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ABSTRACT

Some recent research literature has proposed that the initiation of fatigue
cracks under fretting conditions is largely dependent on the local macroscopic
stress distribution in the contact area, The work reported herein is an investi-
gation of this theory by uging contact pads of different geomerries which give rise

to different stress distributions.

A Report of the
FRACTURE CONTROL PROGRAM

College of Engineering, University of Illinnis
Urbana, [Hinois 61801
June, 1975



ki

ACKNOWLEDGMENT

This investigation was conducted in the H. F. Moore Fracture Research
Laboratory of the Department of Theoretical and Applied Mechanics, University
of 1llinois, Urbana. Financial support was provided by the University of Illinois
Fracture Control Program, headed by Professor JoDean Morrow.

The work was conducted while the author was on secondment from the
Department of Engineering Science, Plymouth Polytechnic, England.

The author is indebted to his advisor, Professor George M. Sinclair, for
his suggestions, constructive criticism and encouragement. Appreciation is also
expressed to Professor JoDean Morrow for his technical stimulation and friendship.

The author wishes to thank all the members of the workshop who assisted in
preparing the specimens and test equipment, also Karen Hageman, Cynthia Faw,
Barbara Wonneberg and Darlene Mathine for assistance in preparing the manuscript,

Finally, the author expresses thanks to his wife, Liz, and his children, Sally

and Philip, for their patience during his absence.



Chapter

1

iv

TABLE OF CONTENTS

INTRODUCTION .

1.1 The Fretting Phenomenon .
1.2 Subdivision of Fretting Research

REVIEW OF CURRENT CONCEPTS IN FRETTING FATIGUE

Theoxies of Fretting Fatigue Crack Initiation .
.1 Asperity Contact Theory . N
.2 Contact Stress Distribution Theory
Factors Influencing Fretting Fatigue .
.1 Amplitude of Relative Displacement .
.2 Clamping Pressure

BB N N M B2
e e e e 4w
N RN

SCOPE AND PURPOSE OF THIS WORK

MACROSCOPIC STRESSES ASSOCIATED WITH FRETTING
CONTACT.

Analytical Treatment

Cylindrical Contact under Normal Force Only
Rectangular Contact under Normal Force Only .
Contact under Fretiing Conditions .

Cylindrical Contact with Normal and Tangenual Forces

Qb Qo DD

Photoelastic Analysis
.1 Summary of Photoelastic Results

5N SO NET ST N Y S N
R N R T

FRETTING FATIGUE BEHAVIOR .

Experimental Program .
Description of Test Apparatus
Fatigue Machine . .
Fretting Configuration .
Specimens ..
Fretting Pads . .
Loading Ring .

Test Results .
Rectangular Contact .
Cylindrical Contact
Standard Fatigue Tests.

it onutan ot dn ol Gl On

P

[VORJUNJM ISV (W I ST A LG T S
Gt Lo R

. . s
(SR N

ANALYSIS AND DISCUSSION .

6.1 Compariscn Between Theoretical Predictions and Experi-
mental Results

6.1.1 Asperity Contact Theory

6. 1 Contact Stress Theory .

Rectangular Contact with Normal and Tangential Forces .

Page

ft
oW1y O (¥ i o W Lo W | e

[ N i I
[ e

= b b b e e
Lo o N NI N

[
.

14
i4
14



Chapter
6.2 Discussion of the Propagation of Fretting Fatigue Cracks .
6.2,1 Threshold Crack Size .
6.2.2 Fatigue Crack Propagation.
6.3 Discussicn of the Initiation of Frettmg Famgue Cracks
6.3.1 Photoelastic Results for the Local Stress Distribution
6.3.2 The Effect of Contact Geometry

7 SUMMARY AND CONCLUSIONS

LIST OF REFERENCES .

TABLES
FIGURES.
APPENDICES
A ANALYSIS OF ASPERITY STRESSES DURINC FRETTINC
FATIGUE
B ANALYSIS OF FRETTING FATIGUE MACROSTRESSES FOR
ELASTIC CYLINDRICAL CONTACT .
C PHOTOELASTIC ANALYSIS OF CONTACT STRESSES

Page

15
15
17
18
19
19
21
23
26

31

49

52
56



TABLE

vi

LIST OF TABLES

CHEMICAL AND MECHANICAL PROPERTIES OF

SAE 1040 STEEL .

FRETTING FATIGUE RESULTS--RECTANGULAR CONTACT .
FRETTING FATIGUE RESULTS--CYLINDRICAL CONTACT

FATIGUE RESULTS .

CONTACT DATA .

-----

Page

26
27
28
29

30



vii

LIST OF FIGURES

Figure Page

1 Contacting Asperities and Associated Stress . . . . . . . . . . 31
2 Effect of Contact Pressure on Fretting Fatigue Strength . . . . . 32
3 Contact Geomewry . . . . .« . . . ] . . 33
4 Frictional Indentation by a Rigid Punch ., . . . . . . . . . . . 34
5 Normal Pressure Under a Rigid FlatPad. . . . . . . . . . . . 35
6 Shear Stress Distribution for a Rigid FlatPad . . . . . . . . . 36
7 Analytical Results for Maximum Shear Stress Distribution for

