry of the two bodies, their material properties and the
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load, the area of contact, the pressure distribution and the maximum Hertzian pressure, po, can be
easily found.

Our work involves a cam lobe and a roller follower, so the particular case of two parallel
cylinders is used, as will be described in Chapter 3. In this case, the radii have an important role
because they have a direct effect on stresses, i.e. as the radius is decreased, the contact stresses
increase. Moreover, in this cam-follower system, the cam is subject to a dynamic loading situation.
These loads change according to the speed of rotation and the geometry of the cam. From the
Hertzian analysis results, a complete mapping of the contact stress field was developed by Smith
and Liu®. It is found that in a contact stress field, the maximum shear stress associated with fatigue

mechanisms, is subsurface.

2.3 Plasticity

The Hertzian analysis only includes elastic deformation, so it must be assured that the
elasticity limit is not exceeded at any point. Thus, once the contact stresses are known, the
principal stresses are computed and used in conjunction with appropriate yield theories, such as

- ol
Tresca or von Mises'"'#*

, to determine if yielding has occurred.

Because rolling contact is a cyclic problem, the original stress-strain properties can be
changed by cyclic deformation, particularly for the steel used in this work, AISI 52100, which
exhibits cycle softening. To account for this effect a cyclic yield strength is defined which in this
case is about 2/3 of the monotonic yield strength, as can be seen on Figure 2-2. The cyclic stress-

strain curve in this figure can be characterized by':

(2.6)

where €. and €, are the elastic and plastic strains respectively,
G, is the stress amplitude,
E is the Young’s modulus of the material, and
K’ and n’ are cyclic properties of the material.
Therefore, it is necessary to check both yield limits: the monotonic for initial yield and the cyclic

for cyclic yield.
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Figure 2-2: Monotonic and cyclic stress - strain curves of AISI 52100,

Moreover, residual stresses when subject to cyclic loads, are often modified by mean stress
relaxation which is a decrease in the magnitude of the mean stress, as illustrated by Figure 2-3. So a

relaxation model is used to characterize this behavior. This analysis conceming plasticity and

relaxation is done in Chapter 4.
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Figure 2-3: Example of relaxation of the mean stress™.

2.4 Fatigue analysis

Fatigue is a cyclic mechanism, which by local plastic deformation leads to failure.
Numerous models try to represent this mechanism. The fatigue characteristics of a specific
material are represented by a stress-life curve (also known as S-N curve) or a strain-life curve
which is more appropriate to handle plastic deformation. The strain-life curve for AISI 52100

which is obtained by running cyclic loading tests, is shown in Figure 2-4.
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Figure 2-4: Strain - life curve for the steel AISI 52100,

In this plot, the total strain resistance is viewed as the sum of the elastic and the plastic

strains, and can be characterized by':

Ae Ae, Ag, oy

TSt E(zzvf)” relfan) Q.7

where N is the predicted service life,

o'rand €'r are cyclic properties of the material, and

b and c are the slopes of the two straight lines in the graph.
The elastic and plastic part of this equation are represented by two straight lines in Figure 2-4, the
one with a slope b is for the elastic deformation and the other one is for the plastic deformation.
The plastic strain is dominant in the low-cycle regime, while at lives greater than about 10° cycles,
the elastic strain becomes the dominant factor of fatigue. The latter is the case for the cam, which
is designed to last several hundred miilion cycles.

To predict the service life of the cam lobe, several fatigue models'*'*'*'® are investigated

with a view to handling the complexity of multiaxial cyclic stresses. Moreover, a parameter has to

be found to represent the combined multiaxial stress state resulting from residual stresses and the
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cyclic stresses (mean stress, stress amplitude). Then, a procedure called most damaged plane is
used in conjunction with these fatigue models to find where failure is likely to occur for a particular
stress state. Service lives are calculated and from the results, conclusions are drawn concerning

these different models. The details of the fatigue analysis are developed in Chapter 5.

2.5 Residual stress fields

In this work, the residual stresses created in the cam lobe during grinding are the major
concern. These residual stress fields have been evaluated by Courtney'® in his Master of Science
thesis. He accomplished the first two parts of this three-year project :

- generation of a residual stress field by grinding
- measurement of residual stresses and stress gradients
‘In his work, an extensive study of the grinding protocol was done in collaboration with Litton
Landis. Several cam lobes were ground under various conditions, covering a broad range of
grinding protocols. The number of passes and the depth of cut per grinding pass were varied for
- each lobe in order to have grindings from abusive to gentle. As a result the residual stress profiles
created in the cam lobes were also quite different. Then, a limit was set to characterize a lobe as
“burned” or “unburned”, where burn is defined as a localized tempering of the cam lobe due to the
grinding operation. Burned lobes received an abusive grinding (high depth of cut per grinding pass)
and show high residual tensile stresses subsurface, while unburmed were ground under gentle
conditions and have compressive residual stresses below the surface. He ended his work by
characterizing non-destructive evaluating techniques to identify the presence of burn in a lobe, such
as the x-ray diffraction line broadening.

To determine the residual stress fields in each lobe, the x-ray technique was used. Stress
fields were found in different locations of the cam (nose, ramp, base circle) at various depths, as
shown in Figure 2-5. The residual stress data were obtained in three directions along the camshaft
(axial, circumferential and normal), as illustrated by Figure 2-6, and put in the format of stress
tensors or graphs where residual stress is plotted versus depth at a certain location and direction

around the cam, as can be seen in Figure 2-7.
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Figure 2-5: Lobe nomenclature( 0°:nose, 60°:0pening ramp, 180°:base circle, 300°:closing ramp )
[Courtney].

Circumferential Axial Normal

\

Lobe number : 1 2 3 4 5 6 7 8

Figure 2-6: Different directions of measurement along camshaft [Courtney].

Analyzing these data, some assumptions are made concerning these residual stresses, and a
certain number of lobes are chosen to work with. Additional information about the residual stresses

is presented in Chapter 3.
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Figure 2-7: Axial residual stresses vs. depth on the base circle for several lobes [Courtney].

The residual stresses are added to the stresses from the contact analysis, to characterize the

actual stress field in the lobe. Using this combined stress field, realistic service life predictions are

found®, as described in Chapter 5.
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3. STRESS ANALYSIS

3.1 Contact Stresses - Case of Two Parallel Cylinders

3.1.1 Area of contact and pressure distribution

The problem of the cam and roller follower is sfmpliﬁed by assuming two parallel
cylinders in contact, as shown on Figure 3-1, for the Hertzian analysis. This way, the problem is
easier to deal with, but still close to reality and all the results are applicable to the case of the cam
and roller follower. This assumption is valid for the roller follower, which is a short cylinder. But,
for the cam lobe which has a peculiar shape, different cylinder radii are considered depending on

the location: that is, the nose, the base circle and the ramp, as shoswvn on Figure 2-5.
P
5 .
<
Y

Figure 3-1: Contacting parallel cylinders [Hearn].
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The shape of the contact surface and the pressure at any point on this contact can be
computed with the Hertzian theory, as was done for the general case. For two parallel cylinders,

the contact area has a rectangular shape of width 2b and length L, illustrated by Figure 3-2.

Figure 3-2: Contact pressure distribution {Juvinali].

The value of b, the pressure distribution and the maximum pressure, po are computed. All
these data are obtained by knowing the load on these cylinders and the geometric and materials
properties, such as Young’s modulus, Poisson’s ratio, the radius of each cylinder, etc.

The value of b is thus defined by:

b=113 JAm Pt G.1)
— - 4—1_-—}-—1‘] -
R TR,

where A is defined in Equation (2.5).

For the maximum pressure, which is located along the load axis (y = 0):

(3.2)
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Then, the pressure at any point on the contact area can be defined simply by using y,'since the

pressure distribution here has a constant section along the x-axis:

2
p=po\!1—z7 _ (3.3)

If this method is to be used for the case of a flat plate in contact with a cylinder, one of the two

radii has to be taken as infinity. This condition is applied on the ramp of the cam.

3.1.2 Limitations of the Hertzian method
As in the general case, the Hertzian method for the particular case of two parallel cylinders

has a few limitations. In this theory, the two bodies are assumed to have an elastic and isotropic
material behavior. In the case of these two contacting cylinders, there is another very important
assumption: the length, L, of the cylinders has to be very large in comparison with their radii, in
order to satisfy plane strain conditions. This last assumption is not really fulfilled in this cam and
roller-follower system where the length and the radius are of the same order. Therefore, the actual
stresses on the border of the cam could be significantly higher than in the center of the contact
zone. Thus, plane strain and plane stress conditions should be considered, depending on the
location on the cam, as is explained later.
The mechanism used in this work has the following geometric characteristics :

- Radius of the follower : 8.89 mm (0.35 in)

- Radii of the cam on the nose : 12 mm (0.47 in)

on the base circle : 16 mm (0.63 in)

- Length of the cam : 15.8 mm (0.62 in)
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3.2 Determination of the contact stresses

3.2.1 Study of two cases
Plane stress and plane strain conditions are now explained, as well as the location where
they should be assumed on the cam.