Cylindrical Contact . . . . . . ¢« « v o o v v o & o v o o o« 37

8 Fatigue Test System. . . . + . « + + + + « . . . . 38
9 Fretting Jig. « « « . ¢ v v v v 0 0 e 0 o b e e e e e .. 39
10 Fretting Jig, . . + v « v v v o v v 4 v v . . . 40
11 Basic Fatigue Test Specimen . . . . . o v o v o« v o« + + o o 41
12 Modified Specimen for Fretting . . . . . . . + . . + . . . . . 42
13 Rectangular FrettingShee . . . . . . . . , . . ... 43
14 Cylindrical Fretting Shoe . . 44
15 Fretting Fatigue - Stress-Life Curve . . . . . . 45
16 Standard Fatigue - Stress-Life Curve . . . . . . . . . . . . . 46
17 Average Pressure, Cylindrical Contact . . . . . . . . . . . . 47
18 Stress Imtensity Factor . . . . . . . . . . . . . . . .. . . 48
B-1 Cylindrical Ceontact Geometry . . . . . . . e 25
B-2 Stress Notation . . . . . . . 55
C-1 Photoelastic Test Rig . . . . . . . . . . . 62
-2 Effect of Force Eccentricity . . . . . . . . . . . . . . . . . 63

C-3 Photographs of Isochromatics. . . . . . . . . . . . . ... . 64



Figure
C-4
C-5
C-6

Cc-7

viii

Photographs of Isochromatics . . . . . . . .
Photographs of Isochromatics . . . . .
Cylindrical Contact, lsochromatic Fringes .

Cylindrical Centact, Comparison of Theoretical and
Photoelastic Results . . . . . .

. s o« = e B « e .

Cylindrical Contact - Maximum Shear Stress Distribution

Rectangular Contact - Isochromatic Fringes

e

Rectangular Contact - Maximum Shear Stress Distribution .

Page
65

66

67

68
69
70

71



0 oz oz 3

=]

AK

e
AS
AS

Asﬂ\}

AT

ATeN

ix
LIST OF SYMBOLS

Crack length

Threshold crack length

Fatigue crack growth coefficient
Fatigue strength exponent

Width of specimen

Fatigue ductility exponent
Mathematical function of a/B
Ratio of Gxx/cyy
Stress intensity factor

Half contact length

Cyclic strain hardening exponent

Number of fatigue cycles

Number of fatigue cycles to fracture

Noxmal pressure distribution

Average normal pressuxe

Fatigue crack growth exponent

Stresg intensity factor range

Threshold stress intensity factor range

Applied cyclic stress range

Applied cyclic stress range for fatigue fracture in N cycles
Applied cyclic stress range for fretting fatigue fracture in N cycles
Shear stress range

Shear stress range to cause fatigue failure in axial leading only

Shear stress range to cause fretting fatigue failure



Coefficient of friction
Direct stress

Fatigue strength coefficient
Monotonic yield stress

Cyclic vield stress



1. INTRODUCTION

1.1 The Fretting Phenomenon

Fretting is the term used to describe the small amplitude oscillatory slip which
may occur between two components in an engineering structure that is subjected to dy-
uamic loading., At points where relative movement occurs, the first noticeable sign of
damage is the formation of a powdery deposit which resembles the metallic oxide, this
is often associated with considerable wear of the surfaces. In addition, small cracks
may form in the damaged area and in some cases these cracks propagate through the
structure causing fatigue failure.

The first record of fretting damage is believed to be by Eden, Rose and Cunning-
ham in 1911 [1] who observed that during fatigue tests the varying stress between the
specimen and the grips caused considerable corrosion to occur. They also suggested
that the same mechanism might be the reason for similar corrosion observed in ball
bearings and between hubs and shafts. Since then numerous cases of fretting damage
have been reported.

A common location where fretting can cause fatigue failure is in press fit assem-
blies of gears and hubs on shafts where bending loads can cause relative cyclic deforma-
tion as thc shaft rotates [2].

It has also been suggested [3] that fretting is a contributory cause of corrosion
in body seams of automobile frames where relative movement occurs in the spot welded
joints, The problem is often observed in fabricated structures and, if propagating fatigue

cracks are initiated due to fretting, the fatigue strength may be reduced by more than 50

percent [4].



1.2 Subdivision of Fretting Research

From an engineering standpoint fretting can cause failure of a structure by either
excessive wear or by the initiation of fatigue cracks. In this context research in fretting
is usually subdivided into these two aspects and they are distinguished as two different
effects viz;

a, Fretting corrosion

b. Fretting fatigue



2, REVIEW OF CURRENT CONCEPTS IN FRETTING FATIGUE

In the last twenty years considerable effort has been expended on research into
fretting fatigue, much of this is reviewed by Waterhouse [5] and Yeh and Sinclair [6].
In this section no attempt will be made to consider all factors which influence fretting
fatlgue behavior, Instead the contents will be restricted to concepts which are signifi-

cant to subsequent chapters,

2.1 Theories of Fretting Fatigue Crack Initiation

Two theories of crack initiation have been suggested which are consistant with

the observed behavior and these are summarized as follows.

2.1.1 Asperity Contact Theory

This was fixrst proposed by Liu, Corten and Sinclair [7] and receutly recon-
sidered by Yeh [8]. The contact between the fretting surfaces is studied at the micro-
scopic level and the asperities which actually touch are considered.

The earlier work analyzed the stress distribution at an asperity and assumed
that the contact stress during fretting was sufficient to cause local yielding of the ma-
terial (Fig. 1). The suggestion was that the fatigue cracks were initiated by these
stresses. A summary of this analysis is given in Appendix A.

Yeh's work extends these concepts by considering the contacting points to form
cold welded joints. The analysis uses fracture mechanics concepts, and treats the

spaces between the joints as small cracks subjected to Mode 2 loading.

2.1.2 Contact Stress Distribution Theory

This was proposed by Nishioku and Hirakawa [9] and alsa considered by Warion
and Waterhouse [10] and Endo, Goto and Nakamura {11].
When two elastic bodies are pressed together a stress distribution is set up over

the contact area. This distribution is in general non-uniform and depends on the



geometry of the contacting surfaces. During fretting, shear stresses are super-
imposed on these static stresses. In the work cited, the magnitude and distribution

of the shear stresses are assumed to be given by the product of the coefficient of friction
and the normal stress distribution,

The theory postulates that the fatigue cracks are initiated by the maximum cyclic
shear stress component associated with these stress distributions. Further details of
the analysis is given in Appendix B.

It is seen from Sections 2. 1.1 and 2. 1. 2 that the essential difference between
the two theories is a matter of scale--the former locks at microscopic stresses whereas

the latter looks at macroscopic effects,

2.2 Factors Influencing Fretting Fatigue

The principal variables effecting fretting fatigue are discussed in the reviews
[5] and [6] cited earlier.

In the context of the present work the following results are significant.

2.2,1 Amplitude of Relative Displacement

Femner and Field [12] and Nishioka and Hirakawa [13] found that the maximum

reduction in fatigue strength occurred when the relative slip was of the order of 15 mi-

crons (1 micron = 10"6 m).

2.2.2 Clamping Pressure

For a given material and contact geometry Corten [14], Liuetal., [7] and
Nishioka and [lirakawa [15] all found that fretting fatigue strengli decreased rapidly
with increasing contact pressure up to a certain value. Further increases above this
value resulted in little additional reduction in fatigue strength.

Nishioka and Hirakawa however, found that at the higher values of contact

pressure non-propagating cracks were initiated at values of alternating stress below

the fretting fatigue strength (Fig. 2).




3. SCOPE AND PURPOSE OF THIS WORK

The research reported in this thesis is restricted to fretting fatigue as defined
in Section 1.2, No consideration is éiven to the fretting corrosion and associated wear
which occurred. All the experimental work involved tests in which the fretting was
applled slimultaneously with the cyclic loading. Assessment of damage was made on
the basis of reduction of fatigue strength due to fretting.

The primary objective of the investigation is to assess the "contact stress dis-
tribution” theory discussed in Section 2.1.2. Two different fretting geometries which
give rise to different contact stress distributions are investigated. These are referred
to as cylindrical contact and rectangular contact and are defined in Fig. 3. The work
is subdivided into:

a. Consideration of the stress distribution associated with the two

geometries, including a review of analytical treatment of the
problem and the description of a photoelastic investigation which
was carried out to compare the stress distributions experimentally.
b. Description of the experimental work conducted to determine the
effect of the two geometries on the fretting fatigue life.
The results of these two aspects of the work are then correlated in au allempt

to determine the validity of the theory.



4. MACRGSCOPIC STRESSES ASSOCIATED WITH FRETTING CONTACT

Application of the theory of fretting, outlined in Section 2.1.2, to the cases of
rectangular and cylindrical contact defined in Section 3. 1 necessitates a knowledge of
the macroscopic contact stress distribution. This chapter deals with the problem of
determining these stresses; the discussion is limited to clastic strcascs only, the

question of local yielding is considered later in Chapter 6.

4.1 Analytical Treatment

The analysis of the local stresses which are set up, when two bodies are in
contact undexr load, has received considerable attention from elasticians. However,
the exact solution of the general case has not been obtained and most of the work is
based on various simplifying assumptions. This discussion is limited to the special
cases of rectangular and cylindrical contact; for an introduction to the literature on

more complex gevmetric coufigurations reference should be made to Lubkin [16].

4.1.1 Cylindrical Contact under Normal Force Only

The general plane strain solution for contact between an elastic circular
cylinder and an elastic half-plane has not been determined.
The case where the surfaces are frictionless was solved by Hertz [ 17].

The normal pressure on the contact surface is given by
T X 2
p =g, N- @D (4.1)

In the present context this is a useful result because it is found that, if the elastic
constants are the same for both the cylinder and the plane, then this stress distribu-
tion also applies to the case of finite friction.

In the motre general case of contact between dissimilar materials with finite

friction, tangential stresses are set up along the contact area. This problem has been



considered by Galin [ 18], Goodman [19] and Spence [20]. Using arguments based

on the fully adhesive solution they suggest that slip will occur where

T>p-p (4.2)

This defines two parts of the contact area--a central region length "2¢" over
which no relative movement occurs and the remaining outside region where slip occurs.
Results determined by Spence [20] for the case of a rigid cylinder are shown in Fig. 4.
It is seen that, for contact between metals where typical values of y are~.6, this can
result in significant shear stresses. Consequently, the subsequent work, which is

limited to contact between similar materials, should be reconsidered for cases of

dissimilar materials.

4.1.2 Rectangular Ceontact under Normal Force Only

The case of an elastic rectangular pad contacting an elastic half plane has not
been solved analytically. The only problems which have been solved assume a rigid
pad or punch.

The plane strain soluticn for a rigid pad in the absence of friction was given

by Sadowsky [21]. The expression for the normal stress distribution is

2p
p= - av (4. 3)

w~f1~(~’§—)2

and is seen to involve a square root singularity of x = L,
The case of a rigid pad with fully adhesive contact and with finite friction has
been considered by Spence [22] who shows that both shear stress and normal stress

acting on the interface become unbounded near the edge of the contact area (Fig. 6).




4.1.3 Contact under Fretting Conditions

The stress distributions, resulting from contact under normal forces only,
will be modified if a tangential force is superimposed.