3.2.1.1 Plane stress

A point of the material close to the edge of the cam is assumed to experience plane stress
conditions. This means that the normal and shear stresses in the axial direction are zero. The work
in plane stress is done in the y-z plane. So, oy, 7x, and Tt are neglected when plane stress
conditions are assumed. Although only o, o, and 1y, are considered (as illustrated in Figure 3-4),
triaxial strains are still used. An example of principal Mohr circles in a plane stress situation is

shown on Figure 3-3 (a), where o3 is equal to zero.

Plane stress Plane strain

T, /\\r/\x}v . N, N

(@)o3=0 (b) o3 #0, o3 =v(o) - 03)

Figure 3-3: Example of Mohr’s circle for (a) plane stress and (b) plane strain conditions.
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3.2.1.2 Plane strain

A point in the middle of the body in the axial direction (x-axis) is assumed to be in plane
strain conditions. In this case, the normal and shear strains in the axial direction are neglected. This
means, €, Yxy and Yy will be canceled, but triaxial stresses are still considered. An example of
Mohr’s circle for a plane stress situation is shown on Figure 3-3 (b), where the three principal

stresses are considered.

Differentiating between these two cases is important when the maximum shear stress,
which is the radius of the largest circle, needs to be computed. In plane stress, one of the three
principal stresses is assumed to be equal to zero, and in plane strain, the three principal stresses are

considered. Thus the circles are different and, hence, also the maximum shear stress.

3.2.2 Plane stress
The maximum Hertzian pressure, po, and the width of contact (2b) are computed from the
Hertzian analysis for any geometry, material and load. Then, according to Smith and Liu? the

plane stresses in the y-z plane, shown in Figure 3-4, can be calculated.

Figure 3-4: Plane stresses in the y-z plane.
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3.2.2.1 Stresses in depth

“With reference to Figure 3-2, on the surface ( z = 0) at the load axis ( y = 0 ), the plane

stresses have the following values:

Oy = —Do (3.4)
Gz= —P, (3.5)
.= 0 (3.6)

Subsurface stress field can also be determined over the entire contact area. In this problem,
pure rolling contact (no sliding) is assumed between the cam and the follower. All the loads are
transmitted in the normal direction to the cam, no tangential loads are considered in the analysis.
The method of Smith and Liu® is used in conjunction with this assumption to compute the plane

stresses as a function of v, z, po and b:

_ b [Bra2yieast 2 j

oy = 7;‘{ 5 ¥ 5 3yy 3.7

o= ~Lo(pw- yy) (3.8)
T

Ty, —p—ozzly G.9
T

K,
1'\/?
‘ (3.10)

T
V=
K [k, , & (K, + &, —4b?)
= 2 4
K K K
1+ |
u K
Y= — (3.11)
Kl Kz 2 Kz (KI +K, —4b2)
KVVk Tk
and where K; and K are defined as:
K =(b+y) +z* (3.12)
K =(b-y) +2 (3.13)
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In this way, the plane stresses are determined in depth over the contact region.

3.2.2.2 Maximum values of the different stresses

In Figure 3-5 (a) and (b) are shown the values of the normal plane stresses (o, and o) at

various points within the contact zone for the case of two parallel cylinders normally loaded. These

stress values are given in terms of the maximum Hertzian pressure, po, and the distance along the

y-axis is expressed in terms of b (half of the width of contact). From these graphs, a few

observations can be made. These normal stresses, o, and o,, are compressive over the entire

contact area. For each depth, their maximum value is on the load axis (y = 0). This maximum is

equal to -p, on the surface and decreases with increasing depths ( z ).
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Figure 3-5: Normal stress (a) in the y-direction and (b) in the z-direction over the contact area at different
depths [Juvinall].

The shear stress (1y,) distribution, shown in Figure 3-6, is more interesting because it is a
‘reversed stress, with a positive value for y negative and a negative one for y positive (see Figure 3-
7). On the surface, this stress is zero over the entire contact area. Then, this shear stress increases
with depth, eventually reaching a maximum value subsurface, when the depth is z = 0.5 b, the

distance along the circumferential axis is y = 0.835 b. The magnitude of this maximum is 0.256 po.
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Figure 3-6: Shear stress in the y-z plane over the area of contact at different depths [Juvinall].

Z

Figure 3-7: Directions of the plane stresses going through the area of contact [Juvinall].
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3.2.3 Plane strain
To work in plane strain, the stress in the third direction, o, is computed. This step is
simplified by making the assumption that there is no shear stress along the x-axis because it is not

in the direction of rolling. Then, the generalized Hooke’s law is used, so that o, is determined by:
o= o, +7,) (3.14)
Like the two other normal stresses, o is also a compressive stress and has its maximum value on

the load axis (y = 0). This maximum is -2vp, on the surface, and decreases with increasing depth,

as shown on Figure 3-8.

-0.8p, I ‘
Py = mox contact ;
pressure /—A1 surface
-0.4p0
N +0.56
i 04 below surfoce
2-0.4p,
g ° /""\(
< g L1.05
/ - bel i
-02p !/ — \}| below surface
AN
B =l
0 == T
-36 =26 -6 0 b 26 36

Distance y from lood plone

Figure 3-8: Normal stress in the x-direction over the area of contact for different depths [Juvinall].

3.2.4 Principal stresses

Because the complete stress field over the lobe is characterized, it is an easy task to
compute the principal stresses. In the axial direction (x-axis), it was assumed that no shear stresses
are taking place. So, o, is one of the three principal stresses. Conceming the two other principal

stresses in the y-z plane, the following formulas are used to compute them:

o, +0, o,+o, s 15)
oy = + +7_° 3.15
t > 5 4 (
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o, +0, o, +0,
o= P (3.16)

And:

G3 = Oy (3.17)
Thus at any point of the body, the principal stresses (oy, 02, ©3;) are known and therefore the
principal directions. The maximum shear 7., which is needed later in the plasticity criteria and

different fatigue models, can be determined from these values.
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3.3 Results

3.3.1 Plane stress

The plane stresses in the y-z plane are first considered. Several ratios of Rf/Rc (radius of
the follower over the radius of the cam at the nose) are used to provide some preliminary ideas of
these contact stresses where Rc = 12 mm. The load is normalized to 1 N in these calculations and
results are found for the three plane stresses oy, o, and 1y, as illustrated by Figure 3-9 (a) and (b),
and Figure 3-10.

On these graphs, the maximum values of the plane stresses are plotted vs. depth for the
three locations around the cam : nose, ramp and base circle. As. can be seen from these three plots,
the maximum values of the normal stresses oy and o, are always compressive, and decrease with
increasing depth. These maximum values have their highest magnitude on the surface, as was
shown from the Hertzian analysis combined with Smith and Liu’s>. Moreover, it is noticed that o
decreases faster with the depth than o,. In the case of the shear stress, Figure 3-10 shows that its
maximum value is positive and attained subsurface around a value of 0.6 b. Actually, this has a

significant effect on the fatigue of the body, causing the first cracks to form below the surface.
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Figure 3-9: Maximum values of the normal stresses (a) oy and (b) o, vs. depth for different locations
around the cam lobe, considering several ratios RE/Rc (Rc = 12 mm).
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Figure 3-10: Maximum values of 7, vs. depth for different locations around the cam lobe, considering
several ratios Rf/Rc (Rc = 12mm).

The comparison of the stresses between the different ratios Rf/Re, shows that the smaller
the ratio, the higher the stress magnitude. Because same load is distributed on a narrower contact
area when one radius is smaller, the stresses are larger. In the present work, the radius of the cam
at the nose is 12 mm and the radius of the follower is 8.89mm, giving an Rf/Rc ratio close to 0.75.