In pructice the geometric conliguration in fretting situations is usually one in
which the control variable is the amplitude of the relative movement. Several inves-
tigators have considered the problem of how much relative movement can occur by
elastic and plastic deformation without slip occurring over the whole surface. This
problem is reviewed by Johnson [23]. The conclusion is that, if the relative dis-
placement exceeds~ 2.5 microns for steel surfaces, general slip will occur. The
experimental work discussed in Chapter 5 involves relative displacements of 25
microns. Consequently, it follows that general slip takes place.

In order to determine the interface shear stress under these conditions it is

assumed that a state of Coulomb friction exists so that

T

1i

Hp (4.4)

If the values of ¢ and v on the boundary are known then the stress distribution within
the half plane can be determined. One method involves integrating the expressions

for a concentrated force on a boundary determined by Mitchell [24] (see also Timo-

ahenko and Goodier [25]).

4,1.4 Cylindrical Contact with Normal and Tangential Forces

This approach has been used by Smith and Liu [26] to determine the stresses
associated with cylindrical contact of similar materials. The houndary loading is
taken from Egs. 4.1 and 4, 4.

In the notation of Fig. 3 this analysis gave the following results

On the boundary (y = 0)
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Exact solutions for the stresses at a general point (%, y) were also determined,
these expressions have been used to calculate the distribution of maximum shear stress

for u = .33 (Fig. 7).

4.1.5 Rectangular Contact with Normal and Tangential Forces

If the normal stress distribution associated with the elastic rectangular contact
were available, the procedure described above could be used to determine the internal
stress distribution. The Sadowsky result (Eq. 4.3) could be used but results near the
end of contact area (x — L) would probably be inexact because of the assumption of
a rigid punch., As this is the critical region in fretting fatigue crack initiation, it
appears unlikely that this approach would be useful. Consequently, it was decided to

carry out a photoelastic analysis of the stress distribution. This is described in the

following section.
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4,2 Photoelastic Analysis

An experimental investigation was carried out uging transmission photoelasticity

to determine the stress distribution for both cylindrical and rectangular contact, The

details of this work are given in Appendix C.

4.2.1 Swmmary of Photoelagtic Results

It was found that the stress distribution associated with the two geometrical
contact configurations differed markedly. Particular attention was given to the material
at the edge of the contact area where fretting fatigue cracks usually initiate [27].

The shear stress variation (A7) which results from reversing the tangential

force is discussed in Appendix C, Section C.7.1. The magnitude of AT for the two

geometries, with y = .33, was found to be:
AT
L =.033 L=.1
Cylindrical 15p, e,
Rectangular >.6 Py .6 Py
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5. FRETTING FATIGUE BEHAVIOR

5.1 Experimental Program

The fretting tests were carried out using plain carbon SAE 1045 steel for
specimen and pad. Material from the same heat had previously been used by Landgraf
[28] in work on the fatigue behavior of hardened steels,

Three series of tests were conducted:

a. Standard fatigue tests for baseline data,

b. Fretting fatigue using rectangular pads,

¢. Fretting fatigue using cylindrical pads.

5.2 Description of Test Apparatus

5.2.1 Fatigue Machine

All testing was carried out on a MTS 811 axial servo-hydraulic closed loop
system. The load control mode was employed, as all tests were carried out at nom-
inally elastic stress levels.

Compression grips were used tc reduce risk of failure in the threaded section
which had occurred in earlier tests. Axial alignment of the specimen was achieved

using a Wood's metal pot [29]. The test system is shown in Fig. 8.

5.2.2 Fretting Configuration

The rig used for the fretting fatigue tests is shown in Figs. 9 and 10. Two
fretting shoes (Item 1) were arranged diametrically opposite to each other on the flat
gurfaces of the specimen. These were loaded normally with the loading ring (Item 4).

During cyclic loading the strain in the specimen causes relative movement at
the contact points. The geometry of the pad is such that it is essentially rigid under
the loads to which it is subjected, hence the relative movement can be determined
from the strain in the specimen and the distance between contacts. Pads were ma-
chined with a range of gauge lengths, and for each test the applied cyclic strain and

the gauge length of the pads were matched to ensure that the relative slip ~25 microns.
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5.2.3 Specimens

Test specimens with the dimensions shown in Figs, 11 and 12 were used for
the standard fatigue and fretting fatigue tests respectively. SAE 1045 plain carbon
steel, Q & T to 35 Rc hardness, was used; the chemical composition, heat treat-

ment, and mechanical properties are given in Table 1.

5.2,4 Fretting Pads
Detalls of the rectangular and cylindrical pads are shown in Figs, 13 and 14.
These were machined from the same SAE 1045 steel, Q & T to 55 RC hardness, the

mechanical properties are given in Table 1.

3.2.3 Loading Ring

The normal load on the fretting pads was applied with a beryllium-copper
loading ring (Item 4, Fig. 9), which was instrumented with electrical resistance
strain gauges (Micro-Measurements type MM-EA-06-250BG-120). The ring was
used in conjunction with a Baldwin strainmeter type 1200-B. Calibration was carried
out using dead weights. The design was such that the ring was sufficiently flexible to

ensure that wear at the fretting surface did not result in variation of the normal force

applied to the pad.

5.3 Test Results

5.3.1 Rectangular Contact

All tests were carried out under a normal force of 18 b applied to each pad
which is equivalent to a nominal average contact pressure of 3 ksi. Constant ampli-
tude sinusoidal lcading was applied to each specimen with zero mean stress. Ten
tests were carried out over a range from #40 ksi to +75 ksi. The results are given

in Table 2 and shown graphically in Fig, 15.
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5.3.2 Cylindrical Contact

The cylindrical geometry results in some difficulty in defining the contact
pressure. The method used was to set up the tests on the basis of the initial average
pressure given by normal force = Hertzian contact area. For a steel cylinder 0.6 in.
radius on a flat steel surface, the relationship between normal force and average pres-
sure are shown in Fig, 17.