After analyzing the maximum values, the variations of these stresses are studied over the
entire contact surface. To do this, a point of the material is followed as it enters, proceeds through
and exits the area of contact. The complete stress field is then computed in each location this point
pass by. A range of computation between -4b and 4b along the y-axis is used (as a reminder there
is contact between the two bodies only when -b <y < b along this axis). Thus, plots of the three
plane stresses before, during and afier contact are obtained. In Figure 3-11, these stresses are
plotted for the case of the base circle with a maximum Hertzian pressure po = 220 ksi (1517 MPa)
at a depth z = b/8, b being 0.14 mm in this case. From these plots, it is demonstrated that the
normal stresses oy, and o, are compressive throughout the entire contact zone and their maximum is

on the load axis (y = 0).
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Figure 3-11: Plane stresses over a range -4b to 4b along the y-axis at a depth z = b/8 on the base circle
with po = 220 ksi.

The shear stress is observe to reverse sign, changing from positive to negative. The
maximum value of this stress is not on the load axis, but around y = -b (actually at y = -0.85 b).
This value is élso reached in compression at the symmetric point, y = 0.85 b. On the load axis
(y=0), the shear stress is zero at all depths and so along the x-axis (axial direction), the normal
stresses are equal to the principal stresses.

The plane stresses oy, o, and 1y, are also studied as a function of depth (along the z-axis)
over a range of 0 to b. Figures 3-15, 3-16 and 3-17 are respective 3-D plots of oy, &, and 1y, on the
base circle over a range from -4b to 4b along the circumferential direction (y-axis) and 0 to b along

the normal direction (z-axis). A po value of 220 ksi (1517 MPa) is used.
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Figure 3-12: 3-D graph of o, vs. y and depth on the base circle.

These three graphs corroborate the different points made before. The two normal stresses are
always compressive, with a maximum value on the load axis, and decrease with the depth; oy

decreases faster than o,. From Figure 3-14, it is clear that the shear stress is a reversing stress

having its maximum value below the surface.
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Figure 3-13: 3-D graph of o, vs. y and depth on the base circle.
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Figure 3-14: 3-D graph of 1, vs. y and depth on the base circle.
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Next to evaluate plane strain conditions, o, has to be evaluated in addition to the

characterization of these plane stresses.

3.3.2 Plane strain

The general Hooke’s law is used to compute this third stress in the x-direction, according

to Equation (3.14). Thus, following the example used in the previous section, a 3-D plot of oy is

obtained, as shown in Figure 3-15.
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Figure 3-15: 3-D plot of o vs. y and depth on the base circle.
The stress state and distribution of o, is similar to o, and o, in that it is always
compressive and has its maximum value on the load axis. However, this maximum has only a
magnitude of -2vpe on the surface, while a value of -po was obtained for oy and o,. Then, the

principal stresses magnitude and direction are determined over the contact area.

3.3.3 Principal stresses
These stresses are found using Equation (3.15), (3.16) and (3.17). Then, their orientation
and magnitude throughout the entire contact area are computed. The stress, o3, which is equal to

Oy, is always oriented along the axial direction'(.vaxis).

For the two other principal stresses, their orientation are calculated using the following

equation :

tan(26) = -—’ir—— (3.18)

bag
where 8 is the angle between the direction of the maximum principal stress and the direction of the
maximum normal stress, y-axis or z-axis. Then the direction of the second principal is found just

by adding 90° to 8. In Figure 3-16, these principal directions are given at a point which is followed

Stress analysis 30



through the area of contact. On this figure, there is only the part of the rotation for the negative
values of y, a mirror image can be obtained once the load axis is crossed (y > 0). The magnitude

of the principal stresses are given with respect to the maximum Hertzian pressure, po.

y=-15b y=-b

‘%z | \ |
e e
V=015 ﬁr y P4 \%5 y
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Figure 3-16: Example of the rotation of the principal directions at a depth b/4 over the first part of a cycle
(-1.5b<y <0).
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The rotation of the principal stresses, from this diagram, is 90° over half of the area of
contact, so their rotation is 180° over the entire contact surface. Their magnitude is increasing at
they get closer to the load axis, eventually reaching a maximum on the load axis (y=0) where they

are equal to the normal stresses oy, and o,.
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3.4 Residual stresses (RS)

Up to this point, only the contact stresses have been considered in this stress analysis.
However, the residual stresses characterized in the first part of this project need to be combined
with the contact stresses to determine the actual stress field in the cam lobe. These residual stresses
are obtained from Courtney’s studies'®, where they were characterized experimentally as functions
of the location, the direction and the depth (See section 2.5). These stresses are presented in several
formats: residual stress tensors, as shown on Table 3-1, graphs of residual stress as a function of
depth, as can be seen in Figure 2-7, residual stress at the surface as function of the location around
the cam lobe, as illustrated in Figure 3-17.

In Table 3-1, residual stress tensors are shown where the stresses on the diagonal are the normal
ones : circumferential, axial and normal directions respectively; and the other components are the

shear stresses.

Table 3-1: Residual stress tensors on the base circle for several lobes [Courtney].

lobe 1 lobe 2 lobe 3 lobe 4

13 4 1 22 5 2 15 -1 2 23 5 2
-14 1 1 2 -8 1 -7 2

-4 1 -3 0

lobe 5 lobe 6 lobe 7 lobe 8

26 2 3 22 7 2 23 0 2 10 12 1
0 1 -4 1 -6 2 -14 1
0 -1 -5 -3

By analyzing these data, two assumptions are made for the residual stress fields :
- Neglect the residual stresses in the normal direction (z-axis)

- Neglect the residual shear stresses
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Figure 3-17: Surface residual stress around cam (0°: nose, 60°: opening ramp, 180°: base circle, 300°:
closing ramp) in the axial direction [Courtney].

Initially, analyses are developed for two lobes, a “burned” and an “unburned” one; lobe 2
and 8 are chosen for this part. Then, the work is enlarged to two other lobes, 4 and 6, to find a
better correlation between the residual stress fields and the service life. Lobe 2 and lobe 8 will be
referred to as burned and unburned lobe respectively, later in this study. All these lobes have been
ground under different conditions, which have a large effect on their respective residual stress

fields. These grinding conditions are summarized in Table 3-2.

Table 3-2: Number of grinding passes and depth of cut per grinding pass [Courtney].

Number of Depth of cut
Lobe number |[grinding passes | by pass (mm)
2 (burned) 5 0.09
4 7 0.07
6 10 0.05
8 (unburned) 16 0.03

In this study, the residual stresses are used in the axial and circumferential directions. Their value

at a particular depth is found from plots such as Figure 3-18 (a) and (b).
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Figure 3-18: Residual stress in the (a) axial and (b) circumferential direction on the ramp for several lobes
[Courtney].
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The cam lobe is divided into three parts, in the present work (See Figure 2-5):

- Nose

- Ramp

- Base circle (BC)V
In the preceding graphs, only the case of the ramp is illustrated. The two other locations are
detailed in Appendix B. An accurate analysis of all the residual stress data available leads to the
following conclusions:
- Lobe 2 (burned lobe) has high tensile subsurface residual stresses on the ramp and on the base
circle. On the nose, the residual stress field is less important, but still tensile, due to the dynamic
loads applied during grinding by the wheel.
- Lobe 4 has subsurface tensile residual stresses on the lobe and the base circle, but on the nose the
residual stress field is compressive.
- Lobe 6 and 8 (unburned lobes) show compressive residual stresses which rapidly decrease to

zero, in every location.

3.4.1 Actual stress field

The actual stresses can be obtained by combining both fields, the contact stress field with
the residual stress fields. Figure 3-19 (a) and (b) illustrate these two stress fields versus depth on the

base circle.
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Figu're 3-19: (a) Contact stress and (b) residual stress fields on the base circle vs. depth.

Once these two fields are summed, the actual stress field is characterized, as it is shown on Figure

3-20 (a) and (b), for the case of the base circle of the burned and the unburmed lobes, with po = 220

ksi (1517 MPa).
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Figure 3-20: Actual stress fields over a range -4b to 4b along the y-axis at a depth z = b/8 for the base
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Comparing these two figures with Figure 3-11 (o, does not appear on this figure), it can be
seen that :

e o, and 1, are not affected by the summation of the residual stresses because of the
assumptions that there were no residual stresses in the normal direction (z-axis) and no
residual shear stress was considered.

e On the other hand, o, and oy are different for each of the two lobes. The high residual stress
field in the burned lobe has the effect of shifting o, and o, almost entirely in the tensile part,
as can be seen in Figure 3-20(a). Figure 3-20 (b) demonstrates that there is almost no subsurface
residual stresses on the unburned lobe, because oy and o, are of the same order than when

residual stresses are not considered (See Figure 3-11).

The large difference between the contact stress field and the actual stress field, depending
on the residual stresses in each cam lobe, can affect the fatigue damage and, hence the service life
of this particular lobe, as will be shown later. From these actual stresses, the principal stresses are
determined and, because the most damaging stresses are known to be the shear stresses, a study of

the maximum shear stress is carried out.

3.4.2 Maximum shear stress

From the principal stresses, the principal shear stresses can be computed :

oy - ) ool _lo-o,
= T,= — P
. 2

2 2

The maximum shear stress is then:

(3.18)

Trmax = Marx(rl Tas 13) (3.19)
Continuing to use the example of the base circle with p, = 220 ksi (1517 MPa), this maximum
shear is calculated over a range such as the one used before (-4b to 4b along the y-axis and 0 to b
along the z-axis), for the three cases :
- No residual stress

- Burned lobe

- Unburned lobe
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The location and magnitude of the highest maximum shear is then isolated and placed in Table 3-3,
for the plane strain and plane stress conditions. In this table, the magnitude of the maximum shear

stress is normalized with respect to po.

Table 3-3: Location and magnitude of the highest maximum shear stress in the case of the base circle with

Po = 220 ksi.
Plane Stress Plane strain
No residual stress y=02=0  Tmacple=0.5*po y=02=0.78%b  Tmacp1e=0.3%po
Bummned lobe Y=0 2=0  Trmaxplo=0.37*po y=02z=0.25*b  Trmaxp1.=0.52*po
Unburned lobe ¥=0z=0  Trmacpla=0.67*po y=0 z=0.75*%b  Tmaxple=0.3%po

Once again, it can be seen that the high tensile residual stress field in the burned lobe has a
strong effect on the location and magnitude of the maximﬁm shear stress wﬁen compared to the
case with no residual stress. For the unburmned lobe, no such effect can be noticed, only the
magnitude in the plane stress case seems to be affected by the residual stresses. This can be
explained by the presence of large compressive residual stresses on the surface of this lobe. This
table demonstrates that, due to the residual stresses, the actual stress field in each lobe is different.
Failure, which is linked to this actual stress state, should then appear in different locations for each

cam.
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4. PLASTICITY

4.1 Criteria
Because the preceding analysis is based on elastic assumptions, it is next necessary to
determine if plasticity occurs during the cyclic loading. Plastic deformation is reached when the
stress at a point of the body is greater than the yield strength of the material, monotonic or cyclic.
Cyclic loading can change the materials properties, so that yielding can occur at a smaller cyclic
yield strength, as shown on Figure 2-2. In the uniaxial case, when the stress, o, is higher than the
uniaxial yield strength, oo, plasticity is present and the body experiences permanent deformation.
The stress problem is more complex in our case, since it is a multiaxial stress problem.
Several criteria exist, which can be computed from the multiaxial stress state, to characterize the
presence of plasticity. Then, yielding is said to have occurred when this criterion reaches a certain
limit, which is defined by a “yield surface” or “yield locus™ in the stress plane. Thus, as long as the
stress state at a point of the material stays in this “yield locus”, yielding does not occur. The two
criteria use for this analysis are the two most common ones :
- Tresca (maximum shear stress) criterion
- von Mises (octahedral shear stress) criterion

Following is a brief description of each of them.
4.1.1 Tresca criterion

This criterion uses the maximum shear stress because the mechanism of yielding is based
on the slip of crystal planes which is due to the shear stress. Once the stress state has been
determined and principal stresses are known, principal shear stresses (t), T, and 13) can be

computed, following the relations given in Equation (3.18).
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Then, Tresca criterion is defined by:
TTresca = Max‘(rl , rz,r3) 4.1)

Yielding occurs when this criterion reaches a critical value 1o, which is determined using the

uniaxial strength oy:

=22 (4.2)
2
A useful tool is the effective stress linked to this Tresca criterion, which is:
Ceff Tresca = Max(‘al - Uzugz ~ 0y i lgs i D (4.3)
Then, using this effective stress, yielding is present if the following condition is fulfilled:
Oeff. Tresca = T (4.49)

With each criterion, a “yield locus™ can be defined in the stress plane. For Tresca, the yield locus is

B

a hexagon, as shown on Figure 4-1. This “yield locus™ permits an easier visualization of the
criterion, because when the stress state at a point of the material is outside of this surface there is

yielding, otherwise there is only elastic deformation.

fo— O —of
TRESCA
HEXAGON ¥
%
! %
%
4 — VON MISES
ELLIPSE
ro— d‘ —

Figure 4-1: Yield surfaces in the two dimensional stress system [Liebowitz].

4.1.2 Von Mises criterion
This criterion is also defined sometimes as the octahedral shear stress criterion. It is based
on the octahedral shear stress which occurs on eight different planes and is not very much smaller

than the maximum shear stress. This criterion can be defined as follows:

4

TvonMises = %\/(O—l "0'2)2 +(o—2 —JJ) +(03 —61)2 (4.5)
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As in the preceding case, yielding occurs when this criterion reaches a critical value Ty, Which can

be defined from the uniaxial yield strength o, by:

V2 |
Tho = TO'O (4.6)

The effective stress related to this von Mises criterion is:

1 2 2 2
TeflvonMises = 7—5 (orl —0'2) +(o2 —03) +(cr3 —o*l) 4.7
If this effective stress is used, yielding appears when:
GeffvonMises 2 Oo (4'9)

This second criteria defines a “yield locus” which is an ellipse in the stress plane, shown on Figure
4-1. From this figure, it can be seen that the Tresca hexagon is inscribed in the von Mises ellipse, '

thus von Mises is more conservative than Tresca.
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4.2 Results of the criteria computations

Knowing the principal stresses in any point, computation of the effective stresses is a
simple task and can be performed over the entire contact area to determine the maximum value.
Three locations around the cam are considered, each at different depths. No calculations are
executed on the surface because the residual stress fields are compressive at all locations at this
level. Depths varying between 0.2b and 0.75b are analyzed, because this is the range where the
residual stresses are particularly large.

The following 3-D graphs illustrate the computation of Tresca and Von Mises effective
stresses at a depth z = 0.2b and z = 0.75b over a range of po between 200 ksi and 300 ksi. These
effective stresses are studied for the burned and unburncd lobes on the nose (N), ramp (R) and base
circle (BC), as well as when no residual stresses (No RS) are present. It is important to recall that
the burned lobe shows some high subsurface tensile residual stresses, and the unburned one only
shows some compressive residual stress ficlds below the surface. Both monotonic and cyclic
yielding limits appear, because the cam could be subject to either initial yielding or cyclic yielding.
For the steel used, AISI 57_'100, in this work, the yielding limit are :

- monotonic yielding = 1924 MPa
- cyclic yielding = 1339 MPa
These two limits are on the 3-D graphs, so that a direct comparison could be made between the

effective stress and the yield strength.

Plasticity 44



_ Monotonic yield
c
Z . Cyclic yield
g 1500
@
g 1000 :
[%] - L
D 4+ 8%00
5 0 260
L" ; Po (ksi)
ou‘ﬁéﬁé_
X O =z
e
T 233 2 22
E 2 ¢ ¢ 2 2 o
a § 3 5 g8 £ =
a o = 2
@ £ 3 2
_5 =)

Grinding conditions

(a)

P =T |= T | Monotonic yield

] ]_l

= | ame| Cyclic yield

Ty

Effective stress (MPa)

280

Po (ksi)

Burned R F -

Burned N
No RS

el bemd
Q
m
B
S
p=]
[s2]

o
o
Q
c
=
3
a
c
po ]

Unburned BC
Unburned N

Grinding conditions

(b

Figure 4-2; (a) Effective Tresca stress and (b) effective von Mises stress over a range of maximum
Hertzian pressure from 200 ksi to 300 ksi at a depth of 0.2b for several cases.

Figure 4-2 (a) and (b) illustrate the case of Tresca and von Mises respectively, at a depth z = 0.2b,
which is close to the surface. From these two graphs, the von Mises effective stress is always
smaller than Tresca effective stress; it is more conservative. This will also be noticeable in the

fatigue life predictions. At this depth, the tensile residual stresses for the burned lobe on the ramp
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and base circle, are predominant, so the effective stress is quite large. The difference between these
two locations and all the other cases is enormous. For the unburned lobe, the effective stress is

always smaller than the case without residual stresses, which is explained by subsurface residual

compressive stresses on this lobe.
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Figure 4-3: Effective (a) Tresca and (b) von Mises stresses over a range of maximum Hertzian pressure
from 200 ksi to 300 ksi at a depth of 0.75b for several cases.
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The case of a depth z = 0.75b is shown in Figure 4-3 (a) and (b). At this level below the surface,
differences between lobe locations grow smaller since the residual stress fields are attenuated. The

dominant stresses are the contact stresses at this depth.