Three different values of average contact pressure were used: 45.4 ksi, 31, 9ksi,

23.1 ksi; five tests were carried out at each pressure.

5.3.3 Standard Fatigue Tests

Some fatigue data had already heen determined by Landgraf [28] using the same
material and specimen geometry. In order to augment this data, tests were carried out
in the region £80 to +100 ksi. These results along with those previously determined

are given in Table 4 and shown graphically in Fig. 16.
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6. ANALYSIS AND DISCUSSION

In the following section the results of the fretting fatigue experiments are first
compared with analytical values predicted by the two theories described in Section 2,
It is found that neither theory is compatible with the experimental observations.

The process by which the fretting fatigue crack is propagated is then recon-

sidered with reference to the current experimental results,

6.1 Comparison Between Theoretical Predictions and Experimental Results

The analytical treatments of the asperity and contact stress theories, given
in Appendix A and B respectively, both derive equations for predicting fretting fatigue
limit.

6.1.1 Asperity Coulact Theory

Equation A. 6 gives a relationship between fretted and unfretted fatigue strength:

2 2 2
ASfN _ ASN i H G
2 (W

L0378 + 1

It is seen that this equation takes no account of contact geometry or normal
pressure, The experimental results, however, show that the cylindrical contact
required an average contact pressure of >23.1 ksi to preduce fretting fatigue failure

compared with 3 ksi for the rectangular contact.

Il

AS
Substitution of numerical values into the above equation: -—aﬁ = 88 ksi, o '

185, u = .6 in fact results in an imaginary solution.

6.1.2 Contact Stress Theory

Equation B. 10 can be used to predict fretting fatigue strength foi cylindrical

contact:

ASfN :ASN I

Z z 7 Pay ¥
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This equation suggests that increasing the average pressure will reduce the

fretting fatigue, The experimental results, however, show that increasing D,y above

32 ksi did not effect the fretting fatigue strength,

6.2 Discussion of the Propagation of Fretting Fatigue Cracks

The process by which fretting fatigue failure occurs can be subdivided into two
stages:

(1) Crack initiation and growth under the local contact stresses, and

(ii) Crack growth under the cyclically applied loading in material

distant from the contact stresses,

An insight into étage (i) can be gained hy first conzidering Stage (il). In
Section 5.2.1 the concept of a threshold value AK is used to define the minimum
crack size which will propagate. In Section 6.2, 2 fatigue crack propagation equations

are used to determine the fraction of the total life which is spent in this stage,

6.2,1 Threshold Crack Size

Work on fatigue crack growth suggests that propagation of a crack will not occur
unless the cyclic variation of the stress intensity factor is greater than some threshold
value ”AKth [30]. Experimental results for AKth for steels lie between 2 to 4 ksivin.

The stress intensity factor for an edge crack (length a) in a finite member

(width B) subjected to axial tension is given by Bowie [31] as:
K, = onTa F(%) (6.1)
where F(%) is given in Fig, 18. For small cracks (% < L 10):
F(%) =1.13

and the minimum size of crack which will propagate under a given cyclic tensile stress

amplitude is obtained from
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AN
AK . = 5 \Hrathxl.ll'} (6.2)

th

Experimental values of Kth are not available for SAE 1045 Q & T to 35 RC,

however Majumdar and Morrow [32] have proposed an equation:

AK, = 2(1 4+t o, NT (6.3)
where
Ny
O‘Y = 0'0 + NP {6.4)
Taking the values suggested by Majumdar and Morrow viz: o, = 10, 5 ksi and
Ky = , 564, and other values from [34]; a numerical value of AKth may be determined,

However, in the fretting context, the threshold crack size at nominally elastic
stresses is probably more likely based on the monotonic vield stress than the cyclic

vield stress. With this modification Eq. 6.3 becomes:
- N VLN g
AKth =21 +n") O'V Tp (6.5)

and AKth is found to be 2.27 ksi «/in.
Using %S— = 45 ksi as the tensile amplitude at the experimentally determined

fretting fatigue limit (Fig. 15) and taking AKth = 2.27 ksi ~Nin. ; the value of the thres-

hold crack size is found to be

a,. ~ ,001 in. (6.6)

th

It follows from this analysis that surface cracks of the order of .001 in. must

be initiated by the Stage (i) fretting process in order to propagate in Stage (ii).




6.2.2 Fatigue Crack Propagation

Majumdaxr and Morrow [32] have shown that the fatigue crack growth rate can

be expressed by:

-1
btc b+c+1 2
¥ - 'AK
da _ -2(b+c) Iy i w1+ Dbrc |
dN  b+c+1 {4(1+n’)0f' ef' 1 [4(l+n)ty] 2 (6.7)
T oy

In this expression all the terms other than da/dN and AK are properties of the
metal considered and hence it has the same form as the empirical equation suggested

by Paris, Gomez and Anderson [33]:

da

T = A(AK)T (6. 8)

Using data for SAE 1045 Q & T to 35 RC from Tuckexr, Landgraf and Brose
[34]
A=.79x10"7 in.* /Kb (6.9)

The number of cycles required to extend a crack from a. to a, is found by

1
integrating 6.8

1
da
N = _da (6. 10)
12 [ A(AK)T

o)

which on substituting for AK from 6.1 becomes:

N, —i —da (6.11)
N a [F1?
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Inspection of the fractured specimens showed that, for —A~2—S~ = 50 ksi, 1 the
fatigue crack grew to .06 in. before failure. In section 6.2.1 it was shown that a
crack of ~,001 in. was initiated in the fretted region,

The number of cycles during which the crack grows from .001 in. to .060 in.
therefore represents Stage (ii) of the fretting fatigue process defined in Section 6, 1.