The four preceding 3-D plots show that the monotonic and cyclic yielding strengths are
exceeded only at a depth close to the surface, z = 0.2b. The effective stress, Tresca or von Mises,
is larger than these yielding limits on the ramp and the base circle of the burned lobe. But only on
the ramp, is the effective stress larger than the monotonic yielding strength. Thus, at this location
there might be an initial plasticity followed by a possible cyclic softening. The deformation should
be readjusted in the elastic range after a short time, as will be shown in the next section. For the
depth z = 0.75b, the effective stress docs not exceed in any case one of the yielding limits. So, no

radical change in the residual stresses should take place at this depth.
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4.3 Stress relaxation
The preceding analysis concluded that yielding and cyclic softening could occur on some
locations of the burned lobe at certain depths close to the surface. This concerned only the ramp
and the base circle of this lobe. All the others cases did not show any yielding.
It is important to notice the two following points :
® A camshaft is made to last several hundred millions cycles and at such a long life regime,
elastic deformation is the predominant part of fatigue, as was explained earlier.
¢ The residual stress fields, in Courtney’s work, had been characterized just after the grinding
operation. If these camshafts were put in an engine, run for a certain amount of time and the
residual stresses measured again, some changes in the magnitudes of these stresses might be
noticeable. The magnitude would be expected to decrease, but unfortunately no data are
available to verify this.
These two points led to the assumption that a relaxation, a rearrangement of these residual stress
fields over the first few cycles, is possible by cyclic softening. To represent this behavior, a
relaxation model developed by Landgraf and Chernenkoff®, was used. If a stress cycle, such as
Figure 4-4, is considered where the mean stress, o, the maximum and minimum stresses, Cma and
Omin Tespectively and the stress amplitude, o,, are known, then there would be relaxation if the

magnitude of o, decrease with the number of cycles, as illustrated by Figure 2-3.

v_
Vnax

YEﬁn

Figure 4-4; Example of a stress cycle.
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The relaxed mean stress after N cycles, Gman, is computed from the original mean stress,
Omis, according to the Landgraf and Chernenkoff model :
OmNth = Omist (N')l’ (410)

where r is the stress relaxation rate :

Ag

=85*107 1-—— 4.11
: = "

gth
and Ae = applied strain range which can be calculated from the stress range
Aey, = strain threshold relaxation below which relaxation can not occur
Ae,, = 2exp[-841+536*107(HB)| (4.12)
where HB = Brinell Hardness
This procedure is used to evaluate the relaxed mean stress as a function of the number of

cycles, and to then observe if plasticity would still be present or not. If plasticity disappears after a

few hundred cycles, only elastic deformation would be consider for the rest of the analysis.
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4.4 Results of the relaxation

The preceding procedure is used to characterize the mean stress relaxation. For this, it is
first necessary to compute the stress applied to a particular point of material (depth and location)
over one cycle. Thus, the effective Tresca stress is evaluated over an entire cycle, then the values of
the mean stress, the maximum and minimum stresses and the stress amplitude are found from
graphs such as Figure 4-5. Eventually, they are used in the relaxation model. Following are the
effective stresses over one cycle on the base circle of the burned and unburned lobes, still with a

maximum Hertzian pressure po = 220 ksi.
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Figure 4-5: Effective Tresca stress cn the base circle of the (a) burned and (b) unburned lobes over a range
from -4b to 4b on the y-axis at different depths.

Figure 4-5 (a) and (b) illustrate stress cycles on the base circle at different depths, including
the residual stress fields characterized after grinding. From these figures the strain range, Ae, the

original mean stress, o5, can be found, as well as the maximum and minimum stresses, Gma and
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Omin and the stress amplitude, o,. Then, the relaxed mean stress after N cycles, G, 1s computed
and plotted vs. the number of cycles, as can be seen in Figure 4-6 (a) and (b). The steel used in this

work has a Brinell Hardness of 519 HB, so Agy = 0.00719 from Equation (4.12).
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Figure 4-6: Relaxation of the mean stress on the base circle of the (a) burned and (b) unburned lobes for
different depths.
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According to this relaxation model, stability is reached after the first 600 hundred cycles.
It is noted that this represents the worst case, in that the material is assumed to have achieved
cyclic stability. This relaxation takes place subsurface, mainly at the depths close to the surface
and is more important on the burned lobe. For example, Figure 4-6 (a) demonstrates that the mean
stress at a depth z = 25 microns would have its magnitude decreased by 50 % when stability is
attained, and by 35 % at a depth z = 50 microns. Concerning the unburned lobe, relaxation is far

less important, but no yielding was observed on this lobe.
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5. LIFE PREDICTIONS

5.1 Fatigue models

The stresses generated by the contact between the cam and the roller follower are
determined using an extended Hertzian analysis. This stress state in the cam is characterized in the
triaxial stress system at any point of this body, and is shown to be cyclic, due to the rotation of the
camshaft. In the fatigue analysis, all these factors have to be considered to obtain valid predictions
of the service life of the cam lobe.

The effective stress linked to Tresca and von Mises criteria is considered as an efficient
tool to represent the multiaxial stress state at a point through the principal stresses. This effective
stress is computed over a cycle at the different locations, so that a cyclic stress diagram is
obtained, as was illustrated for the base circle in the preceding section. From this stress cycle, the
mean Stress, Om, the stress amplitude, o,, and other stress parameters, such as the maximum and
minimum stresses, are determined for use in the fatigue models.

Knowing that this problem involves cyclic multiaxial stress, which can be in terms of an
effective stress, correct fatigue models (or parameters) have to be chosen in order to obtain valid
service life predictions for this cam lobe.

The models considered for this task are:

- Morrow"

- Smith Watson Topper"

- Socie'®
These models are in common use and are generally presented in a strain-based form. They are
modified and simplified using Hooke’s law with the assumption that plastic deformations are

negligible. Foil-owing is a description of each model.
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5.1.1 Morrow model

This model is based on the normal strain particularly on the strain amplitude, €,, and on
the mean stress, o, of the cyclic situation. It is defined by the following relation'?, derived from
Equation (2.7) with a mean stress correction introduced in the elastic term:

e =(—é}——EG—"’}2N,)b refan) 5.1)

where N¢ = fatigue life,
E = Young’s modulus, and
c,b,07, €} = fatigue properties of the material.
The second term of the right hand side of Equation (5.1) which represents the plastic part of the

deformation is neglected and Hooke’s law is used. The following equation is obtained:

b
o.=(c7-a,)(2N) 5.2)
The residual stress field is included in the computation of the effective stress. So, Equation (5.3) is

used to obtain an expression for the service life, N¢:

1
( A
Nf= %Lo’}iaomf 3

where o, includes the residual stresses.

5.1.2 Smith Watson Topper model (SWT)

For this model, the life of a component, N, subject to a cyclic stress situation, is assumed
to be a function of the product Gm.€,, Where €, represents the strain amplitude and can be derived
from the stress amplitude o,, because elastic behavior is assumed. Gmax is naturally the maximum
stress. This model is of the form':

2
(Gf)

Smets == (28)) +aresfan) (5:4)

where all the parameters are as defined previously.
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The second term of this relation represents the plastic part of the deformation. As it was
demonstrated earlier, no plasticity is considered in this work, so this second term is neglected. This

assumption combined with Hooke’s law simplifies Equation (5.4) to:

25

2
Smca= () (2N) (5.5)
From this expression, the service life, N¢ is determined:

l( /o’muo'a \i

45

5.1.3 Socie model

This approach is based on the largest amplitude of the shear strain on the critical plane, so
it is of particular interest in the present problem, because the formation of subsurface cracks is
assumed to be related to this shear strain, or to the shear stress which is linked to it. This model
uses not only the shear strain amplitude, ¥.., but also the maximum normal stress on the maximum

shear strain plane, Gy, as shown on Figure 3-1.

Figure 5-1: Maximum shear stress and associated normal stress around a crack [Socie].

The following relation is given in Bannantine and Socie'®:

7“(1 * a::ac) - %(2NJ‘)b +7J'(2Nf)c 6.7
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a

.
where 1’y = —/— 53

=75 (5.8)

ve= 3¢} (5.9)

G 2 is the sh dul 5.10
= € €a .

20+ ) is the shear modulus, (5.10)

o is an empirical constant which fulfilled the condition 0.6 < & < 1 and is used as a factor to
represent the importance of the normal stress,
o’y is the cyclic yielding limit, and

b and c are the same fatigue properties as the ones described in the preceding models.

The second term of the right hand side of Equation (5.7) represents the plastic part of the
deformation and can be neglected here. The shear strain amplitude, Y., can be replaced by the
shear stress, T,, using:

Te=G (5.11)

v
/! ec

Then the following equation is derived from Equation (3.7):
. ao—yac \ b
t ¥ 14— J = r/2N) (5.12)

Finally, the service life can be expressed by:

!
ac, P
Nf:——“[l+ ""J (5.13)
2l 7y T,

From this analysis of the most common fatigue models, three expressions are found for the service

life, namely, those given in Equation (3.3), (5.6) and (5.13).
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5.2 Selection of the most damaged plane

Of the three fatigue models presented, the first two are used with the effective stress which
represents the multiaxial state of stress at a point, and the last one is based on the shear stress. All
these stresses are known at several depths for the three different locations around the cam lobe. A
procedure is needed to determine the critical plane, i.e. where failure is the most likely to occur, in
each location around the lobe. The determination of this peculiar plane or depth is based on a
different method for each fatigue model.

For the Morrow model, at each location the stress amplitude, ,, and the mean stress, oy,
are calculated for different depths from the effective stress cycle. The depth where the stress
amplitude is the largest is considered as the critical plane, since the amount of change in the stress
over one cycle is most important in determining fatigue damage. The value of this stress amplitude,
as well as the mean stress at this same depth are used in Equation (5.3) to find the service life
following Morrow parameter.

For Smith Watson Topper, a similar routine is used. In each location the maximum stress,
Omax, and the stress amplitude, o,, are computed for different depths from the effective stress cycle.
As before, the depth chosen is the one with the largest stress amplitude. Then this stress amplitude
and the corresponding maximum stress are used in Equation (5.6) to predict the service life
“according to Smith Watson Topper.

Finally, for the Socie model, a comparable procedure is used, only the parameters are
changed. At each location, the shear stress, t,. and the normal stress acting on the plane of this
shear are evaluated for several depths. Then, the depth where the magnitude of the shear stress is
the highest is chosen as the critical one. This shear stress and the normal stress related to it are

used in Equation (5.13) to predict the service life from Socie model.
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5.3 Results of the life prediction

By incorporating the calculated lobe stress states into the selected fatigue models, fatigue
life predictions are obtained using the procedures described. But, not only a life prediction is
desired. It is also essential to determine the failure location, and for that a procedure based on the
maximum stress range was developed, as explained in the last section. Then a correlation between
the evaluated service life, the failure location and the grinding conditions should be found. These
fatigue results also serve as a validation test for the different models, concerning their ability to
handle the unusual compressive stress fields characteristic of contact problems.

Life predictions are obtained over a range of maximum Hertzian pressure, po, between
200 and 300 ksi. This range is based on Ford design experience where a typical po is around 230
ksi on the cam lobe. In this part of the work, two other cam lobe are introduced, lobe 4 and 6, in
order to cover the complete scale of grinding conditions. Follewing is an explanation of the results
obtained with the selected fatigue parameters. First results are given for the two models which
experienced difficulties in a compressive stress environment, SWT and Socie. Then Morrow

model, which appears to produce reasonable results, is used to assess cam fatigue performance.

5.3.1 Smith Watson Topper
For this model, the effective stress is used. As noted, the contact involves only compressive

stresses. So, the effective stress is also assumed to be a compressive stress. From Equation (5.6),
OO, is a term in the definition of the service life, N. o, is the stress amplitude, and its value

is positive. On the other hand, oy, the maximum stress has a negative value. Thus, this product
Omax Oa IS negative and, because of the square root, gives invalid results. For this reason, the SWT

fatigue parameter can not be used for our compressive problem.
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5.3.2 Socie

This model is based on the maximum shear stress, 7,., and the normal stress associated to
it, Oyc. Again, for the contact problem, where all the normal stresses are compressive, Gymax is also
taken compressive. So, this latter stress would have a tendency to close the crack, preventing it
from propagating, thereby increasing the service life of this component. In Equation (5.13) is given
the definition of N accofding to this model. A parameter «, defined as an empirical constant,
appears in the relation. This a is a scale factor on the normal stress and is known from Socie™® to
range between 0.6 and 1. Lacking experimental results, computations are made using two values of
a ,1 and 0.6. The range of Hertzian pressure used varies as before from 200 to 300 ksi. These

computations are performed first on the base circle of lobe 2, as shown in Table 5-1.

Table 5-1: Life prediction from Socie's model on the base circle of lobe 2 over a range of Hertzian
pressure from 200 ksi to 300 ksi.

Pressure (ksi) 200 220 240 2860 280 300
Depth of Failure (microns) 25 25 25 25 25 25
Nf Alpha = 0.6 (cycles) |2.70E+04 |6.30E+04 | 1.60E+05|4.60E+05| 1.50E+06 | 4.20E+06
Nf Alpha =1 (cycles) 5.10E+05{ 4.00E+06 | 5.40E+07 | 1.90E+09{ 5.00E+11 | 3.10E+17

A few remarks can be made from this table. The depth of failure appears to always be the
same, because, as explained when the computations of the maximum shear stress was done, this is
the depth where this stress is maximum. As can be seen in the table, when po gets larger, the life
gets longer, which is completely wrong. This can be explained by the fact that when the pressure
increases, the normal stress, oy, increases at the same time, thus compressing more the cracks and
preventing them from propagating, by this ﬂvay a ionger life is obtained. Moreover, in this model, o
is a parameter to give more or less importance to the normal stress, Gyc. From the table, it is shown
that if « gets larger, the service life increases at the same time. This last point corroborates the
preceding remark. It is concluded from these resuits that the Socie parameter is not a valid model

when one works with a compressive stress problem.
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533 Morrow

For this model, the cyclic effective Tresca stress was used in the computation. As before,
because in the contact problem all stresses are compressive, the effective stress is assumed to have
a negative value. Following are three tables of life predictions for the base circle of lobe 2, lobe 8
and when no residual stresses are considered.

Table 5-2: Life predictions from Morrow parameter at the base circle for (a) lobe 2, (b) lobe 8 and (c) no
residual stresses over a range of maximum Hertzian pressure from 200 ksi to 300 ksi.

()
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 75 100 100 100 100 100
Nf Lobe 2 BC (cycles) 5.30E+08| 1.70E+08| 8.40E+07| 4.60E+07| 2.80E+07| 1.80E+07

(b)
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 100 100 100 125 125 125
Nf Lobe 8 BC (cycles) 1.60E+09| 6.50E+08| 3.10E+08] 1.60E+08| 8.20E+07| 4.70E+07

(c)
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 100 100 100 125 125 125
Nf No RS BC (cycles) 1.60E+09| 6.50E+08| 3.10E+08| 1.60E+08| 8.20E+07| 4.70E+07

Analyzing these first results, the grinding condition effect can be seen. The burmned lobe, lobe 2,
results in the shortest lives. The unburned lobe, lobe 8, and the case without residual stress have
similar predicted lives. The residual stresses which are weak on the base circle of lobe 8, explain
this similitary. Moreover, the tests on the Specialized Vehicles Inc. camshaft test fixture by Ford,
are typically run to 1.4*10® cycles. After such a test, improperly processed cams will generally fail,
which seems in agreement with these first predictions.

Based on these promising results, lobes 4 and 6 are also analyzed. The same computations
are done on these lobes (See tables in Appendix C), and a final graph is plotted summarizing these

data for the base circle.
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Figure 5-2: Morrow's model predictions on the base circle vs. the maximum Hertzian pressure for several
cases.

From Figure 3-2, the lives of the burned lobe (lobe 2) and the unburned one (lobe 8) are
seen to differ by a factor of 2 to 3. Thus, the more abusive the grinding, the shorter the life. Lobe 4 -
and 6, representing intermediate grinding conditions, display intermediate lives. Using the same
routine, analyses are performed at the two others locations : the nose and the ramp. These resuits

are presented in the tables in Appendix C and illustrated in the two following graphs, Figure 5-3.

Life predictions 62



1.00E+10
—&— NoR.S
— 1.00E+09 ’&\
2 ——— 7S —&— Lobe2
2 y = < A —A— Lobe8
o S —— —%— Lobe 4
= \ﬂ \\A
~ 1.00E+08 | |[——— Lobes
e —
—L
1.00E+Q7 : - ; ; ]
200 220 240 260 280 300
Maximum Hertzian Pressure, pg (ksi)
(a)
1.00E+10
\
—&o— NoR.S
— 1.00E+09 '\\\\ -
z — —I3— Lobe2
— i ——— —— A,
‘3" £3 =¥ — —h— Lobe 8
Py e —%— Lobe 4
3 1.00E+08 \ “%\xx\\ — = Lobeb
e
Tr—
-
1.00E+07 ; ‘ ; ; \E’
200 220 240 260 280 300

Figure 5-3: Morrow's predictions (a) on the nose (b) on the ramp vs. the Hertzian pressure for several

Maximum Hertzian Pressure, pq {ksi)

®

cases.