Graphical evaluation of Eq. 6.7 gives

N2 = 4.7x 10° cycles.

This result shows that crack propagation under the applied cyclic stress occupies
~ 15 percent of the total life at + 50 ksi. Hoeppner and Goss [35] observed a similar

result experimentally:

YA fretting fatigue damage threshold that results from the fretting was
found to exist for both materials. At all load levels a given amount of
fretting damage is required before any fatigue life reduction occurs. "
The important conclusion from this result is that the development of the crack

in the contact stress region occupies 85 percent of the fatigue life, this implies that

Stage (i) is essentially a long life fatigue process. 2

6.3 Discussion of the Initlation of Fretting Fatigue Cracks

The analysis described in Sections 6.2.1 and 6.2, 2 suggests that: the fretting
process must initiate cracks of the order of .00l in., and that this initiation occupies
2.5 to 3x 105 cycles at a cyclic stress amplitude of 50 ksi.

In this section the initiation of these cracks by the local contact stresses is

discussed.

lCrack growth is assumed to take place during the tensile part of the zero mean
stress cycle,

2 . . . .
These comments refer to fretting fatigue lives of more than 105 cycles which
is the region where fretting causes serious reductions in fatigue strength,
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6.3.1 Photoelastic Results for the Local Stress Distribution

The results of the photoelastic analysis show that the local cyclic variation of
shear st:ress3 is significant over depths of % = .1 for rectangular contact and % =.5
for cylindrical contact. In the fretting fatigue test geometries this is equivalent to
.0015 in, and .0025 in. for the rectangular and cylindrical case respectively.

These depths are consistent with the concept that a . 001 in. crack could be

initiated by the local stresses.

6.3.2 The Effect of Contact Geometry

The fretting fatigue tests for the two different geometries show two important
results:

a., The mean contact pressure necessary to cause fretting fatigue is

greater for the case of cylindrical contact than for rectangular
contact,

b. The fatigue life behavior is insensitive to contact geometry above

certain values of contact pressure,

Conclusion (a) has also been checked with results reported in other research
work. Table 5 shows values, taken from the literature, for contact pressures used
with the two different geometries. It can be seen that in all cases higher pressures
were used with cylindrical contact than for rectangular.

It is suggested that the reason for this difference lies in the magnitude of the
local stresses for the two cases. The photoelastic results show that, at a depth equiv-
alent to .00l in., in the fatigue specimen, the rectangular contact results in a local

shear stress amplitude which is at least 4 x the magnitude which results from cylin-

drical contact under the same average pressure,

Crack initiation is assumed to occur on the plane of maximum shear stress.
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Conclusion (b) is a similar result to that reported in Refs. 7, 14 and 15 where
it was observed that, above a certain value, raising the normal pressure does not effect
fretting fatigue strength.

It appears pnssihle that the reason for this result involves local plastic flow.
The high stress concentration in the rectangular case suggests that under an average
pressure of 3 ksi some local yielding occurs at the edge of the contact area. The cylin-
drical contact is analyzed below using the method of Appendix B.

Equaticn B. 9 gives an expression for the maximum cyclic shear stress ampli-

tude for a given cyclic stress amplitude and average contact pressure:

for A5 = 90 ksi Py = 23 ksi and n=.6

%3=45+35=80ksi

The value of the tensile yield stress for the material from [34] is 185 ksi and

taking the Tresca Yield condition this would require:

%:_L‘ = 82,5 ksi for local yielding

Hence it is seen that, for the lowest average contact pressure used during the
cylindrical contact fretting tests, yielding does not occur. 4

At higher normal pressures yielding will occur and the shear stress amplitude
will remain constant at the yield value. It is suggested that under these conditions the

fretting fatigue life will be independent of geometry. 5

4In fact, changes in oy will occur because of cyclically dependent softening but
these have been ignored here.

SThe two different geometries do result in different volumes of highly stressed
material as indicated by the photoelastic analysis. However, these differences are too
small to result in any significant size effect on the fatigue strength.
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7. SUMMARY AND CONCLUSIONS

The experimental investigation into the fretting fatigue behavior of SAE 1045
steel Q & T to 35 Rc in contact with a pad of SAE 1045 Q & T to 35 R, showed the
following results:

1. The fretting resulted in a reduction in fatigue sirengt of ~ 350 perceud.

2, Variation of the contact pad geometry indicated that:

a. Higher average contact pressures were required to cause fatigue
failure with cylindrical pads than with rectangular pads.

b. Above some limiting value of contact pressure for each geometry,
the fretting fatigue-life curve was the same,

Analysis of the experimental data from the fretting fatigue tests and an asso-
ciated photoelastic study, showed that the local stress magnitudes resulting from the
fretting contact were consistent with a fretting fatigue model, which comprises the
following stages:

1. Growth of a crack under the local stresses for ~85 perxcent of the

total life.

2. Propagation of that crack by the cyclically applied stress during

the remaining 15 pexcent of the life.

The experimental observations and discussions in Sections 6.2.1 and 6., 2. 3,
suggest that the local stresses are important in the fretting fatigue crack initiation
stage at the macroscopic level,

On a microscopic scale, however, it seems likely that the asperity contact

stresses will result in the fonmation of small fatigue cracks as described by Yeh [ 8],
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It i1s suggested that the two theories of fretting fatigue described in Section 2,1
are both involved in the crack initiation process which compriseé:

1. Formation of microscopic cracks by asperity contact.

2, Growth of these cracks under the local macroscopic stresses up to

a size which can propagate under the applied cyclic stress.
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Fig. |1 Basic Fatigue Test Specimen
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Contact for :
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50 - Bearing on a Flat Steel Plate
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Fig.17  Average Pressure, Cylindrical Contcet
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Fig. 18  Stress Intensity Factor (from ref. 3i)
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APPENDIX A

ANALYSIS OF ASPERITY STRESSES DURING FRETTING FATIGUE

With reference to Fig. 1.