These two graphs are consistent with the earlier trends relating to the grinding conditions.

. It can be seen that for these two last cases, lobe 6 and 8 (unburned lobes) yield lives even longer

Life predictions
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than the case without residual stress. The mild grinding of a cam tends to create subsurface
compressive residual stress fields which extend the lifetime presumably by closing the cracks that
try to open and propagate. Therefore the compressive subsurface residual stresses are a positive
factor on service life.

Conceming the depth of failure predicted, the abusively ground cams tend to fail closer to
the surface, due to tensile subsurface residual stresses; this is particularly true for smaller
pressures when the residual stress fields play an increasingly important role. For the location of
failure, the predicted lives on the base are always similar or shorter than the lives on the ramp and

the nose. For these two last locations, the results found are always quite close.

5.3.4 Von Mises effective stress

For all the preceding computations, Tresca effective stress was used. The case of the nose
of lobe 2 is reanalyzed but considering the von Mises effective stress, so that a comparison
between both criteria can be made. The procedure used is exactly the same, the effective stress is
computed over one entire cycle, o, and o, are calculated and introduced in Morrow model. The

results of this calculation appear in Appendix C.
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Figure 5-4: Morrow life predictions on the base circle of lobe 2 vs. the maximum Hertzian pressure, using
Tresca and von Mises effective stress.
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Figure 5-4 shows a comparison between the two effective stresses. For each pressure, the
life predicted by von Mises is longer than the life predicted by Tresca, there is always a ratio of at
least 1.5 between these two lives. Thus, this graph corroborates what was said earlier about von
Mises being more conservative than Tresca. In conclusion, Tresca gives the worse case, so it is

safer to consider this criteria.

5.3.5 Assembly residual stress field

During the course of this study, additional x-ray residual stress measurements were received
from Ford that included residual stress fields due to assembly. During manufacturing the lobes are
pressed on the shafts, thereby creating a residual hoop stress in the cam lobes.

So far, only the residual stress fields due to grinding were considered. Additional
computations are done using these new x-ray residual stress measurements to determine their effect
on service life. Measurements were made in the circumferential direction on production camshafts
that had been ground in usual conditions. These new measurements are compared with the
corresponding residual stresses from lobe 4 and 6, which were ground at intermediate conditions.
From Figure 5-5, a clear difference is visible between the circumferential residual stress fields,
depending if the effect of manufacturing is included or not, especially at depths greater than 75
microns. On the two lobes where only residual stresses from grinding are considered, the value of
these stresses decreases significantly, to reach zero when the depth is 125 microns. In comparison,
if the residual stresses due to assembly are also considered, these stresses keep a value of 30 ksi

until at least a depth of 200 microns.
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Figure 5-5: Residual stresses in the circumferential direction for lobe 4 and 6 and for Ford data which
consider the assembly residual stresses.

These data are then used in conjunction with the axial residual stresses from lobe 4 and 6,
to obtain life predictions. In Figure 5-6 the service lives predicted for lobe 4 and 6, with or without

the residual stress field due to assembly, are shown.
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Figure 5-6: Morrow's model predictions on the base circle of lobe 4 and 6 with or without the assembly
residual stresses, for a range of maximum Hertzian pressure between 200 ksi and 300 ksi.
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As can be seen from this figure, the assembly residual stresses have a significant effect on the
fatigue performance, shortening lifetimes by a factor of 4. Thus, these residual stresses should also
be considered in the computation of the service life, when they are measurable or calculable,
because their effect is not negligible. This also serves to emphasis the value of a reliable predictive
model for quickly estimating the effects, on fatigue life, of a range of processing and performance

parameters.

Life predictions 67



6. DISCUSSION

The preceding sections illustrate the characterization of the contact stress state by using an
extended Hertzian method which, when combined with the residual stresses, provides the operative
stress field. Effective stresses are computed to evaluate possible yielding and find the maximum
cyclic component; thus, lifetimes are predicted for differently ground cam lobes. In this section,
implications and future appiications of the different elements of the analysis are discussed.

From the stress analysis, the Hertzian method extended by Smith and Liu® is demonstrated
to be a reliable tool to characterize the contact stress state. This permits the determination of the
failure location, generally subsurface, and provides the necessary stress information for life
estimation. 3-D mappings of these different contact stresses allow a better presentation and
understanding of the stress variations. For example, using this kind of mapping, it is clearly seen
that the maximum shear stress value is subsurface.

In addition, by considering residual stresses due to manufacturing and assembly, the
problem is brought closer to reality. Often these stresses are neglected, but they are present in
numerous components and their effect may be quite significant. Elastic superposition of the contact
stress field with the residual stress field gives the actual multiaxial stress field in the cam required
for accurate lifetime predictions. When performing this multiaxial superposition, the directionality
both stress fields must be maintained.

In this first part, only elastic behavior was assumed. A plasticity analysis using
conventional multiaxial yield criteria (Tresca and von Mises) indicates that yielding might be
anticipated in abusively ground lobes. It is expected that this could result in an initial redistribution
of the residual stresses, but that the cyclic stresses would remain elastic. Camshafts have a very
long life, therefore cyclic yielding should be negligible for this component. The initial redistribution

of the residual stress fields occurs through cyclic relaxation and can be characterized by a simple
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model. However, this model represents the worse case of relaxation, the actual relaxation would
likely be less than predicted.

A unique characteristic of contact problem is a complete compressive stress field.
Compression is an uncommon situation and accounts for the failure of SWT and Socie models to
predict valid lifetimes. On the other hand, Morrow model gives satisfactory service lives in this
environment. To find the failure location, an observation of the effective stress amplitude at each
depth is performed thus, leading to a predicted location function for the combined stress fields.

Fatigue tests are planned using the Specialized Vehicles Inc. camshaft test fixture.
Lifetimes and failure locations will be determined and x-ray measurements of the residual stresses
after testing will be executed to check the relaxation assumption. Unfortunately, no tests have been
run yet, due to numerous delays.

Using the Morrow model for lobes ground under various conditions, fatigue lives can be
determined, thus correlation between grinding and service life can be found. In the 3-D graphs seen
in Figure 6-1, these life predictions are shown as a function of the maximum Hertzian pressure, po,
and the grinding conditions. Recall that lobe 2 received the most abusive grinding. Such 3-D
graphs could serve as a link between the requirements of the design (through po) and those of the
manufacturing operations (through the grinding conditions). Knowing the characteristics desired
from the camshaft, its expected service life, decisions can be made concerning allowable grinding
protocols and service stress levels necessary to achieve desired performances.

The following trends are apparent from these graphs. If the Hertzian pressure is increased
by 100 ksi, the life is reduced by a factor of twenty. The life also follows this tendency when the
grinding is rougher. Thus, the more abusive the grinding, the shorter the life. For example, there is
a factor of 15 on the life between the ramp of lobe 2 and lobe 8 when a Hertzian pressure of 300
ksi is considered. For gently ground lobes, the life is increased through creation of a compressive
subsurface residual stress field which prevents crack growth. Therefore, gentle grinding could be a
positive factor to obtain longer life, but it necessitates more grinding passes and so diminishes the

production rates.
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Figure 6-1: Life predictions according to Morrow model as a function of the grinding conditions and the
maximum Hertzian pressure (a) on the base circle, (b) on the ramp and (c) on the nose.

The location of failure is subsurface, as predicted by the Hertzian analysis, but this
location is closer to the surface for more abusive grinding due to the high tensile stress field present
just below the surface, as demonstrated in Table 6-1.

Table 6-1: Failure locations below the surface on the base circle over a range of pressure between 200 ksi
and 300 ksi for the different lobes.

Pressure (ksi) - 200 220 240 260 280 300
Lobe 2 (microns) 75 100 100 100 100 100
Lobe 4 (microns) 100 100 100 100 150 150
Lobe 6 (microns) 100 100 125 125 125 150
Lobe 8 (microns) 100 100 100 125 125 125

Then, a comparison between the three locations (nose, ramp and base circle) leads to the
conclusion that the shortest lives are found on the base circle and the ramp, especially for the
burned lobe (lobe 2). Here it must be noted that the predictions are done for the same pressure
range for the three locations, because the dynamic loads are unknown. A rapid dynamic analysis

had been done by Moeller, according to the method demonstrated by Norton'. From this, dynamic
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loads were obtained around the cam lobe for several speeds of rotation of the camshaft, as

illustrated in Figure 6-2.
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Figure 6-2: Loads around the cam lobe caused by the valve train for two camshaft rotation speeds.

Dynamic loads are obviously varying around the cam lobe depending of the rotation speed of the
camshaft, so that the Hertzian pressure applied on the cam is different in each location. Thus, using
the exact dynamic loads linked to the valve train considered in this work, quite different service
lives will be found for the nose, the ramp and the base circle. When available, such information can

be easily accommodated in the life prediction routine.
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Finally, a tool has been developed to help understanding the effect of each parameter on
the final fatigue life. This is a routine, written in Mathcad, summarizing all the procedures used in
this work, whose structure is outlined in Table 6-2. To use this routine, a few inputs have to be
specified, then the precedent scheme is followed, and the outputs are the predicted life and failure
location. If the dynamic analysis of the valve train is done, it can simply be added to this routine,
replacing the load input. The advantage of this tool is its adaptability and speed. Thus, if new
information is given about one of the inputs, updated results can be obtained rapidly. This was the
case for the new x-ray measurements given by Ford about the assembly residual stresses; a few
adaptations were made and new life predictions were obtained in a short time. Therefore, this tool
could of considerable use to designers in understanding the effects of various manufacturing and
design parameters on cam performance. Such tools are consistent with industral trends placing

greater reliance on analytical design aids.
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7. CONCLUSIONS

7.1 Conclusions

Based on the results of this study of a cam-roller follower system, the following

conclusions can be drawn:

A Hertzian type analysis, as extended by Smith and Liu, provides a complete 3-D
documentation of the stress state in the contact zone and allows identification for the fatigue
calculations, of the maximum cyclic stress component which generally occurs subsurface.
Preexisting stress fields due to manufacturing and assembly can be combined through
superposition with the contact stresses to obtain the operative stress field. In performing this
superposition, it is important to maintain the directionality of the individual stress components.
Plasticity, as determined by conventional yield criteria, is found on the most abusively ground
lobes but only during the initial loading cycle. Cyclic relaxation of the residual stresses
according to analysis, could be a possibility and needs to be corroborated by experimental
results.

Two of the fatigue models, SWT and Socie are found to be inappropriate for the completely
compressive contact stress fields. The Morrow model demonstrates its capacity to work in
such a compressive environment, by giving reasonable life estimates. The availability of a
reliable life prediction model allows sensitivity analyses to be performed to account for the
effects of the variations of grinding protocol, dynamic loading or material properties on the
fatigue life. In this way, a basis for optimizing cam performance is accessible to engine

designers.

Conclusions 75



Conclusions

The apparent success of this predictive model provides a basis for extending the analysis to
other contact problems, e.g. gears and bearings, and is consistent with industnal trends

towards greater reliance on analytical design and evaluation tools.

76



7.2 Recommendations
Recommendations for future work are as follow:

» Fatigue tests of assembled camshafts prepared under varying grinding protocols, should be
performed in order to corroborate the estimated lifetimes and failure locations, as well as to
check the occurrence of residual stress relaxation.

. Finite element model could provide useful information concerning the “edge effect”, i.e. the
transition from plane stress to plane strain conditions, and the onset of plastic deformation.
Frictional effects could also be included in such model.

e Dynamic modeling of the valve train would provide analytical estimates of the loads on the
cam as a function of the speed of rotation and the valve spring stiffness and enable more
precise life predictions for each location on the cam (e.g. nose, ramp, base circle).

e A more complete material property characterization of the AISI 52100 steel, in order to assess
possible variations due to heat treatment and the operating temperatures present in actual

engines, would provide further analysis refinements.
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O. APPENDIX A : MATERIAL PROPERTIES OF

Monotonic properties:

- Young’s modulus:

- Yield strength (0.2 %):

- Poisson’s ratio:

Cyclic properties:

- Yield strength (0.2 %):

- Fatigue properties:

Appendix A

AISI 52100

E = 206 700 N/mm?
Go = 1922 N/mm”

v=10.29

o'y = 1336 N/mm’

o't = 2725 N/mm’

e'r=0.240
b=-0.097
c=-0.638
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10. APPENDIX B : RESIDUAL STRESS GRAPHS
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Figure 10-1: (a) Axial and (b) circumferential residual stresses vs. depth on the nose of the different lobes
[Courtney].
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Figure 10-2: (a) Axial and (b) circumferential residual stresses vs. depth on the ramp of the different lobes
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Figure 10-3: (a) Axial and (b) circumferential residual stresses vs. depth on the base circle of the different
lobes [Courtney].
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11. APPENDIX C : TABLES OF PREDICTED

SERVICE LIVES

Table 11-1: Service life predictions from Morrow model on the nose.

Lobe 2
Pressure (ksi) 200 220 240 260 280 200
Depth of Failure (microns) 75 75 100 100 100 100
Nf Lobe 2 N (cycles) [4.70E+08|2.40E+08 |1.10E+08| 5.80E+07 | 3.60E+07 | 2.40E+07
Lobe 4
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 75 75 100 100 125 125
Nf Lobe 4 N (cycles) |1.00E+08|4.80E+08|2.9CE+08|1.60E+08|1.00E+086.30E+07
Lobe 6
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 75 100 100 100 100 100
Nf Lobe 6 N (cycles) |2.10E+09| 1.10E+09 |4.60E+08|2.30E+08|1.30E+08| 8.70E+07
Lobe 8
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 100 100 100 100 100 125
Nf Lobe 8 N (cycles) |4.40E+09| 1.60E+09)7.40E+08|3.90E+08|2.30E+08|1.50E+08
No RS
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 75 100 100 100 125 125
Nf No RS N (cycles} |1.50E+09|7.00E+08 |3.10E+08|1.60E+08|8.70E+07{4.70E+07
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Table 11-2: Service life predictions from Morrow model on the ramp.

Lobe 2
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 125 125 150 150 175 200
Nf Lobe 2 R (cycles) |6.00E+08]2.80E+08|9.40E+07|5.20E+07|2.30E+07 | 1.20E+07
Lobe 4
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 150 175 175 175 175 200
Nf Lobe 4 R {(cycles) |1.50£+0916.70E+08 |3.30E+08|1.8CE+08|1.10E+08|7.70E+07
Lobe 6
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 150 150 175 200 200 200
Nf Lobe 6 R (cycles) |2.70E+09|1.10E+09|5.20E+08|2.70E+08|1.50E+08 | 2.20E+07
Lobe 8
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure {(microns) 120 150 150 175 175 200
Nf Lobe 8 R (cycles) |4.20E+09(1.70E+09|8.60E+09|5.00E+08|2.80E+08|1.80E+08
No RS
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 150 150 175 175 200 225
1.50E+09|6.50E+08 | 3.10E+08 | 1.50E+08 | 8.30E+0Q7 | 4.80E+Q7

Nf No RS R (cycles)
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Table 11-3: Service life predictions from Morrow model on the base circle.

Lobe 2
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 75 100 100 100 100 100
Nf Lobe 2 BC (cycles) |5.30E+08|1.70E+08 | 8.40E+07 | 4.60E+07 | 2.80E+07 | 1.80E+07
Lobe 4
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 100 100 100 100 150 150
Nf Lobe 4 BC (cycles) |1.00E+09|4.40E+08|2.20E+08|9.40E+07|6.60E+07 | 3.80E+07
lLobe 6
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure {microns) 100 100 125 125 125 150
Nf Lobe 6 BC (cycles) |1.00E+09|4.70E+08 | 2.30E+08|1.20E+08 | 7.30E+07 | 4.90E+Q7
Lobe 8
Pressure (ksi) 200 220 240 260 28C 300
Depth of Failure (microns) 100 100 100 125 125 125
Nf Lobe 8 BC (cycles) |1.60E+09|6.50E+08|3.10E+08|1.60E+08|8.20E+074.70E+07
No RS
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 100 100 100 125 125 125
Nf No RS BC (cycles) |1.60E+09|6.50E+08|3.10E+08|1.60E+08|8.20E+07{4.70E+07

Table 11-4: Service life predictions from Morrow model using von Mises effective stress on the nose of

lobe 2.
Lobe 2
Pressure (ksi) 200 220 240 260 280 300
Depth of Failure (microns) 75 75 75 100 100 100
Nf Lobe 2 N (cycles) |8.20E+08]|3.80E+08|1.90E+08|9.50E+07 | 5.40E+07 | 3.30E+07
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