Al Contact Pressure

The Normal pressure on the asperities is determined from the contact before

the alternating stress is applied, and is given by

T = XX + T
max 2 Xy

or (A. 1)
2
_ k-1 2
Tmax“px/{ 2 } o

This stress will cause yielding in the asperities of the pad or the specimen

depending on which has the lower yield stress (cry). If the Tresca condition is used,

vielding will occur when:

%y
1-max -3 (A.2)

Then from Eqgs. A.1 and A.2

(a3
2 i) - 2

The two-dimensional plain strain solution for an ideal rigid-plastic material loaded by

(A.3)

a flat punch without friction was determined by Prandtl [42], and the value of k during

plastic deformation found to be:
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Assuming this value to approximately represent the stresses ratio at the plastic

asperity Eq. A.3 gives:

p = - (A.4)
2 +u

A.2  Cyclic Loading Condition

The shear stress on a general plane AC is given by:

T = %(1 - k) p sin 29 - yp cos 20 +ATS sin 28 (for ATS tensile)
and T, = %(1 - k) p sin 20 + 4p cos 20 - 94—S- gin 20 (for ATS compressive)

then AT = T T AZS 3in 20 - 2p cos 20

It follows that the maximum value of AT is given by

2
R AT

OT rearranging:

AS 2 2 2
T = '\/ ATmaX - 4 Lp (A. 5)
Substituting from A.4 into A.3
2 2
éé _ AT 2 ) 4 ¥ O'y
2 max 1 2 5
4“ 2+ n‘) tu ]
u2 52
_ 2 y
B ATmelx 2
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Hence, under the fretting condition, the maximum shear stress range is /_\.Tmax and

to initiate a fatigue crack (i.e., AT . = AT

ax this range must be equal to that re-

fn)

quired under axial loading only (ATN)

A5
_ N
but ATN =5

Therefore:

2 2 2
ASfN _ (ASN) m Uy

2

- (A.6)
2 L0378 + |1

This equation can be used to predict the fretting fatigue strength, from the fatigue

strength, the coefficient of friction and the tensile yield stress,
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APPENDIX B
ANALYSIS OF FRETTING FATIGUE MACROSTRESSES
FOR ELASTIC CYLINDRICAL CONTACT
Figure B.1 defines the contact geometry and the analysis assumes:
(i) The coefficient of friction is constant;
(ii) The tangential stress is equal to the normal stress x coefficient
of friction;
(iii) The contact pressure distribution is given by the Hertz analysis
even in the presence of the tangential force,

Then from Eq. 1

/ 2
p(x) =7p, N1-@F) (B. 1)

and from Assumption (ii)

2
T = pgp, N1-@ (B.2)

av

The Smith and Liu analysis gives Eq. 5 for the stresses in the specimen associated

with these contact distributions.

In cases where an alternating stress of range AS is applied in the x direction,
this can be superimposed on Eq. 5 to give, with reference to Fig. B.2:

a. For maximum applied tensile stress

2
o géé.;.& (E)-‘l,p a}l_(x (B. 3)

XX 2 T Pav 'L T hav L)
4pav X 2 .
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b. For maximum applied compressive stress
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Then if (AT)max initiates fatigue failure we get

and

Hence

which can be used to predict the fretting fatigue strength,

ASN
(AT)max - ATfN -7
a5 _ ASfN
2 2
f_ifﬁ = AS_N - 8 M
2 2 pav T

(B. 10)
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APPENDIX C

PHOTOELASTIC ANALYSIS OF CONTACT STRESSES

C.1 Introduction
The analysis was carried out to compare the stress distributions associated
with cylindrical and rectangular contact on a flat surface, The geometry was arranged

to give equal contact areas under a particular loading so that the results could be com-

pared directly,

C.2 Test Configuration

The photoelastic model and loading arrangement is shown in Fig. C.1. The
case shown represents the rectangular contact pads {Item 2). For reasons discussed
later, it was found to be advantageous to use pads with two contact points; these were
then loaded with normal forces P, appliéd by loading rings which are not shown.

The tangential load was applied through the tangential lead links (Item 4),
These were bolted to the steel backing and could be adjusted to ensure that the line of
action of the force passed through the contact surface.

The contact pad was mounted on the steel hacking using Eastman 910 adhesive.

Care was taken to ensure that the contact surfa.ces were smooth and clean, and
the reproducibility of the fringe patterns showed that the surface preparation was ade-

“quate.

C.3  Contact Pad Geometry

Initial experiments, using a single contact on each side of the specimen, indi-
cated that serious errors could be introduced in the local stress distribution if the
applied forces were not exactly axial and tangential.

This is shown in Fig., C2(a) where it is apparent that the contact pressurc dis-

tribution must redistribute to react to the moment P x A. It is also proved difficult



57

to ensure that the tangential load passed through the contact surface, because deforma-
tion of the system under load could alter the initial alignment which was carried out in
the unloaded stated.

In order to reduce these errors, the pad with two contact areas, shown in
Fig. C2(b), was used, This system reduces the errors discussed above, since moments
resulting from imperfect alignment can be resisted by small changes in contact stress
multiplied by the relatively large moment arm 's’. With this arrangement, it proved
relatively simple to obtain reproducible symmetrical fringe patterns due to normal
loading.

The disadvantage of the system was that some stress interaction occurred

between contact pads. However, by using pads with the contacts three inches apart,

this effect was found to be small,

C.4 Material Selection

In order to compare the results for cylindrical and rectangular pads, it was
considered advantageous to use equal contact areas under reasonablc magnitudes of
normal force.

Expressions from the Hertzian theory for the contact area of a cylinder on a
flat plate were used to give a relationship between: normal force, radius of curvature
of the cylinder, and the elastic properties of the materials. This approach was further
limited by the fact that it proved difficult to obtain accurate radii above about ten inches.

From preliminary calculations, it was found that using normal photoelastic ma-
terials contact lengths of .25 in. appeared feasible with a radius of 6 in. and normal
forces of 150 Ibf. A trial and error procedure was then adopted using CR 39, Castolite
and Homolite. Mechanically, CR 39 met the requirements most closely; however,
photoelastically, the time edge exhibited by this material proved a serious problem.

Eventually it was decided to compromise and Homolite was used for specimen and pad.
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A contact length of .25 in. was obtained using a normal force of 167 Ibf and a radius
of 5.5 in.

A further problem arose because the coefficient of friction for the photoelastic
materials was found to vary between .25 and .3, whereas for the steel used in the
fretting test it is approximately .6 [36]. No way could be found to compensate for
this difference, and it was decided to continue with the test program and bear this

error in mind when analyzing the regults.

C.5 Test Procedure

The rectangular and cylindrical pads were loaded normally with forces 167
and 250 Ib. The maximum tangential force which could be supported without general
slip was then applied. The isochromatic fringe pattern was recorded photographically
in each case.

In addition, the rectangular contact was analyzed in more detail, isoclinics
were recorded and the fringe order determined around a rectangular boundary using
Tardy compensation.

Material calibration was carried out using a tensile specimen having three

different cross sections as recommended by Frocht [37].

C.6 Experimental Results

The photographic records of the isochromatics are presented in Figs. C3

through C5. The material calibration was 280 lb/in.2 shear for one fringe,

C.6.1 Cylindrical Contact

The effect of the tangential force is shown in Fig, C5(a) and the integral and
half order fringes sketched in Fig. C6. Smith and Liu's analytical results are com-
pared with the experimental values in Fig, C7.

Figure C8 shows the maximum shear stress variation along lines perpen-

dicular to the specimen surface at the edge of the coulacl ared (_xl and X5 in Fig. C6).
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The agreement between experimental and theoretical results in Fig. C7
suggests that the assumptions of the analytical treatment are justified.

If the tangential force is reversed as is the case in fretting, material at
similar points along X, and X, is cycled between the shear stress limits shown in

Fig. C8. It can be seen that appreciable stress amplitudes occur over a depth x/a = 1.

C.6.2 Rectangular Contact

The shear stress distribution, resulting from normal and tangential forces on
the rectangular contact, is shown in Fig. C5(b) and the integral and half order fringes
sketched in Fig. C9. There is seen to be an increase in the stress concentration at one
edge of the cantact area and a decrease at the other.

The extent of this change is shown in Fig, C10, which gives the variation in
maximum shear stress along lines perpendicular to the specimen surface through the

edges of the contact,

C.7  Discussion

The photoelastic analysis gives a good qualitative understanding of the stress
distributions associated with the two-contact geometries investigated. It can be seen
that, under normal loading only, the stresses associated with the cylindrical and rec-
tangular pads differ markedly. The effect of supcrimposing a tangential force has a
similar result in both cases in that it causes an increase in the stress at one edge of
the contact area and a decrease at the other. In both cases the high local stress extend
over a depth of material of the ordexr of one quarter the contact length.

Quantitatively, the results show that for normal loading the maximum shear
stresses in the cylindrical contact is approximately .4 of the mean normal pressure,
which agrees well with the analytical results of Smith and Liu. Superposition of the
tangential force does not significantly change the magnitude of this maximum stress,

however, it causes the stress distribution to become asymmetric.
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The maximum stress associated with the rectangular contact cannot be deter-
mined from the photoelastic analysis because of the high stress concentration at the

edge of the contact area. The stress magnitudes away from these points are, however,

clearly defined.

C.7.1 Application to Fretting

In the initiation of fatigue cracks, there are two important criteria:
a. The change in shear stress magnitude, which occurs when the tan-
gential force is reversed, and
b. The volume of material, which is subjected to this cyclic shear stress.
The photoelastic results can be used to give some indication of these two factors.
Considering material at the edge of the contact area extending to depths x/L = ,1 and

.033. The shear stress variation (AT) caused by reversing the tangential force is:

Range of Shear Stress AT

Y = Y =

T = .033 T =1
Cylindrical A15p .3 P,y
Rectangular >.6 Pay .6 P,y

This difference suggests that the rectangular contact should be more detrimental in

causing fretting fatigue damage,

Two important arcas which havc not been considered in this analysis and where

additional work is reguired are discussed below,

C.7.2 Relative Movement

In actual fretting situations relative movement occurs between the contact and

the specimen. The stress distributions, determined in this experimental analysis,
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will be set up each time the motion is reversed. It seems possible, that as these
represent limiting Iriction conditions, the stresses determined may represent the

maximum; however, other factors are involved in the dynamic situation such as stick-

slip phenomenon.

C.7.3 Coefficient of Friction

The stress distributions determined apply only to the cage where the coeffi-
cient of friction is .3. Higher values would allow larger tangential forces to be applied

which would result in larger shear stress amplitudes.
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